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Abstract 

Anthropogenic activities have far-reaching impacts on natural systems and have 

documented effects on physiology and behaviour for aquatic animals. In fish species, 

gregarious behaviour in the form of shoaling or schooling is a key adaptive trait, with 

benefits including foraging and predator evasion. As anthropogenic impacts become 

increasingly ubiquitous, the effects of these stressors on adaptive traits such as social 

behaviour are of urgent research interest. Climate-related stressors, linked directly or 

indirectly to anthropogenic climate change, include high temperatures, hypoxia, and 

acidification. These may affect shoaling behaviour through effects on metabolic rate or 

neurological functioning. Alongside climate-related stressors, the incidence of 

anthropogenic pollutants in aquatic systems has increased markedly in recent years. 

Chemical pollutants include organic or inorganic substances and mixtures of these, which 

may have metabolic, endocrine, or neurological effects. Non-chemical pollutants such as 

light, noise, and turbidity can cause stress-related changes in behaviour, and interfere with 

detection of conspecifics and thus shoaling efficiency. As the occurrence of individual 

stressors becomes more frequent, stressor combinations are also increasingly observed and 

the potential effects of these on ecosystems are of emerging research interest.  For 

gregarious species, the social context is an essential consideration for determining the 

ecological effects of anthropogenic stressors. While the primary physiological and 

behavioural impacts of stressors act at the level of the individual, their effects on ecological 

interactions often manifest at the level of the group. Understanding how stressor effects on 

individuals translate to impacts on shoaling dynamics is therefore essential to predicting 

ecological impacts in gregarious species. Consolidating the current level of knowledge in 

this field is a key first step in determining research gaps and opportunities for further study. 

In addition, despite the importance of social context, effects of anthropogenic stressors on 

fish social behaviour at the individual and group levels have rarely been empirically linked. 

The degree of prior research is also highly variable among stressors, with further study 

urgently needed on artificial light at night (ALAN) and stressor combinations.   

 

In this thesis, I aimed to identify gaps in the literature surrounding the effects of 

anthropogenic stressors on fish social behaviour by first conducting systematic reviews of 

published studies. I then use lab-based observations to address the need for studies linking 

individual- and group-level behaviours in gregarious fish in the context of two climate-

related stressors, temperature and hypoxia. Finally, I examine the effects of an 



3 
 

understudied stressor, ALAN, on sociability and risk-taking behaviour in a gregarious reef 

fish.  

 

In chapter 1, I introduce the impacts of different anthropogenic stressors on fish species. I 

also describe the relevance of social behaviour, and the importance of social context in 

gregarious species. I highlight key knowledge gaps, and challenges associated with 

studying the effects of anthropogenic stressors on social behaviour.  

 

Chapter 2 consists of a meta-analysis conducted on studies of the effects of climate-related 

stressors on fish social behaviour. A systematic search revealed 45 studies of temperature, 

acidification, and/or hypoxia. My findings show that group cohesion is negatively 

correlated with oxygen concentration in fish species but did not reveal effects of 

temperature or acidification on social behaviour. Temperature was better-studied than other 

stressors, and studies of multiple stressors were few.   

 

In chapter 3, I expand my review of the literature to studies of the effects of anthropogenic 

pollutants on fish social behaviour. A total of 165 studies were identified, with a large 

number of studies of organic pollutants (n = 92). Both organic and inorganic pollutants 

were associated with reduced sociability, while exposure to mixed pollutants led to 

increased sociability but reduced group cohesion. Among non-chemical pollutants, no 

effect of turbidity was found, but sociability decreased with light exposure. The effect of 

noise pollution was dependent on duration, as group cohesion decreased with longer 

exposure time.   

 

In chapter 4, I sought to address a knowledge gap identified in chapter 2 by linking 

changes in individual behaviour across conditions of temperature with behaviour of those 

same individuals in a shoal. Using a model species, rummy-nose tetra Hemigrammus 

rhodostomus, I carried out assays of sociability and risk-taking behaviour at three 

temperatures (24°C, 27°C, and 30°C) for each individual. Groups comprised of the same 

individuals used in sociability and risk-taking behaviour assays were then observed at the 

same three temperatures for shoaling behaviour. Both individuals and groups became more 

active at higher temperatures. Response to temperature in groups was also influenced by 

behaviour displayed in individual trials, however, with social, less-active fish becoming 

less active at high temperatures.    
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In chapter 5, I carried out a similar experiment to that described in chapter 4, to investigate 

the effects of hypoxia on links between individual and group behaviour in H. rhodostomus. 

Fish were assayed alone and in groups at three levels of oxygen saturation (100%, 70%, 

and 30%). Under hypoxia, fish generally became less active and inter-individual distances 

in shoals decreased. Individuals that displayed high risk-taking behaviour were more active 

in group behaviour trials under hypoxia, however, indicating that individual behavioural 

traits may modulate shoaling responses to abiotic stressors. 

 

Based on the low number of studies of ALAN found in my review of the literature, chapter 

6 describes an experiment investigating the effects of chronic exposure to ALAN in the 

wild on a gregarious reef fish, Dascyllus trimaculatus. Fish were subjected to a sociability 

test, and an emergence test from a shelter following a chase stimulus. No effect on 

sociability was found, but ALAN-exposed fish were faster to emerge from a shelter 

following a chase stimulus. This increase in risk-taking behaviour may indicate a response 

to greater metabolic needs, high stress levels, or selective mortality in ALAN-exposed fish. 

 

In chapter 7, I review my key results and summarise the role of this thesis in advancing the 

study of fish social behaviour. I then discuss the implications of my findings and 

contextualise the results of my experimental chapters with the trends identified from 

reviewing the literature. Finally, I reflect on the limitations of my thesis and the 

opportunities for future work.  

 

As a whole, my thesis provides a summary of work conducted to date and begins to 

explore new avenues and fill knowledge gaps in the study of anthropogenic impacts on fish 

social behaviour. Using a combination of literature-based and experimental methods, my 

work shows general trends in stressor effects and highlights the importance of social 

context and intra- and interindividual variation in determining outcomes. Overall, this 

thesis both consolidates existing understanding of anthropogenic effects on a key adaptive 

behaviour in fishes and paves the way for future work addressing gaps in this 

understanding.  

  



5 
 

Table of Contents 
Abstract                                                                                                                                    2 
List of Tables                                                                                                                             8 
List of Figures                                                                                                                             9 
List of Accompanying Materials                                                                                                   11 
Acknowledgements                                                                                                                      12 
Declaration of Authorship                                                                                                              14 
Co-authorship statement                                                                                                                15 
List of Abbreviations                                                                                                                       16 
Chapter 1                                                                                                                                         17 
General Introduction                                                                                                                      17 
1.1. Impacts of anthropogenic stressors in the aquatic environment                                   17 

1.1.1. Impacts of climate-related stressors in the aquatic environment                          17 
1.1.2. Impacts of pollutants in the aquatic environment                                               18 

1.2. Social behaviour in gregarious fish                                                                                20 
1.2.1. Social group cohesion                                                                                            20 
1.2.2. Individual behavioural traits relating to sociability                                                  21 
1.2.3. Linking individual and group dynamics across contexts                                      22 

1.3. Modification of social behaviour in the context of stressors                                            23 
1.4. Challenges associated with studies of the effects of anthropogenic stressors on fish 

social behaviour                                                                                                         24 
1.4.1. Studies of the effects of climate-related stressors                                                24 
1.4.2. Studies of the effects of anthropogenic pollutants                                                   26 

1.5. Thesis aims and overview                                                                                           27 
1.5.1. Chapter 2: Impacts of climate-related stressors on social group cohesion and 

individual sociability in fish                                                                             28 
1.5.2. Chapter 3: Impacts of anthropogenic pollutants on social group cohesion and 

individual sociability in fish: A systematic review and meta-analysis             29 
1.5.3. Chapter 4: Changes to group dynamics reflect changes in individual behaviour 

under thermal stress in a model fish species                                                    29 
1.5.4. Chapter 5: Hypoxia alters the link between individual behavioural variation 

and collective dynamics in a social fish                                                          29 
1.5.5. Chapter 6: Effects of artificial light at night on the diurnal risk-taking behaviour 

of a gregarious reef fish                                                                                     30 
1.6. Summary                                                                                                                      30 
Chapter 2                                                                                                                                 31 
Impacts of climate-related stressors on social group cohesion and individual sociability in 
fish                                                                                                                                              31 
2.1. Abstract                                                                                                                           31 
2.2. Introduction                                                                                                                   32 
2.3. Methods                                                                                                                        35 

2.3.1. Literature searches                                                                                                35 
2.3.2. Data collection                                                                                                       38 
2.3.3. Statistical analysis                                                                                                    44 

2.4. Results                                                                                                                               45 
2.4.1. Overview of the literature                                                                                        45 
2.4.2. Temperature change                                                                                                55 
2.4.3. Oxygen availability                                                                                                56 
2.4.4. Acidification                                                                                                          59 
2.4.5. Multi-stressor interactions                                                                                    60 

2.5. Discussion                                                                                                                       60 
2.5.1. Temperature                                                                                                            60 



6 
 

2.5.2. Oxygen availability                                                                                                 64 
2.5.3. Acidification                                                                                                          66 
2.5.4. Multi-stressor interactions                                                                                      67 

2.6. Functional Implications                                                                                                    69 
2.7. Conclusions                                                                                                                      71 
Chapter 3                                                                                                                                       72 
Impacts of anthropogenic pollutants on social group cohesion and individual sociability in 
fish: A systematic review and meta-analysis                                                                             72 
3.1. Abstract                                                                                                                           72 
3.2. Introduction                                                                                                                     73 
3.3. Methods                                                                                                                           76 

3.3.1. Literature searches                                                                                                  76 
3.3.2. Data collection                                                                                                       76 
3.3.3. Statistical analysis                                                                                                    78 

3.4. Results                                                                                                                                                           79 
3.4.1. Literature overview                                                                                                79 
3.4.2. Chemical pollutants                                                                                                81 
3.4.3. Non-chemical pollutants                                                                                       85 

3.5. Discussion                                                                                                                      87 
3.5.1. Chemical pollutants                                                                                             88 
3.5.2. Non-chemical pollutants                                                                                     92 

3.6. Conclusions                                                                                                                      95 
Chapter 4                                                                                                                                      96 
Changes to group dynamics reflect changes in individual behaviour under thermal stress in 
a model fish species                                                                                                                       96 
4.1. Abstract                                                                                                                             96 
4.2. Introduction                                                                                                                   97 
4.3. Methods                                                                                                                           100 

4.3.1. Experimental overview                                                                                          100 
4.3.2. Study animals                                                                                                  100 
4.3.3. Experimental setup                                                                                           102 
4.3.4. Individual behavioural trials                                                                                103 
4.3.5. Group behavioural trials                                                                                       104 
4.3.6. Statistical analysis                                                                                               106 

4.3.6.1. Principal component analyses                                                                       106 
4.3.6.2. Individual temperature trials                                                                         107 
4.3.6.3. Group temperature trials                                                                                108 

4.3.7. Ethical note                                                                                                          109 
4.4. Results                                                                                                                           110 

4.4.1. Principal component analyses                                                                                110 
4.4.2. Individual temperature trials                                                                              111 
4.4.3. Group temperature trials                                                                                     114 

4.5. Discussion                                                                                                                    121 
4.6. Conclusions                                                                                                                125 
Chapter 5                                                                                                                                   127 
Hypoxia alters the link between individual behavioural variation and collective dynamics in 
a social fish                                                                                                                               127 
5.1. Abstract                                                                                                                           127 
5.2. Introduction                                                                                                                    128 
5.3. Methods                                                                                                                         130 

5.3.1. Study animals                                                                                                      130 
5.3.2. Tagging                                                                                                            130 



7 
 

5.3.3. Experimental setup                                                                                            131 
5.3.4. Individual behavioural trials                                                                               131 
5.3.5. Group behavioural trials                                                                                 133 
5.3.6. Statistical analysis                                                                                             135 

5.3.6.1. Principal component analyses                                                                135 
5.3.6.2. Individual hypoxia trials                                                                    136 
5.3.6.3. Group hypoxia trials                                                                            136 

5.4. Results                                                                                                                           138 
5.4.1. Principal component analyses                                                                            138 
5.4.2. Individual hypoxia trials                                                                                    138 
5.4.3. Group hypoxia trials                                                                                           141 

5.5. Discussion                                                                                                                      147 
5.6. Conclusions                                                                                                                   150 
Chapter 6                                                                                                                                     151 
Effects of artificial light at night on the diurnal risk-taking behaviour of a gregarious reef 
fish                                                                                                                                              151 
6.1. Abstract                                                                                                                          151 
6.2. Introduction                                                                                                                 152 
6.3. Materials and Methods                                                                                                 155 

6.3.1. Study animals                                                                                                  155 
6.3.2. Sociability testing                                                                                              157 
6.3.3. Risk-taking behaviour                                                                                      159 
6.3.4. Statistical analysis                                                                                            160 

6.4. Results                                                                                                                             162 
6.4.1. Study animals                                                                                                    162 
6.4.2. Sociability test                                                                                                    162 
6.4.3. Emergence test                                                                                                   162 

6.5. Discussion                                                                                                                        166 
Chapter 7                                                                                                                                      172 
General Discussion                                                                                                                 172 
7.1. Review of key findings                                                                                                172 
7.2. Contextualising meta-analysis and experimental findings                                         176 

7.2.1. Temperature                                                                                                        176 
7.2.2. Hypoxia                                                                                                                 177 
7.2.3. Light                                                                                                                180 

7.3. Intra- and interindividual variation in the context of different stressors                  182 
7.4. Limitations and avenues for further study                                                                 184 
7.5. Conclusions                                                                                                                    187 
Appendices                                                                                                                                  188 
Supplementary Material: Chapter 3                                                                                          188 
Supplementary Material: Chapters 4 & 5                                                                                  210 
Supplementary Material: Chapter 6                                                                                           223 
Reference list                                                                                                                               231 
 
 

 
 
 
 
 



8 
 

List of Tables 
Table 2.1. Search terms and sources used to find papers included in this review                36 
Table 2.2. Metrics used in studies included in this review to measure group cohesion or 
sociability                                                                                                                               42  
Table 2.3. Summary of all studies included in this review                                                    50  
Table 2.4. Results of phylogeny-adjusted MCMCglmm model investigating the effects of 
temperature on sociability and group cohesion                                                                     55 
Table 2.5. Results of phylogeny-adjusted MCMCglmm model investigating the effects of 
hypoxia on sociability and group cohesion                                                                           56 
Table 2.6. Results of phylogeny-adjusted MCMCglmm model investigating the effects of 
acidification on sociability and group cohesion                                                                     59 
Table 3.1. Classes into which pollutants were divided in our study, with description of how 
pollutants were classified and examples of each pollutant class                                            78 
Table 3.2. Summary of results of studies included in this review                                         81 
Table 4.1. Factors affecting traits displayed by individuals in individual risk-taking 
behaviour and sociability trials                                                                                            113  
Table 4.2. Results of general linear mixed models of factors affecting traits displayed by 
individuals during group trials                                                                                             117  
Table 4.3. Results of general linear mixed models of factors affecting group speed and 
polarisation during group trials                                                                                            120  
Table 5.1. Results of (generalized) linear mixed models of factors affecting traits displayed 
by individuals in individual risk-taking behaviour and sociability trials                             139  
Table 5.2. Results of linear mixed models modelling variables affecting traits displayed by 
individuals during group trials                                                                                             142  
Table 5.3. Results of linear mixed models modelling variables affecting group cohesion 
during group trials                                                                                                                   145  
Table 6.1. Metrics measured in emergence and sociability trials                                        158 
Table 6.2. Results of LMMs analysing behaviour of Dascyllus trimaculatus in sociability 
trials                                                                                                                                       163  
Table 6.3. Results of (G)LMMs analysing behaviour of Dascyllus trimaculatus in emergence 
trials i.e., following a chase stimulus                                                                                    165 
Table 6.4. Results of LMMs comparing behaviour in sociability tests and in emergence tests 
i.e., before and after a chase stimulus                                                                                    166  
Table 7.1. Summary of key fields and knowledge gaps identified prior to the completion of 
this thesis, key results of this thesis, implications for the field of fish social behaviour, and 
recommended avenues for future study                                                                                175 
Supplementary Table 3.1. Results of papers investigating effects of pollutants on sociability 
and group cohesion                                                                                                                 188 
Supplementary Table 3.2. Results of phylogeny-adjusted MCMCglmm on the effects of 
organic contaminants on sociability and group cohesion                                                       201 
Supplementary Table 3.3. Results of phylogeny-adjusted MCMCglmm on the effects of 
inorganic contaminants on sociability and group cohesion                                                   201  
Supplementary Table 3.4. Results of phylogeny-adjusted MCMCglmm on the effects of 
mixed contaminants on sociability and group cohesion                                                         202  
Supplementary Table 3.5. Results of phylogeny-adjusted MCMCglmm on the effects of noise 
on sociability and group cohesion                                                                                            202  
Supplementary Table 3.6. Results of phylogeny-adjusted MCMCglmm on the effects of light 
on sociability and group cohesion                                                                                          203  
Supplementary Table 3.7. Results of phylogeny-adjusted MCMCglmm on the effects of 
turbidity on sociability and group cohesion                                                                           203  
Supplementary Table 4.1A. Correlational matrix of individual traits measured in individual 
risk-taking behaviour and sociability temperature trials                                                         210  



9 
 

Supplementary Table 4.1B. Correlational matrix of individual traits measured in group 
temperature trials                                                                                                                    210 
Supplementary Table 4.2/5.3. Effects of time (trial number) on behavioural metrics measured 
in group trials. Data from temporal control trials                                                                    212 
Supplementary Table 4.3/5.1. Size distribution of fish within groups                                 212 
Supplementary Table 5.2A. Correlational matrix of individual traits measured in individual 
risk-taking behaviour and sociability hypoxia trials                                                              216 
Supplementary Table 5.2B. Correlational matrix of individual traits measured in group 
hypoxia trials                                                                                                                         216  
Supplementary Table 6.1. Light measurements taken at control and ALAN-exposed sites 
from which Dascyllus trimaculatus were collected                                                              223 
Supplementary Table 6.2. Welch’s t statistics comparing mass and total length of Dascyllus 
trimaculatus raised under control or ALAN conditions                                                        224 
Supplementary Table 6.3. Effects of side and size of stimulus shoal on behaviour of 
Dascyllus trimaculatus in sociability trials                                                                             224  
Supplementary Table 6.4. Correlations among behavioural traits observed in Dascyllus 
trimaculatus in emergence and sociability trials                                                                      225 
 

List of Figures 
Figure 1.1. Theoretical effects of inter- and intraindividual variation in behaviour with 
environmental context on shoaling dynamics                                                                       25   
Figure 2.1. Flow diagram illustrating paper selection process for systematic review           35 
Figure 2.2A. Forest plot showing mean effect sizes (Hedges' g) of climate stressors on group 
cohesion and sociability in fishes. B. Funnel plot showing effect size plotted against number 
of replicates per treatment utilised in each study                                                                  46  
Figure 2.3. Geographical distribution of studies of the effect of climate‐related variables on 
sociability and group cohesion in fishes                                                                                47  
Figure 2.4. Dendrogram showing species and families (coloured where multiple species are 
present in a family) included in the meta‐analysis, with dot plot showing stressors studied 
for each species and the number of studies carried out on each species                                 48  
Figure 2.5. Frequency histograms of A. species included in all studies in our database 
according to their habitat, and B. exposure periods and stressors used in all studies included 
in our database                                                                                                                       49 
Figure 2.6. Frequency histograms of trials of sociability or group cohesion according to 
degree of change in A. temperature, B. oxygen concentration and C. pH (acidification)     57 
Figure 2.7A. Effect size (Hedges' g) of hypoxia on group cohesion and sociability in fishes. 
Reported p values from the original studies are also indicated. B. Effect of group size on 
mean effect sizes for changes in group cohesion in response to hypoxia in fishes               58  
Figure 3.1. Flow diagram illustrating paper selection process for systematic review           77  
Figure 3.2A. Map showing locations of studies on the effects of pollution on sociability 
and/or group cohesion in fish species. B. Phylogenetic tree showing species used in studies 
of the effects of pollutants on fish behaviour                                                                         80  
Figure 3.3. Forest plots showing mean and standard error of effect sizes calculated for each 
study included in meta-analysis. A. studies of effects of chemical pollutants on group 
cohesion; B. studies of effects of chemical pollutants on sociability; C. studies of effects of 
non-chemical pollutants on group cohesion; D. studies of effects of non-chemical pollutants 
on sociability; E. studies of effects of chemical pollutants on both cohesion and sociability. 
F. funnel plot showing effect sizes for all data points included in meta-analysis                    83  
Figure 3.4. Effect on sociability and group cohesion in fish species according to level of A. 
organic chemical pollutants, B. inorganic chemical pollutants, C. mixed chemical pollutants 
(group cohesion), D. mixed chemical pollutants (sociability) and E. light                           84  



10 
 

Figure 3.5. Effect of A. inorganic chemical pollutant exposure, B. mixed chemical pollutant 
exposure and C. noise on fish group cohesion and sociability according to exposure type and 
period                                                                                                                                     86  
Figure 4.1. Schematic showing arena setup and temperature ramping procedures for A. 
individual behaviour trials and B. group behaviour trials                                                    101  
Figure 4.2. Effect of repeated trials and temperature on A. activity level in individual risk-
taking trials; B. thigmotaxis (time spent near the arena wall) in individual risk-taking trials; 
C. individual PC1: negatively correlated with sociability, activity, and risk-taking           112 
Figure 4.3A. Effect of temperature on group PC1: positively correlated with speed, 
negatively correlated with turning angle and heading difference to nearest neighbour, B. 
Effect of temperature on group PC2: positively correlated with inter-individual distance and 
bearing to nearest neighbour. C. Effect of temperature on group PC3: negatively correlated 
with distance along group range of motion, positively correlated with bearing to nearest 
neighbour. D. Correlation between group PC3 and individual PC2: Positively correlated with 
risk-taking behaviour, negatively correlated with activity and sociability. E. Effect of 
temperature on the relationship between group PC1 and individual PC3: positively 
correlated with sociability, negatively correlated with activity in sociability trials             115 
Figure 4.4. Diagram showing differences and similarities in group dynamics at control (left) 
and elevated (right) temperatures                                                                                         116  
Figure 4.5. Effect of temperature on A. median speed of the group centroid, B. mean group 
polarisation, C. the relationship between median speed of the group centroid and sociability 
PC3: negatively correlated with activity in sociability trials, positively correlated with 
sociability, and D. the relationship between standard length of fish in groups and group 
polarisation                                                                                                                             119 
Figure 5.1. Diagram showing progression of fish through individual and group behaviour 
trials under different conditions of oxygen concentration                                                   134  
Figure 5.2 Effect of oxygen concentration and repeated trials on A. activity level (mean 
swimming speed) in risk-taking behaviour trials and B. activity level in sociability trials   139  
Figure 5.3A. Effects of oxygen concentration on PC1: negatively correlated with speed, 
positively correlated with turning angle and heading difference to nearest neighbour. B. 
Effects of individual sociability and activity level of fish on PC1. C. Effects of oxygen 
concentration on the relationship between risk-taking behaviour of individuals and PC1. D. 
Effects of oxygen concentration on PC2: positively correlated with mean distance to the 
centre of the shoal and nearest neighbour distance. E. Effects of oxygen concentration on the 
relationship between fish standard length and PC2. F. Effect of oxygen concentration on the 
relationship between risk-taking behaviour of individuals and PC3: positively correlated 
with bearing, negatively correlated with distance along group motion                                 144 
Figure 5.4. Effects of oxygen concentration on A. median speed of group centroid in group 
behavioural trials and B. group polarisation in group behavioural trials. C. relationship 
between sociability and activity traits of individuals in groups and group polarisation. D. 
Effect of oxygen concentration on the relationship between individual risk-taking behaviour 
and group polarisation                                                                                                          146 
Figure 6.1A. Map showing site locations in Mo’orea, French Polynesia, and diagram 
showing B. ALAN and C. control treatment conditions                                                       156  
Figure 6.2A. Percentage time spent moving (activity) in Dascyllus trimaculatus before 
(sociability) and after (emergence) the chase stimulus, according to light treatment. B. Mean 
distance of the focal fish to the conspecific shoal before (sociability) and after (emergence) 
the chase stimulus, according to fish mass. C. Time spent moving before (sociability) and 
after (emergence) chase stimulus, according to fish mass – overall trend (black line) 
represents analysis on data from both trials. D. Time taken for fish that hid in anemones to 
emerge. E. Number of fish emerging from anemones within 10 min, grouped by 
treatment                                                                                                                               164  



11 
 

Supplementary Figure 3.1. Variation in effects of mixed chemical pollutants on sociability 
and group cohesion in fish species according to group size                                                204 
Supplementary Figure 4.1. Summary of experimental design and number of individual and 
group replicates per treatment                                                                                                211 
Supplementary Figure 4.2. Principal components of metrics measured in individual 
behavioural trials constructed using A. Data from both control and temperature ramp trials 
and B. Data from temperature ramp trials only                                                                    213  
Supplementary Figure 4.3. Correlations among traits observed in A. individual behavioural 
trials and B. group behavioural trials. Data from temperature ramp trials                           214 
Supplementary Figure 4.4. Principal components explaining 82% of variance in metrics 
measured at the individual level in group temperature ramp trials                                         215 
Supplementary Figure 5.1. Diagram showing setup of behavioural arenas, temperature-
regulated water sump, and nitrogen canister used to induce hypoxia                                      217 
Supplementary Figure 5.2. Correlations among traits observed in A. individual behavioural 
trials and B. group behavioural trials. Data from hypoxia ramp trials                                    218 
Supplementary Figure 5.3. Principal components explaining 100% of variance in metrics 
measured in individual sociability trials                                                                               219 
Supplementary Figure 5.4. Principal components explaining 78.9% of variance in metrics 
measured for individual fish in group trials                                                                           220 
Supplementary Figure 6.1. Light levels across sites from 6pm (18:00) to 6am (06:00) under 
artificial light at night (ALAN) and control light conditions                                                  226 
Supplementary Figure 6.2. Schematic showing tank setup during A. sociability trials and B. 
emergence behaviour tests                                                                                                       227 
Supplementary Figure 6.3. Raw data distribution per individual fish for A. Distance to the 
conspecific shoal (DCS) in sociability trials, B. Speed of movement (velocity) in sociability 
trials, C. Distance to the conspecific shoal (DCS) in emergence trials, D. Speed of movement 
(velocity) in emergence trials, and E. Distance to anemone after first emergence in 
emergence trials                                                                                                                        228 
Supplementary Figure 6.4. Relationship between time to emerge from an anemone following 
a chase stimulus and fish mass                                                                                               229 
Supplementary Figure 6.5. Correlations among traits observed in Dascyllus trimaculatus 230 
 

Additional publications not included in this thesis 
Tiddy, I. C., Vidal. M., Mills, S. C., Beldade, R., Killen, S. S. (2026) Effects of artificial 
light at night on metabolic responses of a coral reef fish to a virtual predator. Conservation 
Physiology 14(1), coag045. https://doi.org/10.1093/conphys/coag045  
Munson, A., Cortese, D., Tiddy, I. C., Norman, H., Metcalfe, N., Killen, S. S. (2026) 
Differential effects of multiple stressors on behavior in two co-occurring fish species. 
Behavioural Ecology 37(5), arag083. https://doi.org/10.1093/beheco/arag083        
Killen, S. S., Cortese, D., Cotgrove, L., Chrétien, E., Christensen, E., Crespel, A., Jolles, J., 
Pineda, M., Tiddy, I. C., Fu, C., Kochhann, D., McKenzie, D. J., Munson, A. (2026) 
Further integrating social context into comparative and environmental physiology. Journal 
of Experimental Biology 229(3), jeb251374. https://doi.org/10.1242/jeb.251374  
Tiddy, I. C., Neill, C. M., Rosén, A., Hasegawa, Y., Domenici, P., Johansen, J. L., 
Steffensen, J. F. (2025) Effects of social environment and energy efficiency on preferred 
swim speed in a marine generalist fish, pile perch Phanerodon vacca. Journal of 
Experimental Biology 228(5), 249546. https://doi.org/10.1242/jeb.249546 

 
 

 



12 
 

Acknowledgements 

Although I knew for a long time that I wanted to pursue a PhD, actually reaching the final 

stages feels incredibly surreal. I have a huge number of people to thank, for helping me to 

successfully complete this PhD and for making the overall experience so wonderful. 

Firstly, I would like to thank my supervisors, Shaun Killen, Mike Webster, Christos 

Ioannou, and Colin Torney. Thank you to Christos and Colin for your expertise in data 

processing and analysis, and to Mike for your invaluable knowledge and perspectives on 

my work. Thank you all for your patience and feedback across many chapter drafts, and 

your belief in my ability to execute this project. To my primary supervisor, Shaun, thank 

you for unerring faith in me, for providing me with so many opportunities across my 

academic career, from my first internship with your lab in 2017 to now, and for keeping me 

on track while allowing me the freedom to find what works for me. Thank you for helping 

me keep things in perspective and for so many hilarious moments, from Glasgow to French 

Polynesia.  

This project would not have happened without the funding provided by the IAPETUS2 

doctoral training partnership. Thank you for seeing my potential, for being such a 

welcoming community, and for providing so many opportunities for networking and 

academic development. Thank you also to the SBOHVM community for giving me a 

wonderful environment in which to do my PhD.  

The data forming two chapters in this PhD was collected in the Graham Kerr labs. These 

experiments would not have been possible without the help of the animal care technicians: 

Ross Philips, Cat Mills, Gordon Gray, Joseph Pennock, and Cat Law.  

So many members of the Killen Lab, past and present, made my PhD an exceptional 

experience. Daphne Cortese and Amelia Munson, thank you for your friendship, for all that 

you have taught me, for showcasing a level of organisation I can only aspire to, and for 

your commitment to making Killen lab members friends as well as colleagues. Thank you 

to Ashlynn White for the laughs, dogs, and for being a great fieldwork roommate. To 

Barbara Köck and Jack Hollins, thank you for taking me under your wing during my very 

first Killen lab experiences and for remaining calm in the face of my general chaos. To Mar 

Pineda and Helena Norman, thank you for being your wonderful selves, for the feedback, 

perspective, help, willingness to provide pet cuddles, baked goods, and fabulous memories.  

Many, many thanks to Suzie Mills, Manuel Vidal and the CRIOBE community for giving 

me the opportunity to work with you, for all the skills and wonderful experiences, and for 



13 
 

helping me to collect the data for chapter 6 of this thesis. Thank you to my Friday Harbor 

Laboratories cohort, especially my groupmates Mel Neill, Alex Rosén, and Yuha 

Hasegawa, and to Paolo Domenici, Jacob Johansen, and John F Steffensen for so much 

learning, giving me friends all over the world, and for memories that will last a lifetime. 

Thank you to the SMASS team, especially Andrew Brownlow and Mariel ten Doeschate, 

for welcoming me into your ranks and for teaching me so much in such a short time. A big 

thank you to Tamzin Blewett, for lending me your expertise in pollutants.  

No PhD happens without a strong external support network. Thanks to my friends in the 

Glasgow University Weightlifting Club and to my brilliant coach Jake Beveridge for 

cheering me on, for the laughs, and for your willingness to listen to me talk about fish. A 

big parasocial thank you to Stacey, Alana, Indy, and Cory aka “Girls Who Don’t DnD” for 

keeping me sane through many, many hours collecting, processing, and analysing data. To 

my family, thank you for your constant support, encouragement, and for never questioning 

my ability to complete this PhD. Thank you for providing opportunities for rest, and for all 

the little things. To my furry children, Star and Ginger, thank you for reminding me that 

my academic achievements mean nothing compared to my ability to provide treats. To my 

wonderful chosen family, thank you for believing in me and for your unending support. 

Special thanks to Spike Sinha, Franco Vegliani, and Gavin Inglis for the distractions, nights 

in and out, endless banter, cooking, solidarity, and for reminding me that this is only one 

stage in my life.  

This PhD would not have been the same without three people who are sadly no longer with 

us. Thank you to Agnieszka Magierecka, for your logistical help and for going above and 

beyond to teach and encourage me. This work would not have been completed without 

you. Thank you to John F Steffensen, for sharing your boundless knowledge and 

experience, and for your stoicism in the face of chaos. It was a privilege to learn from you. 

Finally, thank you to Jack Hollins. Interning with you gave me my first taste of PhD life 

and proved to me during a very difficult stage in my life that I could have a future in 

academia. Thank you for your patience, trust, and for inspiring me to keep going.  

To everyone I haven’t named, know that I am grateful for the support, laughs, sweet treats, 

advice, feedback, patience, and your efforts to drag me away from work for five minutes. It 

worked.  

  



14 

Declaration of Authorship 

I declare that this thesis is the result of my own work, except where explicit reference is 

made to the work of others. This thesis has not been presented in any previous application 

for a degree at this or any other institution. 

Signature: 

Printed name: Izzy Coire Tiddy 



15 
 

Co-authorship Statement 

Chapter 2 author contributions: Izzy Tiddy conceived and designed the study, with 

assistance from Shaun Killen. Izzy Tiddy curated the dataset, with assistance from Daphne 

Cortese and Amelia Munson. Data collection, analysis, and visualisation were carried out 

by Izzy Tiddy. Izzy Tiddy wrote the original draft, with assistance from Michael Webster. 

All authors were involved in reviewing and editing subsequent drafts of the paper. A 

version of this paper is published in Biological Reviews: Tiddy, I.C., Munson, A., Cortese, 

D., Webster, M.M. and Killen, S.S. (2024), Impacts of climate-related stressors on social 

group cohesion and individual sociability in fish. Biol Rev, 99: 2035-2059. 

https://doi.org/10.1111/brv.13111 

Chapter 3 author contributions: Izzy Tiddy conceived and designed the study, with 

assistance from Shaun Killen and Tamzin Blewett. Izzy Tiddy curated the dataset, with 

assistance from Daphne Cortese and Amelia Munson. Data collection, analysis, and 

visualisation were carried out by Izzy Tiddy. Izzy Tiddy wrote the original draft, with 

assistance from Tamzin Blewett. All authors were involved in reviewing and editing 

subsequent drafts of the paper. A version of this paper is published in Environmental 

Pollution: Tiddy, I.C., Cortese, D., Munson, A., Blewett, T. A., and Killen, S.S. (2024). 

Impacts of anthropogenic pollutants on social group cohesion and individual sociability in 

fish: A systematic review and meta-analysis. Environ Pollut, 363: 125017. 

https://doi.org/10.1016/j.envpol.2024.125017  

Chapter 4 author contributions: Izzy Tiddy conceived and designed the study, with 

assistance from Shaun Killen, Christos Ioannou, Michael Webster, and Colin Torney. Data 

collection was carried out by Izzy Tiddy. Data processing and analysis were carried out by 

Izzy Tiddy with assistance from Christos Ioannou and Colin Torney respectively. Izzy 

Tiddy visualised the data and wrote the original draft. All authors were involved in 

reviewing and editing subsequent drafts of the paper. 

Chapter 5 author contributions: Izzy Tiddy conceived and designed the study, with 

assistance from Shaun Killen, Christos Ioannou, Michael Webster, and Colin Torney. Data 

collection was carried out by Izzy Tiddy. Data processing and analysis were carried out by 

Izzy Tiddy with assistance from Christos Ioannou and Colin Torney respectively. Izzy 

Tiddy visualised the data and wrote the original draft. All authors were involved in 

reviewing and editing subsequent drafts of the paper. 



16 
 

Chapter 6 author contributions: Izzy Tiddy conceived and designed the study with 

assistance from Suzanne Mills and Shaun Killen. Izzy Tiddy collected, analysed, and 

visualised the data, and wrote the first draft of the paper. All authors were involved in 

reviewing and editing subsequent drafts of the paper. A version of this paper is now 

published in Marine Ecology Progress Series: Tiddy, I.C., Killen, S.S., and Mills, S.C. 

(2026). Effects of artificial light at night on the diurnal risk-taking behaviour of a 

gregarious reef fish. Mar Ecol Prog Ser, 786: 1–14. https://doi.org/10.3354/meps15137 

 

List of Abbreviations 

ACS – Approaches to a conspecific shoal  

ALAN – Artificial light at night 

Cd – Cohen’s d 

CEI – Clark-Evans Index 

cm s-1 – centimetres per second 

DCS – Distance to conspecific shoal  

DtCS – Distance travelled near a conspecific shoal 

Hg – Hedge’s g 

ID – Identity  

IID – Inter-individual distance 

LCS – Latency to approach a conspecific shoal 

MDCS – Mean distance to the centre of the shoal 

MD(N)S – Mean distance to (nearest) shelter 

NND – Nearest neighbour distance  

NTU – Nephelometric turbidity units 

PC – Principal component 

PCA – Principal component analysis 

PSD – Pooled standard deviation 

SD – Standard deviation 

SL – Standard length 

TA – Turning angle 

TCS – Time near conspecific shoal  

  



17 
 

Chapter 1 

General Introduction 

1.1. Impacts of anthropogenic stressors in the aquatic environment 

1.1.1. Impacts of climate-related stressors in the aquatic environment 

As human influence becomes a near-inescapable part of the global landscape, we are 

becoming increasingly aware of the impacts of our activity on ecosystems. Globally, 

temperature anomalies have recently surpassed one year at or above the 1.5°C threshold set 

out in the Paris climate agreement for the first time (Cannon, 2025), with some projections 

indicating that long-term average temperatures may have already crossed this threshold 

(Bevacqua et al., 2025; Cannon, 2025). The impacts of a 1.5°C rise are already becoming 

apparent in many natural systems, threatening ecosystem diversity (Halsch et al., 2021; 

Warren et al., 2018), species richness (Price et al., 2024), and services upon which many 

human populations rely (Shivanna, 2020, 2022).  

 

The focus of many climate studies is on highlighting lethal impacts of thermal stress, such 

as coral reef loss (Hughes et al., 2018; Obura et al., 2021) and shifts in primary and 

secondary production leading to food web collapse (Nagelkerken & Connell, 2015). 

Increasing concern is being raised, however, about the sublethal impacts of rising 

temperatures on ecosystems, particularly aquatic ecosystems (Alfonso et al., 2021). For 

ectothermic aquatic organisms, rising temperatures lead to higher metabolic costs, the 

impacts of which may be exacerbated by changes in food availability associated with 

climate change (Nagelkerken & Connell, 2015). While terrestrial temperature anomalies 

continue to alarm scientists (Bevacqua et al., 2025; Cannon, 2025), water bodies have 

historically provided a significant buffer to global heating by absorbing both carbon 

dioxide and heat (Gattuso et al., 2015; Shivanna, 2022; von Schuckmann et al., 2020).  

 

An estimated 89% of global heat gain from 1971-2018 has occurred in the oceans (von 

Schuckmann et al., 2020), while increasing partial pressure of carbon dioxide in the 

atmosphere leads to greater concentrations of carbonate ions in water bodies, reducing 

water pH (Gattuso et al., 2015). While freshwater species are often better adapted to 

fluctuations in pH (Ishimatsu et al., 2004; Kwong et al., 2014), the impact of acidification 

on marine systems is expected to increase in coming years, with ocean pH projected to 

drop by 0.33 pH units by 2100 under a business-as-usual emissions scenario (Gattuso et 

al., 2015). For calcareous and siliceous organisms, this decrease in pH interferes with the 
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ability to construct bodily structures (Nagelkerken & Connell, 2015), and aquatic 

vertebrates such as fish have been found to experience interference with the functioning of 

sensory and cognitive systems related to ion imbalances (Jutfelt et al., 2013; Maulvault et 

al., 2018; A. Mitchell et al., 2022).  

 

Alongside the threat of CO₂ itself, rising temperatures also go hand-in-hand with reduced 

oxygen availability (Gattuso et al., 2015), as the solubility of oxygen in water reduces at 

high temperatures. High temperatures can also lead to increased algal growth, leading to 

stripping of oxygen from an aquatic environment both by algal respiration and by aerobic 

bacteria as they consume plant matter following algal blooms (Levin et al., 2015). 

Hypoxia, meaning low oxygen availability, or anoxia, meaning the complete lack of 

oxygen can have dramatic impacts on aquatic environments such as mass die-offs (Baladia 

et al., 2025; Godinho et al., 2019; McInnes & Quigg, 2010). More subtle, sub-lethal 

impacts also pose a threat to aquatic organisms, however, and aquatic respirators may 

struggle to meet their aerobic oxygen requirements during hypoxic periods (Domenici et 

al., 2017), leading to changes in behaviour to escape from or cope with stress (Domenici et 

al., 2002, 2017; Pineda et al., 2020). While hypoxia may be associated with temperature 

rise in aquatic systems, it is often exacerbated, particularly in freshwater and estuarine 

systems, by eutrophication (Levin et al., 2015). Eutrophication refers to the excessive input 

of nutrients, often from anthropogenic pollutants, to waterways, leading to algal blooms 

that remove oxygen from waterways as described above (Levin et al., 2015). Climate-

related changes are therefore strongly linked to other anthropogenic stressors, with many 

aquatic ecosystems experiencing stressor combinations, the effects of which are not fully 

understood.  

 

1.1.2. Impacts of pollutants in the aquatic environment 

The issue of anthropogenic pollution, particularly in the form of chemical pollutants, has 

been highlighted in recent years by the increasing awareness of the ubiquity and risks of 

microplastics (Kye et al., 2023; W. Wang et al., 2019; Zhang et al., 2023), one form of 

chemical pollutant. The term “chemical pollutants”, however, refers to an enormous range 

of substances (Z. Wang et al., 2020; Zhang et al., 2023) that can enter aquatic systems 

through a number of avenues and sources (Zhang et al., 2023). Chemical pollutants can be 

very broadly grouped into organic and inorganic pollutants (Z. Wang et al., 2020). The 

former refers to carbon-based substances whose toxicity depends on their ability to be 

biotransformed by organisms following exposure (e.g., plastics, medicines, non-metallic 
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fertilisers) (Escher et al., 2011). Inorganic pollutants refer to metals and metal salts, which 

cannot be biotransformed, and are often introduced into aquatic systems as byproducts of 

industrial activity or agriculture (Shahjahan et al., 2022). Both can have lethal impacts on 

aquatic organisms, alongside a range of sublethal effects at lower concentrations (Bertram, 

Martin, et al., 2022a). These include impacts on fertility (Kidd et al., 2007), behaviour 

(Bertram, Martin, et al., 2022a; Firth et al., 2024), and cognitive functioning (Colovic et 

al., 2013; Valenti et al., 2012), alongside various metabolic effects depending on the 

substance and concentration (Escher et al., 2011; Orr et al., 2024; Shahjahan et al., 2022).  

 

Chemical contamination may also interact with another abiotic factor in aquatic 

environments, turbidity, which refers to the level of suspended matter and thus degree of 

water clarity in an aquatic environment (Michael et al., 2021). Turbidity can cause reduced 

visibility, thus interfering with detection and response to movements of conspecifics 

(Chamberlain & Ioannou, 2019) or predators. In addition, increased suspended material 

may cause structural damage to gills (Cumming & Herbert, 2016; Hess et al., 2015) 

leading to reduced oxygen uptake. Some species have been found to plastically remodel 

gills to protect against suspended particles (Becke et al., 2018; Firth et al., 2024); however, 

this may interfere with regulation of ion exchange. Changes to oxygen uptake and ion 

balance may lead to altered neurosensory functioning, with associated impacts on shoaling 

responses (Jutfelt et al., 2013; Lucon-Xiccato et al., 2014; A. Mitchell et al., 2022).  

 

In addition to chemical pollutants and turbidity, non-chemical pollutants such as 

anthropogenic light and noise may also have significant lethal and sublethal effects on 

aquatic life (Mickle & Higgs, 2018). Noise pollution is often recognised for its impact on 

cetaceans (Bittencourt et al., 2023; Holt et al., 2015; Papale et al., 2015), however other 

aquatic organisms also experience stress-related physiological (Wysocki et al., 2006), 

behavioural (Mickle & Higgs, 2018), and ecological impacts (Simpson et al., 2016). A 

2009 study found low-frequency ambient ocean noise to be dominated by shipping sounds 

(Hildebrand, 2009), while human perception of global light pollution has increased by an 

estimated 7-10% per year from 2011 to 2022 (Kyba et al., 2023). In particular, the 

prevalence of light pollution in non-urban areas has grown significantly, leading to impacts 

on more remote terrestrial and aquatic systems (Davies et al., 2014; Marangoni et al., 

2022). Light pollution may have direct behavioural impacts on aquatic organisms, such as 

attracting individuals and thus increasing transit time, as in hatchling turtles (Thums et al., 

2016). Organisms such as insects may also congregate around lights, leading to changes in 
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foraging patterns of their predators (Buddendorf et al., 2026). Artificial light at night, or 

ALAN, disrupts sleep cycles and may lead to overactivation of the primary stress response 

(Kurvers et al., 2018), associating this form of pollution with a host of impacts such as 

changes in growth, metabolic rate, swimming capacity, and escape responsiveness 

(Georgiou et al., 2024; Kurvers et al., 2018; Schittko et al., 2026; Schligler et al., 2021; 

Schligler, Norin, et al., 2026; Schligler, Roost, et al., 2026).  

 

Although the physiological impacts of anthropogenic pollutants on aquatic organisms are 

well-established, a vital component of the ecological effect of stressors is the translation of 

physiological changes into changes in behaviour. While physiological adaptation or 

acclimation may play a role in allowing organisms and therefore systems to compensate 

for the effects of stressors, behavioural responses to these stressors represent a key coping 

strategy for organisms such as fish (Bertram, Martin, et al., 2022b; Domenici et al., 2017). 

 

1.2. Social behaviour in gregarious fish 

1.2.1. Social group cohesion 

While the range of behaviours displayed by fish are as diverse as the animals themselves, a 

common strategy for many fish species is social behaviour in the form of shoaling or 

schooling (Pitcher, 1983). Shoaling is defined as a loosely associated group of individuals, 

while schooling refers to a polarised group of fish displaying coordinated movements 

(Pitcher, 1983, 1986). Both behaviours are driven by an innate tendency to be “social”, i.e., 

to associate with other individuals, however (Pitcher, 1983, 1986). This distinguishes 

shoaling and schooling from aggregation, which refers to groups gathered around a 

specific resource or activity, such as breeding or foraging, rather than spontaneously 

formed as an expression of sociability (Pitcher, 1983). In group settings, the tendency of 

fish to shoal or school is often measured in terms of the distance among individuals, 

termed group cohesion, or the extent to which individuals face and swim in the same 

direction, termed group polarisation (Bartolini et al., 2015; Cook et al., 2014). Both metrics 

are linked to the speed of movement of the group, with faster-swimming groups generally 

displaying greater polarisation Click or tap here to enter text.(Kent & Ojanguren, 2015) 

but lower cohesion (Armstrong et al., 2019; Bartolini et al., 2015; Davis et al., 2019). 

Group cohesion may also depend on various factors, including the size of fish within 

groups (Romenskyy et al., 2017), the number of individuals in the group (Fu, 2016), and 

kinematic factors such as flow speed (Cao et al., 2025), as well as the behaviour of 

individuals within the group (Jolles, Weimar, et al., 2020).   
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1.2.2. Individual behavioural traits relating to sociability 

Among gregarious fish species, group dynamics depend strongly on the behaviour of 

individuals within the group (Jolles et al., 2017), and the behaviours displayed by these 

individuals vary significantly at both the inter- and intra-individual levels (Jolles, Weimar, 

et al., 2020; Tiddy et al., 2025). Metrics of individual behaviour independently of 

conspecifics are therefore often used to assay traits of individuals that may inform their 

ecological interactions, including tendency to shoal and school. Individual sociability, 

often measured with a shoal choice assay (Cooper et al., 2018; Killen, Nadler, et al., 2021; 

Pilakouta et al., 2023), refers to the tendency of individuals to associate with other 

individuals, usually conspecifics.  

 

While sociability of individuals in a group may itself impact shoal dynamics (Bevan et al., 

2018; Jolles et al., 2017), sociability is also often linked to other behavioural traits 

displayed at the individual level. These include activity level, and risk-taking or 

exploratory behaviour (Conrad et al., 2011; Harcourt et al., 2009; Pike et al., 2008). Risk-

taking behaviour is used here to refer broadly to the tendency of individuals to put 

themselves in situations that may have direct negative survival or fitness consequences, 

such as situations that increase predation risk (Huntingford et al., 2010; Koets et al., 2025). 

Risky behaviours may thus include leaving a shelter, approaching a novel object, or 

spending time in an open environment (Huntingford et al., 2010; Toms et al., 2010) and 

may describe exploratory behaviour if this involves time spent in the open or away from a 

shoal (Aich et al., 2025). Risk-taking is therefore sometimes considered antithetical to 

sociability, and various studies have indeed found the two to be negatively correlated in 

fish (Conrad et al., 2011; Harcourt et al., 2009; Pike et al., 2008).  

 

Similarly, activity level may impact the tendency for fish to be social, with more active 

individuals sometimes being found to have a greater tendency to leave a shoal (Bartolini et 

al., 2015). Disparity in preferred or optimum swimming speed may also cause 

fragmentation of shoals into smaller groups (Killen, Marras, et al., 2017). It is important to 

note, however, that interactions among behavioural traits flow in all directions, and the 

social environment may also impact activity level (Tiddy et al., 2025) and tendency to risk-

taking in fish (Harcourt et al., 2009). Suites of correlated traits displayed by individual fish 

are sometimes referred to as behavioural syndromes (Conrad et al., 2011), and the effects 

of individual behavioural traits on group dynamics are modulated by the expression of 
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other traits (Harcourt et al., 2009; Jolles et al., 2017). Understanding of the impacts of 

interindividual variation in behavioural traits or syndromes on group dynamics in fish is 

limited (Jolles, King, et al., 2020), however, as is understanding of the impacts of 

intraindividual variation across life stages or gradients of abiotic factors (Killen, Cortese, et 

al., 2021).  

 

1.2.3. Linking individual and group dynamics across contexts 

The effects of individual behavioural traits on group dynamics in fish are increasingly 

recognised as requiring study, particularly as existing studies have shown links among 

behaviours displayed across social contexts to be anything but simple (Jolles et al., 2017; 

Killen et al., 2026). The majority of studies linking individual behavioural traits with group 

dynamics have done so using very small groups of 2-3 individuals (Bevan et al., 2018; 

Harcourt et al., 2009; Nakayama et al., 2012, 2016; Riley et al., 2025), and while these 

provide valuable data, the social context is markedly different to that experienced in larger 

groups (Fu, 2016; Killen et al., 2026). Obtaining data for identified fish with known 

individual traits in group settings is logistically challenging, requiring high-resolution 

tracking and significant time investment to ensure individuals are accurately tracked (Jolles 

et al., 2017). Such studies have shown, however, that individual traits do indeed impact 

group dynamics. A study by Jolles et al. (2017) found that stickleback Gasterosteus 

aculeatus displaying greater risk-taking behaviour when alone were more likely to lead 

when in groups of five, but only where these individuals also showed low sociability in 

shoal choice assays (Jolles et al., 2017). Studies on smaller groups have found that risk-

taking is also associated with leadership and decision-making in G. aculeatus pairs (Bevan 

et al., 2018; Harcourt et al., 2009; Nakayama et al., 2012; Riley et al., 2025) and trios 

(Nakayama et al., 2016). A key remaining question, however, is whether intraindividual 

variation in behavioural traits measured independently of conspecifics may be linked to 

variation in the roles of said individuals when in a group.  

 

While individual fish often show strong repeatability in behavioural traits under a given set 

of conditions (Jolles et al., 2017; Villegas-Ríos et al., 2017), changes in ontogeny (Cabrera 

et al., 2021; Polverino et al., 2016), social context (Killen et al., 2026; Tiddy et al., 2025), 

and environmental variables (Killen, Cortese, et al., 2021) may alter trait expression. For 

example, in a species for which co-occurring high risk-taking and low sociability is 

correlated with group leadership, as found in Jolles et al. (2017), an individual displaying 

high risk-taking behaviour but low sociability as a juvenile may tend to lead groups during 
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that life stage. If that individual maintains high risk-taking behaviour but becomes more 

social as an adult, however, the correlation between risk-taking and group leadership may 

disappear if increased sociability leads to a change in shoaling dynamics (Bevan et al., 

2018). As the magnitude of variation in behavioural traits across contexts is likely to differ 

among individuals (Killen, Adriaenssens, et al., 2016; Killen, Cortese, et al., 2021), 

considering variation itself as a trait may be key in determining the role of individuals 

across contexts. Intraindividual behavioural repeatability may vary across contexts (Killen, 

Adriaenssens, et al., 2016), while at the interindividual level, stressors can reduce variation 

within the population by homogenizing traits among individuals (Tan et al., 2020) (Figure 

1.1). A thorough understanding of the effects of individual traits on group dynamics across 

contexts therefore depends on interpreting the influence of both inter- and intraindividual 

variation (Andreassen et al., 2026; Killen, Adriaenssens, et al., 2016; Stamps et al., 2012).  

 

1.3. Modification of social behaviour in the context of stressors 

While the relationships between individual traits and group dynamics, particularly in the 

context of stressors, still require elucidation, disruption or modification of social behaviour 

across contexts may occur through a number of avenues (Michelangeli et al., 2022). 

Increases in metabolic rate, such as those observed under high temperatures or in response 

to certain chemical pollutants, are often associated with increases in activity level that may 

cause shoals to fragment (Davis et al., 2019; Killen, Marras, et al., 2017) or reduce 

cohesion (Armstrong et al., 2019; Bartolini et al., 2015; Davis et al., 2019). Increased 

metabolic needs may also shift individual prioritisation of social behaviour (Ioannou, 2017; 

Killen, Cortese, et al., 2021). Specifically, while group foraging is associated with greater 

ability to locate food patches (Pitcher et al., 1982), this food must be shared with 

groupmates. Increasing food requirements may therefore incentivise individuals to leave 

shoals, to increase foraging time and avoid sharing (Ioannou, 2017; Killen, Cortese, et al., 

2021). Pollutants such as antidepressants may reduce anxiety or stress, leading to 

individuals straying from shoals as risk-taking increases (Maulvault et al., 2018; 

Salahinejad et al., 2022). Conversely, alarm caused by acute exposure to noise or light 

pollution may cause fish to move closer together (Neo, Parie, et al., 2015; Neo, Ufkes, et 

al., 2015), while longer-term stress from these factors may lead to increased metabolic 

costs and associated changes in risk-taking behaviour, activity, and sociability (Georgiou et 

al., 2024; Kurvers et al., 2018). Interference with cognitive function or sensory pathways 

due to chemical pollutants, hypoxia, or acidification may lead to reduced cohesion as the 

rapid responses required for shoaling and schooling are impaired (Michelangeli et al., 
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2022). Whatever the mechanism, disruptions to social behaviour could have significant 

ecological ramifications, including impacts on predation risk, fitness, foraging, mate-

finding, and survivorship (Pitcher, 1986; Pitcher et al., 1982; A. Ward & Webster, 2016b, 

2016a). Elucidating the effects of anthropogenic stressors on fish behaviour across social 

contexts is therefore a key concern for understanding how fish may respond to 

environmental change, however the diversity of stressors, fish species, and the behaviours 

themselves often make studies challenging.  

 

1.4. Challenges associated with studies of the effects of anthropogenic 

stressors on fish social behaviour 

1.4.1. Studies of the effects of climate-related stressors 

Identifying unifying trends regarding the impact of climate-related stressors such as 

temperature, acidification, and hypoxia on fish behaviour is further complicated by the 

diversity of fish and of the environments they inhabit. The physiological vulnerability, and 

therefore the magnitude of behavioural response, to a given change in temperature, for 

example, may vary significantly among niches, species, populations (Jutfelt, 2020; A. 

Mitchell et al., 2022), and individuals (Killen et al., 2012). A well-studied example of this 

is sympatric stickleback populations inhabiting Icelandic lakes, some of which are heated 

by thermal springs (Jutfelt, 2020). These populations show significant variation in 

metabolic response to temperature change, even within a species and geographical region 

(Pilakouta et al., 2020). Findings concerning thermal tolerance may therefore have 

relatively low potential for generalisation across contexts. 

 

Difficulty in integrating findings is increased as, even assuming similar physiological 

vulnerability, behavioural strategies for coping with abiotic stressors also vary among 

species. Activity responses to hypoxia, for example, often fall into two distinct but entirely 

opposite categories (Domenici et al., 2017). Some studies show reduced activity in 

response to hypoxia, likely associated with attempts to conserve oxygen (Alfonso et al., 

2020; Cook et al., 2014; Hayes et al., 2019). Others have found increased activity, possibly 

due to attempts to escape unfavourable conditions (Domenici et al., 2000; Sommer‐Trembo 

et al., 2017). Fish shoals have often been found to reduce cohesion under hypoxic 

conditions, as proximity to conspecifics equates to competition for oxygen (Domenici et 

al., 2017), though some species may be able to avoid this by reducing swimming speed
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Figure 1.1. Theoretical effects of inter- and intraindividual variation in behaviour with environmental context on shoaling dynamics 
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(Cook et al., 2014; Domenici et al., 2002). Specialised behavioural adaptations to hypoxia, 

such as air breathing or surface skimming, may allow fish to tolerate hypoxia 

(Obirikorang, Viala, et al., 2025; Pineda et al., 2020) but are often linked to risk-taking, as 

surfacing increases vulnerability to terrestrial or aerial predators (Obirikorang, Yussif, et 

al., 2025). Stressors such as hypoxia and acidification may have greater effects on marine 

compared with freshwater species, as the magnitude of natural variation in these factors is 

low in the marine environment (Ishimatsu et al., 2004; Kwong et al., 2014). As many 

model fish species, such as stickleback and zebrafish Danio rerio, are freshwater, however, 

marine species may be underrepresented in the literature. 

 

An additional dimension is that climate-related stressors, as discussed above, often occur 

together (Nagelkerken & Connell, 2015; Shivanna, 2020, 2022). Studies of these factors 

must therefore contend with variation at the intra- and interindividual levels, the taxonomic 

level, and with reference to the evolutionary and developmental environment of the study 

organisms, all while balancing the scientific need for controlled comparative levels with 

ecological realism and relevance. All of these factors mean that there is some uncertainty 

associated with the state of the literature and unifying themes present therein in the field of 

fish social behaviour in the context of climate-related stressors.  

 

1.4.2. Studies of the effects of anthropogenic pollutants 

Some similar challenges are present with studies of chemical pollutants, though another 

major issue with these studies is the diversity of substances that are present in aquatic 

environments as pollutants (Orr et al., 2024; Zhang et al., 2023). While substances can 

sometimes operate through similar metabolic pathways (Bertram, Gore, et al., 2022; 

Escher et al., 2011), generalisation is still challenging due to variation in effect doses, 

bioavailability, and toxicity of secondary metabolites (Michelangeli et al., 2022), as well as 

interactions with other stressors (Bertram, Martin, et al., 2022b). The majority of 

contaminated waterways contain more than one foreign substance (Alfonso et al., 2022; 

Cerveny et al., 2020; Orr et al., 2024), magnifying the challenges associated with 

ascertaining ecologically relevant effects of a specific substance, and increasing the need to 

understand effects of substances in combination (Zhang et al., 2023). Even if substances do 

not have interactive metabolic effects, the presence of certain substances may modulate the 

ability of organisms to cope with others (Orr et al., 2024). For example, adsorption, the 

process of a substance adhering to the surface of another particle, often a microplastic 

particle, can increase both the bioavailability of substances in an environment and their 



27 
 

pervasiveness across systems (Chen et al., 2022; Santos et al., 2020, 2021; Zhang et al., 

2023). As ALAN and noise pollution also increasingly permeate into aquatic environments 

(Davies et al., 2014; Marangoni et al., 2022), the chances that these will appear alongside 

forms of chemical pollutant are likewise amplified.  

 

The diurnal effects of ALAN in particular are understudied, as previous research has 

reasonably focused on nocturnal behavioural alterations in species and systems exposed to 

artificial light (Georgiou et al., 2024). Other studies have examined the effects of visual 

disturbances and variance in light levels during testing, rather than the effects of ALAN 

exposure per se (Chaput et al., 2023; Matchette & Herbert-Read, 2021; J. Zhao et al., 

2020). Changes to diurnal behaviours in ALAN-exposed fish have been found, however, 

likely associated with chronic disruption of melatonin production, the hormone associated 

with sleep and maintaining circadian rhythms (Gaston & Sánchez de Miguel, 2022; 

Grubisic et al., 2019). It has been theorised that disruption to natural cycles of melatonin 

production and therefore natural sleep cycles may cause overactivation of stress responses 

in ALAN-exposed fish species, similar to the effects observed in populations subject to 

high predation (Kurvers et al., 2018). This has the potential to alter diurnal behaviours 

including activity, risk-taking, and sociability (Kurvers et al., 2018). The effects of ALAN 

on daytime behaviour remain poorly understood, however, and no comprehensive 

synthesis of the literature currently exists regarding the effects on fish social behaviour of 

ALAN or other forms of pollution.  

 

1.5. Thesis aims and overview 

Although a number of studies exist on the effects of both climate-related stressors (see 

Chapter 2) and anthropogenic pollution (see Chapter 3) on social behaviour in fish, the 

state of the literature remains in places uncertain. The increasing ubiquity and severity of 

exposure to anthropogenic stressors in aquatic ecosystems highlights the urgent need for 

both an improved understanding of the current state of the literature, and for further 

empirical studies targeting key knowledge gaps. Studies linking individual behavioural 

traits with group dynamics are notably lacking, with only one study to date (Jolles et al. 

2017) quantifying the role of individuals with known traits in multi-individual shoals of 

fish. While various studies have found effects of anthropogenic stressors on both behaviour 

displayed independently from conspecifics and behaviour in a shoal, relatively few have 

measured both in the same system (but see Table 2.3, Supplementary Table 3.1). Further, 

studies linking behaviour when alone with behaviour in a group in the context of these 
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stressors are entirely absent from the literature. This lack of data on the role of intra- and 

interindividual variation in determining group responses to stressors may lead to key 

interactions and effects of social context being missed (Killen et al., 2026). While in 

gregarious species, ecological interactions may often occur at the level of the group 

(Michelangeli et al., 2022), the physiological impact of environmental stressors and thus 

the initial behavioural response occurs at the level of the individual (Killen, Cortese, et al., 

2021). Individual behavioural responses, their modifiers, and their role in determining 

group dynamics are therefore essential to understanding how environmental change may 

affect behaviour in gregarious fish species (Jolles et al., 2018; Killen et al., 2026).  

 

Gaps in the literature are also apparent in the case of some specific stressors, most notably 

artificial light at night, the effects of which on diurnal sociability in fish had been 

quantified by only one study (Kurvers et al., 2018) prior to the writing of this thesis. As an 

increasingly common stressor (Davies et al., 2014; Kyba et al., 2023; Marangoni et al., 

2022), ALAN is of rising concern to ecologists working across systems, and the lack of 

data on fish species should be a key focus point. This thesis aims to systematically assess 

the current state of the literature surrounding the impacts of anthropogenic stressors on 

social behaviours in gregarious fish. Chapters 2 and 3 therefore consist of systematic meta-

analyses investigating the effects of climate-related stressors and anthropogenic pollutants 

respectively. I further aim to address key knowledge gaps by studying whether climate-

related stressors modulate relationships between individual behavioural traits and group 

dynamics, and by obtaining empirical data on the effects of artificial light at night, an 

understudied stressor, on diurnal sociability and related behaviours. Specifically, chapters 4 

and 5 use tracking of individual fish with known traits to investigate the effects of thermal 

stress and hypoxia respectively on group dynamics and the role of individuals in shoals. 

Chapter 6 studies the effects of wild, chronic exposure to ALAN on diurnal sociability, 

activity, and risk-taking behaviour in a gregarious fish.  

 

1.5.1. Chapter 2: Impacts of climate-related stressors on social group 

cohesion and individual sociability in fish 

In this review, I conducted a systematic meta-analysis of the current literature pertaining to 

the effects of climate-related stressors, specifically temperature, hypoxia, and acidification, 

on shoaling and schooling behaviour (group cohesion) and individual sociability in fish. 

The existing literature was reviewed up to early 2023, and available data on treatment, 
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assayed behavioural metrics, fish species, location of studies, and observed effect sizes was 

collected for each of 45 relevant studies.  

 

1.5.2. Chapter 3: Impacts of anthropogenic pollutants on social group 

cohesion and individual sociability in fish: A systematic review and 

meta-analysis 

Here, I review the current literature on the effects of chemical pollutants, noise pollution, 

and light pollution on group cohesion and individual social behaviour in fish. Papers 

published up to 2023 were screened, and a total of 165 studies selected for inclusion. Data 

on treatment, pollutant class, fish species, assayed behavioural metrics, location of studies, 

and observed effect sizes was collected where available. Studies for which sufficient data 

could be obtained (n = 141) were included in meta-analysis to identify trends across the 

literature.  

 

1.5.3. Chapter 4: Changes to group dynamics reflect changes in individual 

behaviour under thermal stress in a model fish species 

In this experiment, I investigate the effects of short-term thermal stress on individual 

behavioural traits, namely sociability, activity, and risk-taking behaviour, in a model 

species, rummy-nose tetra Hemigrammus rhodostomus. Behavioural traits were assayed at 

three temperatures representing close to the full range of temperatures experienced by this 

species in the wild. I further test the response of groups of H. rhodostomus to the same 

thermal treatments at both the group and individual levels and assess the impacts of 

temperature on the roles and dynamics of individuals with known traits in groups.  

 

1.5.4. Chapter 5: Hypoxia alters the link between individual behavioural 

variation and collective dynamics in a social fish 

In a parallel experiment to that described in Chapter 4, I study how exposure to hypoxia 

affects social behaviour when alone and in groups in H. rhodostomus. Behavioural trials 

were carried out under normoxia (i.e., full oxygen air saturation), mild hypoxia (70% O₂), 

and severe hypoxia (30% O₂). I further analyse the independent and interactive effects of 

oxygen level and traits of individuals within groups on group dynamics.  
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1.5.5. Chapter 6: Effects of artificial light at night on the diurnal risk-taking 

behaviour of a gregarious reef fish 

This experiment sought to elucidate the effects of chronic exposure to artificial light at 

night (ALAN) in the wild on sociability, activity, and risk-taking behaviour (emergence 

from a shelter) in a gregarious reef fish, threespot dascyllus Dascyllus trimaculatus. Fish 

were exposed in the wild to either ambient light levels or ALAN from the time of 

settlement. Sociability and activity were measured before and after a chase stimulus. Time 

and tendency to emerge from an anemone, and distance to the anemone, following said 

chase stimulus were also quantified.  

 

1.6. Summary 

Anthropogenic stressors, including climate-related abiotic factors, chemical pollutants, and 

non-chemical pollutants, are a near-ubiquitous feature of aquatic systems. Mobile species 

such as fish often respond behaviourally to non-lethal levels of anthropogenic stressors, 

improving short-term survival but potentially affecting normal ecological interactions. In 

gregarious species, impacts on social behaviour may be particularly relevant to survival 

and fitness, as social behaviour is a vital component of foraging, predator evasion, and 

reproduction for many species. While evidence of the effects of anthropogenic stressors on 

fish social behaviour is growing, the diversity of the stressors, environments, and species 

involved and the breadth of impacts across ecosystems makes it challenging to draw 

general conclusions. In addition, the multiple levels of among- and within-individual 

behavioural variation involved in social interactions make assessing links between effects 

of stressors at the individual level and emergent changes in group dynamics a challenging 

task. The component chapters of this thesis will therefore use a combination of literature-

based and experimental approaches to identify and fill gaps in the literature on the topic of 

effects of anthropogenic stressors on fish social behaviour.  
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Chapter 2 

 

Impacts of climate-related stressors on social group 

cohesion and individual sociability in fish 
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Killen1 
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Veterinary, and Life Sciences, University of Glasgow, University Avenue, Glasgow, 
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2. Department of Wildlife, Fish & Environmental Studies, Swedish University of 
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3. Department of Fish Biology, Leibniz Institute of Freshwater Ecology and Inland 

Fisheries, Berlin, Germany 

4. Centre for Biological Diversity, School of Biology, University of St Andrews, 

Harold Mitchell Building, Fife, KY16 9TS UK 

 

2.1. Abstract 

Group-living in animals comes with a number of benefits associated with predator 

avoidance, foraging, and reproduction. A large proportion of fish species display grouping 

behaviour. Fish may also be particularly vulnerable to climate-related stressors including 

thermal variation, hypoxia, and acidification. As climate-related stressors are expected to 

increase in magnitude and frequency, any effects on fish behaviour may be increased and 

affect the ability of fish species to cope with changing conditions. Here we conduct a 

systematic review of the effects of temperature, hypoxia, and acidification on individual 

sociability and group cohesion in shoaling and schooling fishes. Searches of the published 

and grey literature were carried out, and studies were included or excluded based on 

selection criteria. Data from studies were then included in a meta-analysis to examine 

broad patterns of effects of climate-related stressors in the literature. Evidence was found 

for a reduction in group cohesion at low oxygen levels, which was stronger in smaller 

groups. While several studies reported effects of temperature and acidification, there was 

no consistent effect of either stressor on sociability or cohesion. There was some evidence 

that marine fishes are more strongly negatively affected by acidification compared with 
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freshwater species, but results are similarly inconsistent and more studies are required. 

Additional studies of two or more stressors in combination are also needed, although one 

study found reduced sociability following exposure to acidification and high temperatures. 

Overall, there is some evidence that hypoxia, and potentially other climate-related 

environmental changes, impact sociability and group cohesion in fishes. This may reduce 

survival and adaptability in shoaling and schooling species and have further ecological 

implications for aquatic systems. However, this synthesis mainly highlights the need for 

more empirical studies examining the effects of climate-related factors on social behaviour 

in fishes. 

 

2.2. Introduction 

As global conditions change, ecosystems are increasingly affected by climate-related 

stressors (Doney, 2010; Nagelkerken & Connell, 2015). Fish populations may be 

particularly at risk; not only are they dependent on substances in solution for their 

metabolism, osmoregulation, and excretion, they are also very sensitive to changes in 

environmental temperature (Alfonso et al., 2021; Domenici et al., 2013; Heuer & Grosell, 

2014). As atmospheric temperatures rise, bodies of water, particularly oceans, absorb much 

of the additional heat, leading to rising sea surface temperatures (von Schuckmann et al., 

2020). Warmer water has a lower capacity for dissolved oxygen, possibly contributing to 

increased occurrences of aquatic hypoxia (Gattuso et al., 2015), which may exacerbate 

other sources of hypoxia including eutrophication resulting from nutrient run-off (Levin et 

al., 2015). Atmospheric CO₂ may also enter into solution, leading to increased dissolved 

carbonic acid levels resulting in lower pH (Gattuso et al., 2015). Even at sublethal levels, 

climate-related stressors may reduce fitness and affect inter- and intraspecific interactions 

(Domenici et al., 2017; Hurst, 2007). Changes in the magnitude and timing of these 

stressors has led to an urgent need to quantify the potential of aquatic organisms to cope 

with or adapt to changing conditions and combinations of stressors (Diaz & Rosenberg, 

2008; Nagelkerken & Connell, 2015). 

 

Climate-associated stressors can affect numerous aspects of fish physiology and behaviour. 

For example, temperature has plastic and evolutionary effects on metabolic rates in fish 

(Clarke & Johnston, 1999; Nati et al., 2018; Pilakouta et al., 2020). Hypoxia and elevated 

CO2 may also affect metabolic traits and neural functioning (Heuer & Grosell, 2014; 

Jutfelt et al., 2013). Moreover, climate-related stressors also cause changes to locomotor 

capacity, spontaneous activity, and foraging behaviours (Domenici et al., 2017; Killen et 
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al., 2013). Individual physiological traits and performance can therefore change as a 

function of the environment, shaping physiological performance curves for traits such as 

metabolic rate or aerobic scope. At the individual level, changes in physiological traits due 

to climate-related factors may in turn alter behaviours associated with predator avoidance, 

foraging, or sociability (Killen, Marras, et al., 2017; Metcalfe et al., 2016). Given that fish 

are the most diverse vertebrate taxa, being predators and prey in nearly every aquatic 

habitat on Earth, changes in the social behaviours of fish due to climate change may lead to 

altered food web dynamics or other inter- or intraspecific interactions (Domenici et al., 

2017; Killen, Marras, et al., 2017). The majority of fish species are highly social, and the 

challenges facing aquatic environments make these species an excellent model for studying 

the effects of climate change on social behaviour. 

 

While studies on the effects of climate-related stressors on individual measures of 

behaviour are increasing, effects on group-level behaviours, including schooling and 

shoaling, are poorly understood. Schooling (synchronised and polarised group swimming) 

and shoaling (less-coordinated groups) (N. Miller & Gerlai, 2012; Palacios-Fuentes et al., 

2020) occur in many, if not most, fish species at some point in their lives, and are key for 

foraging, predator avoidance, and reproduction. Swimming in schools also confers 

hydrodynamic advantages, allowing fish to save energy while in groups (Marras et al., 

2015). For any given group member, the benefits and costs of group membership are 

dynamic, and will vary with the internal state of the individual and environmental 

conditions. Environmental factors may cause changes to individual sociability, defined as 

the tendency to associate with conspecifics in the absence of aggression or another external 

motivator such as a shared food source. Increased temperatures, for example, may cause an 

increase in energy requirements for fish via effects on metabolic rate, potentially 

decreasing the benefits of sociability due to increased competition for food or other 

resources Click or tap here to enter text.(Killen, Fu, et al., 2016; Pilakouta et al., 2023; 

Webster & Hart, 2006). Warming or hypoxia can also alter individual activity (Bartolini et 

al., 2015; Lefrançois et al., 2009), which can affect group cohesion, generally measured in 

terms of among-individual distances within the group or the overall group area or volume 

occupied (Angiulli et al., 2020; Cooper et al., 2018). The effects of temperature, hypoxia, 

and acidification may also affect neurological functioning (Andreassen et al., 2022; Toni et 

al., 2019; Topal et al., 2021), and sensory systems (McKee et al., 2020), directly affecting 

the mechanisms by which fish can sense conspecifics and coordinate behaviours with 

groupmates (Corral-Lopez et al., 2023; McKee et al., 2020) and potentially disrupting 
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group functioning (Killen, Cortese, et al., 2021). Therefore, increased spontaneous activity, 

decreased sociability, or disrupted neurological function could alter the cohesion of fish 

groups. Group disruption in hypoxic conditions may result from fish moving apart due to 

increased activity associated with attempts to escape hypoxic conditions (Domenici et al., 

2017), or altered neuromuscular or sensory functioning (Lucon-Xiccato et al., 2014; 

Nilsson et al., 1993; Partridge & Pitcher, 1980). Group cohesion may be further altered due 

to oxygen-seeking behaviours such as surfacing, as fish may perform risky behaviours 

such as surfacing in groups to reduce the risk of aerial or terrestrial predation (Domenici et 

al., 2000; Pineda et al., 2020). Increased environmental and systemic carbon dioxide partial 

pressure (pCO₂) corresponds to reduced pH (acidification) of water. To maintain blood pH 

under high pCO₂ conditions, fish may alter blood ion concentrations and therefore cellular 

ion gradients, possibly leading to disrupted neuron functioning (Jutfelt et al., 2013). The 

resulting change in cognitive ability may result in altered signalling capabilities and thus 

impaired shoaling or schooling (Maulvault et al., 2018; A. Mitchell et al., 2022). Stress-

related increases in metabolic rate stemming from homeostatic responses to acidification 

(Heuer & Grosell, 2014) could contribute to reductions in group cohesion and shoaling or 

schooling behaviour via reduced sociability. 

 

As temperature, hypoxia, and acidification become increasingly prevalent stressors in 

aquatic ecosystems with the potential to impact fish behaviour, a thorough understanding 

of our current knowledge of the effects of these stressors would be beneficial for directing 

future research efforts. While there have been attempts to examine the effects of climate-

related stressors on fish sociability and group cohesion, there has been no attempt to 

synthesise current studies in this area. As such, it has been challenging to identify general 

trends and uncover potential biases and knowledge gaps in the ongoing study of how 

climate change is affecting fish social behaviour. We aimed systematically to review the 

current literature covering the singular and interactive effects of temperature, hypoxia, and 

acidification on individual sociability and group cohesion in shoaling and schooling fish 

species. In addition to summarising the overall trends for the effects of climate-related 

stressors on fish sociability and group cohesion, we analysed the existing literature for 

geographical and taxonomic patterns, and identified existing knowledge gaps and avenues 

for future research. 
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2.3. Methods  

2.3.1. Literature searches 

Searches of the literature were carried out in Web of Science, Scopus, ProceedingsFirst, 

and Google Scholar from October to December 2022, using the terms “temperature”, 

“hypoxia”, “acidity” or “acidification” combined with the terms “social* behaviour”, 

“sociability” or “group cohesion”. The term “fish” was also used in Google Scholar, in 

order to improve the relevance of the first 100 results which were examined from each 

search (Figure 2.1; Table 2.1).  

Figure 2.1. Flow diagram illustrating paper selection process for systematic review. 

 

Searches were limited to English language publications and those within the field of 

Zoology. Studies used included those published in peer-reviewed journal articles (95.5% of 

total studies) as well as unpublished PhD and Masters theses (4.5%). Relevant studies that 

were missed by these literature searches were also identified from citations within the 
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sourced publications. A total of 39 studies were found from searches (Table 2.1). A further 

six relevant studies were identified from references in studies found from searches (Figure 

2.1). Data from all but two studies (Clark, 2022; Stienessen, 2015) had been published as 

peer-reviewed articles. Sources were only included for analyses if shoaling or schooling 

were examined in relation to climate-related stressors, specifically temperature, oxygen 

availability, and/or acidification. Where species were not specified as shoaling or schooling 

in relevant studies, for example in trials of individual sociability or aggregation, searches 

of the literature were conducted to ascertain that each species displays shoaling or 

schooling behaviour. As this review focused on the effects of anthropogenic climate 

change, thermocline effects were excluded as these represent consistent natural variation in 

temperature, rather than climate or seasonal fluctuations. As climate change is generally 

associated with increases in temperature, we focused on studies of the effects of high 

temperatures, either at the high end of or above the thermal optimum of the studied 

species. Studies of hyperoxia were excluded as it is likely that comparisons between high 

and low oxygen for these studies would have different results to studies of hypoxia. 

Studies were excluded if they did not directly quantify either sociability or group cohesion, 

meaning studies of sexual behaviour, aggression, dominance hierarchies, migration, social 

learning, and social recognition were excluded. Interactions with non-climate-related 

stressors (e.g. predation cues) were also excluded. Studies using numerical models 

(theoretical studies) were excluded, as were conspecific versus heterospecific preference 

tests. Studies focused on “aggregation” were not included (Pitcher, 1983), with one 

exception where “aggregation” was specifically used as a proxy for wild shoaling in a 

shoaling species (Clark, 2022). All studies were considered independently by one author 

(I.C.T.), and then blind reviewed by one of two other authors (A.M or D.C.). Studies that 

were disagreed upon were discussed and included or excluded by consensus. 

 

Table 2.1. Search terms and sources used to find papers included in this review. 

Database Search term Results 
Results 
examined 

Results included 
in analysis 

Web of Science temperature AND "social* behaviour" 2,669 All 23 

Web of Science hypoxia AND "social* behaviour" 76 All 1 

Web of Science temperature AND "group cohesion" 15 All 0 

Web of Science hypoxia AND "group cohesion" 5 All 0 

Web of Science temperature AND "sociability"  84 All 3 

Web of Science hypoxia AND "sociability" 10 All 0 

Web of Science acidity AND "social* behaviour" 13 All 1 
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Web of Science acidity AND "group cohesion" 0 All 0 

Web of Science acidity AND "sociability" 3 All 0 

Web of Science acidification AND "social* behaviour" 33 All 3 

Web of Science acidification AND "group cohesion" 3 All 0 

Web of Science acidification AND sociability 0 All 0 

Scopus temperature AND "social* behaviour" 1238 All 1 

Scopus hypoxia AND "social* behaviour" 102 All 0 

Scopus temperature AND "group cohesion" 12 All 0 

Scopus hypoxia AND "group cohesion" 2 All 0 

Scopus temperature AND "sociability"  57 All 0 

Scopus hypoxia AND "sociability" 7 All 0 

Scopus acidity AND "social* behaviour" 11 All 0 

Scopus acidity AND "group cohesion" 0 All 0 

Scopus acidity AND "sociability" 1 All 0 

Scopus acidification AND "social* behaviour" 9 All 0 

Scopus acidification AND "group cohesion" 2 All 0 

Scopus acidification AND sociability 1 All 0 

ProceedingsFirst temperature AND "social* behaviour" 101 All 0 

ProceedingsFirst hypoxia AND "social* behaviour" 13 All 0 

ProceedingsFirst temperature AND "group cohesion" 7 All 0 

ProceedingsFirst hypoxia AND "group cohesion" 2 All 0 

ProceedingsFirst temperature AND "sociability"  20 All 0 

ProceedingsFirst hypoxia AND "sociability" 1 All 0 

ProceedingsFirst acidity AND "social* behaviour" 1 All 0 

ProceedingsFirst acidity AND "group cohesion" 0 All 0 

ProceedingsFirst acidity AND "sociability" 0 All 0 

ProceedingsFirst acidification AND "social* behaviour" 3 All 0 

ProceedingsFirst acidification AND "group cohesion" 0 All 0 

ProceedingsFirst acidification AND sociability 3 All 0 

Google Scholar 
effects of temperature on social behaviour in 
fish 485000 

Top 100 by 
relevance 1 

Google Scholar 
effects of temperature on group cohesion in 
fish 91100 

Top 100 by 
relevance 2 

Google Scholar effects of temperature on sociability in fish  21500 
Top 100 by 
relevance 0 

Google Scholar effects of hypoxia on social behaviour in fish  26400 
Top 100 by 
relevance 0 

Google Scholar effects of hypoxia on group cohesion in fish 19900 
Top 100 by 
relevance 1 

Google Scholar effects of hypoxia on sociability in fish  1860 
Top 100 by 
relevance 2 
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Google Scholar effects of acidity on social behaviour in fish  30600 
Top 100 by 
relevance 0 

Google Scholar effects of acidity on group cohesion in fish 21100 
Top 100 by 
relevance 0 

Google Scholar effects of aciditiy on sociability in fish  1430 
Top 100 by 
relevance 0 

Google Scholar 
effects of acidification on social behaviour in 
fish  32800 

Top 100 by 
relevance 0 

Google Scholar 
effects of acidification on group cohesion in 
fish  22300 

Top 100 by 
relevance 0 

Google Scholar effects of acidification on sociability in fish  1360 
Top 100 by 
relevance 0 

 

2.3.2. Data collection 

Following study inclusion, data were extracted directly from descriptions of study methods 

and results, or from supplementary material provided, and entered into a single database 

before further processing and analysis. In cases where data were not available in tables or 

supplementary data, data were extracted from graphs using WebPlotDigitizer version 4.6 

(Rohatgi, 2022). Data on the following variables were collected for each study: 

 

(1) Effect size of each treatment on group cohesion or sociability, relative to the 

control. As studies used different metrics to assess sociability and group cohesion, 

direct comparison using the units given in studies was not possible. Therefore, any 

change in behaviour was converted to a standardised measure, effect size, that 

could then be used in models to compare results among studies. Effect size 

(Hedges' g, a standardised difference of means between groups) of all treatment 

levels (i.e. climate-related stressors) were calculated for 36 studies and 347 data 

points, as all treatments from nine studies (Duteil et al., 2016; Fahlman et al., 2021; 

Israeli & Kimmel, 1996; Mameri et al., 2020; O’Driscoll & McClatchie, 1998; Olla 

et al., 1985; Palacios-Fuentes et al., 2020; Stienessen, 2015; Swartzman, 1997) 

were excluded where some or all data needed to calculate an effect size were not 

available. Some treatments from an additional two studies (Colchen et al., 2016; 

Mehdi et al., 2022) were excluded for the same reason. Effect sizes were calculated 

as a standardised measure of change in sociability or group cohesion, as various 

metrics may be used to measure each. Effect sizes were transformed (multiplied by 

1 or −1) according to the metric used to measure group cohesion or sociability, so 

that positive effect sizes indicate an increase in sociability or group cohesion and 

negative effect sizes indicate a decrease. 
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The effect size for each treatment level (Cohen's d) on each metric of cohesion or 

sociability was calculated according to the formula: 

 

Equation 1.1.                                             C𝑑 =  
௫̅భି௫̅మ

௉ௌ஽
 

 

where Cd is Cohen's d, 𝑥̅ is the mean of each group, and PSD is the pooled standard 

deviation of both groups, calculated as: 

 

Equation 1.2.                                             𝑃𝑆𝐷 =  ටேభିଵௌ஽భ
మାேమିଵௌ஽మ

మ

ேభାேమିଶ
 

 

where N is the number of replicates of each group, and SD is the standard deviation of 

each group. Cohen's d values were converted to Hedges' g values (sample-size-corrected 

effect size) using the formula: 

 

Equation 1.3.                                             H𝑔 = 1 −
ଷ

ସ×ேభାேమିଽ
× C𝑑 

 

where Hg is Hedges' g. When standard error (SE) rather than SD was reported in a study, 

SD was calculated according to: 

 

Equation 1.4.                                              𝜎 = 𝑆𝐸√𝑁 

 

Where the SE of the difference between groups was given (but not the SE of both groups 

separately), pooled SE was converted to SD which was then used as pooled SD. Where 

confidence intervals were reported, SD was calculated according to: 

 

Equation 1.5.                                             𝜎 =
√ே×௨௣௣௘௥ ௟௜௠௜௧ି௟௢௪௘௥ ௟௜௠௜௧

ଷ.ଽଶ
 

 

Where median and quartile values were reported, these were used in place of mean and SD 

according to (Greco et al., 2015). Effect size was calculated for each treatment level, for 

example where trials were carried out at three temperature treatments, the effect size for 

each of these treatments was calculated relative to the control. Where multiple 

measurements were carried out within each treatment level, for example across time, 
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means at each sampling point were recorded and used to calculate the overall mean and SD 

for that treatment level. Raw data, where available, were used to calculate means and SDs 

if these were not reported in the study. For forest plot construction, mean and SE of effect 

size for each study was calculated from effect sizes calculated for all treatment levels. 

 

(2) Focal species used in each study. Species names differed in some studies from the 

currently accepted scientific name; in these cases, the current accepted name was 

used according to the World Register of Marine Species database (WoRMS, 2023). 

Species habitat was also recorded as marine, freshwater, brackish, or any 

combination of these, based on the WoRMS database. 

 

(3) Treatment levels of variables of interest. For variables with more than one 

treatment level (e.g. temperature tested at control, control +2ௗ°C, control +4ௗ°C), 

effect size was calculated for each treatment level relative to the control, or relative 

to the highest or lowest level (depending on the variable) for uncontrolled 

comparisons. For combined stressors, effect sizes for all treatments with non-

control values of both or all stressors were calculated relative to treatments using 

control values for both or all stressors. Where treatments were introduced partway 

through a behavioural assay, or where treatments were compared to different 

control treatments within a study, changes were compared by subtracting Hedges' g 

values for control before versus after from treatment before versus after (Morris, 

2008). Where this was not possible due to data presentation, values derived after 

treatment introduction were compared to the control values. Actual (not nominal) 

treatment levels were recorded where these were given. For fluctuating treatments 

(two studies: (Davis et al., 2019; Kwan et al., 2017), the effect size was calculated 

between the control and the maximum treatment level. Here, only maximum 

treatment level was used (rather than maximum and minimum levels) as in both 

studies of fluctuating treatments minimum treatment level was close to control 

level and calculating an average treatment level accurately was not possible without 

precise time data, which were not available. 

 

(4) Group sizes used in trials. A trial refers to a single behavioural assay of a group or 

individual under a given set of conditions. Where group size varied, the minimum 

number of fish per group in a given treatment was used. Minimum group size was 
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used as it was not always possible to produce average values due to the way group 

size was reported in some papers (e.g. Domenici et al., 2002). 

 

(5) Number of replicates (n). Number of replicates was recorded as number of groups 

per treatment. Where the number of replicates per treatment varied, for example 

between control and treatment groups, the replicates value for treatment groups was 

recorded (or the average value if this was reported). If trials were repeated on the 

same groups, n was recorded as the number of groups. In effect size calculations, 

number of groups was also used, unless only one replicate was present in which 

case number of fish in the group was used as the calculations do not allow for a 

sample size of 1. 

 

(6) Sex of fish(es) used in each study. If sex was not specified this was recorded as 

“unsexed”. 

 

(7) Period over which fishes were exposed to each treatment. Exposure time was 

recorded in days, with appropriate fractions for hours and minutes (e.g. 

1ௗhௗ=ௗ1/24ௗ=ௗ0.0417ௗdays). Where a range of exposure times was reported (e.g. 3–

4ௗdays), the minimum exposure period was recorded. Exposure times include 

acclimation/gradual reduction or increase times. Where individuals were raised 

under treatment conditions, age at assessment of social behaviour was used. 

Recovery period (if applicable) following exposure but prior to assessment of 

social behaviour was also recorded. Exposure period was then designated as 

“acute” (<7ௗdays), “acclimated” (≥7ௗdays) (Islam et al., 2022), “developmental” 

(fish exposed during larval or egg development but not during adulthood), or 

“uncontrolled” (including fish observed in the wild, or farmed fish observed under 

natural conditions where exposure period was not controlled and/or reported). 

 

(8) Metrics used to assess cohesion or sociability. In the majority of studies, individual 

sociability (defined as the tendency of individual fish to move towards or associate 

with conspecifics) was quantified using some variant of the three-chamber test (Xia 

et al., 2010) or shoal preference test (Salahinejad et al., 2022), while group 

cohesion (defined as the degree of coordination in movement and activity within 

groups of fish) was quantified in group shoaling trials (Lanzarin et al., 2020; Santos 

et al., 2021). Cohesion within groups of fish was commonly measured as inter-
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individual distance (IID), nearest-neighbour distance (NND), shoal polarity, or 

mean distance from the centre of the shoal (MDCS; Table 2.2). Individual 

sociability was often measured as the frequency of approach to a conspecific shoal 

(ACS), time spent near a conspecific shoal (TCS), latency to approach a 

conspecific shoal (LCS), or distance to a conspecific shoal (DCS) (Table 2.2). 

Other studies measured sociability as time spent away from the conspecific shoal, 

or sociability score, a function of time and distance from a conspecific shoal (Table 

2.2). Various studies used time spent in different tank “zones” to measure social 

behaviour in shoal choice tests, however exact study designs varied slightly. 

Therefore, “time away from social zone” was used to refer to trials in which tanks 

were divided into only two zones. “Time in far zone” was used in studies with three 

or more zones, and refers to furthest zone from shoal. Far-zone variables were only 

recorded where more than two zones were present, or where these were the only 

variables reported. Where zone times were statistically compared, for example near 

versus far zone, but time in each zone was not compared between treatments, 

results were recorded as statistically significant if a difference in the relationship 

between treatments was found, for example if fish spent more time near the shoal in 

the control treatment, but had no preference in other treatments. 

 

(9) Reported statistical significance (or lack thereof) of the effect of each treatment. 

Statistical significance as reported in each study was recorded as pௗ<ௗ0.05. Where 

only the overall relationship between a continuous stressor and cohesion or 

sociability was tested, individual treatment levels were marked as significant (or 

not) according to the result of the overall relationship. 

 

(10) Location (country) where each study was carried out. 

 

Table 2.2. Metrics used in studies included in this review to measure group cohesion 
or sociability. Group cohesion is defined as the degree of coordination of movement 
and activity within groups of fish, and is often measured as distance or polarity 
between groupmates. Sociability is defined as the tendency of individual fish to move 
towards or associate with conspecifics. 

Term Definition Associated metrics 
Group cohesion   
Inter-individual distance (IID) Mean distance between each 

individual and all other 
individuals in a shoal 

Variance in IID, oscillation 
frequency (time between 
peaks in IID), amplitude 
variability (mean standard 
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deviation of measured IID), 
maximum IID 

Nearest neighbour distance 
(NND) 

Distance between the focal 
fish and the nearest 
neighbouring fish 

1st, 2nd, 3rd NND, Clark-Evans 
Index (CEI) (calculated by 
comparing theoretical with 
observed NND to find a 
measure of school 
distribution) 

Polarity The extent to which fish face 
in the same direction, 
indicating coordinated 
movement. Sometimes 
measured as the difference in 
orientation angle between 
neighbouring fish (inverse 
polarity) 

Orientation (yaw/pitch) 

Mean distance from the centre 
of the shoal (MCDS) 

The mean distance of each 
fish from the central point of 
the shoal i.e. the point at 
which the distance to each 
fish is as low as possible 
without increasing the 
distance to other shoal 
members 

 

Shoal density Area or volume of shoal Aggregation, school length, 
school width, school depth, 
school area, school volume, 
total school volume, number 
of near neighbours, density 
(fish per unit area), convex 
hull area, number of fish with 
NND <1 body length   

Cohesion score Score calculated as the 
product of distance between 
individuals and number of 
interactions  

Cohesion score 

Willingness to shoal Extent to which fish show 
shoaling behaviour  

Latency to school, duration of 
schooling, shoaling/schooling 
behaviour (number of 
individuals displaying 
shoaling/schooling behaviour), 
elective group size, sociability 
index (% occurrence of 
different group sizes) 

Interaction Degree of interaction among 
individuals within a shoal or 
school 

Number of physical contacts, 
frequency of approach-
withdrawal behaviour, time 
spent associating 

Sociability   
Time near conspecific shoal 
(TCS) 

Time a fish spends near a 
shoal of conspecifics during a 
shoal choice test 

Time interacting with 
conspecifics, time away from 
conspecific shoal (inverse 
TCS), time in far zone 
(inverse TCS, used where 
near, middle, and far zones 
were present in choice 
chamber), time interacting 
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with a conspecific (where a 
stimulus individual was used 
rather than a shoal), time near 
a conspecific 

Latency to approach 
conspecific shoal (LCS) 

Time a fish takes to approach 
a conspecific shoal during a 
shoal choice test 

 

Number of approaches to a 
conspecific shoal (ACS) 

Number of times a fish 
approached a conspecific 
shoal or entered the nearest 
zone to the conspecific shoal 
during a shoal choice test 

Number of times moving 
away from a shoal (inverse 
ACS) 

Distance to a conspecific 
shoal (DCS) 

Distance of a focal fish from a 
conspecific shoal during a 
shoal choice test 

 

Distance travelled near a 
conspecific shoal (DtCS) 

Distance swum by a fish when 
near a conspecific shoal 
during a shoal choice test 

 

Shoal size choice Tendency to choose a larger 
conspecific shoal during a 
shoal choice test 

 

Sociability score Measure of sociability 
calculated based on the 
product of distance to the 
shoal and time spent at a 
certain distance from the shoal 

 

 

2.3.3. Statistical analysis 

A meta-analysis was then carried out in R using the MCMCglmm package (Hadfield, 

2010) to run phylogeny-adjusted linear models for each climate-related stressor. 

MCMCglmm was used in place of a phylogenetic least-squares regression (PGLS) model 

as multiple data points (representing multiple treatments and/or studies) were present for 

many of the species, and this data format is not supported by PGLS modelling. To account 

for phylogenetic relatedness among fish species, a phylogenetic tree was constructed 

including all species, using the R packages phytools (Revell, 2012) and phylobase 

(Hackathon et al., 2020) which allow trees to be constructed from the Tree of Life database 

(Tree of Life Web Project, 2023). This tree was then incorporated into a data set with effect 

size and variable data using mulTree package (Guillerme & Healy, 2020), which combines 

a data table with a phylogenetic tree object to form a data list. This data list was then used 

to run a phylogeny-adjusted model. Significance level for explanatory variables was set at 

pௗ<ௗ0.05. The response variable in these models was effect size, while the explanatory 

variables were level of the relevant stressor (percentage oxygen for each treatment in the 

case of hypoxia, and difference from control inௗ°C and pH respectively for temperature and 

acidification), exposure period, number of replicates, group size, exposure type (acute, 

acclimated, developmental, or uncontrolled), and metric (group cohesion or sociability). 
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For studies of uncontrolled populations, that is where exposure period and group size were 

not known, 100ௗdays and a group size of 10 individuals respectively were used in order to 

allow inclusion of uncontrolled studies in models. Sex of fish(es) used in each trial was 

included as a random effect variable. Specimen, referring to different treatments utilising 

the same species, was also included as a random effect variable to account for the effects of 

different trials using the same species. Species was also included as a random effect 

variable, as required to include phylogeny effects in MCMCglmm models. Stressors were 

modelled separately due to the difficulty associated with standardising treatment levels for 

stressors measured in different units. Multi-stressor interactions were not modelled due to 

the small number of studies that investigated stressor combinations. Lambda (λ) value for 

phylogenetic signal was calculated using the phytools package. Graphs and figures were 

plotted using the ggplot (Wickham, 2016), ggraph (Pedersen, 2022), and ggtree (Yu et al., 

2017) packages in R. 

 

2.4. Results 

2.4.1. Overview of the literature 

In total, we identified 45 studies encompassing 391 data points (observations) that 

investigated the effects of climate-related stressors on sociability or group cohesion in 

shoaling or schooling fishes (Table 2.3), of which 347 data points from 36 studies were 

included in the meta-analysis (Figure 2.2A). For the remainder, some or all data required 

for inclusion in our meta-analysis were missing. The majority of studies took place in 

Europe (20) and North America (15), with four studies from Asia, two from the Caribbean, 

two in Oceania, and two in South America (Figure 2.3). No studies were carried out in 

Africa. A total of 43 species were utilised in studies (Figure 2.4), with no particular bias 

towards any species or group, although marine species were more commonly used than 

freshwater or estuarine/anadromous species (Figure 2.5A). The most popular species was 

the three-spined stickleback Gasterosteus aculeatus L. 1758, which was used in four 

studies (Figure 2.4). Exposure period to stressors ranged from <10ௗmin to 300ௗdays (Figure 

2.5B). A funnel plot indicated that publication bias may be present, with fewer studies with 

a low number of replicates than would be expected showing near-zero or positive effect 

sizes, that is a bias in favour of studies finding negative effect sizes (Figure 2.2B). This 

may be due to a publication bias against studies with small sample sizes that reported 

either null results or positive results. There was a minimal phylogenetic signal across 

studies (λௗ=ௗ0.101; pௗ=ௗ0.241).  
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Figure 2.2A. Forest plot showing mean effect sizes (Hedges' g) of climate stressors on 
group cohesion and sociability in fishes. Mean and standard error of effect size for 
each study was calculated from effect sizes calculated for all treatment levels. B. 
Funnel plot showing effect size plotted against number of replicates per treatment 
utilised in each study. Red dashed lines show upper and lower 99% confidence 
interval; black dashed lines show upper and lower 95% confidence interval. 

 

 

 

 

A 
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Figure 2.3. Geographical distribution of studies of the effect of climate‐related 
variables on sociability and group cohesion in fishes. In cases where the location of 
the research institute differed from the location of the study, the location is recorded 
as the location where the study was carried out. Larger circles indicate more studies. 
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Figure 2.4. Dendrogram showing species and families (coloured where multiple species are present in a family) included in the meta‐analysis, 
with dot plot showing stressors studied for each species and the number of studies carried out on each species. Species habitat is indicated by dot 
colour. 
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Figure 2.5. Frequency histograms of A. species included in all studies in our database according to their habitat, and B. exposure periods and 
stressors used in all studies included in our database. 
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Table 2.3. Summary of all studies included in this review. ‘Results summary (mean effect size)’ indicates the overall results found by the present 
study based on mean effect size for each stressor (across treatments if applicable), as shown in Figure 2.2A. + indicates a positive effect on 
sociability or cohesion, – indicates a negative effect on sociability or cohesion, and 0 indicates no effect. ‘reported’ indicates that effect size could 
not be calculated, and therefore the results summary reflects the result reported by the study itself.  

Climate variable Metric Reference Species Treatments Exposure period  Reported results Results summary 
(mean effect size) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sociability 

Angiulli et al. 
(2020) 

Danio rerio 26 °C, 24 °C 21 days; acclimated Reduced time near and distance travelled near 
conspecifics; no effect on latency to approach or 
number of approaches to conspecifics 

– 

Cooper et al. 
(2018) 

Gasterosteus 
aculeatus 

Increasing or 
decreasing 
temperature 

30 min; acute Stronger association with shoal when shoal was 
located in a cool environment  

+ 

Maulvault et al. 
(2018) 

Argyrosomus regius 19 °C, 24 °C 
 

28 days; acclimated Increased time near conspecifics. No effect on 
latency of approach or number of approaches.  

+ 
 

Mehdi et al. 
(2022) 

Pimephales 
promelas 

4 °C, 20 °C 21 days; acclimated No effect on time near or time spent interacting 
with a conspecific 

– 

Monnet et al. 
(2023) 

Salmo trutta 12.41 °C, 
12.72 °C, 
15.02 °C 

100 days; 
uncontrolled 

No effect on sociability score – 

Pilakouta et al. 
(2022) 

Gasterosteus 
aculeatus 

10 °C, 12 °C, 
18 °C 

30 days; acclimated No effect on distance to conspecific shoal in 
parental generation, increased distance in F2 

0 

Tang & Fu 
(2021) 

Zacco platypus 21.7 °C, 25.6 
°C, 26.23 °C, 
27.3 °C, 28.73 
°C, 29.07 °C 

100 days; 
uncontrolled 

No effect of temperature on sociability score  – 

Weetman et al. 
(1999) 

Poecilia reticulata 22 °C, 26 °C 28 days; acclimated No effect on shoal size choice – 

 
 
 
 
 

Bartolini et al. 
(2015) 

Devario 
aequipinnatus 

22 °C, 25 °C, 
28 °C 

15 days; acclimated Increased polarity at 25 °C, no effect on NND 0 

Clark (2022) 
(thesis) 

Gasterosteus 
aculeatus 

13.4 °C, 14.7 
°C, 16.3 °C, 
16.5 °C 

100 days; 
uncontrolled 

Reduced aggregation (used as a proxy for 
shoaling)  

– 
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Group 
cohesion 

Colchen et al. 
(2017) 

Salmo trutta 4 °C, 6 °C, 8 
°C, 10 °C, 12 
°C 

9 days; acclimated Increased NND at 8 °C and 10 °C, increased IID 
at 10 °C versus 6 °C, reduced physical contacts 
and variance in IID at 6 °C and 8 °C, increased 
approach-withdrawal frequency at 12 °C 

0 

Davis et al. 
(2019) 

Hypomesus 
transpacificus 

17.1 °C, 21 °C 
Increasing or 
fluctuating  

7 days; acclimated Increased IID and increased variance in IID 
under increasing temperature. No effect on NND. 
No effect of fluctuating temperature 

– 

Elkins & 
Grossman (2014) 

Luxilus coccogenis 12 °C, 17 °C 2 days; acute Reduced group cohesion – 

Fahlman et al. 
(2021) 

Perca fluviatilis Natural 
temperature 
fluctuations 

14 days; 
uncontrolled 

Reduced NND with increasing temperature  + reported 

Holubova et al. 
(2021) 

Abramis brama 
Alburnus alburnus 
Cyprinus carpio 
Aspius aspius 
Perca fluviatilis 
Rutilus rutilus 

12 °C, 13 °C, 
17 °C, 18 °C, 
19 °C, 21 °C, 
21.5 °C, 23 °C 
 

100 days; 
uncontrolled 

Increased group cohesion at higher temperatures + 

Hurst (2007) Gadus 
chalcogramma 
(Theragra 
chalcogramma) 

2 °C, 5 °C, 9 
°C 

60 days; acclimated Increased NND – 

Kuruvilla et al. 
(2023) 

Notemigonus 
crysoleucas 

9 °C, 13 °C, 
17 °C, 21 °C, 
25 °C, 29 °C 

7 days; acclimated No effect on NND or convex hull area 0 

Mameri et al. 
(2020) 

Luciobarbus 
bocagei 

24.5 °C, 29.7 
°C 

9 h, repeated six 
times; acute 

No effect on number of fish within 1 body length No effect reported 

Mitchell et al. 
(2022) 

Abudefduf 
vaigiensis 
Atypichthys 
strigatus 

20 °C, 23 °C, 
26 °C 
 

6 days; acute No effect on group cohesion – 

O’Driscoll & 
McClatchie 
(1998) 

Allothunnus fallai 
Thyrsites atun 
Trachurus murphyi 

Natural 
temperature 
fluctuations 

100 days; 
uncontrolled 

No effect on horizontal school area No effect reported 
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Temperature 

Olla & Studholm 
(1971) 

Pomatomus 
saltatrix 

Increasing 
temperature 
(20–29 °C) 

29–32 days; 
acclimated 
 

Increased sociability index as temperature 
increases 

+ 

Olla et al. (1985) Pomatomus 
saltatrix 

1 °C, 14.8 °C, 
19.1 °C 

11 days (14.8 °C), 
23 days (19.1 °C); 
acclimated 

Reduced group cohesion – reported 

Palacios-Fuentes 
et al. (2020) 

Helcogrammoides 
chilensis 

Natural 
temperature 
fluctuations  

100 days; 
uncontrolled 

More shoaling behaviour and fewer solitary 
individuals at higher temperatures. No effect on 
schooling behaviour.  

+ reported 

Petitjean et al. 
(2020) 

Gobio occitaniae 17 °C, 24 °C 30 days; acclimated No effect on group cohesion score + 

Pineda et al. 
(2020) 

Corydoras aeneus 25 °C, 30 °C 14 days; acclimated No effect on IID – 

Steinessen 
(2015) 

Gadus 
chalcogramma 
(Theragra 
chalcogramma) 

Natural 
temperature 
fluctuations 

100 days; 
uncontrolled 

Reduced school density – reported 

Swartzman 
(1997) 

Merluccius 
productus 

Natural 
temperature 
fluctuations 

100 days; 
uncontrolled 

Reduced group cohesion  – reported 

Theodorou et al. 
(2012) 

Gadus morhua 3 °C, 13 °C 13 days; acclimated No effect on IID – 

Weetman et al. 
(1998) 

Poecilia reticulata 22 °C, 26 °C 14 days; acclimated Reduced NND and increased elective group size. 
No effect on polarity 

0 

Williams & 
Coutant (2003) 

Atherina boyeri 
(Atherina mochon) 

20 °C, 28.5 °C 80 min during 
larval and/or egg 
stage; 
developmental 

Increased approach-withdrawal frequency and 
latency to school formation. Reduced polarity 
and school duration 

0 

 
 
 
 
 
 
 
 

Sociability 

Sommer-Trembo 
et al. (2017) 

Poecilia vivipara Wild-caught 
fish from  
populations at 
100%, ~88%, 
~87%, ~71%, 
and ~47% 

100 days; 
uncontrolled 

No effect on time near conspecifics 0 

Group 
cohesion 

Alfonso et al. 
(2020) 

Dicentrarchus 
labrax 

100%, 95%, 
50%, 21% O₂ 

90 min; acute Increased IID at 21% SO₂ – 
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Hypoxia Anders et al. 
(2019) 

Scomber scombrus 100%, 70%, 
50%, 40% O₂ 

10 min; acute No effect on NND or orientation – 

Cook et al. 
(2014) 

Embiotoca lateralis 100%, 15–
75% measured 
at 5% intervals 

5 h; acute No effect on NND or polarity – 

Domenici et al. 
(2002) 

Clupea harengus 15–95% O₂, 
measured at 
5% intervals 

4 h; acute Increased school length, width, and depth at 20–
25% O₂ 

– 

Hayes et al. 
(2019) 

Luciobarbus 
bocagei 

100%, 48.4%, 
16.5% O₂ 

8 min, acute Increased maximum IID at 16.5% O₂. No effect 
on mean IID or NND 

0 

Israeli & Kimmel 
(1996) 

Carassius auratus ~88%, 11% O₂ 5.5 h; acute Increased school depth, no effect on school width 
or length 

– reported 

Moss & 
Mcfarland 
(1970) 

Engraulis mordax 89%, 7.6%, 
6.9% O₂ 

2 h; acute Increased MDCS and reduced polarity at low O₂ – 
 

Pineda et al. 
(2020) 

Corydoras aeneus 100%, 60%, 
30% O₂ 

4 h; acute No effect on IID 0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Acidification 

 
 
 
Sociability 

Kleinhappel et 
al. (2019) 

Gasterosteus 
aculeatus 

pH 6.25, 6.3, 
8.4 

2 days; acute No effect on time spent associating with a 
conspecific 

+ 

Maulvault et al. 
(2018) 

Argyrosomus regius pH 7.6, 8,  28 days; acclimated Reduced time near conspecific shoal. No effect 
on latency of approach or number of approaches 
to a conspecific shoal 

– 
 
 

Regan et al. 
(2016) 

Pangasianodon 
hypophthalmus 

pH 7.2, 5.8 7 days; acclimated No effect on time near conspecifics – 

 
 
 
 
 
 
Group 
cohesion 

Cattano et al. 
(2019) 

Chromis viridis pH 7.9, 8.1 5 days; acute No effect on IID – 

Duteil et al. 
(2016) 

Dicentrarchus 
labrax 

pH 7.82, 8.03 59 days; acclimated No effect on number of nearest neighbours or 
IID 

No effect reported 

Kwan et al. 
(2017) 

Chromis 
punctipinnis 

pH 7.7, 7.9,  
increasing and 
fluctuating pH 

11 days; acclimated No effect on IID + 

Lopes et al. 
(2016) 

Atherina presbyter pH 7.6, 8.1 7, 21 days; 
developmental  

Increased NND and CEI following 7 days 
exposure; reduced NND following 21 days 
exposure 

– 

Mitchell et al. 
(2022) 

Abudefduf 
vaigiensis, 

pH 7, 8.1 6 days; acute Increased IID in mixed-species pairs. No effect 
on amplitude variability or oscillation frequency 

– 
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Atypichthys 
strigatus 

Moss & 
Mcfarland 
(1970) 

Engraulis mordax pH 6, 6.1, 7.75 
 

90 min; acute 
 

Increased MDCS and reduced polarity at low pH – 
 

Ross et al. 
(2001) 

Rhinichthys 
atratulus 

pH 6.6, 6.8 1 day; acute No effect on number of contacts between 
conspecifics 

0 

Combined 
stressors 
 

Sociability 
Maulvault et al. 
(2018) 

Argyrosomus regius 19 °C + pH 
7.6, 24 °C +  
pH 8,  

28 days; acclimated Reduced time near conspecifics, increased 
latency of approach No effect on number of 
approaches.  

– 
 
 

Group 
cohesion 
 

Mitchell et al. 
(2022) 

Abudefduf 
vaigiensis, 
Atypichthys 
strigatus 

23 °C + pH 
8.1, 26 °C + 
pH 8.1 
pH 7, 8.1, 
combinations 

6 days; acute No effect on group cohesion – 

Pineda et al. 
(2020) 

Corydoras aeneus 30 °C + 60%, 
30 °C + 30% 
O₂ 

Temperature 14 
days; acclimated + 
hypoxia 4 h; acute 

No effect on IID 0 

CEI, Clark-Evans Index; IID, inter-individual distance; MDCS, mean distance from centre of shoal; NND, nearest-neighbour distance.  
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2.4.2. Temperature change 

In total, 30 studies (representing 32 species) investigated the effects of temperature, with 

22 studies quantifying group cohesion and eight studies quantifying individual sociability 

(Table 2.3). Temperature change from control levels ranged from <+1 to +20ௗ°C (Figure 

2.6A). For a total of 10 studies on group cohesion, including three uncontrolled studies, we 

found increased temperature to be associated with reduced cohesion. For five studies (three 

uncontrolled and two laboratory) we found increased temperature to be linked with 

increased cohesion, while for seven studies, including one uncontrolled study, we found no 

effect of temperature on cohesion (Table 2.3). 

 

A similar pattern was found for individual sociability: for five studies, including two 

uncontrolled studies, we found that increased temperature was linked with decreased 

sociability, for two studies we found a positive association between temperature and 

sociability, and for one study we found no effect (Table 2.3). Our meta-analysis found no 

correlation of effect size for sociability or cohesion with any explanatory variables tested, 

including degree of temperature change and exposure period (Table 2.4). 

 

Table 2.4. Results of phylogeny-adjusted MCMCglmm model investigating the effects 
of temperature on sociability and group cohesion. 

 Posterior 
mean 

Lower 95% 
CI 

Upper 95% CI Effective sample 
size 

pMCMC 

Intercept   0.494 –1.960 1.793 1655 0.995 

Temperature change  
(versus control) 

–0.001 –0.068 0.059 1800 0.960 

Group size   0.001 –0.014 0.018 1800 0.866 

Replicates   0.016 –0.036 0.062 1800 0.497 

Exposure period (days) –0.0003 –0.010 0.008 1386 0.971 

Metric (sociability) –1.155 –2.799 0.544 1800 0.194 

Exposure type (Acute) –0.584 –1.392 0.282 1444 0.178 

Exposure type 
(Developmental) 

–0.041 –1.273 1.280 1800 0.927 

Exposure type 
(Uncontrolled) 

–0.394 –1.502 0.648 1800 0.488 

Temperature 
change*sociability 

  0.066 –0.169 0.276 1800 0.557 
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2.4.3. Oxygen availability 

The effect of hypoxia on group cohesion was examined in eight studies (representing eight 

species), for six of which we found reduced cohesion at lower oxygen levels, and for two 

we found no effect (Table 2.3). One additional study investigated effects on individual 

sociability, for which we found no significant effect (Table 2.3). Reduction in oxygen level 

for hypoxia treatments ranged from <1% to >95% (Figure 2.6B). Meta-analysis revealed 

no consistent effect of hypoxia exposure, but there was a significant positive correlation 

between magnitude of change in oxygen availability and the effect on group cohesion, that 

is at greater levels of hypoxia there was a greater reduction in cohesion (Figure 2.7A). The 

correlation between oxygen availability and effect on sociability was non-significant 

(Table 2.5). Group size was also positively correlated with the effects of hypoxia on 

cohesion, indicating that fish tested in larger groups were more cohesive under hypoxic 

conditions. This relationship was not entirely linear, however, with the positive correlation 

only being apparent in groups containing 7–19 individuals (Figure 2.7B), while small 

groups (≤7 individuals) had similar cohesion to large groups (≥19 individuals) following 

exposure to hypoxia. No other variables were found to be significantly correlated with 

effect size. 

 

Table 2.5. Results of phylogeny-adjusted MCMCglmm model investigating the effects 
of hypoxia on sociability and group cohesion. 

 
Posterior 
mean 

Lower 95% 
CI 

Upper 95% 
CI 

Effective 
sample size 

pMCMC 

Intercept   560.5 –44854 57484 1800 0.846 

Change in oxygen 
availability (versus 
control) 

  0.012   0.005 0.018 1313 < 0.001*** 

Group size   0.0005   0.0002 0.001 1549 < 0.001*** 

Replicates   0.080 –0.001 0.167 1800 0.070 

Exposure period (days)   0.055 –4.005 3.480 1800 0.990 

Metric (sociability) –511.1 –139571 144089 1655 0.996 

Exposure type 
(Uncontrolled) 

–28.28 –145527 140946 1800 0.998 

Oxygen 
availability*sociability 

–0.020 –0.046 0.009 1800 0.178 
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Figure 2.6. Frequency histograms of trials of sociability or group cohesion according to degree of change in A. temperature, B. oxygen 

concentration and C. pH (acidification). 
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Figure 2.7A. Effect size (Hedges' g) of hypoxia on group cohesion and sociability in fishes. Reported p values from the original studies are also 

indicated. B. Effect of group size on mean effect sizes for changes in group cohesion in response to hypoxia in fishes. Black lines show the 

median, boxes show the interquartile range. Whiskers show values ≤1.5 times the interquartile range from the box. Outliers indicate values >1.5 

times the interquartile range from the box. 
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2.4.4. Acidification 

Seven studies investigated the effects of acidification on group cohesion, for four of which 

we found negative effects of acidification on group cohesion and for one a positive effect. 

For the remaining two studies, we found no effects of pH on cohesion (Table 2.3). An 

additional three studies investigated individual sociability, for which we found a negative 

effect for two studies and a positive effect of acidification for one study on sociability 

(Table 2.3). Changes in pH during treatments ranged from −0.21 to −2.15 pH units (Figure 

2.6C). Our meta-analysis revealed no consistent effect of acidification, or any other 

explanatory variable included in the model on group cohesion or sociability, although the 

relatively small number of studies (10 in total) and number of data points (29 treatments 

with sufficient data) investigating acidification limited the power of the analysis (Table 

2.6). There is some evidence for greater effects on marine species compared with 

freshwater species, with no studies finding effects of acidification on freshwater species 

(nௗ=ௗ2 studies) while half of studies (nௗ=ௗ4) on marine species found significant effects 

(Lopes et al., 2016; Maulvault et al., 2018; A. Mitchell et al., 2022; Moss & McFarland, 

1970). 

 

Table 2.6. Results of phylogeny-adjusted MCMCglmm model investigating the effects 
of acidification on sociability and group cohesion. 

 Posterior  
mean 

Lower 95% 
CI 

Upper 95% 
CI 

Effective 
sample size 

pMCMC 

Intercept –2.220 –5.992 2.065 1800 0.284 

pH change (versus 
control) 

–0.693 –2.556 1.157 1793 0.469 

Group size   0.095 –0.174 0.377 1698 0.464 

Replicates –0.038 –0.368 0.236 1640 0.787 

Exposure period (days)   0.127 –0.054 0.296 1800 0.149 

Metric (sociability) –0.610 –5.095 3.630 1649 0.776 

Exposure type (Acute) –0.174 –3.616 3.119 1800 0.930 

Exposure type 
(Developmental) 

–2.076 –4.962 0.863 1653 0.144 

pH change*sociability   0.391 –4.220 5.889 1653 0.897 
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2.4.5. Multi-stressor interactions 

Only three studies investigated the effects of multiple stressors, specifically combinations 

of temperature with acidification and temperature with hypoxia. No effect was found of 

temperature with hypoxia, however for both studies of temperature with acidification we 

found a negative effect (Table 2.3), one on sociability (Maulvault et al., 2018) and one on 

cohesion (A. Mitchell et al., 2022). 

 

2.5. Discussion 

While climate-related stressors can affect various facets of fish behaviour (Domenici et al., 

2017; Killen et al., 2013), the present meta-analysis reveals that the effects of temperature, 

hypoxia, and acidification on social behaviour are complex and in need of further study. 

Despite the known effects of climate-related stressors on fish metabolism (Nati et al., 

2018; Pilakouta et al., 2020) and neural functioning (Heuer & Grosell, 2014; Jutfelt et al., 

2013), we found no strong evidence for consistent effects of temperature or acidification 

on group cohesion or individual sociability. While reduced cohesion under conditions of 

hypoxia was observed, the low number of studies and lack of standardised metrics limits 

the conclusions that can be drawn. Although our review highlights some statistical trends 

in the existing data, we emphasise that further study, including replication of existing 

studies, is needed to gain a more complete understanding of how climate-related stressors 

affect fish social behaviours. Likewise, while no consistent trends were found for 

temperature or acidification, this may also be a result of low sample size, a lack of 

standardisation of measurements, variability in responses among species, and variation in 

the magnitudes of the changes in temperature and pH examined and the durations of 

exposure. Nevertheless, we discuss potential mechanisms whereby trends across studies 

observed in this review may be explained, and suggest directions in which much-needed 

further research may proceed. 

 

2.5.1. Temperature 

As increasing temperature leads to an elevation in metabolic rate and spontaneous activity 

level in many fish species (Colchen et al., 2016; Davis et al., 2019), it has been 

hypothesised that warming may lead to reduced group cohesion and lower individual 

sociability due to an increase in risk-taking related to individual foraging motivation 

(Conrad et al., 2011; Killen, Fu, et al., 2016). We found that the results to date do not 

indicate a consistent relationship between temperature and either group cohesion or 

individual sociability across studies. In some species where original studies reported no 
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effect of temperature, such as the corydoras catfish Corydoras aeneus Gill 1858, 

behaviours such as air-breathing may allow fish to compensate in part for the increased 

metabolic costs and oxygen demands that accompany higher temperatures while remaining 

in groups (Pineda et al., 2020). In addition, for some non-air-breathing species, including 

the Iberian barbel Luciobarbus bocagei Steindachner 1864, the Indo-Pacific sergeant 

Abudefduf vaigiensis Quoy and Gaimard 1825, and the Australian mado Atypichthys 

strigatus Günther 1860, studies reported no effect of temperature, indicating that some 

species may be robust to temperature changes in terms of effects on social behaviour 

without utilising air-breathing as a coping strategy (Mameri et al., 2020; A. Mitchell et al., 

2022). Inter- and intra-specific comparisons are severely limited, however, by the low 

number of studies available, and by the lack of standardisation among studies. 

 

The effects of temperature on sociability and cohesion were also not influenced by the 

duration of exposure to the treatment temperatures. However, as the majority of studies 

used only acclimated (≥7ௗdays; nௗ=ௗ16) or uncontrolled exposure periods (nௗ=ௗ9), the effects 

of shorter-term exposure are underrepresented in our data set (Figure 2.6A). Fish may be 

more likely to respond to acute thermal effects, showing exaggerated immediate changes in 

metabolism, aerobic scope and blood glucose levels (Johansen et al., 2021). Studies of 

acute exposure are needed to identify how these changes may affect behaviour in the short 

term. Many of these physiological parameters return to baseline levels within days or 

weeks of acclimation (Johansen et al., 2021). As metabolic factors have been found to 

affect social behaviour (Killen, Fu, et al., 2016), metabolic thermal compensation during 

acclimation may also reduce behavioural changes following acclimation to stressors. 

 

Given the lack of consistent patterns in our results, this begs the question of how changes 

in sociability and cohesion in fish species are regulated, and to what extent behavioural 

plasticity or metabolic acclimation are responsible for a lack of response following long-

term exposure to different temperatures. Although a relatively small number of studies 

have investigated modes of social behaviour change in response to temperature in fish 

species, evidence has been found for both plasticity and trans-generational adaptation. For 

example, Pilakouta et al. (2023) showed that allopatric populations of G. aculeatus from 

warm environments are less sociable than their colder-origin counterparts regardless of 

acclimation temperature, indicating genetic change in sociability with temperature, but 

these same populations showed minimal capacity for within-generational plasticity. 

However, the F2 generation of these fish showed changes in sociability according to 
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rearing temperature. Specifically, warmer temperatures led to reduced sociability, 

indicating that developmental plasticity may play a role in shaping sociability in response 

to thermal variation. This indicates a degree of heritability in sociability, as well as 

potentially plastic effects of rearing temperature, although these may also be explained by 

parental or epigenetic effects (Pilakouta et al., 2023). Developmental exposure to high 

temperatures also influenced group cohesion in Atherina boyeri Risso 1810, indicating 

plasticity (Williams & Coutant, 2003). Further studies of multi-generation or 

developmental effects of temperature on social behaviour would be beneficial, and would 

likely help to identify the role of plasticity and heritability in temperature tolerance in 

different species. 

 

While the magnitude of temperature change did not influence cohesion or sociability, there 

may be complex interactions between the magnitude of a thermal shift and the duration of 

exposure that would require additional studies and a larger data set to interpret. While a 

greater temperature change may be expected to have a larger effect on measures of social 

behaviour, thermal acclimation can allow fish to adjust expression of various physiological 

traits to compensate for the change in temperature, at least partially. The effects of 

temperature on social behaviour may also be non-linear or vary depending on the 

temperature range of the exposure, and the thermal optimum of the species concerned. 

Small or moderate increases in temperature may increase metabolic costs and therefore 

increase boldness and reduce sociability (Angiulli et al., 2020; Colchen et al., 2016; Davis 

et al., 2019). With temperatures above a species' optimum for aerobic scope or locomotor 

performance, however, fish may remain in cohesive groups due to a reduced capacity for 

activity and predator avoidance associated with a limited aerobic scope or altered 

neuromuscular functioning (Maulvault et al., 2018; Weetman et al., 1998). The effects of a 

given increase in temperature above the thermal optimum are also very likely to vary 

among species. At present, too few studies exist to allow comparison among species in 

terms of the effect of a given temperature increase above a species' thermal optimum, but 

future research could focus on examining how social behaviour changes in relation to 

thermal optima for physiological traits and behaviour at both the species and individual 

levels (Killen, Cortese, et al., 2021). 

 

Depending on their native habitat and migration patterns, different species experience 

different levels of spatial and temporal thermal variation under natural conditions. It may 

therefore be expected that the effects of temperature on social behaviour would vary 
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among species due to evolutionary effects on thermal sensitivity or capacity for thermal 

acclimation. Interestingly, however, there was very little effect of phylogeny on our 

measures of social behaviour. Overall, the number of species that have been measured for 

thermal effects on social behaviour (or indeed the effects of any variable on social 

behaviour) relative to the extreme diversity across teleost fishes is very low, with little 

replication of studies across species. Low interspecific diversity within the data set also 

precludes a thorough understanding of how habitat characteristics and life histories may 

interact with evolutionary changes in social behaviour and sensitivity to environmental 

stressors. Intertidal species and some riverine fishes may experience rapid changes in 

conditions such as temperature and hypoxia, and are adapted to deal with these conditions 

(Bennett, 2010; Campos et al., 2017). These species may therefore show reduced responses 

to temperature, but the effects of habitat on social behaviours have not been studied and so 

have not been included in our meta-analysis. 

 

Shoal dynamics, meaning the organisation of individuals within a shoal, may also play a 

role in determining the behavioural responses of fish to changes in temperature and 

whether these changes can be detected. For example, while average IID was greater with 

increasing temperature in delta smelt, Hypomesus transpacificus McAllister 1963, NND 

did not change (Davis et al., 2019). In this study, fish formed smaller clusters at higher 

temperatures, possibly due to increased swimming speed, which caused groups to 

fragment. Thus, while the overall group was more spread out, fish were still equally close 

to their nearest neighbours within the newly formed smaller groups (Davis et al., 2019). If 

groups increase swimming speed due to a change in temperature, active or passive sorting 

may also cause individuals with similar maximum swimming speeds to group together, 

thus fragmenting large groups into smaller ones (Jolles et al., 2017; Killen, Marras, et al., 

2017). This demonstrates the importance of using multiple metrics to analyse group 

cohesion, as studies using only one metric may underestimate or overlook important 

effects on group organisation. Standardising methods and units when measuring group 

cohesion by different metrics is important, however, in allowing comparisons among 

species and laboratories. Factors such as intra-group familiarity may also contribute to 

shoal dynamics, and may be more important for coordinating group movement at 

temperature extremes when physiological responses are challenged (Weetman et al., 1998). 

Whether fish tested in groups have previously been held together, as in most studies to 

date, may therefore influence propensity to shoal in response to varying conditions 

(Weetman et al., 1998). Recognition of conspecifics may also itself be affected by 
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temperature through metabolic changes, or changes in spontaneous activity, and thus alter 

responses to cues based on factors such as habitat and diet. In addition to shoaling 

dynamics, there is evidence that individual social preference and temperature preference 

may play a significant role in determining behavioural responses to temperature in 

individual sociability trials. Fish may be willing to compromise individual temperature 

preference to remain with a shoal, but this is likely to depend on the degree to which an 

individual prioritises group membership over occupying their own preferred thermal 

regime (Cooper et al., 2018). In G. aculeatus given a temperature choice test, while fish 

changed space use in the presence of a shoal in order to spend time with conspecifics, fish 

with a warmer water preference consistently spent more time in a warm environment, even 

when the shoal was presented in a cool environment (Cooper et al., 2018). 

 

2.5.2. Oxygen availability 

As oxygen saturation decreases to hypoxic levels, fish in groups may move apart or 

become less coordinated and cohesive due to increases in activity level associated with 

individual attempts to escape areas of low oxygen (Domenici et al., 2017; Lefrançois et al., 

2009). Neural processing may also play a role in any breakdown in cohesion at low 

environmental oxygen levels, as neuromuscular processes can become impaired or non-

functional due to oxygen starvation  (Domenici et al., 2007; Lucon-Xiccato et al., 2014; 

Nilsson et al., 1993; Schellart & Wubbels, 1998). While we found evidence of reduced 

group cohesion in response to hypoxia, this was based on relatively few studies, and 

appreciable changes in group cohesion were generally only observed at levels below 35% 

saturation (Figure 2.7A). In air-breathing species such as C. aeneus, breathing air when 

aquatic dissolved oxygen is limited may allow group cohesion to persist, with the number 

of air breaths taken by fish at the group level increasing in this species at lower levels of 

dissolved oxygen (Pineda et al., 2020). However, at least one non-air-breathing species, the 

striped surfperch Embiotoca lateralis Agassiz 1854, maintains shoal cohesion when 

exposed to hypoxic conditions as low as 15% saturation (Cook et al., 2014). This species 

reduced swim speeds and turning rates at low oxygen levels, which may allow them to 

reduce their oxygen demand while also maintaining group cohesion. Swimming speed of 

Atlantic herring Clupea harengus L. 1758 prior to hypoxia exposure was positively 

correlated with the oxygen concentration at which school disruption occurred (15–35% 

saturation), indicating that faster-swimming schools were less tolerant to hypoxia 

(Domenici et al., 2000). Having a low swimming speed may therefore be an effective 

coping strategy for hypoxia, potentially by reducing active metabolic needs and thus 
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oxygen demand. However, if increasing activity is a mechanism to escape hypoxia, it is 

possible that having low swimming speed as a coping strategy would have costs in natural 

settings by hindering attempts to escape hypoxia. Both swim speed and polarity relate to 

group cohesion, as fish swimming at similar speeds and in similar directions can form 

more cohesive groups and vice versa. We found no studies of interindividual differences in 

routine swim speed within shoals, while studies of polarity are also relatively 

underrepresented. Studies of shoal dynamics in terms of differences or similarities in 

interindividual swim speed and directionality within a shoal may therefore help to resolve 

the factors that contribute to shoal disruption at very low oxygen levels, and the reasons 

why extreme levels of hypoxia may be required to disrupt group cohesion. 

 

The effects of environmental stressors on cohesion may also be affected by group size. For 

example, we found that groups containing an intermediate number of individuals showed a 

greater reduction in cohesion when exposed to hypoxia as compared to groups with fewer 

individuals, possibly due to a greater increase in activity under hypoxic conditions (Figure 

2.7B). The presence of additional conspecifics when faced with a limitation to a resource 

such as oxygen may increase the urgency with which fish attempt to escape their situation, 

as limited oxygen will be consumed more quickly in the presence of more individuals. Any 

change in spontaneous activity among a subset of individuals may also be more likely to 

spread throughout larger groups. In addition, oxygen level at the centre or rear of larger 

shoals may be more limited as oxygen is consumed more rapidly within the shoal, leading 

to spreading out of individuals from the centre outward, an effect that may be magnified in 

larger groups with greater oxygen consumption (Domenici et al., 2017; Moss & 

McFarland, 1970). Cohesion appeared to be similar in small (≤7) and large (≥19) groups, 

possibly because fish in large social groups may experience a “calming effect” of social 

group membership, whereby individuals experience reduced stress and possibly a reduced 

routine metabolic rate and oxygen demand (Nadler et al., 2016), which would be predicted 

to increase resilience to hypoxia. In an experimental setting, increased density of 

individuals within behavioural arenas may also have effects that are separate from the 

effects of group size per se. When fish are contained within an enclosed experimental 

arena, the size of the shoal interacts with the size and/or shape of enclosures used for 

behavioural tests, although this was not included in our analysis. A review of the 

methodology used in behavioural trials with regard to space available would be useful in 

standardising methodology and making results more comparable and reproducible. 
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While degree of hypoxia and group size may have effects on group cohesion, no effect of 

exposure period on hypoxia was found. It should be noted, however, that exposure period 

varied little across studies with none examining the effects of hypoxia on sociability or 

cohesion after a period of acclimation. The longest laboratory-based hypoxia exposure was 

5.5ௗh, and as the only uncontrolled study exposed fish to relatively high oxygen levels even 

in “hypoxic” conditions (minimum 47% air saturation) the long-term effects of more 

severe hypoxia (<35% air saturation) on social behaviour remain unstudied (Figure 2.6B). 

The frequency, severity, and duration of hypoxic episodes in aquatic habitats are all 

increasing (Diaz & Breitburg, 2009). While longer exposures to hypoxia may result in 

some degree of acclimation, they may also lead to worsened neurosensory functioning, 

including that involved in lateral line sensing (Schellart & Wubbels, 1998), or other 

adverse effects of prolonged reductions in blood and tissue oxygen availability on 

physiological functions. Hypoxia has been found to impair ciliated inner ear cell function 

in bullfrogs Rana catesbeiana Shaw 1802 (Sitko & Honrubia, 1986), and while these cells 

have not been studied in fish in connection with hypoxia, similar structures are present in 

fish lateral lines (Domenici et al., 2007; Schellart & Wubbels, 1998). Lateral line 

stimulation appears to be involved in the coordination of fish schools, and especially in the 

maintenance of IIDs. Overall, more work is needed to understand the effects of hypoxia, 

including varying periods of hypoxia, on group cohesion or sociability. The impacts of 

developmental exposure to hypoxia are also relatively unknown, although one study found 

no effect of dissolved oxygen level on individual sociability in Poecilia vivipara Bloch and 

Schneider 1801 captured from environments varying in oxygen availability but tested 

under normoxia (Sommer‐Trembo et al., 2017). As these fish had been exposed to differing 

oxygen levels during adulthood, however, it is unknown what effect exposure during only 

larval or egg phases would have. 

 

2.5.3. Acidification 

Acidification may be expected to alter sociability and/or group cohesion in fishes due to 

changes to neuromuscular function, respiratory impairment, or compromised 

osmoregulation. Contrary to this prediction, and despite finding negative effect sizes for 

the majority of studies, our meta-analysis revealed no overall effect on group cohesion or 

individual sociability. The power of this analysis may have been limited as only 29 

observations from 10 studies were available. In addition, some studies found different 

results for different metrics of cohesion or sociability or different treatment levels (e.g. 
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Lopes et al., 2016; Maulvault et al., 2018), which may not be reflected in the mean effect 

sizes. All studies that found an effect investigated marine species, consistent with the 

greater sensitivity of marine fishes to acidification relative to freshwater fishes (Ishimatsu 

et al., 2004; Kwong et al., 2014). However, the literature was also strongly biased in favour 

of studies on marine species. Therefore, to determine whether freshwater species are 

indeed more resilient to acidification, further studies on these species are needed. The 

literature is also sparse regarding the effects of acidification on individual sociability, an 

area that would benefit from further research to understand better interindividual and 

interspecific variation in tolerance to acidification. 

 

As for temperature and hypoxia, the period over which fish were exposed to acidification 

was not related to the magnitude of effect on shoaling or social behaviour. Similarly to 

temperature, the majority of studies used longer exposure periods, which may allow fish 

time to acclimate (Table 2.3). The only study of acidity using an exposure lasting <1 day 

found a significant reduction in cohesion (Moss & McFarland, 1970), although more 

research is needed to understand fully the effects of acute acidification on fish social 

behaviour. While understanding of long-term effects of acidification is vital in a changing 

climate, events such as coastal upwellings can lead to acute exposure to acidification in the 

wild, and so studies focused on acute effects are also important (Lopes et al., 2016). 

Another understudied area is the effects of developmental exposure to acidity on social 

behaviour, especially considering the increasing evidence for the role of developmental 

plasticity in adapting to stressors (Schunter et al., 2017). One study indicated a delay in the 

development of shoaling behaviour following larval exposure to acidification (Lopes et al., 

2016), potentially leaving juvenile fishes vulnerable to predation. Evidence of effects of 

parental exposure to acidification on offspring physiology have also been found, although 

this is yet to be investigated with regards to social behaviour (Schunter et al., 2017). 

 

2.5.4. Multi-stressor interactions 

While individual stressors may significantly impact group behaviour and sociability in fish 

species, fish in the wild are likely to experience multiple stressors, either concurrently or in 

rapid succession (Doney, 2010; Nagelkerken & Connell, 2015). The majority of studies to 

date, however, have examined the effects of single stressors on sociability and group 

cohesion, and those that exist have shown mixed results. The combination of hypoxia with 

high temperatures is becoming increasingly common in ecosystems, not only because 

warmer water has a lower carrying capacity for oxygen, but also due to the increasing 



68 
 

coincidence of eutrophication with warmer temperatures. In theory, increased temperature 

could exacerbate the adverse effects of hypoxia on social group cohesion, if fish 

experience an increase in oxygen demand due to an increased metabolic rate or increased 

spontaneous activity. Similarly, for species that decrease spontaneous activity during 

exposure to moderate hypoxia, as a means of energy conservation, warming could promote 

increased spontaneous activity that opposes this response and again causes greater 

disruption to group cohesion than would otherwise be observed. We identified only one 

study that examined the combined effects of hypoxia and temperature, and this study found 

no effects of temperature, hypoxia, or their combination on group cohesion. Notably, 

however, this study was carried out on airbreathing C. aeneus, and the ability to extrapolate 

results to non-air-breathing species is limited (Pineda et al., 2020). Additional studies are 

needed to understand better the combined effects of temperature and hypoxia on non-air-

breathing fishes. 

 

Temperature and acidification may also have interactive effects on sociability and group 

cohesion in fish that are yet to be fully understood. Mechanistically, increased metabolic 

rate due to warming may result in a more rapid proliferation of ionic imbalances caused by 

acidification (Lucon-Xiccato et al., 2014; Nilsson et al., 1993). Only one study found a 

significant effect on sociability at high temperature and low pH (Maulvault et al., 2018); 

this study found a greater reduction in sociability with the combination of heat and 

acidification compared to either stressor alone. A second study reported no effect of a 

combination of temperature and pH on group cohesion, though the effect size calculated 

for this study was negative (A. Mitchell et al., 2022). It is possible that these differing 

results are due to interspecific differences in responses due to different physiological or 

behavioural capacity to cope with environmental changes, although further research is 

needed to identify which species may be more vulnerable or robust. Multi-stressor research 

would benefit from further attention, as very few studies have investigated acidification or 

hypoxia with temperature, and studies of acidification with hypoxia or of all three stressors 

together have been entirely neglected. These conditions are increasingly likely to be 

experienced together in natural settings, as combinations of eutrophication and heat 

anomalies resulting from climate change become ubiquitous. Replicating ecologically 

relevant stressor combinations in the laboratory may be challenging (Munson et al., 2024), 

and studies of naturally occurring differences or fluctuations in conditions affecting wild-

living populations, that is observations of populations in the wild, may help to elucidate the 

effects of these interactions, although these present additional issues in terms of controlling 
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for other variables. We suggest that a more collaborative “many-labs” approach to studying 

the effects of climate stressors on social behaviour may help to elucidate this increasingly 

relevant topic of research. If multiple laboratories were able to coordinate study of the 

effects of climate-related variables on social behaviour, this may make comparisons among 

experiments and standardisation of variables measured more feasible. Such an approach 

has been utilised in studying behaviour in corvids (R. Miller et al., 2022) and primates 

(Kopiske et al., 2016) but has yet to be used in the study of fish social behaviour. This 

approach could focus particularly on multi-stressor interactions, inter- and intraspecific 

variation in responses, and on the effects of exposure period to different stressors. 

 

2.6. Functional Implications 

Direct benefits of shoaling and schooling in fishes include protection from predators and 

swimming energetics. Being part of a group dilutes the risk to any one individual of being 

targeted by a predator; groups of prey are also better able to detect potential predators at 

greater distances and identify whether they pose a risk with greater accuracy (A. Ward & 

Webster, 2016c). If a predator attacks, grouped fish can benefit from the confusion effect, 

where predators find it difficult to identify and follow lone individuals against a 

background of moving groupmates. Members of less-cohesive groups, and individuals 

whose behaviour is less coordinated with that of their group members, may be at 

heightened risk of predation (Ioannou et al., 2012). If fish experiencing hypoxic conditions 

form less-cohesive shoals, as we found for six of the eight studies included in our meta-

analysis, then they may lose some of the anti-predator benefits of shoaling. Susceptibility 

to capture by predators may be further exacerbated by effects of hypoxia on individual 

perception of predator cues. While fast-start responses (such as C-start responses) are 

anaerobic and should not be affected by hypoxia, probability of initiating a fast-start 

response (responsiveness) has been shown to be reduced at very low oxygen levels 

(Lefrançois et al., 2005; Lefrançois & Domenici, 2006). In addition, endurance in the event 

of a sustained pursuit by a predator may be affected (Domenici et al., 2007), and recovery 

from anaerobic metabolism used during an escape may be impaired by hypoxia or thermal 

stress (Killen et al., 2015). The interactions among hypoxia, shoal cohesion and predation 

risk also will depend upon the type of predator involved. Predatory fishes may themselves 

be affected by hypoxia, reducing their perception of prey responses, agility when pursuing 

prey, and also their overall motivation to hunt. For example, juvenile naked gobies 

Gobiosoma bosc Lacepède 1800 were attacked less often by fish predators, striped bass 

Morone saxatilis Walbaum 1792 and adult G. bosc, as oxygen concentration decreased 
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(Breitburg et al., 1994). If responses to hypoxia differ among species, this may also affect 

predator avoidance in mixed-species shoals, thus affecting survival success in both robust 

as well as susceptible species. 

 

While piscine predation has been focused on by the majority of hypoxia studies to date, 

other predator species may also have a significant effect on fish in hypoxic conditions. 

Hypoxia-tolerant and air-breathing predators such as birds and mammals (e.g. river otters 

Lutra lutra Linnaeus 1758), and fish predators that can breathe air at the surface will be 

less affected by hypoxia, with their fish prey likely at greater risk of capture under hypoxic 

conditions (Domenici et al., 2007). Under hypoxic conditions, juvenile naked gobies and 

larvae of red sea bream Pagrus major Temminck and Schlegel 1843 were both more 

vulnerable to capture by hypoxia-tolerant cnidarian predators, sea nettles Chrysaora 

quinquecirrha Desor 1848 and moon jellyfish Aurelia aurita L. 1758 respectively 

(Breitburg et al., 1994; Shoji et al., 2005), which may reflect hypoxia-diminished escape 

responses. Opportunistic predation of air-breathing fishes by avian predators at the surface 

is also well documented (Domenici et al., 2007). However, the relationship between 

hypoxia-induced changes in shoal cohesion and predation risk has not, to our knowledge, 

been investigated directly. Research in this area would be useful in determining how 

changes in shoaling behaviour observed for some species might interact with vulnerability 

to predation. 

 

While fish swimming in schools can typically save energy while swimming compared to 

solitary fish, any changes in group cohesion as a result of climate-related stressors could 

diminish these energy savings. Trailing fish can save energy by exploiting wave vortices 

generated by others swimming ahead of them, while anterior fish can gain forward 

momentum from the wave of higher pressure produced by schoolmates behind them 

(Hemelrijk et al., 2015; Liao et al., 2003). For example, grey mullet Liza aurata Risso 

1810 groups in a laboratory swimming tunnel expended less energy, measured as tail-beat 

frequency and amplitude, than did lone fish (Marras et al., 2015). This was true for three 

different swimming speeds and was independent of position relative to schoolmates. While 

those swimming behind others benefited the most, fish in forward positions, including 

those at the front of the school, had lower tail-beat frequencies than fish that swam alone 

(Marras et al., 2015). A hypoxia-related reduction in shoal cohesion could have 

implications for swimming energetics if it leads fish to disperse beyond the vortices or 

pressure waves produced by schoolmates. Even a reduction in NNDs could cause a 
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decrease in hydrodynamic efficiency for individuals, because areas proximate to 

neighbours can have a high degree of turbulence which reduces the opportunity for phase-

matching of body undulations while swimming (L. Li et al., 2020). Increased swimming 

effort resulting from travelling independently of others may be particularly costly under 

hypoxic conditions if it increases oxygen demand. On the other hand, dense groups of fish 

can lead to localised depletion of dissolved oxygen (McFarland & Moss, 1967; Steffensen, 

1995). The costs and benefits of travelling in a cohesive group under hypoxic conditions, 

in terms of oxygen demand, are therefore likely to be complex and to interact with other 

factors including swimming speed and water current speed, water temperature, the body 

size of the fish and the size and density of the group (Halsey et al., 2018). 

 

2.7. Conclusions 

(1) While climate-related stressors have been shown to have significant effects on 

physiology and behaviour in fish species, our literature review only found evidence 

for an effect of hypoxia on group behaviour. 

(2) Our meta-analysis was limited by the lack of research available on this topic to 

date, and further study is urgently needed to provide more robust evidence for 

observed trends and to elucidate how factors such as species, habitat, ontogeny, 

exposure period, and degree of change in conditions may predict effects. 

(3) Empirical studies investigating the interactions of two or more climate-related 

stressors are also relatively sparse in the literature, although one study indicates 

significant interactions between temperature and acidification that warrant further 

investigation. 

(4) Studies investigating the reproducibility and mechanisms of robustness in species 

that are apparently resilient to climate-related stressors would aid understanding of 

the impacts of these stressors and how organisms may adapt. 

(5) A more collaborative approach would benefit this area of research and allow more 

targeted studies to be carried out globally. 
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3.1. Abstract 

Anthropogenic pollutants are near-ubiquitous in aquatic systems. Aquatic animals such as 

fishes are subject to physiological stress induced by pollution present in aquatic systems, 

which can translate to changes in behaviour. Key adaptive behaviours such as shoaling and 

schooling may be subject to change as a result of physiological or metabolic stress or 

neurosensory impacts of pollution. This can result in fitness and ecological impacts such as 

increased predation risk and reduced foraging success. Here, we conducted a systematic 

meta-analysis of the existing literature, comprising 165 studies, on the effects of 

anthropogenic pollution on sociability and group cohesion in fish species. Both organic 

(number of studies = 92, posterior mean (PM) = −0.483, p < 0.01) and inorganic (n = 24, 

PM = −1.453, p < 0.001) chemical pollutants, as well as light exposure (n = 21, PM = 

−3.038, p < 0.01) were found to reduce sociability. These pollutants did not reduce group 

cohesion, indicating that effects may be masked in group settings, though fewer studies 

were carried out on group cohesion and this is a key area for future research. Mixtures of 

chemical pollutants (n = 16) were found to reduce cohesion (PM = −43.71, p < 0.01), but 
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increase sociability (PM = 44.27, p < 0.01). Evidence was found that fish may 

behaviourally acclimate to two forms of pollutant, namely mixed chemical pollutants (PM 

= −0.668, p < 0.01) and noise exposure (n = 22, PM = −4.043, p < 0.01). While aquatic 

systems are often subject to pollution from multiple sources and of multiple types, very 

few studies investigated the effects of multiple stressors concurrently. This review 

identifies trends in the existing literature, and highlights areas where further research is 

required in order to understand the behavioural and ecological impacts of anthropogenic 

pollutants in aquatic systems. 

 

3.2. Introduction 

It is increasingly difficult to identify ecosystems that are not subject to anthropogenic 

pollution. While chemical pollutants are near-ubiquitous in most environments (Hong et 

al., 2021), organisms must also contend with other forms of anthropogenic disturbance. 

These include noise pollution (Hubert et al., 2020; Neo et al., 2018), light pollution 

(Kurvers et al., 2018; Lafoux et al., 2023), and, in aquatic environments, turbidity 

associated with anthropogenic pollutants, industrial activities, and eutrophication (Borner 

et al., 2015; Fischer & Frommen, 2013). While many of these are potentially lethal, they 

also have a variety of effects on animals at sublethal concentrations (Saaristo et al., 2018). 

Toxicants may also accumulate, following absorption through permeable epithelial 

surfaces and dietary consumption (Weber et al., 2013). The ability of fish and other aquatic 

organisms to cope with these stressors is key to ecosystem functioning (Killen, Cortese, et 

al., 2021; Simpson et al., 2016). Understanding the impacts of pollutants is important for 

predicting how organisms may cope with or adapt to these stressors (Bertram, Gore, et al., 

2022). 

 

Chemical pollutants vary in their toxicity and structure, but general classifications can be 

useful to predict effects. Organic toxicity depends on the ability of the organism to 

biologically transform the product and reduce bioaccumulation. Organic pharmaceuticals 

such as antidepressants may have similar modes of action in aquatic species as in humans, 

with behavioural changes resulting from altered levels of neurological signalling molecules 

such as serotonin (Valenti et al., 2012). Other organic pollutants such as organophosphates 

interfere with functioning of enzymes such as acetylcholinesterase (ACHe) (Escher et al., 

2011), which also plays a role in neurotransmitter function (Colovic et al., 2013). Many 

organic pollutants, such as 17α-ethinylestradiol (EE2), the main active ingredient in birth 

control, can act as endocrine disrupting chemicals. These often mimic or alter normal 
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hormonal function causing a cascade of issues with social behaviour, reproduction, 

survival and growth (Bertram, Martin, et al., 2022b; Fenske et al., 2020; Kidd et al., 2007). 

 

Inorganic chemical pollutants like metals cannot be biologically transformed, and are often 

acutely toxic, with the potential for endocrine disruption after chronic exposure (Shahjahan 

et al., 2022; Vieira et al., 2009). The mechanisms of toxicity of inorganic compounds are 

conserved across species. In fishes, metal ions (e.g., nickel (Ni), cadmium (Cd), copper 

(Cu), zinc (Zn) etc.) target the active ionic uptake pathways in the gills and intestines, via 

ionic mimicry thereby reducing the uptake of essential nutrients and ions. Indirect effects 

of this ion imbalance can include reduced respiratory gas exchange, increased oxidative 

stress, and changes to the basolaterally located sodium/potassium ATPase, where metals 

affect amino acid moieties and the metal cofactor (Wood et al., 2012). Metals can also 

impair sensory function (i.e., olfaction and mechanoreception), including lateral line 

function in fishes (Chaput et al., 2023). Additionally, many inorganic pollutants interfere 

with neurological processes (Maulvault et al., 2018) and indirectly affect the endocrine 

system. Inorganic pollutants can increase metabolic rate, thereby altering energy needs due 

to the increased cost of maintaining homeostasis and eliminating toxic substances (Thomas 

et al., 2013). 

 

While mode of action and chemical pollutant concentration may impact the level of 

toxicity experienced by aquatic organisms, environmental water parameters also influence 

toxicant uptake and toxicity. Metals can be bound to dissolved organic carbon or other 

organic molecules, which may affect absorption rates, while differences in toxicity may be 

observed for some substances in salt as compared with freshwater environments (Paquin et 

al., 2002). Further, most chemical pollutants are not present in the environment in 

isolation. Mixture effects of chemical pollutants, whether organic, inorganic, or a 

combination, is not a new concept but understanding the complex relationship between 

mixtures and environment has not been fully developed (Orr et al., 2024). 

 

Non-chemical pollutants such as noise and artificial light may also increase physiological 

stress, resulting in increased circulating glucocorticoids (Simpson et al., 2016; Wysocki et 

al., 2006). While changes in metabolic traits, neurological function, and circulating 

glucocorticoids due to stress may have their own effects on fitness, growth, and survival 

(Pickering & Pottinger, 1989; Simpson et al., 2016), they have also been found to affect 

various forms of behaviour (Mickle & Higgs, 2018; Neo, Parie, et al., 2015; Neo, Ufkes, et 
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al., 2015; Peng et al., 2015). Other non-chemical pollutants such as overall turbidity, 

defined as the total dissolved matter in the water, may also impact sensory perception of 

both conspecifics and other environmental cues. Despite a large body of research 

examining the toxic mechanisms and sublethal effects of chemical and non-chemical 

pollutants on aquatic animals, we still lack a synthesised understanding of the effects on 

ecologically relevant behaviours. 

 

Group-living species rely on social behaviour as a defence against predators and to 

facilitate finding food and mates (Pitcher et al., 1982). Groups of fish can be organised as 

shoals or schools. A shoal is an unpolarised social group of fish, while schooling is 

characterised by polarity and coordinated swimming within a social group (Pitcher, 1983). 

In social fishes, changes to neurological capabilities caused by chemical pollutants may 

disrupt interactions with conspecifics, altering group behaviour by, for example, reducing 

group cohesion (Chaput et al., 2023; Michelangeli et al., 2022; Partridge & Pitcher, 1980). 

If metabolic needs increase due to pollutant exposure, individuals may become less 

sociable to prioritise foraging and reduce competition (Killen, Fu, et al., 2016). 

Behavioural traits such as boldness and activity may also be affected by the direct and 

indirect effects of chemical pollutants (Polverino et al., 2021), which may in turn affect 

social behaviour (Michelangeli et al., 2022). Both increased boldness and greater activity 

may cause individuals to move away from a shoal, due to reduced risk-perception and 

increased overall movement (Bartolini et al., 2015; Jolles et al., 2015). In group-living 

species, these changes in individual behaviour and physiology could affect how groups 

respond to changes in abiotic conditions, with associated changes to emergent collective 

behaviours (Killen, Cortese, et al., 2021; Michelangeli et al., 2022). The exact response 

likely depends on the class of chemical pollutant(s) encountered. Antidepressants, for 

example, may reduce anxiety in fish, making them less sociable and potentially increasing 

predation risk (Maulvault et al., 2018; Salahinejad et al., 2022). In contrast, noise pollution 

may provoke an anxiety or stress response, causing fish to move closer together (Currie, 

2021; Neo et al., 2015a; b). 

 

Here we review the effects of environmentally relevant concentrations of various 

anthropogenic chemical and non-chemical pollutants on individual sociability and group 

cohesion in gregarious fish species and identify key issues that remain poorly understood. 

While different chemical and non-chemical pollutants have different modes of action, a 

generalised overview and meta-analysis of their effects on social behaviour is lacking in 
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the literature and may be a useful tool in developing predictive frameworks (Orr et al., 

2024). Fish are ideal for studying effects of chemical and non-chemical pollutants on social 

behaviour because the majority of species exhibit shoaling or schooling behaviour at some 

point in their lives. In addition, fish are widespread in a diverse range of habitats, with over 

35000 known species (Froese & Pauly, 2023), and may thus be exposed to almost every 

aquatic environmental pollutant. 

 

3.3. Methods 

A concise overview of the methods is provided here, with detailed methodology available 

in the supplementary material. 

 

3.3.1. Literature searches 

Searches of the literature were carried out from October to December 2022 (Figure 3.1). 

Sources were only included for analyses if shoaling or schooling were examined in relation 

to anthropogenic pollutants, including chemical pollutants, noise, light, and turbidity. All 

papers were considered independently by one author of the current study (I.C.T.), and then 

blind reviewed by one of two other authors (D.C. or A.M.). Papers that were disagreed 

upon were discussed and included or excluded by consensus, based on the above-

mentioned considerations. 

 

3.3.2. Data collection 

Following paper inclusion, data on the following variables were collected for each paper. 

The effects of individual- and multiple-stressor trials were recorded separately. 

(1) Effect size (Hedges' g, a standardize difference of means between groups) of each 

treatment on cohesion or sociability, relative to the control. 

(2) Focal species used in each paper. 

(3) Class of pollutant to which fish were exposed (Table 3.1). 

(4) Treatment levels of variables of interest, converted to z scores. 

(5) Group sizes. This was defined as the number of fish used per group trial in group 

cohesion studies. 

(6) Sex of fish(es) used in each experiment. 

(7) Number of replicates. Number of replicates was recorded as number of groups per 

treatment. 

(8) Period over which fishes were exposed to each treatment, in days. 

 



77 
 

Figure 3.1. Flow diagram illustrating paper selection process for systematic review. 

 

(9) Exposure type. Categories of exposure type were uncontrolled (including 

populations exposed in the wild, and farmed fish exposed in a natural setting), 

developmental, parental, acute, or acclimated. 

(10) Metrics used to assess cohesion or sociability. 
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(11) Reported statistical significance (or lack thereof) of the effect of each treatment 

were recorded for each paper. Statistical significance was recorded as p < 0.05. 

(12) Country where each study was carried out (geographical location). 

 

Table 3.1. Classes into which pollutants were divided in our study, with description of how 
pollutants were classified and examples of each pollutant class.  

Pollutant class Criteria Examples 
Organic Chemical pollutants 

consisting of organic 
(carbon-based) compounds  

Pharmaceuticals, 
organically-derived 
fertilizers and pesticides, 
oils, microplastics 

Inorganic Chemical pollutants 
consisting of inorganic 
compounds  

Metal salts, heavy metals 

Mixtures Any combination of 
multiple chemical pollutants 

Untreated effluent, 
combinations of multiple 
substances 

Noise Studies of anthropogenic 
sounds  

Boat noise, pile-driving 
sounds 

Light Studies of light pollution or 
varying levels of light 
exposure.  

 

Turbidity Studies of turbidity level, a 
measure of the amount of 
suspended matter in the 
water 

 

 

3.3.3. Statistical analysis 

Meta-analysis was carried out in R using the MCMCglmm package (Hadfield, 2010) to run 

phylogenetically-adjusted linear models. Pollutant classes were modelled separately, to 

reduce model complexity and allow interactions among explanatory variables for each 

pollutant class to be thoroughly explored. To account for phylogenetic relatedness among 

fish species, a phylogenetic tree was constructed from the Tree of Life database (Tree of 

Life Web Project, 2023) including all species, using the R packages phytools (Revell, 

2012) and phylobase (Hackathon et al., 2020). This tree was incorporated into a dataset 

with effect size and variable data using the mulTree package (Guillerme & Healy, 2020), 

which combines a data table with a phylogenetic tree object to form a data list. The 

response variable in models was effect size, while the explanatory variables were level of 

the relevant stressor, exposure period, number of replicates, group size, exposure type, and 

metric. The interaction effect between pollutant level and metric was also included where 

multiple levels were present within each metric. For light pollution, an interaction between 

the form of light exposure and treatment was included in order to separate effects of 
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luminance from different wavelengths. Specimen, referring to different treatments both 

within and among papers utilising the same species, species, and sex of fish(es) were 

included as random effect variables. Lambda (λ) value, an indicator of the effect of 

phylogenetic relatedness among species on effect size, for phylogenetic signal was 

calculated using the phytools package. Graphs and figures were plotted using the ggplot 

(Wickham, 2016), ggraph (Pedersen, 2022), and ggtree (Yu et al., 2017) packages in R. 

 

3.4. Results 

3.4.1. Literature overview 

From literature searches, 10049 papers were found, of which 488 studies of fishes were 

identified. Following screening, 165 papers were included in this review (Supplementary 

Table 3.1; Figure 3.1). Of these, 162 were found from literature searches, while a further 

three were identified from reference sections of papers (Figure 3.1). The vast majority of 

studies (156) were peer-reviewed articles, while 9 studies were found in the grey literature, 

consisting of nine theses ranging from Bachelor's to PhD. While studies were carried out 

on five of seven continents (Figure 3.2A), a significant geographical bias was present, with 

66% of studies being carried out in North American and European countries. 

 

The effects of chemical and non-chemical pollutants on fish social behaviour were studied 

in 69 species (Figure 3.2B). Of these, 20 were in the family Cyprinidae, with the most-

commonly used species being the zebrafish Danio rerio (n = 43). Phylogenetic diversity of 

species used across studies was relatively low, and the degree of replication of studies on a 

given species was highly variable. Although D. rerio was used in multiple studies for 

almost all pollutants, the majority of species were used only once or twice for any given 

substance. Effect size of exposure to pollutants showed no dependence on phylogenetic 

history or relatedness (λ = 6.71∗10⁻⁵, p = 1). 

 

Results of all studies for which effect size could be calculated (n = 141) are summarised in 

Figure 3.3. Effect sizes were found to have the greatest variation in studies with 

intermediate sample sizes, indicating possible publication bias against smaller studies, or 

studies that did not observe significant results. 
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Figure 3.2A. Map showing locations of studies on the effects of 
pollution on sociability and/or group cohesion in fish species. Larger 
circles indicate more studies. B. Phylogenetic tree showing species 
used in studies of the effects of pollutants on fish behaviour. Family to 
which each species belongs is shown to the right of the tree. Colours 
within the tree correspond to families. The dot plot corresponds to 
the number of studies each species was used in, and which stressors 
each species was studied in relation to. Colours represent species 
habitat, while point size represents number of studies. 

A 

B 
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3.4.2. Chemical pollutants 

The most commonly studied form of chemical pollutant was organic chemical pollutants (n 

= 92), studies of which covered 82 substances, compared with 15 substances in studies of 

inorganic chemical pollutants (n = 24). The least well-studied was the effects of mixtures 

of chemical pollutants (n = 16) (Supplementary Table 3.1; Figure 3.3). Of studies of 

mixtures, 31% (n = 5) studied mixtures of organic and inorganic pollutants. A further 44% 

(n = 7) studied mixtures of two or more organic pollutants, while the remaining 25% (n = 

4) used mixtures of unspecified makeup, mainly wastewater or industrial effluent. Across 

all studies of chemical pollutants, 39% (n = 51) studied group cohesion, while 53% (n = 

70) investigated sociability, and 8% (n = 11) investigated both cohesion and sociability 

(Table 3.2). 

 

Table 3.2. Summary of results of studies included in this review, based on effect size 
calculations, according to stressor(s) studied, and metric used. 

Pollutant class Metric Results Number of 
studies 

Organic 
chemical 

Group cohesion Increased cohesion 10 
Reduced cohesion 16 
No effect 8 

Sociability Increased sociability 18 
Reduced sociability 19 
No effect 13 

Cohesion and 
sociability 

Increased social behaviour 3 
Reduced social behaviour 4 
No effect 1 

Inorganic 
chemical 

Group cohesion Increased cohesion 7 
Reduced cohesion 3 
No effect 3 

Sociability Increased sociability 1 
Reduced sociability 6 
No effect 2 

Cohesion and 
sociability 

Increased social behaviour 0 
Reduced social behaviour 2 
No effect 0 

Mixed chemical Group cohesion Increased cohesion 2 
Reduced cohesion 1 
No effect 1 

Sociability Increased sociability 4 
Reduced sociability 6 
No effect 1 

Cohesion and 
sociability 

Increased social behaviour 0 
Reduced social behaviour 1 
No effect 0 

Noise Group cohesion Increased cohesion 15 
Reduced cohesion 3 
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No effect 3 
Sociability Increased sociability 1 

Reduced sociability 0 
No effect 0 

Light Group cohesion Increased cohesion 9 
Reduced cohesion 4 
No effect 4 

Sociability Increased sociability 1 
Reduced sociability 1 
No effect 2 

Turbidity Group cohesion Increased cohesion 4 
Reduced cohesion 7 
No effect 2 

Sociability Increased sociability 0 
Reduced sociability 1 
No effect 1 
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Figure 3.3. Forest plots showing mean and standard error of effect sizes calculated for each study included in meta-analysis. A. studies of effects 
of chemical pollutants on group cohesion; B. studies of effects of chemical pollutants on sociability; C. studies of effects of non-chemical 
pollutants on group cohesion; D. studies of effects of non-chemical pollutants on sociability; E. studies of effects of chemical pollutants on both 
cohesion and sociability. Circles indicate studies of group cohesion, triangles indicate studies of sociability, and crosses indicate studies of both 
cohesion and sociability. F. funnel plot showing effect sizes for all data points included in meta-analysis. Black dashed lines indicate 95% 
confidence interval; red dashed lines indicate 99% confidence interval. 

A B 

C 

D E F 



84 
 

 

Figure 3.4. Effect on sociability and group cohesion in fish species according to level of A. organic chemical pollutants, B. inorganic chemical 
pollutants, C. mixed chemical pollutants (group cohesion), D. mixed chemical pollutants (sociability) and E. light. Group cohesion and sociability 
are plotted separately in the case of mixed chemical pollutants due to the need to use a logarithmic scale for the sociability plot (x axis). Orange 
stars indicate a significant effect of exposure on sociability. Purple stars indicate a significant effect of exposure on group cohesion. † indicates a 
significant effect of treatment level on sociability or cohesion. ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, and ∗∗∗ indicates p < 0.001.

D – Mixed 
(sociability) 

E - Light 

C – Mixed 
(group cohesion) 

A - Organic B - Inorganic 
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Meta-analysis found no effect of exposure to organic or inorganic pollutants on group 

cohesion, however both were associated with a significant reduction in sociability (organic 

PM = −0.483, p < 0.01) (Supplementary Table 3.2; Supplementary Table 3.3; Figure 3.4A; 

Figure 3.4B). In the case of inorganic pollutants, however, this was dependent on pollutant 

concentration, with greater reductions in sociability at higher concentrations (PM = 

−1.453, p < 0.001) (Figure 3.4B). No effect of group size, exposure period, or number of 

replicates was found for organic or inorganic pollutants, however a greater reduction in 

social behaviour following exposure to inorganic pollutants was found when fish were 

subject to developmental compared with acclimated exposure (PM = −1.663, p < 0.01) 

(Figure 3.5A). 

 

For mixtures of chemical pollutants, meta-analysis revealed reduced group cohesion 

following exposure (PM = −43.71, p < 0.01), and a linear effect of pollutant concentration 

(PM = −117.6, p < 0.01), with greater concentrations of pollutant mixtures producing 

greater reductions in cohesion (Figure 3.4C). An overall increase in sociability following 

exposure was also found (PM = 44.27, p < 0.01), with greater increases in sociability at 

higher concentrations (PM = 118.6, p < 0.01) (Supplementary Table 3.4; Figure 3.4D). 

Lower cohesion and sociability were also found in fishes subject to acute (PM = −0.668, p 

< 0.01) or uncontrolled exposures (PM = −2.557, p < 0.01), compared with acclimated 

exposures (Figure 3.5B). The reduction in cohesion following exposure was found to be 

magnified in larger groups (PM = −0.242, p < 0.01) (Supplementary Figure 3.1). 

 

3.4.3. Non-chemical pollutants 

Among non-chemical pollutants, noise (n = 22) and light (n = 21) received similar amounts 

of research attention, with turbidity being less well-studied (n = 15). A significant bias 

towards studies of cohesion was found, with 88% (n = 51) of studies investigating 

cohesion, while only 12% (n = 7) of studies targeted sociability (Supplementary Table 3.1; 

Table 3.2; Figure 3.3). 

 

No effect of noise level (volume in dB) was found on cohesion or sociability; however, 

cohesion and sociability were reduced with longer exposure (PM = −4.043, p < 0.01) 

(Supplementary Table 3.5; Figure 3.5C). In addition, cohesion was significantly greater  
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Figure 3.5. Effect of A. inorganic chemical pollutant exposure, B. mixed chemical pollutant exposure and C. noise on fish group cohesion and 
sociability according to exposure type and period. Acclimated = >7d exposure; acute = <7d exposure; developmental = exposure during egg or 
larval stage; parental = parents of focal fish exposed; uncontrolled = exposure outside the lab without manually altered exposure levels e.g. wild 
or farmed fish. Black stars indicate a significant effect of exposure type; blue stars indicate a significant effect of exposure period. ∗ indicates p < 
0.05. ∗∗ indicates p < 0.01, and ∗∗∗ indicates p < 0.001. 

A B 

C 
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following uncontrolled exposure compared with acute exposures (PM = 406.0, p < 0.01). 

Meta-analysis for this variable was limited by a relatively high proportion of cohesion 

studies for which effect size data could not be calculated (7/21). Of the studies for which 

effect size could not be calculated, all but one (Rojas et al., 2023) found increased cohesion 

following noise exposure. 

 

Neither light nor turbidity had significant effects on cohesion, nor was there any effect of 

exposure period, number of replicates, or group size (Supplementary Table 3.6, 

Supplementary Table 3.7). Individual sociability, however, was reduced in fish exposed to 

increased light levels (PM = −3.038, p < 0.01) (Supplementary Table 3.6; Figure 3.4E). 

 

3.5. Discussion 

While studies of the effects of anthropogenic pollutants on aquatic organisms are 

numerous, recent work has emphasised the need to quantify ecologically relevant 

endpoints such as effects on group cohesion, and the associated impact on collective 

outcomes for gregarious species (Bertram, Gore, et al., 2022; Michelangeli et al., 2022). 

We aimed to review knowledge on an ecologically relevant aspect of fish ecology, namely 

social behaviour, and its interactions with anthropogenic pollution. Despite the range of 

mechanisms governing the effects of pollutants on fish species, the majority of pollutant 

classes were found to have some, often non-linear, effect on fish social behaviour. 

Differences between the effects of chemical pollutants on sociability and group cohesion 

were identified for both organic and inorganic substances. This indicates that individual 

social behavioural responses to chemical pollutants may not directly translate to changes in 

group dynamics, or vice versa. In addition, several pollutant classes varied in their effects 

according to exposure duration, with acute exposure sometimes being more likely than 

chronic exposure to reduce cohesion or sociability. However, the effects of chronic toxicity 

(i.e., exposure exceeding 10% of the organism's life span (Suter, 2016)) on physiology and 

survival are poorly understood. Also understudied are the effects of exposure to chemical 

pollutant mixtures (Orr et al., 2024). We observed some geographical bias in the studies 

found, including a complete lack of studies based in Africa. This may indicate a lack of 

interest or funding toward behavioural studies in some locations, although limiting our 

searches to English language studies may also have contributed to this bias. Still, any 

geographical bias may correspond to a bias in species studied or pollutants investigated, 

and understudied areas such as Africa and South America would benefit from research 

attention.  
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While our goal was to synthesize the effects of anthropogenic pollutants on social 

behaviour in fishes, the broad approach we have taken has its drawbacks. It is exceedingly 

difficult, when conducting a broad analysis of a large number of studies investigating 

different substances, to attribute results to a specific mode of action or 

physiological/behavioural effect. It is likely, therefore, that some apparent contradictions 

present in our results, such as effects on individual sociability but not on group cohesion, 

may be due to differences in the modes of action of substances used in different studies. 

Additionally, some compounds that have been grouped in our analysis may have 

conflicting effects on social behaviour resulting in nonsignificant overall trends. 

Nevertheless, the broad perspective that we take is valuable in identifying trends and areas 

of research to focus on in the future. Here we discuss potential explanations for our results 

in the context of the literature, and indicate directions for future research that may help to 

elucidate the behavioural and broader ecological impacts of anthropogenic pollutants in the 

aquatic environment. 

 

3.5.1. Chemical pollutants 

Our analysis found strong evidence of reduced individual sociability following exposure to 

organic and inorganic chemical pollutants in fishes, though this was dependent on 

concentration in the case of inorganic pollutants. Various chemical pollutants can influence 

social behaviour and other physiological activities in organisms through complex 

mechanistic processes and pathways. The behavioural responses to these chemical 

pollutants are contingent on factors such as exposure duration, chemical heterogeneity 

(including chemical pollutant class and exposure type—whether exposed to a compound in 

isolation or in mixtures), and pollutant concentration, which may result in antagonistic, 

synergistic, or additive interactions within an organism. Since behaviour is the final 

product of intricate developmental and physiological processes, isolating a specific 

behavioural response to a specific contaminant can be challenging under varying exposure 

conditions (Wong & Candolin, 2015). 

 

Metals, for instance, can act as neurotoxicants, respiratory toxicants, or osmoregulatory 

toxicants (Wood et al., 2012) all of which may influence sociability (Pereira et al., 2016). 

Exposure to inorganic mercury led to bioaccumulation within the brain in white sea bream 

Diplodus sargus, resulting in impaired motor function and heightened anxiety (Pereira et 

al., 2016). Other metals such as copper (Cu) can accumulate in the olfactory epithelium, 
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and were found to cause damage to olfactory receptor neurons responsible for detecting 

odours in fathead minnows Pimephales promelas and yellow perch Perca flavescens (Dew 

et al., 2014). 

 

Organic compounds have varied modes of action that may directly or indirectly alter social 

behaviour. For example, 17 β trenbolone can disrupt female mate choice in wild guppies 

Poecilia reticulata, potentially influencing social interactions (Tomkins et al., 2018). A 

reduction in activity levels may result from exposure to the antidepressant fluoxetine, due 

to its inhibitory effect on the dopaminergic system (Duarte et al., 2019), potentially leading 

to changes in shoal dynamics (Killen, Marras, et al., 2017). Pesticides, particularly 

organophosphates, have been shown to decrease swimming speed in California killifish 

Fundulus parvipinnis by reducing the activity of the neurotransmitter acetylcholinesterase 

(V. C. Renick et al., 2016). Changes to swimming speed may lead to disruption of group 

cohesion or fragmentation of shoals (Killen, Marras, et al., 2017). Overall, the mechanistic 

understanding of behaviours caused by chemical pollutants, especially sociability, remains 

complex and expansive (Pyle & Ford, 2017). 

 

While we found evidence for reduced sociability (Figure 3.4A; Figure 3.4B), we found no 

effect of organic or inorganic pollutants on group cohesion. This may indicate masking of 

behavioural effects while fish are in groups. For social species, being in a group may 

reduce stress and facilitate normal behaviour (Culbert et al., 2019; Nadler et al., 2016), 

meaning that changes in individual sociability may not translate to changes in group 

dynamics. While behavioural conformity may also contribute to this effect, differences in 

individual roles within groups may affect individual responses to stressors (Michelangeli et 

al., 2022). It is therefore possible that individual responses may vary in a group setting, 

leading to a lack of unidirectional effects. However, differences in the modes of action of 

different chemical pollutant compounds may have antagonistic effects on behaviour and 

thus make detecting effects in the model more difficult. Mode of action was not included 

as a factor in our meta-analysis due to a relatively low number of studies on sociability 

and/or cohesion carried out for the majority of substances. A greater number of replicate 

studies, or at least studies of the same substance on different species, are therefore needed 

to be able to analyse the role of modes of action. 

 

While studies of individual compounds found no effect on cohesion, a reduction in group 

cohesion was observed following exposure to chemical pollutant mixtures (Figure 3.4C), 
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though these mixtures also appeared to produce an increase in sociability (Figure 3.4D). 

This may indicate masking of, or variance in, the individual response in groups (Bertram, 

Gore, et al., 2022; Michelangeli et al., 2022). Relatively few (n = 5) studies of mixtures on 

cohesion were found, the majority of which (n = 4) investigated similar chemical 

combinations, namely microplastics in combination with metals (n = 3) or with an 

organophosphorus pesticide (glyphosate; n = 1). It is possible, therefore, that the reduction 

in cohesion was a result of the specific combination of substances tested rather than 

consistent changes in social response. This may also explain the greater reduction in 

cohesion following exposure when fish were tested in larger groups (Supplementary Figure 

3.1). Many organics or metals may have additive, synergistic or antagonistic additive 

effects when organisms are exposed to these in combination. For example, mixtures of 

chemical pollutants with similar mechanisms of action, such as lead and cadmium, may 

cause pollutants to compete with each other and reduce toxicity, masking any behavioural 

effects of the specific chemical combination. 

 

We found no effect of organic pollutant concentration on sociability or cohesion. Given the 

diversity of substances that we considered as organic pollutants, this may be due to the 

significant variation in the threshold levels of individual chemical pollutants and duration 

of exposure required to illicit a response. While we transformed treatment values to z 

scores to minimise this effect, this may not fully compensate for very different scaling in 

the concentrations of some chemical pollutants. For example, in the case of some 

agricultural and industrial effluents, concentrations of up to 1000 mg l⁻¹ (Toft et al., 2004; 

Yofukuji et al., 2021) were used, while some studies of medical compounds such as 

antidepressants used concentrations of 0.001 μg l⁻¹ or less (Barcellos et al., 2020). In 

addition, modes of action, duration, specific water parameters, and therefore concentration 

required to produce a behavioural response likely differ among compounds (Escher et al., 

2011), though insufficient studies and levels of replication for the majority of substances 

studied did not allow for meta-analysis of substances individually. For organic compounds 

that can be metabolised, toxicity level and thus behavioural response will also depend on 

the toxicity and mode of action of metabolites (Escher et al., 2011). For example, primary 

metabolites of the plastic compound bisphenol A induced higher incidence of lethality than 

the parent compound alone during embryonic development in Japanese medaka Oryzias 

latipes (Ishibashi et al., 2005).  
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In contrast, the relationship between sociability and exposure to inorganic pollutants was 

scaled with pollutant concentration (Figure 3.4B), indicating that fish may be more 

affected by greater concentrations of inorganic pollutants. As the majority of inorganic 

compounds examined in the literature consist of metals and metal salts, it is likely that 

these have a similar mode of action in affecting fish. Metal ions compete with calcium ions 

(Ca²⁺) for binding sites in tissues (Alsop & Wood, 2011; Birceanu et al., 2008; Rogers & 

Wood, 2004), as the majority of transition metals naturally form double-charged cations 

when in solution, and thus behave similarly to calcium ions (Birceanu et al., 2008; Rogers 

& Wood, 2004). Diffusive ion loss of sodium and potassium ions caused by endocrine 

stress may also play a role in the toxic effect of several metals on fish species (Alsop & 

Wood, 2011). Given the similar mode of action, a given concentration of metal ions may be 

more likely to have a similar effect on fish, meaning effects are more likely to scale with 

concentration, and this scaling effect was more likely to be detected by our model. 

 

No effect of exposure period on sociability or group cohesion was found for either organic 

or inorganic chemical pollutants, indicating that fish may struggle to acclimate to exposure 

over time. Theoretically, if fish could adjust disrupted ion regulation, or gradually reduce 

cortisol levels over the course of acclimation to chemical pollution, this could result in a 

return to baseline behaviour. Effective regulation of calcium ion concentration and action is 

essential for the function of various systems including the action of ATPase (Rogers & 

Wood, 2004), and adjustments to ion balance may not fully compensate for the action of 

high concentrations of metal ions disrupting these pathways. Acclimation was observed in 

some studies (Capriello et al., 2021; Vogt et al., 2013), however it is likely that the 

exposure period required to elicit a response also varies among substances and modes of 

action. Inorganic pollutants had a greater effect following developmental exposure as 

compared to acute exposure (Figure 3.5A), suggesting greater vulnerability at the 

embryonic or larval stages. However, as only two studies of developmental exposure have 

been carried out (Chen, Lei, et al., 2021; Chen, Li, et al., 2021), further research is needed 

in this area. Acute exposure to chemical pollutant mixtures appeared to produce a greater 

reduction in cohesion and sociability compared with acclimated exposure. This may 

indicate that fish are capable of acclimating to multiple pollutants, though in the case of 

sociability the overall positive relationship could indicate a greater effect following 

prolonged exposure. Multiple pollutants may, in some cases, produce opposing effects, 

leading to a reduction in detectable changes to behaviour and thus making apparent 

acclimation more likely due to the presence of the other compound. Alternatively, 
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pollutants can bioaccumulate, leading to greater effects over time. Which of these may 

occur is likely dependent on the specific combination of pollutants. Pollutant mixtures 

remain understudied, and further investigation of specific combinations would be required 

to draw conclusions on the ability of fish species to acclimate, including interspecific and 

ontogenetic variation in acclimation ability. 

 

While chemical pollutant mixtures are certainly relevant to investigate given the exposure 

to multiple pollutants in many waterways (Dutzik et al., 2009), the pollutant types, dosage, 

and other factors such as water parameters may all have impacts on how species respond 

(Morgan et al., 2001; Orr et al., 2024). The number of studies investigating mixtures of 

multiple chemical pollutants are limited (n = 16), and further research would be required to 

establish patterns. In particular, more studies of wild populations are required, as while 

meta-analysis revealed a greater reduction in social behaviour in wild populations exposed 

to chemical pollutant mixtures, only one study investigated this in wild-exposed 

(uncontrolled) populations, meaning more evidence is required to draw conclusions 

(Figure 3.5B). We also agree with the recent findings of Orr et al. (2024): studies of 

pollutant mixtures, and indeed studies of effects of pollutants in general, should be 

informed by a theoretical understanding of the modes of action of the substances involved, 

and should take into account the strong possibility of non-linear effects when modelling 

results. 

 

3.5.2. Non-chemical pollutants 

No effects of turbidity were found by our meta-analysis on social behaviour, while effects 

of light and noise differed somewhat from what was expected. As shoaling and schooling 

behaviour have a strong visual component, light exposure may be predicted to increase 

cohesion and sociability. In addition, exposure to excess or artificial light may lead to 

stress responses, which may cause social species to move closer together (Marchesan et al., 

2005). However, light exposure was found by meta-analysis to reduce sociability while 

having no effect on cohesion (Figure 3.4E). It is possible that fish respond to excess light 

by increasing activity in an attempt to escape stressful conditions, leading to increased 

movement, which may take individuals away from a shoal. The relatively high sociability 

observed in dark conditions may depend on fish being able to sense groupmates and 

engage in social behaviour under dark conditions despite a reduction in visual cues, 

possibly through other mechanisms such as lateral line sensing (Chaput et al., 2023). The 

pollutant cobalt chloride, a calcium channel antagonist that ablates the lateral line, has been 
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found to significantly reduce shoaling in D. rerio both light and dark conditions, though 

this effect was greater in dark conditions (Chaput et al., 2023). This indicates a significant 

role of the lateral line in detecting the surroundings in fishes. 

 

Meta-analysis revealed no effect of exposure or of noise or light level on group cohesion, 

and no effect of noise on individual sociability. Noises may illicit a startle response in 

fishes, leading to greater cohesion as fish move together due to increased anxiety (Neo et 

al., 2016; Pickering & Pottinger, 1989). The effects of light and noise on cohesion may be 

non-linear, however this does not entirely explain the lack of statistical significance found 

by meta-analysis. There is evidence that fish are able to habituate to sound over even 

relatively short exposure periods, with several studies reporting an increase in group 

cohesion at the start of trials followed by a return to pre-exposure levels or a decrease in 

group cohesion relative to pre-exposure levels as trials progressed (Currie, 2021; Currie et 

al., 2020, 2021; Mauro et al., 2020; Neo, 2016; Neo, Parie, et al., 2015; Neo, Ufkes, et al., 

2015), an effect that was also found by our meta-analysis (Figure 3.5B). Acclimation may 

also play a role in the response to light exposure. In rummy-nose tetra Hemigrammus 

rhodostomus, reduced cohesion was observed under dark conditions (Lafoux et al., 2023). 

As light level increased, fish initially formed highly cohesive and polarized groups, after 

which cohesion decreased again to a steady level, higher than under dark conditions 

(Lafoux et al., 2023). 

 

In the case of both noise and light exposure, aspects of the stressor besides intensity alone 

may affect cohesion and sociability. In the case of noise, factors such as frequency, noise 

source, or pulse regularity affected whether or not fish responded (Neo, Ufkes, et al., 

2015). This may relate to how fish respond to sound types associated with other stimuli in 

natural environments, such as predator calls (Ladich, 2019). Species identity may also be 

important, as the volume, rate, and frequency of noises that fish use to communicate or 

sense danger are likely to vary with environment and ecological niche (Ladich & Fine, 

2006). Ecological variation may also apply to light exposure. While no effect of 

wavelength or brightness of light was found, variation in response to the wavelength and 

brightness of light to which fish were exposed was found among fish species. One study 

looking at the effect of illumination on cohesion across multiple species revealed 

significant interspecific differences and also an effect of increasing versus decreasing light 

level and wavelength (Marchesan et al., 2005). For example, D. labrax shoals became 

more cohesive in lower light conditions when light was gradually reduced, however no 
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effect of a gradual increase was found (Marchesan et al., 2005). The opposite pattern was 

found in M. cephalus and in S. aurata, which tended to increase cohesion as light level was 

increased but did not respond to a gradual reduction (Marchesan et al., 2005). As 

ecological factors such as preferred depth, habitat, and nocturnal or diurnal activity pattern 

are likely to impact how fishes respond to different light levels, further comparisons among 

species would contribute significantly to our understanding of behavioural responses. 

 

While research to date indicates some effects of non-chemical pollutants on social 

behaviour in fishes, various aspects of the effects of non-chemical pollutants remain under-

researched. The effects of non-chemical pollutants on sociability are significantly 

understudied, with only seven studies included in our analysis, and although a significant 

effect of light on sociability was found, effects reported across studies were inconsistent 

for all stressors examined (Table 3.2). Further studies of sociability are strongly needed to 

determine whether changes to individual behaviour may drive changes in cohesion 

observed in some studies, or whether the social environment may affect the response of 

individuals (Michelangeli et al., 2022). In the case of noise, further studies of uncontrolled 

exposure i.e., exposure of wild or farmed populations are also needed. While meta-analysis 

found a greater increase in cohesion following uncontrolled compared with acute exposure 

(Figure 3.5C), the low number of studies (n = 1; (Kok et al., 2021)) of uncontrolled 

exposure limits the conclusions that can be drawn from this. The inability to calculate 

effect size for several papers also reduced our ability to draw strong conclusions, 

highlighting the need for studies to report measured levels of response to stressors, as well 

as model results. Finally, further studies are required to determine whether the effects of 

light found in this review can be extrapolated to a lasting disruptive effect of light 

pollution. Exposure to artificial light at night (ALAN) has been found to disrupt circadian 

rhythms (Brüning et al., 2015), which may affect activity or metabolism and thus disrupt 

social behaviour long after exposure to ALAN. However, only one study explicitly 

investigated the effects of ALAN (Kurvers et al., 2018). This study found no effect on 

social behaviour, but found increased risk-taking behaviour in P. reticulata previously 

exposed to ALAN (Kurvers et al., 2018). Changes to other behaviours are possible, 

therefore, and further study of ALAN as opposed to photoperiod or testing conditions alone 

is strongly needed in order to determine how other species may respond to increasing 

urbanisation resulting in light pollution. 

 

 



95 
 

3.6. Conclusions 

Anthropogenic pollutants have wide-ranging and varied effects on cohesion and sociability 

in fishes, with evidence for effects on sociability and/or cohesion resulting from exposure 

to organic, inorganic, and mixtures of chemical pollutants, as well as increased light levels. 

In some cases, evidence of acclimation was found. Mixtures of chemical pollutants and 

noise exposure both showed evidence of habituation following extended exposure (Neo et 

al., 2018; Stubblefield et al., 1999). Concentration- or level-dependent effects were also 

evident in stressors such as inorganic and mixtures of chemical pollution (Barcellos et al., 

2020; Kimbell & Morrell, 2015). Variation in the response to cohesion versus sociability 

was also found in the case of some chemical pollutants, with exposure to organic and 

inorganic pollutants resulting in reduced sociability but no effect on cohesion. Interactions 

with other behavioural responses may account for this, however further investigation of the 

relationship between individual and group responses to stressors would be beneficial. 

Further study of different chemical pollutant classes is also needed to better explain the 

role of different modes of action in behavioural responses. 

 

While studies have focused on a wide variety of chemical pollutants, there are notable gaps 

in the literature regarding the interactions of multiple stressors. In the limited work done, 

however, there is evidence of exacerbation or interaction among the effects of various 

stressors when fish are exposed concurrently (Fahlman et al., 2021; Maulvault et al., 2018; 

Neo et al., 2018; Santos et al., 2020). Further study of multiple stressor interactions, as 

well as more wild studies, are critical (Dutzik et al., 2009). Also lacking in the literature are 

studies of the effects of pulsed chemical contaminant exposure, such as may be 

experienced from periodic wastewater outflows (Marr et al., 1995), on social behaviour. 

Anthropogenic stressors have been shown to have important effects on group cohesion in 

gregarious fish species. Behaviour is a key aspect of responses to environmental changes, 

and knowledge of how increasingly contaminated aquatic systems will be affected in terms 

of animal behaviour, and how this may translate to changes in ecology, are essential as 

these changes become increasingly common and severe. 
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4.1. Abstract 

As global temperatures rise, the ways in which organisms respond and the wider 

implications of these responses at the level of social groups are of increasing interest. 

Temperature can affect individual and group level social behaviour in fish species, and 

individual behavioural traits can affect group dynamics. However, it is still unknown 

whether the links between group dynamics and traits of individuals within a group may be 

affected by temperature. Here, we investigated whether effects of temperature on 

individual-level behaviour would be reflected in changes in group level behaviour in 

rummy-nose tetras, Hemigrammus rhodostomus, using tracking of individuals with 

quantified individual behavioural traits. We further tested whether measures of individual 

risk-taking behaviour, sociability, and activity level would impact position or interactions 

of these same individuals within groups at 24°C, 27°C, and 30°C. Less-social, less-active 

individuals that displayed greater risk-taking behaviour were more likely to swim at the 

front of a shoal, indicating that these individuals may have a greater influence on group 

decision making. In general, speed and polarisation at the group and individual levels 

increased with temperature. However, swimming speed showed a decline with temperature 

in social, less-active fish and groups containing these, while group polarisation was 
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reduced at high temperatures in groups containing larger fish.  Our results indicate that 

behavioural traits and body size of individuals affect the role of those individuals within 

groups and group-level behaviours, but that these relationships are also modulated by 

environmental factors. These findings demonstrate the importance of incorporating abiotic 

factors when linking individual and group behaviour - a key consideration for species in 

changeable environments. 

 

4.2. Introduction 

The effects of rising temperatures resulting from anthropogenic activities on organisms and 

ecosystems are of critical research interest. Plastic responses or evolutionary adaptation to 

changing conditions are key to understanding the scope for organisms to survive and 

maintain their ecological functions (Wong & Candolin, 2024). While such coping 

mechanisms may occur at the individual level, many animals live in groups and their 

behavioural responses are shaped by social interactions. Studying how individual-level 

adaptation translates to changes at higher levels of organisation is therefore vital for a 

thorough comprehension of ecological resilience, given that processes at the level of the 

social group (Ioannou, 2017) or population (Fronhofer et al., 2015) can feedback to impact 

individual fitness. 

 

Animal behaviours are modulated through a range of drivers and are often affected by 

energy needs (Seebacher & Krause, 2017). In endotherms, changes in the energy landscape 

can lead to changes in social structure.  In weaver birds Philetairus socius, for example, 

social behaviour may be reduced at higher temperatures as individuals prioritise 

thermoregulation (Rat et al., 2020). Within aquatic systems, the effects of temperature on 

animal behaviour may be especially prominent. Many aquatic organisms are ectothermic 

and so their body temperature relies on that of the external environment. As temperatures 

increase, metabolic rates in ectotherms tend to increase (Clarke & Johnston, 1999; Nati et 

al., 2018; Pilakouta et al., 2020), often leading to increased food demand, activity, changes 

to energy budgeting, and knock-on effects on behaviours such as foraging (Garrido et al., 

2016). While group foraging often leads to improved food-finding potential (Pitcher et al., 

1982), food resources are also shared and competed for among group members (Killen, 

Cortese, et al., 2021). Individuals with higher metabolic needs or those that are less able to 

compete may therefore be more likely to leave a group at higher temperatures to avoid 

sharing food resources, leading to reduced tendency to be social (sociability) (Ioannou, 

2017; Killen, Cortese, et al., 2021). Increased foraging frequency (Garrido et al., 2016) and 
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activity at higher temperatures (Bartolini et al., 2015) may also make fish less risk-averse 

(McKenzie et al., 2015; Metcalfe et al., 2016), leading to increased risk-taking behaviour 

(Ioannou, 2017; Killen, Fu, et al., 2016). While individuals of some ectothermic species 

show reduced individual sociability at higher temperatures (e.g. zebrafish Danio rerio 

(Angiulli et al., 2020) and stickleback Gasterosteus aculeatus (Cooper et al., 2018; 

Pilakouta et al., 2023)), others show no effect (Mehdi et al., 2022; Monnet et al., 2023; 

Tang & Fu, 2021; Tiddy, Munson, et al., 2024; Weetman et al., 1999) or an increase in 

sociability with warming (Maulvault et al., 2018). In natural systems, behavioural response 

to temperature may also be modulated by other abiotic (Maulvault et al., 2018) or biotic 

stressors (Weetman et al., 1999). How abiotic factors such as temperature modulate 

behaviour is a key element in understanding intraspecific interactions, particularly in 

gregarious species (Tiddy, Munson, et al., 2024).  

 

Just as individual behavioural responses are modulated by different drivers, behavioural 

dynamics and responses to stressors at the group level are dependent on the responses of 

individuals within the group (Jolles, King, et al., 2020; Killen, Cortese, et al., 2021). In 

gregarious species, the behavioural and physiological traits of individuals can help to 

determine the role and interactions of these individuals within a group, which in turn will 

influence group-level behaviours such as group speed and polarisation (Brown & Irving, 

2014; Herbert-Read et al., 2013; Jolles et al., 2017; Killen, Marras, et al., 2017). For 

example, Jolles et al. (2017) found that individuals often found at the front of the shoal in 

group trials of stickleback Gasterosteus aculeatus were more active and less social in 

individual settings. Fish with a greater tendency to risk-taking behaviour have also been 

found to be more likely to lead a shoal or initiate movements (Bevan et al., 2018; Harcourt 

et al., 2009; Nakayama et al., 2012). Individuals at the front of the group tend to influence 

group decisions (N. Miller et al., 2013; Nakayama et al., 2012), potentially affecting group 

foraging behaviour, predation risk, and other interactions with hetero- or conspecifics 

(Jolles, King, et al., 2020; Killen, Cortese, et al., 2021). In addition, behavioural traits and 

thus group dynamics may be influenced by morphological factors such as body size 

(Johansen et al., 2014; Jolles, King, et al., 2020; Romenskyy et al., 2017). Understanding 

how changes to behaviour at the individual level may correspond to changes in dynamics 

within groups or populations is therefore key to understanding the ecological relevance of 

individual-level behavioural changes (Domenici et al., 2017; Jolles, King, et al., 2020; 

Tiddy, Munson, et al., 2024).  
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In the context of abiotic stressors, an emerging challenge is to understand whether 

behavioural effects observed in individuals translate into changes in group dynamics (Luo 

et al., 2024). As with individual sociability, the effects of temperature on cohesive, 

polarised schools in fishes are mixed (e.g., (Davis et al., 2019; Fahlman et al., 2021; 

Kuruvilla et al., 2023; Mukherjee & Bhat, 2024), reviewed in Tiddy et al., 2024), and can 

be altered by additional stressors such as pH (A. Mitchell et al., 2022), turbidity (Zanghi et 

al., 2023), and predation threats (Kuruvilla et al., 2023).  Although abiotic stressors may 

alter schooling through their effects on individual behaviour (Luo et al., 2024), we still 

know relatively little about how variation among individuals maps onto their roles within 

groups. This is complicated by the fact that the social environment is itself a strong 

determinant of individual behaviour (Killen et al., 2026; Tiddy et al., 2025; Webster et al., 

2007; Webster & Ward, 2011) and may interact with abiotic conditions (Kuruvilla et al., 

2023). Examining behaviour across different social contexts may therefore help reveal how 

individual responses to temperature and other stressors scale up to influence group 

structure and dynamics (Jolles et al., 2017; Magnhagen & Bunnefeld, 2009; Tiddy et al., 

2025; Webster & Ward, 2011).  

 

As ectotherms, and as animals that display social behaviour at one or more life stages, 

fishes are ideal study taxa for investigating effects of acute thermal stress on social 

behaviour. Although previous studies show that temperature can influence both individual 

sociability and group-level shoaling behaviour, we still know little about whether 

temperature changes how individuals with different behavioural tendencies contribute to 

group dynamics. In other words, it remains unclear how thermal stress modifies the links 

between individual behavioural traits and the roles individuals play within shoals. In the 

present study, we examined how acute thermal stress affects relationships between 

individual behavioural traits (activity, risk-taking, and sociability) and individual and 

group-level shoaling dynamics. We expected behavioural responses to temperature 

measured in isolated individuals to be reflected in their behaviour in groups and, in turn, in 

emergent changes in shoal dynamics. We used the rummy-nose tetra Hemigrammus 

rhodostomus (Calovi et al., 2018; Lafoux et al., 2024; Lei et al., 2020; Wood et al., 2014), a 

schooling tropical freshwater fish (Killen et al., 2026), which does not display aggressive 

or territorial behaviour and therefore is well suited for studies of social behaviour.  
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4.3. Methods 

4.3.1. Experimental overview 

To examine how acute temperature exposure influenced behaviour across both solitary and 

social contexts, the same individually tagged H. rhodostomus were tested in a series of 

individual and group behavioural assays (Figure 4.1). Fish were first assessed individually 

for risk-taking behaviour, measured here as tendency to leave a shelter (mean distance to a 

shelter) and sociability, after which group behaviour was tested using the same individuals 

in their original social groups. During trials, treatment fish were exposed acutely to each of 

three temperatures (24°C, 27°C, and 30°C), representing ecologically relevant thermal 

conditions for the species. All individuals and groups experienced all three temperatures 

over the course of the experiment. Temporal control trials conducted entirely at 24°C were 

used to account for potential effects of repeated handling, acclimation, and time spent in 

the arena. This repeated-measures design allowed us to determine whether behavioural 

traits measured in isolated individuals predicted the interactions of those same individuals 

within groups and their influence group dynamics under different thermal conditions. 

 

4.3.2. Study animals 

Wild-caught H. rhodostomus were acquired from a reputable trader and arrived on 

16/10/2023. Fish were initially housed in two large (280 l) tanks containing ~50 

individuals per tank, where they were allowed one week to acclimate and recover from 

transit. Following this, fish were moved into smaller (10 l) tanks in groups of six 

individuals. Eight groups of six were designated as treatment groups. A further four groups 

of six were designated as control groups, however the individuals in one of these groups 

had to be used to replace individuals in other groups, including one treatment group (TG3), 

due to mortality, resulting in three control groups. The remaining four groups of six were 

used as stimulus fish in sociability trials. Following placement in groups of six, individuals 

in control and treatment groups were uniquely tagged using elastomer tags (Northwest 

Marine Technology Inc.) to allow individuals to be identified. Individuals were  
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Figure 4.1. Schematic showing arena setup and temperature ramping procedures for 
A) individual behaviour trials and B) group behaviour trials. In individual behaviour 
trials, opaque inserts (thin black lines) were removed between risk-taking behaviour 
and sociability trials, to allow fish to see the stimulus shoal. Focal fish remained in the 
arena. Inserts were then replaced prior to water being heated for the next risk-taking 
behaviour trial. Fish were separated from the stimulus shoal by transparent perspex 
sealed with aquarium-safe silicone (dashed black lines). The temperature regulation 
setup was the same for all trials but is only illustrated once for simplicity. Solid 
arrows refer to procedures carried out in temperature ramp trials (n = 8 groups, n = 
48 individuals), dashed arrows refer to procedures carried out in temporal control 
trials (n = 5 groups, n = 46 individuals). 
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anaesthetised for tagging and measuring of standard length (mm) and mass (g) using 

benzocaine solution (2.5 mg l⁻¹). All treatment groups and individuals were used in 

behavioural trials at three temperatures (24°C, 27°C, 30°C), representing close to the full 

range of temperatures experienced by H. rhodostomus in the wild (Beltrão dos Anjos et al., 

2017; Fróis et al., 2021). Control groups were used in three successive trials at 24°C to test 

for temporal changes over trials within the same group. All groups were held at 24°C and a 

dissolved oxygen concentration of 100% air saturation. Pilot trials were carried out on 

three groups (TG2, 3, 4) and individuals from these groups to check response of fish to the 

arena and ensure that fish would resume normal behaviour following handling. Pilot trials 

were carried out a minimum of 5 days prior to the same fish being used in treatment trials.  

 

4.3.3. Experimental setup  

A visualisation of our experimental setup is shown in Figure 4.1. Two large opaque plastic 

tubs, lined with white paper to improve contrast of the fish and provide a uniform 

environment, were divided into two areas creating four behavioural arenas. These arenas 

were then divided into three parts, with a smaller chamber (11.5 x 36.5 cm) at each end and 

a larger, central chamber (32.8 x 36.5 cm), separated by transparent PVC dividers. These 

dividers were sealed with aquarium-safe silicon to prevent water exchange between 

chambers. Opaque removable inserts were cut from white PVC plastic; these could be 

placed next to the transparent dividers to hide the end chambers from the central chamber. 

All chambers were filled with water to a depth of 6 cm (volume 12.2 l). Each arena 

contained a water inlet and outlet, which were connected to a sump (one sump per arena; 

sump volume 20 l; total volume per arena 32.2 l) via two Eheim 10 l min-1 pumps. Sumps 

each contained a heater. The heating pipe was connected to an Inkbird thermostat, the 

sensor of which was placed in the central chamber to ensure that the temperature within the 

central chamber would be regulated via the sump. This allowed the temperature within the 

central chamber to be regulated to within +/-0.3°C, with occasional fluctuations of +/-1°C 

due to the high volume of water. As it was found in pilot trials that tetra fail to resume 

normal behaviour when not provided with any form of enrichment, enrichment was 

provided in the form of an artificial plant placed in the centre of the central chamber. In 

addition, two upright opaque pipes were placed either side of the plant. Additional artificial 

plants were also placed in the smaller chambers at each end of the arena, to provide shelter 

to stimulus fish (Figure 4.1).  
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4.3.4. Individual behavioural trials  

Sociability and risk-taking behaviour were assessed in all individuals from treatment and 

control groups to examine whether temperature-induced differences in behavioural traits 

measured in individual assay contexts would influence behaviour when fish were 

subsequently placed in a shoal. Shoals of six stimulus individuals were placed in one of the 

side chambers in each arena (Figure 4.1). The side on which stimulus fish were placed 

initially was determined randomly, after which the side in which stimulus fish were placed 

was alternated after every trial. During risk-taking behaviour trials, the opaque inserts were 

left in, meaning that the focal individual placed in the central chamber could not see the 

conspecifics in the adjacent chamber. As dividers were sealed, fish were not alerted to the 

presence of the conspecific shoal by olfactory cues.  Focal individuals were taken from 

treatment or control groups and placed in the central chamber. Fish were allowed 30 

minutes of free swimming to settle and resume normal behaviour, i.e., normal opercular 

rhythm and swimming behaviour rather than freezing or darting around the tank due to 

stress. Fish were then filmed from above using a GoPro Hero 6 Black in linear mode with a 

frame rate of 25 fps and 1080p resolution for ten minutes, to assess risk-taking behaviour. 

Videos were processed using the behavioural tracking software EthoVision (Noldus et al., 

2001). Median speed of movement during the trial (cm s-1), thigmotactic behaviour 

(percentage time spent near the chamber wall) and mean distance to the nearest shelter 

(plant and pipes; cm) were recorded based on x-y coordinates in each frame. 

 

Following the end of risk-taking behaviour trials, focal individuals remained in the arena, 

the camera was switched off, and both opaque panels were removed to allow the test fish 

to see the stimulus conspecifics in one of the end chambers. Fish were allowed five 

minutes to recover from the disturbance caused by removing the opaque panels, following 

which they were again filmed from above for ten minutes, to assess sociability. Mean 

distance to the stimulus shoal (cm) and median speed of movement (cm s-1) were recorded 

based on x-y coordinates in each frame.  

 

For all fish in the treatment groups (n = 48), risk-taking behaviour and sociability were 

initially measured at 24°C (trial 1), following which temperature was raised to 27°C (trial 

2) at a rate of approximately 1°C per 10 minutes, meaning ramping occurred over 30 

minutes (Figure 4.1). Fish were then given 10 minutes to settle following temperature 

change before the risk-taking behaviour and sociability trials were repeated. The 

temperature was then further increased from 27°C to 30°C at the same rate of temperature 
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increase, and risk-taking behaviour and sociability trials were carried out at 30°C (trial 3). 

Following trial completion, the central chambers were gradually cooled back to 24°C, over 

approximately 15 minutes. 

 

To control for time spent in the arena, n = 46 (reduced from n = 48 due to mortality 

occurring between treatment and control trials being carried out; see ethical note) 

individuals from eight groups were used in temporal control trials. Fish came from three 

control groups of naïve fish that did not experience temperature treatments, and five groups 

(treatment groups 2, 4, 6, 7, and 8) that had previously experienced trials with temperature 

change (Supplementary Figure 4.1). Temporal control trials consisted of the same temporal 

setup as described above, including ramp periods, but temperature did not change during 

the “ramp” periods and was instead maintained at 24°C, i.e., trials 1, 2, and 3 occurred at 

24°C (Figure 4.1). Trials were carried out in the order: treatment groups (individual trials); 

treatment groups (group trials); control groups (individual trials); control groups (group 

trials) (Supplementary Figure 4.1). Trials were arranged so that fish had a minimum of 48 

hours to recover between individual and group trials, and where necessary, between 

temperature ramp and temporal control trials.  

 

4.3.5. Group behavioural trials  

To allow behaviours recorded independently of conspecifics to be linked to interactions 

within a group, group behavioural trials were carried out for the same fish used in 

individual behavioural trials. Groups in which fish were housed during routine holding 

were the same groups in which they were tested for group behaviour. During group trials (n 

= 8 groups of five to six individuals), the same arenas were used as for individual trials, 

with the opaque inserts left in so fish could not see into the adjacent chambers. Removable 

curved inserts were added to the corners of the central chamber to prevent fish from 

congregating in the corners. The central plant shelter was removed for group behavioural 

trials, to minimise interference during the automated tracking of fish positions. Pipes were 

left in place as these did not block the view of the camera (Figure 4.1). At the start of each 

trial, recording from the camera above the arena was started and all individuals in a group 

were placed into the tank in a specific order according to individual tag ID. This allowed 

individuals IDs to be known throughout the trial. While groups originally contained six 

fish, some mortality (total n = 11) occurred throughout the experiment. This was attributed 

to natural causes and tagging-related mortality (detailed below) and while fish were 

replaced if group size decreased below five individuals (TG3) we did not have sufficient 
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individuals to replace all mortalities. For this reason, TG3 contained five individuals at the 

time of group temperature ramp trials. Sample size for individual behavioural metrics 

within group trials was therefore n = 47. While individuals were filmed throughout the 15-

minute trial, only the latter ten minutes were used in data analysis to allow fish five 

minutes to recover from transfer to the central chamber. During pilot trials, a 20-minute 

acclimation period was used, however it was observed that the fish returned to normal 

behaviour, i.e., regular opercular rhythm, moving around the central chamber and 

interacting with conspecifics, after five minutes when in groups. While groups may have 

varied in time taken to acclimate, all groups used in the final analysis were observed to 

resume normal behaviour within five minutes. Acclimation and trial time were therefore 

kept constant to allow trial order to be more easily accounted for in models.  

 

All groups were placed in arenas at 24°C. For half of the groups, fish were initially filmed 

at 24°C (trial 1) following which temperature was ramped to 27°C (trial 2) and 30°C (trial 

3) as described for individual trials, with fish given ten minutes to settle at each new 

temperature (Figure 4.1). To control for the effects of repeated handling during trials, the 

other half of groups experienced reversed temperature ramp order: fish were added to 

central chambers at 24°C, following which temperature was increased to 30°C over the 

course of one hour. Trials were then carried out as described above, with central chambers 

decreasing rather than increasing in temperature between trials, i.e., trial 1 was carried out 

at 30°C, trial 2 at 27°C, and trial 3 at 24°C. 

 

Similarly to in individual trials, temporal control trials were carried out for group 

behaviour to examine the effects of time spent in the arena. These used the same groups 

listed above for individual temporal control trials. Control groups (CG1-3) failed to resume 

normal behaviour in group trials.  For temporal control group trials therefore only groups 

that had previously experience temperature ramp trials were used in final analysis, giving n 

= 5 groups of five to six individuals. Reasons for failure to resume normal behaviour in 

control groups are unknown as control fish behaved normally in individual trials. 

 

Group behavioural trials were analysed using the motion tracking software TRex (Walter 

& Couzin, 2021). All tracks were manually checked to ensure accurate identification at the 

individual level throughout, referencing the source video if necessary. The interpolation 

function in TRex was also activated, to allow interpolation of x and y coordinates if a track 

was momentarily lost. Data processing was carried out in R (version 4.5.1) (R Core Team, 
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2025). Measures of interindividual distance (mean nearest neighbour distance (NND) (cm), 

mean distance to the shoal centroid (MDCS) (cm)), activity (median speed (cm s¯¹)), 

polarisation (median turning angle (TA) (°)), mean rescaled bearing to the nearest 

neighbour (°) (MacGregor & Ioannou, 2023)), mean heading difference from nearest 

neighbour (°)) and position within the group (mean normalised distance along the group’s 

direction of motion) were calculated for all individuals throughout the trial. Speed, turning 

angle, rescaled bearing, and heading difference were only calculated when individual speed 

was ≥1 cm s¯¹, as this was taken to represent active swimming. This threshold value was 

based on the frequency distribution of speeds, which had a mode at 1 cm s¯¹, indicating 

that lower values likely reflected minimal or non-swimming movement. Mean distance 

along the group’s direction of motion was only calculated from time points where group 

polarisation was greater than 0.3, i.e., when fish were swimming in approximately the 

same direction. To assess behaviour at the level of the whole group, median speed of the 

group centroid (cm s¯¹) and mean group polarisation were also calculated for each trial. 

Mean group polarisation was calculated only from time points when group speed was ≥1 

cm s⁻¹, i.e., when the group was swimming together and polarisation could be calculated 

reliably. Full details of how metrics were calculated can be found in the supplementary 

methods.  

 

Due to time constraints, trials were carried out once at each temperature for each individual 

or group. A summary of treatments and trials is shown in Supplementary Figure 4.1. 

 

4.3.6. Statistical analysis 

4.3.6.1. PRINCIPAL COMPONENT ANALYSES  

As multiple behavioural metrics were collected for each trial, we use a multivariate 

approach to analysis where feasible to reduce multiple comparisons and collinearity. For 

traits measured in individual behavioural trials, a principal component analysis (PCA) with 

a correlation matrix was performed on DCS, activity in sociability trials, and MDNS. This 

PCA was intended primarily as a dimensionality-reduction approach for analysing overall 

effects of temperature and time on individual behaviour while minimising multiple 

comparisons. Activity in risk-taking behaviour trials and thigmotaxis were modelled 

separately due to zero-inflation making these variables incompatible with a standard PCA 

(Hellton et al., 2021). The first two principal components (PCs), cumulatively explaining 

83.5% of total variance, were then used as response variables to model the effects of 

temperature on individual behavioural traits (Supplementary Figure 4.2A). This PCA was 
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constructed using data from both temporal control and temperature ramp trials, to allow 

effects of time to be accounted for in models.  

 

A second PCA, also using a correlation matrix, was subsequently carried out using only 

data from individual temperature ramp trials. As correlations among DCS, MDNS, and 

activity in sociability trials (Supplementary Figure 4.3A, Supplementary Table 4.1A) 

caused collinearity in preliminary models of behaviour in groups, this PCA was used to 

reduce collinearity among individual behavioural traits before these were included as 

explanatory variables in models of group behaviour. Because the goal in this case was to 

remove correlations among behavioural variables rather than reduce the total number of 

variables, all three resultant PCs were retained for subsequent analyses, with PCs 1, 2, and 

3 explaining 52%, 29.6%, and 18.4% of the total variance respectively (Supplementary 

Figure 4.2B). 

 

When modelling data from group trials, due to the large number of variables collected for 

individual-level behaviour within group trials (NND, mean distance to the group centroid, 

speed, turning angle, difference in heading, rescaled bearing, and normalised distance 

along group motion) and the correlations among these (Supplementary Figure 4.3B; 

Supplementary Table 4.1B), these variables were also reduced using another PCA. The 

first three components, respectively explaining 37.2%, 29.5%, and 15.1% of variance, were 

then used as the response variables in models of group behaviour (Supplementary Figure 

4.4).  

 

4.3.6.2. INDIVIDUAL TEMPERATURE TRIALS  

To determine the effects of temperature on individual behaviour, four models were 

constructed on data from temperature ramp and temporal control trials. The response 

variables in these models were thigmotaxis, activity in risk-taking behaviour trials, and the 

first two principal components of the PCA constructed on DCS, MDNS, and activity in 

sociability trials using both temperature ramp and control data. The explanatory variables 

in these models were treatment (control or temperature ramp treatment), trial number as a 

factor, and the interaction between treatment and trial number. Trial number was included 

along with the interaction to separate effects of time and temperature, as all individual 

temperature trials were carried out in the same order. Fish ID nested within group ID was 

also included as a random effect. PCs 1 and 2 were modelled using linear mixed models 

(LMMs) in the glmmTMB package (Brooks et al., 2017), with PC1 being log-transformed 
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to ensure model assumptions were met. Thigmotaxis and activity in risk-taking behaviour 

trials were modelled using generalized LMMs (GLMMs) with zero-inflated beta 

distributions in the glmmTMB package (Supplementary equations 4.1-4.2) with values < 

0.3 cm s-1 being taken as zero values in the case of activity in risk-taking behaviour trials.  

 

4.3.6.3. GROUP TEMPERATURE TRIALS  

To determine whether behavioural traits of fish in individual trials were linked to 

behaviour displayed by these individuals in group trials, three LMMs were constructed in 

glmmTMB. The response variables in these models were the first three components of the 

PCA carried out on individual-level behavioural variables measured in group trials, as 

described above. Explanatory variables were temperature as a factor, trial number as a 

continuous variable, standard length (mm) and the three components of the PCA carried 

out on individual behavioural traits (sociability, risk-taking behaviour, and activity in 

sociability trials) using data from temperature ramp trials only. Trial number was included 

as a continuous variable to reduce degrees of freedom and because we found no evidence 

that the effect of time was not linear, based on models constructed from temporal control 

data (Supplementary Table 4.2; Supplementary models 4.1-4.2). The interactions between 

temperature and all individual behavioural variables, and between temperature and 

standard length were also included in the full models. Group size as a factor (five or six), 

and fish ID nested within group ID were included as random effects.  

 

To determine the effects of temperature and individual traits on group speed and 

polarisation, two LMMs were constructed in glmmTMB. The response variables in these 

models were group speed and group polarisation, with both being log transformed to 

ensure model assumptions were met. Explanatory variables were temperature as a factor, 

trial number as a continuous variable, standard length (mm) and the three components of 

the PCA carried out on individual behavioural traits using data from temperature ramp 

trials only. The interactions between temperature and all individual behavioural traits, and 

between temperature and standard length, were also included in the full models. Group ID 

and group size as a factor (five or six) were included as random effects.  

 

For all group models, stepwise model selection was carried out using the drop1() function 

with a likelihood ratio test in the stats package to compare models without each interaction 

term. Interaction terms were retained if there was evidence that removing them affected the 

model log likelihood (Tredennick et al., 2021) at p < 0.05. Post-hoc analysis was then 
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carried out on all models in the emmeans package using a Tukey p-value adjustment for 

multiple comparisons (Lenth, 2025), to compare among levels of the temperature variable 

and any retained interactions. 

 

For all analyses, model fit and validation of model assumptions were examined using the 

DHARMa package (Hartig, 2016) in R. Pseudo-R2 with (conditional R2; R2
c) and without 

(marginal R2; R2
m) random effect variables were calculated for each model (Nakagawa & 

Schielzeth, 2013) using the MuMIn package (Bartoń, 2010). R2 was not calculated for 

models with zero-inflated distributions, as R2 does not account for zero-inflation, making 

results difficult to interpret. 

 

4.3.7. Ethical note  

All work involving live fish was carried out under personal licence (PIL) number 

I32381320 (UK) granted to ICT and project licence number PP2587075 (UK) granted to 

SSK. Licences for live animal work were granted by the UK Home Office. All procedures 

were approved by the University of Glasgow Animal Welfare and Ethical Review Body, 

Named Training and Competency Officer Dr Lesley Gilmour, and Named Veterinary 

Surgeon Dr Lynda Dunbar under University of Glasgow Experimental Request Form 

number/AWERB approval number ZRF024. Animals were sourced through a supplier 

verified for animal welfare by the University of Glasgow Zoological Research Facility. 

Animals were sourced from a reputable trader and transported under controlled conditions. 

The number of animals acquired was calculated to allow formation of eight groups of six 

fish for use in temperature trials (n = 48), four groups of six fish used in temporal control 

trials (n = 24), and four groups of six fish for use as stimulus shoals (n = 24; total n = 96). 

All individuals were adults; however exact age of individuals is unknown. Individuals 

were not sexed as H. rhodostomus do not display sex-specific external characteristics. 

Animals were initially housed in groups of ~50 before being divided into groups of six and 

placed in smaller tanks. Both small and large tanks contained gravel substrate and artificial 

plants to provide shelter and reduce stress. Tanks were constantly flushed with fresh water 

and were cleaned weekly to remove any build-up of waste and uneaten food and prevent 

disease. Fish were fed twice daily on flake food, and on frozen bloodworms weekly to 

improve dietary variation and provide a source of protein. Fish were housed in an 

aquarium with limited access to minimise disturbance. For all behavioural trials, fish were 

allowed time to settle in arenas and following temperature changes to minimise stress and 

facilitate the return of normal behaviour following transport to behavioural arenas. Fish 
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spent minimal time in behavioural arenas before being returned to holding tanks. For 

tagging, weighing, and measuring, fish were anaesthetised to reduce stress. Fish were 

supervised during recovery from anaesthesia and allowed at least 48 hours to recover from 

tagging prior to being used in behavioural trials. Anaesthesia using the usual recommended 

dose of benzocaine (5 mg l⁻¹) resulted in mortality of all individuals tagged (n = 5), 

therefore anaesthesia dose was halved (2.5 mg l⁻¹) for all remaining tagging and no further 

mortality following tagging was observed. Other mortality during the study was minimal 

(n = 6) and attributed to natural mortality, as fish age varied. Following trial completion, 

untagged stimulus fish (n = 24) were rehomed in line with departmental guidelines and 

following vet examination. Tagged treatment and control fish (n = 61 remaining) were 

Schedule 1 culled using anaesthetic overdose (benzocaine 10 mg l⁻¹). 

 

4.4. Results  

4.4.1. Principal component analyses  

For individual behavioural data from temperature ramp and temporal control trials, PC1 

(51.2% of variance) was found to be negatively correlated with sociability (positively 

correlated with DCS), activity in sociability trials, and risk-taking behaviour (MDNS) 

(Supplementary Figure 4.3A). Greater PC1 scores therefore indicated less-social, less-

active, more risk-averse fish. PC2 (32.3%) was positively correlated strongly with MDNS 

and less-strongly with DCS, indicating less risk-averse, less-social fish, but was negatively 

correlated with activity.  

 

For individual behavioural data from temperature ramp trials only, correlations with PC1 

(52%) and PC2 (29.6%) were similar to those described above (Supplementary Figure 

4.3B). PC3 (18.4%) was strongly negatively correlated with DCS and activity in sociability 

trials, meaning greater PC3 scores indicated fish that were more active but less social. 

 

For the PCA of individual-level behavioural metrics within group trials, PC1 (37.2% of 

variance) was positively correlated with speed but negatively correlated with heading 

difference and turning angle; thus, higher values of PC1 indicate fast, straight, polarised 

swimming (Supplementary Figure 4.4). PC2 (29.5%) was positively correlated with NND 

and MDCS, indicating greater inter-individual distances (Supplementary Figure 4.4), and 

with bearing to nearest neighbour, indicating nearest neighbours were more likely found 

alongside rather than in front or behind. PC3 (15.1%) was negatively correlated with the 

distance along the group’s direction of motion, so that fish near the rear of the shoal had 
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higher PC3 values. PC3 was also positively correlated with the bearing angle of the nearest 

neighbour, indicating fish swimming alongside one another (Supplementary Figure 4.4).  

 

4.4.2. Individual temperature trials  

Standard length of fish ranged from 24.1-33.4 mm with a mean ± se of 28.4 ± 0.32 

(Supplementary Table 4.3). Mean standard lengths within groups were between 27-29 mm 

for all but two groups (TG2: 29.4 mm; CG3: 31.7 mm). Fish mass ranged from 0.284 g to 

1.204 g with a mean ± se of 0.535 ± 0.024 g. Mean mass within groups ranged from 0.4-

0.56 g for all but two groups (TG2: 0.808 g; CG3: 0.665 g).  

 

Activity in risk-taking behaviour trials was greater in trial 2 of control trials (GLMM: z = 

2.481, p = 0.013; Table 4.1). The zero-inflated model showed a reduction in the number of 

completely inactive fish (i.e., zero values) at both 27°C (temperature trial 2) (GLMMzi: z = 

-2.697, p = 0.007) and 30°C (temperature trial 3) (GLMMzi: z = -2.738, p = 0.006; Table 

4.1; Figure 4.2A).  While there were no effects of temperature on thigmotaxis found in the 

conditional model (27°C: p = 0.735; 30°C: p = 0.359), the zero-inflated model showed an 

increase in incidence of thigmotactic behaviour i.e., fish were less likely to spend no time 

near the wall, at 30°C (GLMMzi: z = -2.595, p = 0.009;  Table 4.1; Figure 4.2B). There was 

also an increase in thigmotaxis in temperature compared with control trials (GLMMzi: z = -

2.240, p = 0.025), and a marginally non-significant increase in thigmotaxis in trial 3 of 

control trials (GLMM: z = 1.850, p = 0.064).  There was a marginally non-significant 

increase in PC1 (low sociability, activity, risk-taking) scores in trial 3 (LMM: z = 1.847, p 

= 0.065) and a marginally non-significant decrease at 30°C (LMM: z = -1.874, p = 0.061). 

Post-hoc testing showed that PC1 scores were significantly lower at 30°C (temperature 

trial 3) than in control trial 3 (emmeans: z = -3.004, p = 0.032), indicating increased 

sociability, activity, and risk-taking at high temperature in trial 3 (Table 4.1; Figure 4.2C). 

PC2 (high risk-taking, low sociability and activity) scores were lower in temperature ramp 

trials compared with temporal control trials (LMM: z = -2.266, p = 0.024), however no 

effect of trial number or the interaction with treatment was found (Table 4.1). 
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Figure 4.2. Effect of repeated trials and temperature 
on A. activity level in individual risk-taking trials; 
B. thigmotaxis (time spent near the arena wall) in 
individual risk-taking trials; C. PC1: negatively 
correlated with activity in individual sociability 
trials, sociability, and risk-taking. pzi indicates the p 
value from the zero-inflated model (Table 4.1) as 
activity in risk-taking trials and thigmotaxis were 
plotted with zero-inflated distributions. p values for 
temperature effects only are shown on graphs. 
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Table 4.1. Factors affecting traits displayed by individuals in individual risk-taking 
behaviour and sociability trials. Variables with significant or marginally non-
significant effects are shown in bold. * indicates significance at p < 0.05. ** indicates 
significance at p < 0.01. *** indicates significance at p < 0.001. OR = Odds ratio. R2 
values represent pseudo-R2. R2 values were not calculated for zero-inflated models as 
the effects of zero-inflation are ignored, making results difficult to interpret.  

Response 
variable 

Explanatory  
variable 

Estimate 
Std. 

Error 
z p R2

m R2
c 

      0.029 0.418 
PC1 (Low 
sociability, 
activity, risk-
taking) 

Intercept 1.335 0.044 30.54 < 0.001   
Treatment 
(Temperature) 

-0.027 0.052 -0.513 0.608   

Trial 2 0.051 0.050 1.036 0.300   
 Trial 3 0.092 0.050 1.847 0.065   
 Temp*Trial2 -0.058 0.069 -0.828 0.408   
 Temp*Trial3 -0.131 0.070 -1.874 0.061   

Post-hoc test 
Control Trial 2 – Temp 
Trial 2 (27°C) 

-0.084 0.052 -2.232 0.588   

Post-hoc test 
Control Trial 3 – 
Temp Trial 3 (30°C) 

-0.157 0.052 -3.004 0.032*   

      0.031 0.185 

PC2 (High risk-
taking, low 
sociability, 
activity) 

Intercept 0.044 0.811 0.054 0.957   
Treatment 
(Temperature) 

-0.445 0.197 -2.266 0.024*   

Trial 2 0.041 0.187 0.219 0.827   
 Trial 3 -0.070 0.188 -0.372 0.710   
 Temp*Trial2 0.003 0.028 0.114 0.910   
 Temp*Trial3 0.126 0.261 0.481 0.631   

Post-hoc test 
Control Trial 2 – Temp 
Trial 2 (27°C) 

-0.320 0.197 -1.626 0.581   

Post-hoc test 
Control Trial 3 – Temp 
Trial 3 (30°C) 

-0.178 0.197 -0.905 0.946   

        

Thigmotaxis 
(conditional 
model) 

Intercept -0.143 0.285 -0.502 0.615   
Treatment 
(Temperature) 

0.280 0.362 0.822 0.411   

Trial 2 0.405 0.370 1.095 0.274   
 Trial 3 0.795 0.423 1.850 0.064   
 Temp*Trial2 -0.159 0.469 -0.339 0.735   
 Temp*Trial3 -0.476 0.519 -0.918 0.359   

Thigmotaxis 
(zero-inflated 
model) 

Intercept 0.351 0.299 1.174 0.241   
Treatment 
(Temperature) 

-0.952 0.425 -2.240 0.025*   

Trial 2 -0.526 0.421 -1.249 0.212   
 Trial 3 0.444 0.440 1.009 0.313   
 Temp*Trial2 -0.641 0.660 -0.971 0.331   
 Temp*Trial3 -1.789 0.689 -2.595 0.009**   
Post-hoc test 
(conditional) 

Control Trial 2 – Temp 
Trial 2 (27°C) 

OR: 0.871 0.274 -0.439 0.998   

Post-hoc test 
(conditional) 

Control Trial 3 – Temp 
Trial 3 (30°C) 

OR: 1.195 0.452 0.471 0.997   
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Activity (risk-
taking) 
(conditional 
model) 

Intercept -1.619 0.191 -8.499 < 0.001   
Treatment 
(Temperature) 

0.047 0.251 0.186 0.852   

Trial 2 0.565 0.228 2.481 0.013*   
 Trial 3 0.051 0.237 0.215 0.830   
 Temp*Trial2 -0.309 0.330 -0.938 0.348   
 Temp*Trial3 0.335 0.336 0.997 0.319   

Activity (risk-
taking) (zero-
inflated model) 

Intercept -1.558 0.389 -4.006 < 0.001   
Treatment 
(Temperature) 

1.222 0.487 2.509 0.012*   

Trial 2 0.732 0.504 1.451 0.147   
 Trial 3 0.865 0.501 1.725 0.084   
 Temp*Trial2 -1.861 0.690 -2.697 0.007**   
 Temp*Trial3 -1.864 0.681 -2.738 0.006**   
Post-hoc test 
(conditional) 

Control Trial 2 – Temp 
Trial 2 (27°C) 

OR: 1.300 0.299 1.141 0.864   

Post-hoc test 
(conditional) 

Control Trial 3 – Temp 
Trial 3 (30°C) 

OR: 0.682 0.165 -1.584 0.609   

        

 

4.4.3. Group temperature trials 

Fish swam faster and were more polarised with nearest neighbours at 27°C (LMMPC1: z = 

6.624, p < 0.001) and 30°C (LMMPC1: z = 10.52,  p < 0.001; Table 4.2; Figure 4.3A) 

compared with at 24°C, and post-hoc analysis showed an increase in speed and 

polarisation at 30°C compared with at 27°C (emmeansPC1: z = 3.988, p < 0.001). Fish were 

less polarised and swam more slowly in successive trials (LMMPC1: z = -6.392, p < 0.001). 

Inter-individual distances were reduced at 27°C (LMMPC2: z = -2.573, p = 0.010; Table 

4.2; Figure 4.3B) and at 30°C (LMMPC2: z = -2.032, p = 0.042) but no significant 

difference was found between 27-30°C. Inter-individual distance was also increased in 

successive trials (LMMPC2: z = 9.514, p < 0.001). Fish swam in a more linear spatial 

arrangement (i.e., one in front of the other), and were more even distributed along the 

group range of motion at 27°C (LMMPC3: z = -2.241, p = 0.025; Table 4.2; Figure 4.3C) 

and at 30°C (LMMPC3: z = -2.598, p = 0.009), but there was no difference between 27-

30°C (Table 4.2). A negative relationship between group PC3 with individual PC2 

(LMMPC3: z = -2.423, p = 0.015; Figure 4.3D) indicates that fish with greater risk-taking 

behaviour but lower activity and sociability swam near the front of the shoal in a more 

linear spatial arrangement. Fish swam in a more linear spatial arrangement and were more 

evenly distributed throughout the group in successive trials (LMMPC3: z = -4.172, p < 

0.001; Table 4.2). 
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Figure 4.3A. Effect of temperature on group PC1: positively correlated with speed, negatively correlated with turning angle and heading 
difference to nearest neighbour, B. Effect of temperature on group PC2: positively correlated with inter-individual distance and bearing to 
nearest neighbour. C. Effect of temperature on group PC3: negatively correlated with distance along group range of motion, positively 
correlated with bearing to nearest neighbour. D. Relationship between group PC3 and individual PC2: Positively correlated with risk-taking 
behaviour, negatively correlated with activity and sociability. E. Effect of temperature on the relationship between group PC1 and individual 
PC3: positively correlated with sociability, negatively correlated with activity in sociability trials. 

Individual PC2 (High risk-taking,  
low activity and sociability) 
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There was a marginally non-significant positive relationship between individual PC3 

(social, less-active fish) and swimming speed and polarisation in group trials at 24°C 

(LMMPC1: z = 1.873, p = 0.061; Table 4.2; Figure 4.3E). The interaction between 

individual PC3 and temperature was retained in the PC1 model (LRT = 6.226, p = 0.044) 

and had a negative relationship with PC1 at 27°C (LMMPC1: z = -2.159, p = 0.031; Table 

4.2; Figure 4.3E) and 30°C (LMMPC1: z = -2.461, p = 0.014). The positive effect of 

temperature on speed and polarisation of individuals in groups was therefore reversed in 

fish that were social but less active (Table 4.2). Fish standard length had no effect on any 

metric of individual behaviour in a shoal (Table 4.2). A visual representation summarising 

the relationships between individual and group dynamics across temperatures is shown in 

Figure 4.4. 

Figure 4.4. Diagram showing differences and similarities in group dynamics at 
control (left) and elevated (right) temperatures. Similarities in group dynamics across 
temperature conditions are shown in red; dynamics that were changed at high 
temperatures are shown in blue. 

 

Less social, acƟve, and risk-averse fish are group leaders 



117 
 

Table 4.2. Results of general linear mixed models of factors affecting traits displayed 
by individuals during group trials. Variables with significant or marginally non-
significant effects are shown in bold. * indicates significance at p < 0.05. ** indicates 
significance at p < 0.01. *** indicates significance at p < 0.001. R2 values represent 
pseudo-R2. 

Response 
variable 

Explanatory  
variable 

Estimate 
Standard 

error 
z value p value R2

m R2
c 

      0.195 0.833 
PC1 (fast, 
polarised, 
straight-line 
swimming) 

Intercept 0.458 1.119 0.410 0.682   

Low sociability, 
activity, risk-taking 
(PC1) 

-0.034 0.058 -0.597 0.551   

High risk-taking, low 
sociability, activity 
(PC2) 

0.012 0.068 0.181 0.856   

 
High sociability, low 
activity (PC3) 

0.349 0.186 1.873 0.061   

 Standard length (mm) -0.013 0.036 -0.350 0.726   

 27°C 0.905 0.137 6.624 < 0.001***   

 30°C 1.452 0.138 10.52 < 0.001***   

 Trial number -0.440 0.069 -6.392 < 0.001***   

 PC3*27°C -0.479 0.222 -2.159 0.031*   

 PC3*30°C -0.535 0.217 -2.461 0.014*   

Post-hoc test 27-30°C 0.547 0.137 3.988 < 0.001***   

Post-hoc test PC3*27-30°C -0.056 0.198 -0.294 0.954   

      0.204 0.743 

PC2 
(spread out, 
unpolarised) 

Intercept -3.462 1.417 -2.444 0.015   

Low sociability, 
activity, risk-taking 
(PC1) 

-0.040 0.066 -0.605 0.545   

High risk-taking, low 
sociability, activity 
(PC2) 

-0.092 0.079 -1.160 0.246   

 
High sociability, low 
activity (PC3) 

-0.179 0.110 -1.627 0.104   

 Standard length (mm) 0.080 0.049 1.634 0.102   

 27°C -0.387 0.151 -2.573 0.010*   

 30°C -0.310 0.153 -2.032 0.042*   

 Trial number 0.725 0.076 9.514 <0.001***   

Post-hoc test 27°C - 30°C 0.078 0.152 0.511 0.866   

      0.122 0.648 

Intercept 1.133 1.371 0.827 0.408   
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PC3 
(swimming 
alongside, 
back of group) 

Low sociability, 
activity, risk-taking 
(PC1) 

-0.110 0.062 -1.782 0.075   

High risk-taking, low 
sociability, activity 
(PC2) 

-0.169 0.070 -2.423 0.015*   

 
High sociability, low 
activity (PC3) 

-0.119 0.096 -1.241 0.215   

 Standard length (mm) -0.012 0.048 -0.257 0.797   

 27°C -0.296 0.132 -2.241 0.025*   

 30°C -0.347 0.134 -2.598 0.009**   

 Trial number -0.278 0.067 -4.172 <0.001***   

Post-hoc test 27°C - 30°C -0.052 0.133 -0.380 0.920   

 

The centroid of the shoal moved faster at 27°C (LMM: z = 9.114, p < 0.001; Table 4.3; 

Figure 4.5A) and 30°C (LMM: t = 14.66, p < 0.001) compared with at 24°C, and at 30°C 

compared with at 27°C (emmeans: z =5.654, p < 0.001). Speed was reduced, however, in 

successive trials (LMM: z = -11.95, p < 0.001). Group polarisation was increased at both 

27°C (LMM: z = 2.306, p = 0.021; Table 4.3; Figure 4.5B) and 30°C (LMM: z = 3.832, p < 

0.001) compared with at 24°C, and at 30°C compared with at 27°C (emmeans: z = 3.425, p 

= 0.002). Polarisation also declined with successive trials (LMM: z = -11.53, p < 0.001). 

Groups comprised of social, less-active fish moved faster in group trials at 24°C (LMM: z 

= 2.817, p = 0.005; Table 4.3; Figure 4.5C). This relationship was altered at high 

temperatures, however, with groups containing social, less-active individuals moving more 

slowly at 30°C (LRT = 9.124, p = 0.01; LMM: z = -3.179, p < 0.001; Table 4.3; Figure 

4.5C). At 27°C, groups containing social, less-active individuals still moved faster, 

however this trend was reduced (z = -2.078, p = 0.038; Figure 4.5C). Behavioural traits of 

individuals within groups had no effect on group polarisation (Table 4.3), however, there 

was a positive effect of standard length on group polarisation at 24°C (LMM: z = 2.097, p 

= 0.036; Figure 4.5D). The interaction between standard length and temperature was also 

retained in the group polarisation model (LRT = 7.762, p = 0.021). Polarisation was 

reduced in shoals containing larger fish at 30°C (LMM: z = -3.014, p = 0.003). 
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Individual PC3 (High sociability, low activity) 

Figure 4.5. Effect of temperature on A. 
median speed of the group centroid, B. 
mean group polarisation, C. the relationship 
between median speed of the group centroid 
and individual PC3: negatively correlated 
with activity in sociability trials, positively 
correlated with sociability, and D. the 
relationship between standard length of fish 
in groups and group polarisation, according 
to temperature treatment. 
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Response 
variable 

Explanatory variable Estimate 
Standard 

error 
z value p value R2

m R2
c 

      0.300 0.885 

Group speed Intercept 1.296 0.125 10.35 < 0.001   

 
Low sociability, 
activity, risk-taking 
(PC1) 

-0.004 0.007 -0.572 0.567   

 
High risk-taking, low 
sociability, activity 
(PC2) 

-0.002 0.009 -0.257 0.797   

 
High sociability, low 
activity (PC3) 

0.065 0.023 2.817 0.005**   

 Standard length (mm) 0.001 0.004 0.261 0.794   

 27°C 0.173 0.019 9.114 < 0.001***   

 30°C 0.280 0.019 14.66 < 0.001***   

 Trial number -0.114 0.010 -11.95 < 0.001***   

 PC3*27°C -0.061 0.029 -2.078 0.038*   

 PC3*30°C -0.088 0.028 -3.179 0.001**   

Post-hoc test 27°C - 30°C 
OR: 
0.898 

0.017 5.654 < 0.001***   

Post-hoc test PC2*27-30°C 0.028 0.024 1.148 0.485   

      0.173 0.898 

Group 
polarisation 

Intercept -0.768 0.095 -8.09 < 0.001   

Low sociability, 
activity, risk-taking 
(PC1) 

-0.001 0.003 -0.242 0.809   

 
High risk-taking, low 
sociability, activity 
(PC2) 

0.000 0.004 0.071 0.943   

 
High sociability, low 
activity (PC3) 

0.008 0.006 1.428 0.153   

 Standard length (mm) 0.006 0.003 2.097 0.036*   

 27°C 0.270 0.117 2.306 0.021*   

 30°C 0.450 0.117 3.832 < 0.001***   

 Trial number -0.057 0.005 -11.53 < 0.001***   

 27°C*SL -0.007 0.004 -1.767 0.077   

 30°C*SL -0.013 0.004 -3.014 0.003**   

Post-hoc test 27°C - 30°C 
OR: 
0.967 

0.009 3.425 0.002**   

Post-hoc test 27-30°C*SL -0.005 0.004 -1.262 0.417   

SL = Standard length (mm); OR = Odds ratio. 

Table 4.3. Results of general linear mixed models of factors affecting group speed and 
polarisation during group trials. Variables with significant or marginally non-
significant effects are shown in bold. * indicates significance at p < 0.05. ** indicates 
significance at p < 0.01. *** indicates significance at p < 0.001. R2 values represent 
pseudo-R2. 
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4.5. Discussion 

Abiotic stressors such as temperature are increasingly recognised as critical drivers of 

animal behaviour, yet how individual‐level thermal responses give rise to emergent group‐

level dynamics in gregarious species remains poorly understood (Tiddy, Munson, et al., 

2024). Our results reveal that influence of individual behavioural traits on group dynamics 

are modulated by temperature in H. rhodostomus. Notably, individuals that were less 

social, less active, and had a greater tendency to risk-taking when alone tended to position 

themselves at the front of groups, possibly giving these individuals a greater role in 

initiating movement (N. Miller et al., 2013; Nakayama et al., 2012). Overall, individuals 

and groups swam faster and were more polarised at higher temperatures. Group structure 

changed as temperature increased, however, with more linear positioning of individuals 

throughout the group, and social, less-active fish swimming more slowly. Speed of the 

group centroid was also reduced in groups containing social, less-active individuals at 27-

30°C, indicating that temperature alters how traits scale to group-level performance. These 

findings highlight that both individual traits and environmental conditions influence 

collective behaviour, improving our understanding of how social fish species might 

respond to acute thermal stress.  

 

 Increased temperatures are often associated with higher metabolic rates in ectotherms 

(Clarke & Johnston, 1999; Nati et al., 2018; Pilakouta et al., 2020), possibly leading to 

greater activity in mobile species such as fish (Bartolini et al., 2015). This is consistent 

with our results wherein faster swimming speeds were found at higher temperatures in 

individual and group behavioural trials. Increased activity may lead to greater risk-taking 

behaviour (Ioannou, 2017; Killen, Fu, et al., 2016; McKenzie et al., 2015; Metcalfe et al., 

2016) and reduced sociability (Angiulli et al., 2020; Cooper et al., 2018; reviewed in 

Tiddy, Munson, et al., 2024), both as a function of increased movement and due to changes 

in social drive (Garrido et al., 2016; Killen, Cortese, et al., 2021). While we found 

increased risk-taking behaviour (mean distance to shelter) at 30°C, fish were also generally 

closer to the arena walls (thigmotaxis) at this warm temperature. Increased thigmotaxis in 

this case may therefore be a by-product of increased activity, with individuals moving 

more being more likely to spend time near the chamber walls, without this necessarily 

representing a reduced tendency for risk-taking behaviour. It should be noted that R2
m 

values, i.e., the amount of variation explained by fixed model effects of treatment, trial, 

and their interaction, were low compared with variation explained by the random effect of 

individual fish identity (R2
m–R2

c) in models for individual behavioural traits. This indicates 
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a strong influence of individual identity on behaviour over that of the thermal environment, 

i.e., potentially high cross-context repeatability (Killen, Adriaenssens, et al., 2016). 

Repeatability itself was not examined in the present study, however, due to lack of repeated 

samples across thermal conditions. Similarly high levels of behavioural variation explained 

by individual identity versus environmental effects have been found in, for example, 

guppies Poecilia reticulata (O’Neill et al., 2018) and cod Gadus morhua (Villegas‐Ríos et 

al., 2018), though further study of behavioural repeatability is needed in H. rhodostomus.   

 

The observed increase in sociability at high temperatures may indicate that even when 

moving more, H. rhodostomus prioritise proximity to a social group over exploring, 

foraging, or attempting to escape acute thermal stress.  The majority of previous studies 

have found either a negative effect or no effect of temperature on sociability in fish 

(Angiulli et al., 2020; Cooper et al., 2018; Mehdi et al., 2022; Pilakouta et al., 2023; Tiddy, 

Munson, et al., 2024). One study on meagre Argyrosomus regius reported increased 

sociability with warming, but this was not accompanied by increased activity (Maulvault et 

al., 2018). It should be noted, however, that the majority of studies have focused on 

acclimated exposure to temperature change, rather than short-term thermal stress (Tiddy, 

Munson, et al., 2024). Acute temperature change may be less likely to elicit a reduction in 

sociability, as gregarious fish often move closer together when stressed, and conspecific 

presence has been found to have a “calming” effect on individuals (Nadler et al., 2016; 

Pintos et al., 2024). Interestingly, Cooper et al. (2018) found that acutely exposed 

stickleback Gasterosteus aculeatus were less likely to alter space use to spend time with a 

shoal placed in warmer water (i.e., reduced sociability) in a temperature choice assay. 

Responses to acute temperature change may therefore vary among species and possibly 

depending on factors such as individual temperature preference (Cooper et al., 2018). Even 

when fish are allowed time to acclimate, temperature may also amplify the effects of other 

acute stressors (Munson et al., 2024). Weetman et al. (1999) found that guppies preferred 

smaller shoals when acclimated at high temperatures but switched this preference when 

exposed to a predation threat, an effect that was not found at low temperatures. While 

acclimated exposure is highly relevant to many ecosystems, understanding the behavioural 

impacts of short-term thermal stress is also key for freshwater species living in variable 

environments, such as Amazonian tetra species (Campos et al., 2017; Marshall et al., 

2011).   
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It has previously been shown that individual traits can impact group dynamics (e.g., Jolles 

et al., 2017), however our study is the first to show that while behavioural traits of known 

individuals may scale up to affect group dynamics, this is in some cases temperature 

dependent. Fish that displayed lower sociability and activity in sociability trials, and higher 

risk-taking behaviour tended to swim at the front of the group in group trials (PC3; Figure 

4.3). This finding is consistent with previous work on fish, which found that less-social 

(Bevan et al., 2018; Jolles et al., 2017) and less risk-averse (Bevan et al., 2018; Harcourt et 

al., 2009; Nakayama et al., 2012, 2016) individuals were more likely to swim at the front 

of shoals and/or initiate movements. This effect was not dependent on temperature in the 

present study, though fish in groups swam more linearly at higher temperatures (PC3). 

Increased movement linearity may be due to increased swimming speed, as found in 

rainbowfishes Melanotaenia spp. (M. I. A. Kent et al., 2019). In the present study, fish 

generally increased in speed and polarity with nearest neighbours at higher temperatures; 

however, we found the relationship between speed and polarity of swimming of individuals 

in groups (PC1) and temperature to be dependent on individual traits. Fish with high 

sociability but low activity in sociability trials reduced their speed relative to shoalmates 

and increased turning angle and bearing to nearest neighbours at higher temperatures 

(Figure 4.3A; Figure 4.4). Speed of the group centroid also increased with temperature, but 

decreased at higher temperatures in groups containing social, less-active individuals 

(Figure 4.5A). Increased speed of movement within shoals with temperature at both the 

individual and group levels has been found by several studies (Bartolini et al., 2015; Davis 

et al., 2019; Luo et al., 2024); however, modulation of this effect according to the 

behavioural traits of individuals within groups has previously lacked empirical evidence. 

The effects of temperature and other abiotic factors on the links between levels of social 

behaviour is an important area for further study in fish, given the prevalence of gregarious 

behaviour across species and life stages.  

 

While our results show evidence that individual behavioural traits may interact with the 

effects of temperature when fish are placed in groups, the mechanisms for this remain 

unclear. Fish often swim faster with increasing temperature below a critical threshold due 

to higher metabolic activity (Luo et al., 2024; Zeng et al., 2009), however this response has 

been found to vary both among (Gomez-Maldonado & Camacho-Cervantes, 2022; Luo et 

al., 2024) and within species (Biro et al., 2010; Johansen et al., 2014). In the present study, 

more-social, less-active individuals differed in their temperature-related activity response 

when in groups. This may be an effect of physiological limitation, if these fish were unable 
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to keep up with faster-moving conspecifics at higher temperatures (Johansen & Jones, 

2011). As we did not measure physiological thermal tolerance or swimming performance, 

however, this is purely speculative. Alternatively, some individuals may reduce activity at 

higher temperatures as an energy-saving strategy. Johansen et al. (2014) found reduced 

spontaneous swimming activity in coral trout Plectropomus leopardus at increased 

temperatures, an effect attributed to energy-saving behavioural plasticity. Some fish 

species have previously been found to conform to groupmates’ swimming speeds (Jolles et 

al., 2018), however, in some cases prioritising this over individual preferred swimming 

speeds (Tiddy et al., 2025). In addition, groups in the present study did not lose 

polarisation or increase interindividual distances at high temperatures as would be 

expected if some individuals were unable or did not choose to swim with the group. A 

recent study found temperature to modulate links between metabolic rate and individual 

behaviour in sheepshead minnow Cyprinodon variegatus (Schumm et al., 2026), while 

individual variation in plastic metabolic response to low temperatures was not reflected in 

behavioural variation in cunner Tautogolabrus adspersus (Norin et al., 2024). Factors other 

than increased metabolic rate may help to determine behaviour under varying thermal 

conditions, therefore. As we cannot rule out an effect of physiological limitation in the 

present study, however, it would be highly beneficial for future studies to measure 

metabolic as well as behavioural responses to temperature at the individual and group 

levels. 

 

Interestingly, the effects of individual behavioural traits on speed, individual polarity with 

nearest neighbours, and within-group positioning were not present for individual distance 

to nearest neighbours or to the group centroid (inter-individual distances), or for 

polarisation at the group level. Group polarisation is strongly linked to swimming speed 

(M. I. A. Kent et al., 2019), and both were found to increase with temperature in the 

present study (Figure 4.5). Despite intra-individual and intra-group variation in swimming 

speed and group dynamics across temperatures, though, the effect of temperature on group 

polarisation was not dependent on individual behavioural traits. There was, however, a 

negative effect of standard length of individuals within groups on polarisation at higher 

temperatures. As larger fish tend to be less agile (Jolles, King, et al., 2020) and have a 

larger repulsion distance (Romenskyy et al., 2017) larger fish may struggle to maintain 

polarisation with other shoal members at the higher speeds observed in this study at higher 

temperatures. In the case of inter-individual distances, previous studies of temperature on 

shoaling have often found fish to move apart as swimming speeds increase (Bartolini et al., 
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2015; Davis et al., 2019), though recent studies have shown that fish are sometimes able to 

remain close to shoalmates despite moving faster (Kuruvilla et al., 2023; Luo et al., 2024). 

In H. rhodostomus we found lower inter-individual distances at high temperatures, despite 

increased activity. H. rhodostomus have been found to perform well in shoaling tests 

involving a visual stimulus (light-dark gradient), due to their ability to individually sense 

and respond to stimuli (Puckett et al., 2018). While our assays did not involve such a 

gradient, it is possible that the shoaling performance of H. rhodostomus allows them to 

maintain low inter-individual distances at high speeds despite variation in individual 

behavioural responses to temperature.   

 

Time, i.e., the number of successive trials to which fish had been subjected, had a 

significant effect on group speed and polarisation, and on various individual-level metrics 

measured within group trials. It is possible therefore that additional handling affected fish 

behaviour (Philippe et al., 2023), however as the direction of temperature ramping was 

reversed in half of group trials our models are still able to detect effects of temperature 

independent of time. It has previously been found that group movements in fish may 

become less coordinated and more variable over time even without a handling stimulus 

(MacGregor & Ioannou, 2021), so the observed effect may have been found regardless. In 

individual trials, while effects of time were found on thigmotaxis, activity in risk-taking 

trials, and PC1, effects of treatment, i.e., temperature ramps in successive trials were also 

found on these variables. This indicates that while changes in behaviour over time occurred 

in control trials, responses in some temperature trials differed significantly (Table 4.1), 

showing evidence for effects of thermal stress on individual-level behavioural traits.  

 

4.6. Conclusions 

As environmental extremes become more common, predicting their ecological impacts for 

social species will require understanding not only how temperature affects individuals, but 

also how effects on individuals alter interactions within groups. In H. rhodostomus acute 

warming showed both independent and trait-dependent effects on social behaviour: 

activity, sociability, and risk-taking behaviour increased in isolated fish, and higher activity 

also emerged in groups at elevated temperatures, but in a manner that depended on the 

individual behavioural traits of constituent group members. Moreover, individual traits 

were linked to group position and behavioural role, and the traits that best predicted these 

roles differed in some cases among thermal environments. These results suggest that 

thermal stress does not simply change mean behaviour but can alter how behavioural 
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variation among individuals is expressed within groups. More broadly, our findings 

highlight that forecasting the effects of warming on social species will require moving 

beyond individual-level responses alone and considering how temperature modifies the 

contribution of different individuals to collective behaviour. 
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5.1. Abstract 

As rising temperatures impact aquatic ecosystems, hypoxia is an increasing threat to 

organisms. Many fishes are dependent on dissolved oxygen to meet their metabolic needs 

and are therefore vulnerable to changes in oxygen level. Hypoxia has been found to have 

metabolic and neurosensory effects on fish, which may lead to disruption of adaptive 

behaviours. While there is significant evidence that hypoxia reduces group cohesion in 

fish, evidence for changes to individual sociability and other behaviour traits is lacking. 

Here, we aimed to investigate the effects of hypoxia on social behaviour at the group and 

individual level in Hemigrammus rhodostomus. We also sought to determine whether 

hypoxia affects the association between individual traits and group-level behaviours, or 

dynamics within the group. We tested individual social and risk-taking behaviour in H. 

rhodostomus at three levels of oxygen: 100% (normoxia), 70% (mild hypoxia) and 30% 

(severe hypoxia). We then placed these fish in groups of six and used high-resolution 

tracking to analyse both group-level behaviour and behaviour of individuals with known 

traits, under the same treatments. Fish were less active under low oxygen in both individual 

and group trials. In group trials, shoals were less polarised but more cohesive, particularly 
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for larger fish, under severe hypoxia. Risk-taking behaviour in individual trials may 

modulate the response to hypoxia in group trials, likely through differences in activity level 

response. Our study reveals how individual behavioural traits contribute to group dynamics 

under varying conditions.  

 

5.2. Introduction 

The increasing severity of climate change and anthropogenic pollution is a growing 

problem for many ecosystems, leading to changes in abiotic conditions. Low levels of 

dissolved oxygen, or hypoxia, as a result of increased temperatures and eutrophication is a 

key concern in aquatic environments (Gattuso et al., 2015; Graham et al., 2025; Levin et 

al., 2015). Changes in abiotic conditions such as hypoxia frequently have strong effects on 

behaviour and physiology, even at sublethal levels (Domenici et al., 2017). As 

environmental change becomes more widespread and extreme, understanding plastic 

responses and evolutionary adaptations to these stressors at the individual level has become 

increasingly important to ecological understanding and conservation efforts. Just as 

important, however, is the ability to contextualise these adaptations above the individual 

level, and to understand how individual-level adaptations translate to changes at the level 

of social groups. This approach is vital to our interpretation of individual-level data and is 

therefore an area of increasing interest in ecological research (Jolles, King, et al., 2020).  

 

Hypoxia is a significant stressor in aquatic ecosystems, the incidence of which has been 

growing in recent years (Graham et al., 2025; Pezner et al., 2023). Hypoxia, generally 

defined as occurring when water oxygen content is ≤30% air saturation (Cook et al., 2014; 

Domenici et al., 2017; Tiddy, Munson, et al., 2024), has a range of effects on aquatic 

organisms. In extreme cases, hypoxia or anoxia, meaning a complete lack of oxygen, may 

result in suffocation and death for organisms (Domenici et al., 2017). At less severe levels, 

hypoxia may have sublethal effects (Heuer & Grosell, 2014). Hypoxia can affect metabolic 

and neural functioning in fish and other aquatic organisms (Domenici et al., 2007; Lucon-

Xiccato et al., 2014; Schellart & Wubbels, 1998), with carry-over effects on behaviour, 

including increases or reductions in activity associated with attempts to escape hypoxic 

conditions (Domenici et al., 2000) or conserve oxygen, respectively Click or tap here to 

enter text.(Herbert & Steffensen, 2005; Killen et al., 2012). Hypoxia may also affect space 

use, such as increases in airbreathing (Killen et al., 2018; Pineda et al., 2020) or aquatic 

surface respiration (Mandic & Regan, 2018) to access oxygen. Behaviours such as these 
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may allow organisms to cope with unfavourable conditions while avoiding or buffering 

physiological stress arising from these conditions (Domenici et al., 2017). 

 

Behavioural responses to or constraints induced by stressors may, however, interfere with 

key adaptive behaviours such as social behaviour, and the ways in which behaviour scales 

from individual to group levels. In gregarious species, social behaviour is advantageous for 

predator protection, foraging success, and reproduction (Ioannou, 2017; Marras et al., 

2015; Pitcher et al., 1982). The dynamics of social groups may, however, depend on the 

behavioural traits of individuals within the group and the roles that these individuals take. 

Jolles et al. (2017) found that more social stickleback Gasterosteus aculeatus swam more 

slowly when in a group and swam closer to nearest neighbours, while more active, less 

social individuals tended to swim at the front of moving groups. Tendency for risk-taking 

behaviour may also have an effect on within-group positioning, with fish that are less risk-

averse being more likely to lead groups or initiate movements (Bevan et al., 2018; 

Nakayama et al., 2012, 2016). Changes to social behaviour arising from stressors such as 

hypoxia may therefore occur at both the individual and group levels, and stressors may 

modulate the relationship between individual behavioural traits and group dynamics. For 

example, in a gregarious species that tends to be less cohesive under hypoxic conditions, 

sociability in individuals may no longer function as a predictor of cohesive group 

behaviour under hypoxic conditions. Various studies have investigated the effects of 

hypoxia on group cohesion, meaning the tendency to shoal together, in fish species 

(Alfonso et al., 2020; Cook et al., 2014; Domenici et al., 2002; Hayes et al., 2019; Moss & 

McFarland, 1970; Tiddy, Munson, et al., 2024). The effects of hypoxia on individual 

behavioural traits such as sociability, and the role of these traits in determining group 

dynamics in response to hypoxia, however, are less well-studied (Sommer‐Trembo et al., 

2017; Tiddy, Munson, et al., 2024). For gregarious animals, understanding how links 

between individual behavioural traits and group dynamics may vary according to abiotic 

conditions is key to predicting impacts of abiotic stressors on species. 

 

Despite the increasing relevance of studying the impact of abiotic stressors on behaviour, 

the links between behavioural traits of known individuals and their interactions with 

conspecifics in a group is yet to be studied in the context of hypoxia. The present study 

compared behaviour of individuals and groups in a model species, rummy-nose tetra 

Hemigrammus rhodostomus. These fish were chosen as they are a schooling species that 

do not display aggressive or territorial behaviour towards conspecifics (Jiang et al., 2017). 
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We aimed to investigate the effects of hypoxia on risk-taking (isolated individuals), 

sociability (where a conspecific shoal was visible) and activity level in individual rummy-

nose tetra. Risk-taking behaviour was measured here as tendency to leave a shelter (mean 

distance to a shelter). We then quantified the joint effects of hypoxia and individual-level 

traits on the same individuals in free-swimming group trials. We measured shoaling 

behaviour at both the individual level (proximity to their nearest neighbour and the group 

centroid, angular direction of individuals’ nearest neighbour, difference in heading with the 

nearest neighbour, relative position of the individual in the group’s direction of motion) 

and group level (the speed of the group centroid and polarisation of the group).  

 

5.3. Methods 

5.3.1 Study animals  

Wild-caught Hemigrammus rhodostomus were supplied by The Trop Co. and delivered to 

the Zoological Research Facility (ZRF), Graham Kerr Building, University of Glasgow, on 

16/10/2023. Fish were allowed to recover from transit in one of two large (280 l) tanks 

each containing ~50 individuals. After one week, groups of six fish were randomly 

selected and housed in smaller (10 l) tanks. Of these groups, eight were used as treatment 

groups, while four were used as stimulus shoals. The remaining three groups were 

designated as control groups. Originally, four control groups were allocated, however some 

control individuals had to be used to replace individuals in other groups, including one 

treatment group (TG3), due to mortality (n = 11 in total, attributed to natural mortality (n = 

6) and tagging, detailed below). Groups were held at 24°C and 100% oxygen saturation. 

After the experiment, untagged stimulus fish were rehomed following vet examination and 

approval of the animal welfare officer. Tagged treatment and control fish were euthanized 

using anaesthetic overdose (benzocaine 10 mg l⁻¹). Study fish had a mean (± standard 

error) standard length of 28.4 ± 0.34 mm (range 24.1 - 33.4 mm) and a mean mass of 0.535 

± 0.024 g (range 0.284 - 1.204 g). Full per-group fish size data is shown in Supplementary 

Table 5.1. As temperature and hypoxia exposures were originally intended to be carried out 

as a single experiment, fish used in hypoxia trials were the same as those used in the 

temperature trials described in Chapter 4, with temperature trials being carried out prior to 

temporal control trials. The temporal control data used for Chapters 4 and 5 is the same. 

 

5.3.2 Tagging  

Following group allocation, individuals in treatment and control groups were individually 

tagged using elastomer tags. The first group of individuals were anaesthetised for tagging 
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using 5 mg l⁻¹ benzocaine solution, however this dose caused 80% mortality (mortality n = 

5) and dose was therefore halved to 2.5 mg l⁻¹ for the remainder of the groups. No further 

mortality during or immediately after tagging was observed. Individuals were weighed 

(mass in grams) and standard length (SL) in millimetres was measured after tagging.  

 

5.3.3 Experimental setup  

Experimental arenas consisted of four behavioural arenas lined with white paper to 

improve video quality and provide a uniform environment. Each arena was divided into 

three parts using transparent PVC dividers, with a smaller chamber (11.5 x 36.5 cm) at 

each end and a larger, central chamber (32.8 x 36.5 cm). Aquarium-safe silicon was used to 

seal dividers, preventing water exchange between chambers and meaning stimulus shoals 

would not experience hypoxia. Opaque white PVC plastic inserts were placed next to the 

transparent dividers during risk-taking behaviour trials, to prevent visual access to the 

stimulus shoal. Chambers were filled with water to a depth of 6 cm. Each arena contained a 

water inlet and outlet, which were connected to a sump at 24°C (one sump per arena) via 

two Eheim 10 l min-1 pumps. Sump temperature was regulated via a heating pipe 

connected to an Inkbird thermostat, the sensor of which was placed in the behavioural 

arena (Supplementary Figure 5.1). An air stone connected to a nitrogen gas cannister via a 

solenoid valve was also placed in the sump. The solenoid valve was connected to a 

FireSting oxygen probe, with the sensor placed in the behavioural arena. The FireSting was 

connected to an OxyReg oxygen regulator. This allowed the nitrogen flow and therefore 

the level of oxygen in the arena to be regulated to within +/-5%. To reduce stress to focal 

fish, shelter was provided in the form of an artificial plant placed in the centre of the arena, 

and two upright opaque pipes placed either side of the plant. To provide shelter to stimulus 

fish, artificial plants were also placed in the smaller chambers.  

 

5.3.4 Individual behavioural trials  

For the first trial of each day, stimulus individuals were randomly allocated to one side of 

each arena; the side on which shoals were placed was then alternated throughout the day. 

During risk-taking behaviour trials, opaque inserts prevented focal individuals from seeing 

the conspecifics in the adjacent chamber. Sealing the transparent dividers also prevented 

olfactory cues from attracting fish to the side containing the shoal. Fish were initially 

allowed 30 minutes of free swimming to acclimate to the arena and resume normal 

behaviour. Fish were then filmed from above using a GoPro Hero 6 Black in linear mode 

with a frame rate of 25 fps and 1080p resolution for ten minutes.  
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Videos of individual behavioural trials were processed using the motion tracking software 

EthoVision (Noldus et al., 2001). In risk-taking behavioural trials, the following individual 

behavioural metrics, hereafter referred to as individual behavioural traits or individual 

traits, were extracted using the x and y coordinates of each fish in each frame of the video 

(25 frames per second): mean distance to nearest shelter (cm; MDNS); percentage of time 

spent near the chamber wall (thigmotactic behaviour); and mean speed of movement (cm s-

¹). 

 

Immediately after the end of risk-taking behaviour trials, the opaque inserts on each side of 

the central chamber were removed, allowing fish visual access to the stimulus shoal. Fish 

were allowed five minutes to recover from this disturbance, following which social 

behaviour was filmed from above for ten minutes using the same protocol as in risk-taking 

behaviour trials. As described above, mean distance to the conspecific shoal (cm) and 

mean speed of movement (cm s-¹) were calculated for each trial using EthoVision (Noldus 

et al., 2001).  

 

Three oxygen treatments were applied to all treatment individuals (n = 44) for individual 

behavioural trials. These treatments were 100% (control level), 70%, and 30%. Risk-taking 

and sociability were initially measured at 100% O₂, following which oxygen level was 

reduced to 70% at a rate of approximately 10% per 10 minutes, so that ramping occurred 

over 30 minutes. Fish were then given 10 minutes to settle at the new oxygen level. Risk-

taking and sociability trials were then carried out at the new oxygen level as described 

above. This process was repeated, further reducing the O₂ saturation from 70% to 30% 

over ~40 mins. Following trial completion, fish were moved directly back into 100% O₂ 

saturated water. 

 

To control for the effect of time spent in the arena and repeated exposure, n = 46 fish 

(greater than for hypoxia trials due to mortality, see above) from eight groups, consisting of 

three control groups that did not experience treatments, and five of the treatment groups, 

were used in temporal control trials. These consisted of the same time period spent in the 

arena as in the hypoxia trials, with the same behavioural trial protocols applied (i.e., trials 

were repeated three times as described above), however conditions did not change during 

ramp periods (Figure 5.1). Conditions were instead maintained under ambient conditions, 

i.e., trials 1, 2, and 3 occurred at 24°C and 100% oxygen saturation. Individuals from 
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treatment groups 2, 4, 6, 7, and 8 underwent control trials prior to hypoxia ramp trials; this 

was necessary due to logistical and time constraints, and group and individual identity 

were included in models as a random effect.  

 

5.3.5 Group behavioural trials  

The same arenas described above were used for group trials, with opaque panels left in so 

fish could not see into the adjacent chambers. Curved inserts were attached to the corners 

of the arena, so that fish did not congregate in corners. The central plant shelter was 

removed as it blocked the view of the camera making individual fish difficult to identify. 

Pipes were left in but moved to the very centre of the arena to avoid blocking the camera. 

At the start of each trial, the camera was switched on, and individuals were placed into the 

tank in a specific order according to individual tag ID, allowing individual identification at 

all points during the trial. Individuals were filmed throughout the 15-minute trial; however, 

the first five minutes were treated as a recovery period from handling and only data from 

the final ten minutes was used.  

 

During group trials, oxygen was ramped following the initial trial in the same way, and fish 

were also given 10 minutes to settle. Fish were then captured and re-released into the tank 

after filming was started, as described above, at the start of trials at each oxygen 

concentration. To control for the effects of repeated handling during trials, half of the group 

trials (treatment groups 2, 3, 5, and 6) were carried out with oxygen treatments in the order 

described above, while the other half (treatment groups 1, 4, 7, and 8) were carried out in 

the reverse order (30%, 70%, 100%; Figure 5.1). Fish in the latter groups were added to 

behavioural arenas at 100% O₂, following which oxygen was reduced to 30% over the 

course of 70 mins. Trials were then carried out as described above, with arenas increasing 

rather than decreasing in O₂ saturation between trials. To re-oxygenate the water in these 

reversed ramps, an additional air stone connected to an air supply was added to the sump 

during oxygen ramps.  

 

Temporal control trials were also carried out to account for time spent in the arena in group 

trials, using the same groups from which fish were taken for individual temporal control 

trials. As described above, trials were repeated three times for each group with conditions 

maintained at 100% oxygen and 24°C. While fish from control groups behaved normally in 

individual temporal control trials, control groups failed to resume normal behaviour in 

group trials and were therefore excluded from group trial analyses. The final sample sizes  
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Figure 5.1. Diagram showing progression of fish through individual and group behaviour 
trials under different conditions of oxygen concentration. Blue writing indicates conditions 
experienced by control fish; green writing indicates conditions experienced by treatment fish 
in hypoxia trials. Black arrows indicate transfers between tanks or experiments, i.e., 
procedures carried out on different days. Red arrows indicate transitions between trials 
occurring sequentially, i.e., on the same day. Solid lines in trial diagrams indicate opaque 
walls; dashed lines indicate transparent barriers (sociability trials). Treatment groups 2, 4, 6, 
7, and 8 underwent control trials prior to treatment trials. Tanks and experimental arenas 
are not shown to scale. Group trial data from control groups was excluded therefore final 
control trial group n = 5 and individual n = 28. 

Individual risk-taking behaviour 
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for behaviour at the group and individual levels in group temporal control trials were 

therefore n = 5 and n = 28, respectively.  

 

Group behavioural trials were analysed using the motion tracking software TRex (Walter 

& Couzin, 2021). To ensure that individuals were correctly identified throughout videos, 

and to prevent identification errors if fish crossed over each other, TRex tracks were 

carefully checked, with reference to the original video if necessary. Where fish ID 

following a crossover event was not immediately clear, individuals were identified based 

on size, elastomer tags if these were visible in the video, and trajectory during the 

crossover event. The interpolation function in TRex was also activated, to allow 

interpolation of x and y coordinates if a track was momentarily lost.  

 

Data processing was carried out in R version 4.3.3. (R Core Team, 2025) to calculate 

parameters for all individuals in each group. For each individual in each trial, 

interindividual distance (mean nearest neighbour distance (NND; cm), mean distance to 

the centre of the shoal (MDCS; cm)), activity (median speed (cm s¯¹)), polarisation 

(median turning angle (TA; °), mean rescaled bearing to nearest neighbour (°), mean 

heading difference from nearest neighbour (°)), and position within the group (mean 

normalised distance along the group’s direction of motion) were calculated. Median speed, 

turning angle, rescaled bearing, and heading difference were only calculated when 

individual speed was ≥1 cm s¯¹, indicating that fish were swimming. Distance along the 

group motion was only calculated where group polarisation was ≥0.3, indicating 

unidirectional swimming. In addition, group-level measures of activity (median speed of 

the group centroid (group speed; cm s¯¹)) and polarisation (mean group polarisation) were 

calculated for each trial. Group polarisation was calculated only from time points when 

group speed was ≥1 cm s⁻¹. Full details of how each metric was calculated are given in the 

supplementary methods.  

 

5.3.6. Statistical analysis 

5.3.6.1. PRINCIPAL COMPONENT ANALYSES  

All data analysis was carried out in R version 4.5.2 (R Core Team, 2025). Due to a 

correlation between sociability and activity in sociability trials which caused collinearity in 

some models (Supplementary Figure 5.2A; Supplementary Table 5.2A), a principal 

component analysis (PCA) with a correlation matrix was performed on individual 

sociability (distance to a conspecific shoal) and activity level (mean speed of movement). 
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As both of the resultant principal components (PCs) explained >25% of the variance 

(Supplementary Figure 5.3) and the goal was to solve multicollinearity rather than 

reducing the number of variables, both PCs were used as explanatory variables in models 

of group behaviour. 

 

In group trials, due to the large number of variables collected for individual behaviour 

within these trials (NND, mean distance to the group centroid, speed, turning angle, 

difference in heading, rescaled bearing, and normalised distance along group motion) and 

the correlations among these (Supplementary Figure 5.2B; Supplementary Table 5.2B), 

these variables were summarised using a PCA. The first three components, cumulatively 

explaining 78.9% of variance (Supplementary Figure 5.4), were then used as the response 

variables in the models of group behaviour.   

 

5.3.6.2. INDIVIDUAL HYPOXIA TRIALS  

All models were constructed using the glmmTMB package (Brooks et al., 2017). To 

determine the effects of hypoxia on individual behaviour, five models were constructed on 

data from hypoxia ramp trials and data from temporal control trials. The response variables 

in these models were MDNS, thigmotaxis, mean speed of movement in risk-taking 

behaviour trials, mean speed of movement in sociability trials, and DCS. The explanatory 

variables were treatment (hypoxia or control), trial number as a factor (1, 2, 3), and the 

interaction between treatment and trial number. The interaction was included to determine 

effects of hypoxia independently of time, as all individual trials were carried out with 

oxygen level decreasing. Fish ID nested within group ID was also included as a random 

effect. MDNS, activity in sociability trials, and DCS were modelled using linear mixed 

models (LMMs), with DCS being log transformed to meet model assumptions. 

Thigmotaxis and activity in risk-taking behaviour trials were modelled using generalized 

linear mixed models (GLMMs) with zero-inflated beta distributions, following 

transformation according to Supplementary Equations 5.1 and 5.2. Post-hoc analysis was 

then carried out on all models using the emmeans package with a Tukey adjustment (Lenth 

& Piaskowski, 2025) to show pairwise comparisons between control and hypoxia trials.  

 

5.3.6.3. GROUP HYPOXIA TRIALS  

To determine whether behavioural traits of fish in individual trials were linked to 

behaviour at the individual level in group trials, three models were constructed. The 

response variables in these models were the first three components of the PCA carried out 
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on individual-level behavioural variables in group trials, as described above. Group PCs 2 

and 3 were modelled using LMMs, while PC1 was modelled using a GLMM with a beta 

distribution. PC1 was transformed according to Supplementary Equation S3 to allow this. 

To determine the effects of hypoxia and traits of individual fish in groups on group speed 

and polarisation, two LMMs were constructed. The response variables in these models 

were speed of the group centroid and group polarisation, respectively. Both speed of the 

group centroid and group polarisation were log transformed to meet model assumptions.  

 

Explanatory variables in group models were individual PCs 1 and 2, risk-taking behaviour 

(MDNS), standard length of the fish, oxygen level as a factor, and trial number as a 

continuous variable. Trial number was included as a continuous variable as analysis of 

temporal control trial data indicated effects of trial number but did not show any indication 

that these were not linear (Supplementary models S5.1-5.2, Supplementary Table 5.3). The 

interactions between oxygen level and fish behavioural traits and standard length were also 

included in the full models. Model selection was then carried out using the “dredge” 

function in the MuMIn package to compare models with all possible combinations of 

interaction effects (Bartoń, 2010). The best fit model was selected based on AIC and model 

Akaike weight, i.e., the model with the lowest AIC value and therefore highest Akaike 

weight was selected (Wagenmakers & Farrell, 2004). Post-hoc analysis was then carried 

out on all models using the emmeans package with a Tukey adjustment (Lenth & 

Piaskowski, 2025) to compare among levels of the hypoxia variable and any retained 

interactions.  

 

Following the original recommendations of Fisher (1922), we consider p-values as a 

continuous indicator of the strength of evidence against the null hypotheses being true, and 

use the language suggested by Muff et al. (2022) when discussing results.  

 

That model assumptions were met for all models was verified using the model diagnostics 

package DHARMa (Hartig, 2016), and response variables were transformed as described 

above if necessary to meet model assumptions. Pseudo-R2 with and without random effect 

variables were calculated for models without zero-inflated distributions using the MuMIn 

package (Bartoń, 2010). Pseudo-R2 was not calculated for zero-inflated models as the 

effects of zero-inflation are ignored and values would therefore not be accurate. All graphs 

were plotted in R using the ggplot2 (Wickham, 2016) and cowplot (Wilke, 2015) packages. 
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5.4. Results 

5.4.1. Principal component analyses  

In the PCA of sociability and activity in individual sociability trials, PC1 (71.9% of 

variance) was positively correlated with sociability (lower distances to the conspecific 

shoal) and activity (Supplementary Figure 5.3), while PC2 (28.1%) was positively 

correlated with sociability but negatively correlated with activity. For the PCA of 

individual behavioural metrics within group trials, PC1 (35.8%) was positively correlated 

with turning angle and heading difference but negatively correlated with speed, indicating 

slow, unpolarised swimming (Supplementary Figure 5.4). PC2 (27.5%) was positively 

correlated with MDCS and NND, indicating greater inter-individual distances, i.e., reduced 

cohesion (Supplementary Figure 5.4). PC3 (15.6%) was negatively correlated with 

distance along group motion but positively correlated with bearing to nearest neighbour, 

representing fish swimming alongside one another near the back of the shoal 

(Supplementary Figure 5.4).  

 

5.4.2. Individual hypoxia trials  

There was no evidence for a change in mean distance to the nearest shelter (MDNS) with 

either oxygen level or trial number (Table 5.1). Thigmotaxis, i.e., the time spent near the 

chamber wall, was increased in hypoxia compared to control trials in the zero-inflated 

model (GLMMzi: z = -4.133, p < 0.001; Table 5.1). There was no effect of the interaction 

between treatment and trial number; however, there was weak evidence for a positive 

effect of trial number on thigmotaxis (GLMM: z = 1.758, p = 0.079). In temporal control 

risk-taking behaviour trials, there was moderate evidence for increased activity in trial 2 

(GLMM: z = 2.977, p = 0.003; Table 5.1) and weak evidence for reduced activity in trial 3 

(GLMMzi: z = 1.725, p = 0.084). There was also weak evidence for increased activity in 

hypoxia compared with control risk-taking behaviour trials at 100% oxygen (GLMM: z = 

1.823, p = 0.068; Table 5.1) but reduced activity at 70% (GLMM: z = -1.819, p = 0.069; 

Figure 5.2A) and 30% O2 (LMM: z = -1.681, p = 0.093; Figure 5.2A). Pairwise 

comparisons between control and hypoxia trials were non-significant, however (Table 5.1). 

Activity in sociability trials was reduced at 30% O2 (z = -3.265, p = 0.001; Table 5.1; 

Figure 5.2B) compared with control conditions (emmeans: z = 3.217, p = 0.016). DCS was 

increased in trial 3, indicating reduced sociability (LMM: z = 2.708, p = 0.007; Table 5.1), 

but there was no effect of oxygen level.  
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Figure 5.2 Effect of oxygen concentration and repeated trials on A. activity level 

(mean swimming speed) in risk-taking behaviour trials and B. activity level in 

sociability trials. pcond indicates a p value from a conditional model output 

 

Table 5.1. Results of (generalized) linear mixed models of factors affecting traits 

displayed by individuals in individual risk-taking (MDNS, thigmotaxis, activity (no 

shoal)) and sociability (activity (with shoal), DCS, sociability score, preferred zone) 

trials. Variables with evidence for an effect at p < 0.1 are shown in bold. * indicates 

significance at p < 0.05, ** indicates significance at p < 0.01, and *** indicates 

significance at p < 0.001. OR = odds ratio. R2 values represent pseudo-R2. R2 values 

were not calculated for zero-inflated models as effects of zero-inflation are ignored so 

results would not be accurate. 

Response 
variable 

Explanatory  
variable 

Estimate Std. Error z value p R2
m R2

c 

      0.006 0.172 

MDNS Intercept 2.179 0.244 8.935 < 0.001   
 Hypoxia -0.077 0.309 -0.249 0.803   
 Trial 2 -0.004 0.286 -0.013 0.989   
 Trial 3 -0.212 0.288 -0.735 0.462   
 Trial 2*Hypoxia 0.001 0.409 0.002 0.999   
 Trial 3*Hypoxia -0.025 0.410 -0.062 0.951   

A B 

p = 0.016 
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Post-hoc test 
Control Trial 2 
– Temp Trial 2 
(27°C) 

0.076 0.309 0.247 0.999   

Post-hoc test 
Control Trial 3 
– Temp Trial 3 
(30°C) 

0.102 0.310 0.330 0.999   

        
Thigmotaxis 
(conditional 
model) 

Intercept -0.061 0.311 -0.196 0.844   
Hypoxia 0.300 0.375 0.800 0.424   
Trial 2 0.559 0.400 1.397 0.162   

 Trial 3 0.802 0.456 1.758 0.079   
Trial 2*Hypoxia -0.370 0.495 -0.749 0.454   
Trial 3*Hypoxia 0.029 0.544 0.052 0.958   

Thigmotaxis 
(zero-
inflated 
model) 

Intercept 0.351 0.299 1.173 0.241   
Hypoxia -2.197 0.532 -4.133 < 0.001***   
Trial 2 -0.526 0.421 -1.249 0.212   
Trial 3 0.444 0.440 1.009 0.313   

 Trial 2*Hypoxia 0.318 0.772 0.411 0.681   
 Trial 3*Hypoxia 0.304 0.712 0.426 0.670   

Post-hoc test 
(conditional) 

Control Trial 2 
– Temp Trial 2 
(27°C) 

OR: 1.073 0.369 0.206 0.999   

Post-hoc test 
(conditional) 

Control Trial 3 
– Temp Trial 3 
(30°C) 

OR: 0.720 0.294 -0.803 0.967   

        
Activityns 

(conditional 
model) 

Intercept -1.919 0.187 -10.25 < 0.001***   
Hypoxia 0.396 0.217 1.823 0.068   
Trial 2 0.633 0.213 2.977 0.003**   
Trial 3 0.095 0.222 0.426 0.670   
Trial 
2*Hypoxia 

-0.530 0.291 -1.819 0.069   

 Trial 
3*Hypoxia 

-0.527 0.314 -1.681 0.093   

Activityns  

(zero 
inflated 
model) 

Intercept -1.558 0.389 -4.006 < 0.001***   
Hypoxia -0.744 0.653 -1.140 0.254   
Trial 2 0.732 0.504 1.451 0.147   
Trial 3 0.865 0.501 1.725 0.084   
Trial 2*Hypoxia 0.347 0.811 0.428 0.669   

 Trial 3*Hypoxia 0.457 0.801 0.571 0.568   

Post-hoc test 
(conditional) 

Control Trial 2 
– Temp Trial 2 
(27°C) 

OR: 1.143 0.241 0.634 0.989   

Post-hoc test 
(conditional) 

Control Trial 3 
– Temp Trial 3 
(30°C) 

OR: 1.140 0.275 0.542 0.994   

      0.053 0.658 
Activitys Intercept 2.748 0.233 11.81 < 0.001***   
 Hypoxia 0.248 0.231 1.077 0.281   
 Trial 2 -0.216 0.212 -1.019 0.308   
 Trial 3 -0.308 0.212 -1.450 0.147   
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 Trial 2*Hypoxia -0.448 0.303 -1.476 0.140   
 Trial 

3*Hypoxia 
-0.990 0.303 -3.265 0.001**   

Post-hoc test  
Control Trial 2 
– Temp Trial 2 
(27°C) 

0.199 0.231 0.865 0.955   

Post-hoc test  
Control Trial 3 
– Temp Trial 3 
(30°C) 

0.742 0.231 3.217 0.016*   

      0.050 0.377 
DCS Intercept 0.338 0.069 4.916 < 0.001***   
 Hypoxia -0.064 0.086 -0.748 0.454   
 Trial 2 0.085 0.081 1.052 0.293   
 Trial 3 0.219 0.081 2.708 0.007**   
 Trial 2*Hypoxia 0.020 0.116 0.173 0.863   
 Trial 3*Hypoxia 0.085 0.116 0.734 0.463   

Post-hoc test  
Control Trial 2 
– Temp Trial 2 
(27°C) 

0.044 0.086 0.515 0.996   

Post-hoc test  
Control Trial 3 
– Temp Trial 3 
(30°C) 

-0.021 0.086 -0.241 0.999   

        

MDNS = Mean distance to nearest shelter; DCS = Distance to conspecific shoal; Activityns = 
speed in individual risk-taking trials; Activitys = speed in individual sociability trials 

 

5.4.3. Group hypoxia trials  

The models for group PCs 1 (ΔAIC from next-best model = 1.77; Akaike weight = 0.38) 

and 3 (ΔAIC = 0.25; Akaike weight = 0.18) retained the interaction between MDNS (risk-

taking behaviour) and oxygen level (Table 5.2), while the model for group PC2 retained 

the interaction between standard length and oxygen level (ΔAIC = 0.59; Akaike weight = 

0.19). 

 

Fish swam more slowly and were less polarised at 30% O₂ compared with 100% O₂ 

(GLMMPC1: z = 4.526, p < 0.001) and 70% O₂ (emmeansPC1: z = 3.578, p = 0.001; Table 

5.2; Figure 5.3A). There was moderate evidence that PC1 scores increased with increasing 

values of individual PC2, indicating that social, less active fish swam more slowly and 

were less polarised with neighbours (GLMMPC1: z = 2.169, p = 0.030; Table 5.2; Figure 

5.3B). There was also moderate evidence that the effect of low oxygen on PC1 was 

reduced in fish with greater risk-taking behaviour at 30% O₂ (GLMMPC1: z = -2.045, p = 

0.041; Table 5.2; Figure 5.3C). Evidence for an effect of hypoxia alone on group PC2 was 

weak in the main model (Table 5.2), however post-hoc testing revealed a significant 

reduction in inter-individual distances at 30% compared with 100% (emmeansPC2: z = -
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4.730, p < 0.001; Table 5.2; Figure 5.3D) and 70% O₂ (emmeansPC2: z = -4.573, p < 0.001). 

There was moderate evidence that inter-individual distances (group PC2) decreased with 

increasing body size at 30% O₂ (LMMPC2: z = -2.147, p = 0.032), meaning that larger fish 

were closer together under hypoxia (Table 5.2; Figure 5.3E). There was weak evidence that 

fish may have been more evenly distributed in shoals and swam more linearly, i.e., directly 

in front of or behind nearest neighbours, at 70% (LMMPC3: z = -1.938, p = 0.053; Table 

5.2; Figure 5.3F) and 30% O₂ (LMMPC3: z = -1.756, p = 0.079) compared with normoxia. 

There was also weak evidence, however, for an effect on PC3 of the interaction between 

oxygen level and MDNS at 70% (LMMPC3: z = 1.836, p = 0.066; Table 5.2; Figure 5.3F) 

and 30% O₂ (LMMPC3: z = 1.724, p = 0.085), indicating that fish displaying greater risk-

taking behaviour were more likely to swim near the back of the shoal, and to swim 

alongside conspecifics, at low O₂. There was moderate evidence for increased speed and 

polarisation in successive trials (GLMMPC1: z = -2.405, p = 0.016; Table 5.2) and strong 

evidence that interindividual distances increased in successive trials (LMMPC2: z = 5.722, p 

< 0.001; Table 5.2). 

 

 Table 5.2. Results of linear mixed models modelling variables affecting traits 
displayed by individuals during group trials. Variables with evidence for an effect at 
p < 0.1 are shown in bold. * indicates significance at p < 0.05, ** indicates significance 
at p < 0.01, and *** indicates significance at p < 0.001. OR = Odds Ratio. R2 values 
represent pseudo-R2. 

Response 
variable 

Explanatory 
variable 

Estimate Std. Error z value p R2
m R2

c 

      0.214 0.864 

PC1 (slow, 
unpolarised) 

Intercept -0.729 0.601 -1.213 0.225   

High sociability, 
high activity 
(PC1) 

-0.018 0.041 -0.451 0.652   

High 
sociability, low 
activity (PC2) 

0.130 0.060 2.169 0.030*   

 MDNS (cm) 0.007 0.042 0.161 0.872   

 
Standard length 
(mm) 

0.011 0.019 0.550 0.582   

 70% -0.101 0.185 -0.544 0.586   

 30% 0.776 0.171 4.526 < 0.001***   

 Trial number -0.113 0.050 -2.271 0.023*   

 MDNS*70% 0.025 0.067 0.379 0.705   

 MDNS*30% -0.130 0.063 -2.045 0.041*   

Post-hoc test 70%-30% O2 
OR: 
0.627 

0.082 3.578 0.001**   
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Post-hoc test 
70-30% 
O2*MDNS 

-0.155 0.071 -2.172 0.076   

      0.257 0.587 

PC2 
(High inter-
individual 
distances) 

Intercept -3.190 2.058 -1.550 0.121   

High sociability, 
high activity 
(PC1) 

0.029 0.097 0.295 0.768   

High sociability, 
low activity 
(PC2) 

0.125 0.149 0.839 0.401   

MDNS (cm) -0.052 0.063 -0.826 0.409   

 
Standard length 
(mm) 

0.085 0.071 1.189 0.234   

 70% 1.691 2.301 0.735 0.463   

 30% 3.887 2.299 1.690 0.091   

 Trial number 0.636 0.097 6.552 <0.001***   

 SL*70% -0.065 0.082 -0.793 0.428   

 SL*30% -0.175 0.082 -2.147 0.032*   

Post-hoc test 70%-30% O2 -0.903 0.197 -4.573 <0.001***   

Post-hoc test 
70%-30% 
O2*SL 

-0.110 0.081 -1.357 0.364   

      0.061 0.514 

PC3 
(swimming 
alongside at 
the back of 
the shoal) 

Intercept 0.479 1.531 0.313 0.755   

High sociability, 
high activity 
(PC1) 

0.074 0.084 0.881 0.378   

High sociability, 
low activity 
(PC2) 

-0.072 0.134 -0.535 0.592   

MDNS (cm) -0.037 0.079 -0.462 0.644   

 
Standard length 
(mm) 

-0.015 0.054 -0.288 0.773   

 70% -0.588 0.303 -1.938 0.053   

 30% -0.519 0.296 -1.756 0.079   

 Trial number 0.058 0.079 0.738 0.461   

 MDNS*70% 0.208 0.113 1.836 0.066   

 MDNS*30% 0.194 0.112 1.724 0.085   

Post-hoc test 70%-30% O2 0.037 0.161 0.228 0.972   

Post-hoc test 
70-30% 
O2*MDNS 

-0.015 0.117 -0.124 0.992   

        

MDNS = Mean distance to nearest shelter; SL = Standard length 
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Figure 5.3A. Effects of oxygen concentration on PC1: negatively correlated with speed, positively correlated with turning angle and heading 
difference to nearest neighbour. B. Effects of individual sociability and activity level of fish on PC1. C. Effects of oxygen concentration on the 
relationship between risk-taking behaviour of individuals and PC1. D. Effects of oxygen concentration on PC2: positively correlated with mean 
distance to the centre of the shoal and nearest neighbour distance. E. Effects of oxygen concentration on the relationship between fish standard 
length and PC2. F. Effect of oxygen concentration on the relationship between risk-taking behaviour of individuals and PC3: positively 
correlated with bearing, negatively correlated with distance along group motion.

A B C 

D E F 
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Speed of the group centroid was reduced at 30% O₂ compared with at 100% O₂ (LMM: z = 

-4.134, p < 0.001; Table 5.3; Figure 5.4A) and 70% O₂ (emmeans: z = -3.999, p = 0.001). 

Group polarisation was also reduced at 30% O₂ compared to 100% O₂ (LMM: z = -4.887, p 

< 0.001; Table 5.3; Figure 5.4B) and 70% O₂ (emmeans: z = -5.032, p < 0.001). There was 

weak evidence that group polarisation (LMM: z = -1.738, p = 0.082; Figure 5.4C) was 

lower in groups containing social, active individuals, regardless of oxygen level. Group 

speed was reduced (LMM: z = -2.424, p = 0.015) and group polarisation increased (LMM: 

z = 2.596, p = 0.009) with successive trials (Table 5.3). No interaction effects were retained 

in the group speed model (ΔAIC = 0.77, Akaike weight = 0.24), however there was weak 

evidence for a positive effect of the interaction between MDNS and oxygen level (ΔAIC = 

0.39, Akaike weight = 0.15) on group polarisation at 30% O₂ (LMM: z = 1.868, p = 0.062; 

Figure 5.4D; Table 5.3). Groups containing individuals displaying greater risk-taking 

behaviour may therefore have retained greater polarisation under hypoxia.  

 

Table 5.3. Results of linear mixed models modelling variables affecting group 
cohesion during group trials. Variables with evidence for an effect at p < 0.1 are 
shown in bold. * indicates significance at p < 0.05, ** indicates significance at p < 0.01, 
and *** indicates significance at p < 0.001. OR = Odds Ratio. R2 values represent 
pseudo-R2. 

Response 
variable 

Explanatory 
variable 

Estimate Std. Error z value p R2
m R2

c 

      0.082 0.679 

Group speed Intercept 1.358 0.220 6.170 <0.001***   

 
High sociability, 
high activity (PC1) 

-0.012 0.014 -0.832 0.406   

 
High sociability, 
low activity (PC2) 

-0.032 0.020 -1.562 0.118   

 MDNS (cm) -0.009 0.010 -0.884 0.377   

 
Standard length 
(mm) 

0.002 0.007 0.244 0.808   

 70% -0.014 0.035 -0.397 0.691   

 30% -0.155 0.037 -4.134 <0.001***   

 Trial number -0.042 0.017 -2.424 0.015*   

Post-hoc test 70-30% O2 OR: 1.150 0.041 -3.999 0.001**   

      0.057 0.873 

Group 
polarisation 

Intercept -0.687 0.105 -6.552 <0.001***   

 
High sociability, 
high activity (PC1) 

-0.006 0.006 -1.022 0.307   

 
High sociability, 
low activity (PC2) 

-0.014 0.008 -1.738 0.082   
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 MDNS (cm) -0.003 0.006 -0.45 0.653   

 
Standard length 
(mm) 

0.001 0.003 0.284 0.776   

 70% -0.008 0.025 -0.319 0.750   

 30% -0.118 0.024 -4.887 <0.001***   

 Trial number 0.018 0.007 2.596 0.009**   

 MDNS*70% -0.001 0.009 -0.102 0.919   

 MDNS*30% 0.017 0.009 1.868 0.062   

Post-hoc test 70%-30% O2 
OR: 1.070 0.015 -5.032 <0.001***   

Post-hoc test 70-30% O2*MDNS -0.018 0.010 -1.814 0.165   

MDNS = Mean distance to nearest shelter; SL = Standard length 

 

 

A B 

C D 

Figure 5.4. Effects of oxygen concentration on A. median speed of group centroid in group 
behavioural trials and B. group polarisation in group behavioural trials. C. relationship 
between sociability and activity traits of individuals in groups and group polarisation. D. Effect 
of oxygen concentration on the relationship between individual risk-taking behaviour and 
group polarisation. 



147 
 

5.5. Discussion 

Hypoxia altered how individual behavioural traits related to behaviour within social 

groups, revealing that links between individual phenotype and collective dynamics are 

context dependent. Under low oxygen, fish that were less risk-averse when tested alone 

tended to occupy more posterior positions in shoals, while overall reductions in activity 

were mirrored by decreases in group speed and polarization and by changes in inter-

individual spacing. These effects were strongest at 30% oxygen and weak or absent at 

70%, consistent with previous work showing that pronounced behavioural disruption 

typically occurs only below moderate oxygen thresholds (Cook et al., 2014; Domenici et 

al., 2000, 2002; Killen et al., 2012; Tiddy, Munson, et al., 2024). Together, these results 

show that abiotic stress can reshape the translation of individual behavioural variation into 

group-level structure, rather than simply shifting mean behaviour, highlighting the 

importance of environmental context for predicting collective dynamics. 

 

Individual activity was reduced with low oxygen availability, but hypoxia had no effect on 

individual sociability. Fish may reduce activity under hypoxic conditions to reduce oxygen 

demand, though some species increase activity in hypoxia, possibly to escape unfavourable 

conditions (Domenici et al., 2000; Killen et al., 2012). As freshwater fish originating from 

an environment where water levels vary and deoxygenation occurs frequently (Pelster & 

Wood, 2024; Val & de Almeida-Val, 1995), H. rhodostomus may favour a low-activity 

hypoxia coping strategy, allowing them to “wait out” hypoxic conditions. While various 

previous studies, including two reviews (Domenici et al., 2017; Tiddy, Munson, et al., 

2024), have found effects of hypoxia on group cohesion, previous studies of the effects of 

hypoxia on sociability have found no evidence for an effect (Dunton et al., 2025; Sommer‐

Trembo et al., 2017). While it has been proposed that fish may move further from 

conspecifics in hypoxic conditions to reduce competition for limited oxygen (Domenici et 

al., 2002, 2017), this would not have been the case during our measures of sociability, as 

focal fish were not in competition for limited oxygen with the stimulus shoal. In the 

present study, however, while individuals became less active under hypoxic conditions in 

sociability trials, evidence for reduced activity in risk-taking behaviour trials, i.e., with no 

shoal visible, was weaker. Tetra may therefore reduce activity more when given visual 

access to conspecifics. This indicates a possible modulation of activity response depending 

on the social environment (Killen et al. 2026). In social fish, benefits for remaining in a 

shoal such as predator detection and food finding may outweigh individual physiological 

optima in some circumstances. In pile perch Phanerodon vacca individuals have been 
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found to sacrifice preferred swimming speed to remain with a conspecific (Tiddy et al., 

2025), though this was not tested under hypoxia. Evidence for reducing activity under 

hypoxia to maintain group cohesion, i.e., proximity to conspecifics has been found in a 

related shoaling marine species, the striped surfperch Embiotoca lateralis (Cook et al., 

2014). In Atlantic herring Clupea harengus, shoals with lower swimming speeds under 

normoxia maintained group cohesion for longer under progressive hypoxia compared to 

shoals with higher swimming speeds (Domenici et al., 2000). Evidence therefore exists for 

fish reducing swimming speed to remain with conspecifics despite physiological trade-offs 

including increased oxygen competition, however the factors affecting whether fish 

maintain sociability in individual behavioural trials require further study (Tiddy, Munson, 

et al., 2024).  

 

While activity was reduced under hypoxia, R2
c values in models for individual behavioural 

traits, i.e., the amount of variation explained by the full model including the random effect 

of individual identity, was high compared with variation explained by the fixed model 

effects of treatment, trial, and their interaction (R2
m). This may indicate high behavioural 

repeatability across contexts in H. rhodostomus (Killen, Adriaenssens, et al., 2016). While 

repeatability was not examined in the present study due to lack of repeated measures under 

hypoxia, this represents an interesting avenue for further research.    

 

Individual fish swam more slowly and were less polarised with nearest neighbours in 

hypoxic conditions (PC1), which corresponded to a group-level reduction in speed and 

polarisation. This was consistent with the reduction in activity observed in individual 

behavioural trials under hypoxic conditions. However, in group trials, fish moved closer 

together at lower oxygen levels (PC2), an effect that was exacerbated in larger fish. 

Previous studies have more frequently found increases in inter-individual distances, i.e., 

reduced group cohesion, under hypoxia (Tiddy, Munson, et al., 2024), including in seabass 

Dicentrarchus labrax (Alfonso et al., 2020), C. harengus (Domenici et al., 2002), Iberian 

barbel Luciobarbus bocagei (Hayes et al., 2019) and northern anchovy Engraulis mordax 

(Moss & McFarland, 1970). As discussed above, however, there is also evidence that 

reducing activity level may allow fish to maintain group cohesion (Cook et al., 2014; 

Domenici et al., 2000). In the present study the reduction in swimming speed and inter-

individual distances in group trials was associated with a greater likelihood of remaining 

inactive in the centre of the arena, near to the shelters placed there. It is therefore possible 

that the observed change in inter-individual distances is more related to changes in activity 
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level, mediated by passive aggregation around shelters, under low oxygen than to fish 

choosing to remain with conspecifics despite increased competition for oxygen (Domenici 

et al., 2000, 2002). We did not find evidence that larger fish underwent increased 

reductions in activity level that could explain a greater effect of hypoxia on inter-individual 

distance. However, larger fish may have had slightly greater inter-individual distances 

under ambient conditions and “normal” activity levels due to reduced manoeuvrability 

(Jolles, King, et al., 2020) and higher repulsion zones (Romenskyy et al., 2017), leading to 

a more apparent reduction under low oxygen and low activity. While the lack of activity 

was also likely the main reason for the reduction in polarisation at both the individual and 

group levels (M. I. A. Kent et al., 2019), it has also been suggested that hypoxic conditions 

may reduce functioning of neural and sensory systems, such as the lateral line, in fish 

species (Andreassen et al., 2022; Domenici et al., 2007; Lucon-Xiccato et al., 2014; 

Schellart & Wubbels, 1998). Fish may therefore have found it more difficult to engage in 

polarised swimming under hypoxic conditions, even when group swimming did occur.  

 

Individual behavioural traits influenced how fish were organized within groups, but these 

relationships were strongly context dependent.  Most notably, less risk-averse individuals 

tended to occupy more posterior positions under hypoxia, despite also swimming faster 

and exhibiting stronger local alignment (Figure 5.3F). This indicates that their rearward 

group positioning was not a consequence of reduced locomotor capacity but instead 

reflects a shift in how “risky” phenotypes participate in collective movement when oxygen 

is limited.  One explanation is that highly risk-prone fish spent more time outside cohesive 

shoals, joining group movement only intermittently. Then, when shoals did form, these 

individuals were located toward the rear. Such state-dependent expression of behavioural 

type is consistent with previous work showing that the relationship between individual 

behavioural traits and leadership can depend on social phenotype and context (Bevan et al., 

2018; Herbert-Read et al., 2011; N. Miller et al., 2013). In our study, sociability did not 

modulate the effect of risk-taking on group structure (Jolles et al., 2017), though less-

social, more active individuals swam faster and were more polarised with nearest 

neighbours regardless of oxygen concentration (Figure 5.3B), and there was weak evidence 

that individual sociability and activity also affected polarisation at the group level (Figure 

5.4C). Together, these results suggest that hypoxia and group phenotypic composition have 

both independent and interactive effects on collective dynamics, and that behavioural traits 

measured in isolation do not translate into fixed spatial or functional roles within groups. 
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An effect of trial number was found on various behaviours measured in group trials, 

consistent with previous work showing reduced social tendencies and collective behaviour 

in fish shoals with repeated testing (MacGregor & Ioannou, 2021). However, as treatment 

order was reversed in half of group trials, this temporal effect does not prevent detection of 

the effects of hypoxia from our models. As changing of oxygen availability was carried out 

consistently from high to low in individual trials, temporal control trial data was used in 

models to separate effects of hypoxia from those of time or repeated exposure. 

 

5.6. Conclusions 

As hypoxic events become more common in aquatic systems, predicting behavioural 

responses requires understanding not only how individuals are affected, but how these 

changes influence social interactions and collective dynamics. Behavioural adaptations are 

often considered to be among the first lines of defence in coping with or avoiding 

unfavourable conditions, and social behaviour is a key adaptive trait in gregarious fish 

species. We show that reduced oxygen availability alters both the structure of shoals and 

the functional roles that different behavioural phenotypes occupy within them, 

demonstrating that the translation of individual traits into social function is 

environmentally dependent. Hypoxia therefore has the potential to reorganize social 

behaviour in gregarious fish, rather than simply altering individual activity. By linking 

individual variation to group-level outcomes across environmental conditions, our results 

highlight the need to incorporate social context into forecasts of how fish populations will 

respond to ongoing environmental change. 
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6.1. Abstract 

Artificial light at night (ALAN) is increasingly prevalent in both terrestrial and aquatic 

systems and influences physiological and behavioural traits of wild animals across a range 

of habitats. In coral reef ecosystems, increasing human pressure contributes to an increase 

in ALAN exposure for reef organisms. In the present study, we investigated the effects of 

chronic exposure to ALAN in the wild on diurnal risk-taking and social behaviour in a 

gregarious coral reef fish, Dascyllus trimaculatus. Fish were collected from sites exposed 

to ALAN or control light levels and underwent an emergence test to assess diurnal risk-

taking behaviour and a 3-chamber shoal choice test to assess sociability. Activity levels 

were measured during both tests. ALAN-exposed fish took less time to emerge from an 

anemone compared with control fish. We found evidence for reduced activity in ALAN-

exposed fish in sociability trials. Increased risk-taking may be due to either direct effects of 

ALAN exposure or selective mortality of more risk-averse individuals in the wild due to an 

increased risk of starvation or reduced growth. While we did not find evidence for 

increased diurnal activity, ALAN exposure may lead to increasing metabolic needs, driving 
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increased risk-taking and foraging, or selective mortality. However, the increased risk-

taking behaviour of ALAN-exposed fish did not increase distance to a conspecific shoal, 

i.e. no effect on sociability. Our study provides evidence that chronic ALAN exposure in 

the wild increases risk-taking behaviour in a marine fish. 

 

6.2. Introduction 

Anthropogenic stressors are increasingly common throughout natural systems. Stressors 

such as light pollution cause significant threats to wildlife through disruption of the 

neuroendocrine stress axis and natural rhythms (Gaston & Sánchez de Miguel, 2022; 

Marangoni et al., 2022). A growing number of rural areas are experiencing light pollution 

from both temporary and permanent light sources, with global light emissions having 

increased by close to 50% since 1972 (Sánchez de Miguel et al., 2021). As human 

settlements become more widespread, coastal infrastructure and activities bring artificial 

light to aquatic as well as terrestrial habitats (Sanders et al., 2020), with an estimated 22% 

of coastlines exposed as of 2010 (Davies et al., 2014), a figure that has likely since 

increased (Sánchez de Miguel et al., 2021). The effects of these stressors on animal 

physiology and behaviour in coastal and aquatic systems in particular are therefore of 

increasing research interest (Marangoni et al., 2022; Tiddy, Cortese, et al., 2024).  

 

Artificial light can frequently have sub-lethal effects that influence individual fitness or 

even entire ecosystems (Gaston & Sánchez de Miguel, 2022; Underwood et al., 2017). In 

particular, nocturnal light pollution, often referred to as artificial light at night (ALAN), 

can have a range of physiological and behavioural effects on wild animals. For example, 

ALAN disrupts natural cycles of melatonin production (Gaston & Sánchez de Miguel, 

2022; Grubisic et al., 2019), a hormone essential for regulating circadian rhythms and 

sleep. This disruption can have detrimental effects, including impaired immune function 

and increased oxidative stress (Zhao et al., 2019). Organisms can also become more active 

because of disruption to sleep cycles (Georgiou et al., 2024; Pulgar et al., 2019), which if 

not compensated by increased food intake, may decrease the energy available for growth 

and reproduction. Chronic ALAN exposure, defined as lasting >10% of an organism’s 

lifespan (Suter, 2016), has been found to reduce growth and survival in a marine fish 

species (Schligler et al., 2021), while acute ALAN exposure has been found to affect fish 

embryo quality but not larval morphology or swimming performance in a coral reef fish 

(Roost et al., 2025). Acute ALAN also reduces nestling growth in birds (Raap et al., 2016). 

Changes to growth rate may affect reproductive success, through delays in sexual maturity 
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and altered resource allocation for reproduction (Leclercq et al., 2011). In the marine 

environment, acute ALAN was found to increase adult growth rate but reduce larval 

swimming capacity and escape responsiveness in offspring of a reef fish (Schligler, Roost, 

et al., 2026). Animals may also be attracted to or repelled by light, thus altering space use 

within the environment (Keep et al., 2021; McLeod & Costello, 2017) and changing 

nighttime communities (Weschke et al., 2024). Detection of visual or non-visual cues may 

be altered, as organisms that ordinarily rely on other sensory apparatus at night may make 

more use of vision under ALAN conditions (Chaput et al., 2023). ALAN exposure in the 

embryonic phase may also impair cognitive functions such as learning in larvae post-

hatching, as observed in zebrafish Danio rerio (Lucon-Xiccato et al., 2023). Effects of 

ALAN on fitness-related behaviours such as social and foraging behaviour have been 

found in a variety of organisms such as birds, bats, and invertebrates (Kempenaers et al., 

2010; Kurvers & Holker, 2015; Ryer & Olla, 1998). However, the impacts of ALAN on 

social behaviour in aquatic organisms, particularly fishes (Tiddy, Cortese, et al., 2024), 

remain understudied.  

 

A key adaptive behaviour in many species is social behaviour, in the form of living and 

travelling in groups (Killen, Marras, et al., 2017; Pitcher, 1983). Benefits of group living 

may include increased foraging success, predator avoidance, and mate choice (Pitcher et 

al., 1982; A. Ward & Webster, 2016b, 2016a). Various forms of anthropogenic stressors 

affect social behaviour in animals, such as hypoxia and various chemical pollutants 

(Michelangeli et al., 2022; Tiddy, Cortese, et al., 2024; Tiddy, Munson, et al., 2024). The 

effects of light pollution on social behaviour in animals are relatively understudied, despite 

existing evidence of effects of ALAN on physiology and alterations in behaviours such as 

risk-taking and activity levels (Kurvers et al., 2018; Pulgar et al., 2019). Changes in 

sociability may be influenced by risk-taking, as higher risk-taking may be linked to a ten-

dency to stray further from conspecifics (Conrad et al., 2011; Harcourt et al., 2009; Pike et 

al., 2008). In addition, vision is a key component of coordinating group behaviour (Chaput 

et al., 2023). ALAN exposure may therefore affect the interplay between physiological 

changes and behaviour (Pulgar et al., 2019), potentially leading to lasting effects such as 

changes in diurnal activity or social behaviour impacted by changes in risk-taking. Among 

terrestrial species, reduced risk-taking behaviour in response to ALAN has been found in 

an isopod species (Dissegna & Chiandetti, 2025). In the aquatic environment, freshwater 

guppies Poecilia reticulata showed no changes in diurnal sociability after 10 wk of light 

exposure in the lab, but exhibited increased diurnal risk-taking behaviour (Kurvers et al., 
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2018). In contrast, a study on a marine species, Dascyllus aruanus, found no effect on risk-

taking behaviour in wild fish following short-term (2 wk) exposure to ALAN but did find 

increased nocturnal activity (Georgiou et al., 2024). Evidence for behavioural effects of 

ALAN in fish is therefore mixed, and more research is needed to elucidate the impacts of 

this increasingly common stressor.  

 

Despite the evidence for physiological and behavioural changes resulting from short-term 

ALAN exposure (Georgiou et al., 2024; Kurvers et al., 2018), the effects of chronic 

exposure to ALAN on social behaviour in wild populations of gregarious fish species are 

largely unknown. In the present study, we aim to add to this body of knowledge by 

conducting the first study on the effects of chronic exposure to ALAN in the wild on 

diurnal social and risk-taking (emergence) behaviours in fishes. We used emergence from a 

shelter following a startle (chase) stimulus as a proxy for risk-taking (Beckmann & Biro, 

2013), as emergence from a shelter puts fish at greater risk of predation (Kurvers et al., 

2018). The use of emergence behaviour as a proxy for risk-taking has been established in 

several species, including damselfish (Beckmann & Biro, 2013; Harris et al., 2010). We 

used distance to a stimulus shoal as a proxy for sociability, and percentage time spent 

moving in both tests to measure activity levels in a marine fish, threespot dascyllus 

Dascyllus trimaculatus. This species was selected for its highly gregarious nature, as 

individuals typically form shoals closely associated with anemones. They are also site-

attached as juveniles and adults (Hayashi et al., 2020; Schmitt & Holbrook, 1996), and thus 

it is possible to derive the environmental conditions to which they have been exposed 

based on sites where they are found. We focused on diurnal behaviours, as this allowed us 

to examine the carry-over effects of prior ALAN exposure on daytime responses to a 

simulated predator chase, exposure to a conspecific shoal, and activity level. Coral reef 

fishes such as D. trimaculatus are increasingly exposed to ALAN as coastal and offshore 

infrastructure expansion leads to greater levels of anthropogenic stressors in their habitats 

(Aubrecht et al., 2008; Davies et al., 2016). We predicted that risk-taking behaviour would 

be higher in ALAN-exposed fish and that ALAN exposure would also be associated with a 

reduction in social behaviour and increase in diurnal activity level in D. trimaculatus 

(Conrad et al., 2011; Harcourt et al., 2009; Pike et al., 2008). 
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6.3. Materials and Methods 

6.3.1. Study animals  

A total of 24 juvenile Dascyllus trimaculatus were collected from 3 subtidal fringing reef 

locations along the shores of Mo’orea, French Polynesia (Figure 6.1A). Juvenile D. 

trimaculatus were used as these were more common, and comparing among life stages 

adds an additional source of variation. In addition, juvenile D. trimaculatus have greater 

site fidelity than adults, allowing more certainty in their degree of wild ALAN exposure. 

Seven mo prior, 30 wild, empty anemones Radianthus magnifica approximately 30–40 cm 

in diameter were collected from the north-western lagoon of Mo’orea where they are 

highly abundant but rarely host fish. Anemones were then transplanted to our sites by 

S.C.M. and Thibaut Roost as described in Schligler et al. (2021). Anemones were placed at 

sites with varying light levels: 15 at naturally lit sites (control) and 15 at sites exposed to 

chronic terrestrial lighting from nearby hotels (ALAN). Light exposure on sites was in the 

form of direct LED spot lighting placed above the water. These were present at the hotels 

on pontoons and were not experimentally supplemented (Figure 6.1B). Fish used in testing 

were all collected from different anemones. The 3 locations were situated either on the 

north shore (Site 1: 17°29‘01.9“S, 149°50‘37.8“W; n = 14 fish and Site 2: 17°28‘47.6“S, 

149°48‘13.8“W; n = 2 fish; Figure 6.1A) or on the east shore of Mo’orea (Site 3: 

17°30‘05.3“S, 149°45‘51.1“W; n = 8 fish). Control and ALAN sites were situated 50–200 

m apart on comparable fringing reefs, ensuring that fish experienced similar environmental 

conditions, except nighttime light exposure. D. trimaculatus settle into anemones after 

their pelagic larval phase, and are site-attached—meaning that individuals remain in the 

same anemone after settlement—and had thus been exposed to treatment light levels 

(either control or ALAN) each night since settlement. 

 

Light levels at each site were measured overnight using light loggers placed on the reef at 

the level of anemones, taking 1 measure min-1 from 18:00–06:00 h. A minimum of 1 and a 

maximum of 8 overnight measurements were taken per treatment per site, all within 8 d of 

the full moon (Supplementary Table 6.1). Nocturnal light levels (18:00–06:00 h) under 

control conditions were consistently <0.01 lx across sites (mean ± SE: Site 1 = 0.006 ± 

0.001 lx, number of overnight samples = 3; Site 2 = 0.002 ± 0.0009 lx, n = 2; Site 3 = 

0.008 ± 0.002 lx, n = 2; Figure 6.1C). Under ALAN, mean light levels were 10.4 ± 0.14 lx 

at Site 1 (n = 8), 4.27 ± 0.06 lx at Site 2 (n = 7), and 21.2 ± 0.71 lx at Site 3 (n = 1) (Figs. 

1B & S1, Supplementary Table 6.1), though only fish from anemones exposed to control  



156 
 

Figure 6.1A. Map showing site locations in Mo’orea, French Polynesia, and diagram 
showing B. ALAN and C. control treatment conditions. Light levels indicate readings 
taken under control and ALAN conditions within eight days of the full moon.  
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light levels were collected from Site 2. The lagoon around Mo’orea does not experience 

tides, so water levels are consistent throughout the month. 

 

Following collection, fish were brought to CRIOBE research station. Due to logistical 

constraints, they were grouped according to light exposure treatment and site in the wild 

but not according to their original anemone or individual light exposure history. As a result, 

individual variation in light exposure experienced in the wild could not be accounted for in 

the model. All fish were held for a minimum of 72 h prior to testing to allow acclimation to 

the lab environment and to reduce any effects of stress from transportation. All but 2 fish 

were captured between 3 and 5 d prior to behavioural testing. Two fish from Site 2 were 

held in the lab for longer (15 d) due to logistical constraints. Fish were fed twice daily, and 

tanks were constantly refreshed with seawater, maintaining temperature at ambient levels. 

Control fish were held under ‘natural’ light conditions (12 h light:12 h dark). ALAN fish 

were held under the same daylight conditions (12 h) as the control fish but at night (12 h) 

were exposed to light levels of 6.4 lx. Light levels in the lab were slightly lower than in the 

field to avoid exposing control fish to artificial light during holding, as tanks were in the 

same area due to limited holding space. ALAN in the lab was produced using above-water 

standing LED tube lights placed between tanks. Lights were stood between tanks rather 

than being suspended from the ceiling to allow light exposure to be confined to tanks 

containing ALAN fish; this was achieved by placing screens around ALAN tanks to 

prevent control tanks from being exposed. Fish age varied, due to limited numbers of fish 

available at sites; however, all fish were juveniles as seen by the presence of white spots on 

the body and head and fish lengths (Raharinaivo et al., 2020). Fish were not sexed. A total 

of 12 control and 12 ALAN-exposed fish were used in trials. 

 

6.3.2. Sociability testing  

Behavioural testing arenas consisted of 3 chambers separated by transparent Perspex 

(Nunes et al., 2017) (Supplementary Figure 6.2A). All chambers were filled to a depth of 

approximately 14 cm with seawater freshly pumped from the lagoon. Prior to behavioural 

testing, anemones of similar size were placed in each of the side chambers. One of the side 

chambers contained a stimulus shoal consisting of fish collected from control conditions, 

which were not used in behavioural testing. The side on which the stimulus shoal was 

placed was alternated between trials. Stimulus shoal size was initially 5 fish; however, due 

to logistical reasons after 8 trials, this had to be reduced to 3 fish for the remaining 16 

trials. Focal fish were placed within a transparent cylinder in the centre of the central 
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chamber without an anemone and allowed to acclimate for 5 min. Following this, the 

cylinder was removed, and fish were allowed to roam freely around the arena. Fish were 

filmed from above for 10 min following release, using a GoPro Hero 12 camera on linear 

mode in 4K, with a frame rate of 30 fps.  

 

Sociability test videos were processed using the movement tracking software EthoVision 

(Version 15) (Noldus et al., 2001). Two variables were collected from each test, measured 

at a rate of 1 data point per frame (30 data points s-1). These were percentage time spent 

moving (activity level), and sociability, measured as mean distance to the compartment 

containing the stimulus shoal (DCS) (Table 6.1, Supplementary Figure 6.2A). Percentage 

time spent moving was calculated as the proportion of the trial that fish spent moving at or 

above 1 cm s-1. This threshold was determined based on the distribution of velocity values 

indicating that movement speeds below 1 cm s-1 were likely due to small shifts in position 

or tracking glitches rather than swimming. 

 

Table 6.1. Metrics measured in emergence and sociability trials  

Behavioural metric Measurement method Ecological significance 

 
Risk avoidance 

 
Tendency to hide in shelter 
following chasing 

 
Changes in tendency to use a shelter may 
affect predation risk  

 
Emergence (risk-
taking behaviour) 

 
Tendency to emerge from 
shelter  
 
Time to emerge from shelter 
 

 
Changes in tendency to emerge and time 
to emerge from a shelter may affect 
predation risk and foraging success, and 
affect metabolic rate through changes to 
activity level 

 Mean distance to shelter after 
chase stimulus 
 
 

Maintaining proximity to a shelter may 
reduce predation risk but also reduce 
foraging opportunities 

 
Sociability 

 
Mean distance to conspecific 
shoal 
 

 
Proximity to and time spent with a 
conspecific shoal has effects on foraging 
success, predator avoidance, mate finding, 
and may lead to metabolic changes e.g. 
due to “calming” effects of conspecifics in 
social species 

 
Activity level 

 
Percentage time spent 
moving 

 
Time spent moving is directly related to 
metabolic costs but also may relate to 
social group cohesion and foraging 
success 
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6.3.3. Risk-taking behaviour  

Testing of risk-taking behaviour was conducted immediately after sociability testing, with 

stimulus shoals remaining visible to the focal fish (Supplementary Figure 6.2B). Stimulus 

shoals were not removed or hidden from the focal fish because, as a social species, D. 

trimaculatus are unlikely to experience threats in isolation, and therefore measuring 

emergence behaviour with conspecifics present is a more ecologically relevant scenario. 

An anemone was placed in the centre of the central chamber. As various anemones (n = 5) 

were used in different trials, anemone ID was recorded for inclusion in models. 

Immediately following the introduction of the anemone, fish were chased by hand for 1 

min. A shorter startle stimulus such as described in Beckmann & Biro (2013) was initially 

attempted but did not cause fish to hide, meaning a longer ‘chase’ stimulus was used 

instead. Fish were chased to the intensity required to elicit constant movement, i.e., a 

constant stress escape response, until fish hid in the anemone. If fish hid in the anemone 

before 1 min had elapsed, the ‘chaser’ continued to disturb the water and discourage the 

fish from leaving the anemone until 1 min had passed. Fish therefore received a similar 

stimulus regardless of when or if they hid in the anemone. If fish did not hide after 1 min, 

chasing was ceased, and the absence of hiding was noted. Fish were then filmed from 

above for 10 min, using a GoPro Hero 12 camera. Of the 24 trials, 3 were unsuccessful (2 

ALAN and 1 control), 1 due to fish mortality (cause unknown) and 2 due to camera 

malfunctions. The final sample size was therefore ALAN n = 10 and control n = 11. The 

focal fish was then removed and weighed (g) and measured (total length in cm). 

 

Six variables were recorded from each emergence test: whether fish hid in anemones 

(yes/no), whether fish emerged from anemones (yes/no), time until emergence in seconds, 

mean distance to anemone after the chase stimulus, percentage time spent moving after the 

chase stimulus, and distance to the conspecific shoal after the chase stimulus (Table 6.1). 

Behavioural measures were extracted using EthoVision. Emergence was defined as the 

entire fish, including the tail, emerging from the anemone for at least 1 s. Where fish did 

not emerge, time to emergence was recorded as 600 s. Most fish (n = 14) hid within the 

anemone after 1 min of chasing, but when fish did not hide (control n = 4, ALAN n = 3), 

time to emergence was recorded as 0 s. Variables measured after the chase stimulus were 

only measured when fish were outside the anemone, i.e. were not measured for fish that 

hid in anemones and did not emerge within 10 min. 
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6.3.4. Statistical analysis  

Data were analysed in R version 4.5.2 (R Core Team, 2025) using the generalized linear 

mixed modelling (GLMM) package glmmTMB (Brooks et al., 2017). Due to the variance 

in body size among individuals used in trials, Welch’s t tests were used prior to modelling 

to test for potentially confounding differences in size (mass or length) between treatment 

groups.  

 

For sociability trials, 2 linear mixed models (LMMs) were constructed, with response 

variables of mean distance to the conspecific shoal in cm (social behaviour in sociability 

trials; hereafter sociabilitys) and percentage time spent moving (activity in sociability 

trials; hereafter activitys). Sociabilitys was natural log transformed to meet model 

assumptions. Two additional LMMs were constructed to check for any effect of stimulus 

shoal size or placement on sociability variables. The response variables for these models 

were sociabilitys and activitys, while the explanatory variables were stimulus shoal size, 

stimulus shoal side, and treatment (control or ALAN). Collection site as a factor (1, 2, or 3) 

was also included as a random effect in all LMMs.  

 

For emergence trials, 4 models were constructed corresponding to the 4 continuous 

emergence variables. For time until emergence, only fish that hid were included in the 

model (n = 14). Fish that did not emerge from anemones were excluded from the data for 

the other emergence variables (post-chase stimulus behaviour); however, fish that did not 

hide were included. Mean distance to the anemone (cm), percentage time spent moving 

(activity in emergence trials; hereafter activitye), and mean distance to the conspecific 

shoal (cm) (sociability in emergence trials; hereafter sociabilitye) were calculated only 

including data from the point of initial emergence so that data would not be skewed 

towards zero for fish that spent a greater amount of time in the anemone. LMMs were 

constructed for sociabilitye and time to emerge, while a beta-distributed GLMM was used 

for activitye due to violation of model assumptions for LMMs, which could not be 

normalized by transformation. Time to emerge was natural log transformed to meet model 

assumptions. For mean distance to the anemone, while data from prior to initial emergence 

was excluded, some fish returned to the anemone or remained close to it. This led to a high 

number of very low values, therefore a zero-inflated beta-distributed GLMM was used, 

with values of <1 cm distance of the fish centroid from the anemone taken as zero values. 

Mean distance to the anemone was transformed according to Eq. (S6.1) in the Supplement 

to meet the distribution required by zero-inflated beta (0 ≤ y < 1) models. For the 2 
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categorical variables, Fisher’s exact test was performed on frequency count data for each 

treatment, i.e. the number of fish that hid/did not hide for ALAN and control treatments 

and the number of fish that emerged/did not emerge for ALAN and control treatments. 

Fisher’s exact test was used over a GLMM with a binomial distribution, as the lack of 

variation within the ALAN group for whether fish emerged (all fish emerged) resulted in 

highly skewed standard error estimates in the GLMM output (estimate = 40.5 ± 

25360000). 

 

GLMMs and LMMs contained 2 fixed explanatory variables. These were treatment 

(ALAN or control) and body mass of the focal fish (g). In each model, location (site) from 

which fish were caught and holding time in the lab for each individual were included as 

random effect variables. In sociability models, number of fish in the stimulus shoal was 

included as a random effect variable. In emergence models, ID of the anemone placed in 

the central chamber was included as a random effect variable. Two additional LMMs were 

constructed to examine whether sociability and activity differed between sociability and 

emergence trials, i.e., before and after the chase stimulus. The response variables for these 

models were natural log-transformed sociability and percentage time spent moving, 

respectively, while the explanatory variables were treatment, body mass, and trial type 

(sociability or emergence). Fish ID nested with in capture site was included as a random 

effect variable. Holding time in the lab was also included as a random effect. Sociability 

and activity were modelled separately for sociability trials, emergence trials, and the 

comparison between these due to our limited sample size meaning statistical power would 

not be sufficient to include multiple interactions in one large model. Model assumptions 

for all models were tested using the ‘simulateResiduals’ function in the model diagnostics 

package DHARMa (Hartig, 2016). Specifically, models were tested for observed vs. 

predicted residual distribution (KS test), dispersion (homogeneity), and outliers. Some 

variables were transformed as described above where necessary to meet model 

assumptions. Data were plotted using the ggplot2 (Wickham, 2016) and ggmap (Kahle & 

Wickham, 2013)(Kahle & Wickham, 2013) packages.  

 

As originally recommended by Fisher (1922), we use p values as a continuous indicator of 

the strength of evidence for the alternative hypothesis and discuss results according to the 

language suggested in Muff et al. (2022). 
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6.4. Results 

6.4.1. Study animals  

Fish collected ranged in length and weight from 1.6–9.6 cm and 0.23–19.7 g, with means 

(±SE) of 4.4 ± 0.64 cm and 5.38 ± 1.79 g from ALAN and 4.9 ± 0.33 cm and 4.79 ± 0.85 g 

from control sites. Exposure duration in the field therefore varied, as larger and thus older 

fish would have been exposed to their respective light conditions for a longer period. How 

ever, since there was no significant difference in length or weight between light treatments 

(Welch’s t test: p > 0.1; Supplementary Table 6.2), the exposure duration was unlikely to 

differ significantly. Neither stimulus shoal size nor the side on which the stimulus shoal 

was placed had any effect on sociabilitys (Supplementary Table 6.3).  

 

6.4.2. Sociability test  

Of the 24 fish included in the analysis, 23 spent most of their time closer to the chamber 

with the conspecific shoal than to the empty chamber. ALAN treatment did not influence 

sociabilitys (mean distance to a conspecific shoal; Table 6.2); however, there was reduced 

activitys in ALAN-treated fish (percentage time spent moving; LMM: z = –1.994, p = 

0.046; Figure 6.2A, Table 6.2). Greater mass of the fish was associated with reduced 

sociabilitys (increased DCS; LMM: z = 3.188, p = 0.001; Figure 6.2B, Table 6.2) and 

increased activitys (LMM: z = 2.243, p = 0.025; Figure 6.2C, Table 6.2). Behavioural trait 

data distributions for individual fish can be found in Supplementary Figures 6.3A, B.  

 

6.4.1. Emergence test  

Of 21 successful emergence tests, 7 fish (3 ALAN and 4 control) did not hide in anemones 

after 1 min of chasing. ALAN exposure did not affect whether fish hid in anemones after 

chasing (Fisher’s exact test: p = 1, upper 95% CI = 6.521, lower 95% CI = 0.079). Neither 

distance from anemone nor activitye were correlated with mass or ALAN exposure (Table 

6.3). Among fish that did hide, there was strong evidence that control fish took longer to 

emerge from the anemone as compared to those that had been exposed to ALAN (LMM: z 

= –4.689, p < 0.001; Table 6.3, Figure 6.2D). We found moderate evidence that larger fish 

also emerged more quickly from anemones following a chase stimulus (LMM: z = –2.501, 

p = 0.012; Table 6.3, Supplementary Figure 6.4). There was weak evidence that fish 

exposed to ALAN were more likely to emerge from anemones within 10 min (Fisher’s 

exact test: p = 0.07, upper 95% CI = 1.177, lower 95% CI = 0; Figure 6.2E). Treatment had 

no effect on sociabilitye after the chase stimulus, but there was weak evidence for an effect 

of body mass, with larger fish possibly being closer to the conspecific shoal in emergence 
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trials (LMM: z = –1.923, p = 0.055; Figure 6.2B, Table 6.3). Sociability (LMM: z = –

6.096, p < 0.001; Figure 6.2B, Table 6.4) and activity (LMM: z = 2.101, p = 0.036; Figure 

6.2A; Table 6.4) were significantly reduced after the chase stimulus (emergence trial) 

compared with before (sociability trial), regardless of treatment. 

 
Table 6.2. Results of LMMs analysing behaviour of Dascyllus trimaculatus in 
sociability trials. ALAN treatment was analysed relative to fish exposed to control 
light levels. * indicates significance at p < 0.05; ** indicates significance at p < 0.01; 
*** indicates significance at p < 0.001. Variables with evidence for significant effects 
at p < 0.1 are shown in bold. 
Model 
response 
variable 

Variable Estimate 
Standard 
error 

z value p value 

Distance to a conspecific shoal 

 Intercept 1.424 0.434 3.283 0.001 

 Treatment (ALAN) 0.170 0.194 0.876 0.381 

 Mass (g) 0.062 0.019 3.188 0.001** 

Percentage time spent moving 

 Intercept 0.672 0.070 9.613 < 0.001 

 
Treatment 
(ALAN) 

-0.112 0.056 -1.994 0.046* 

 Mass (g) 0.012 0.005 2.243 0.025* 

 

Activity was also greater in larger fish in the comparison model (LMM: z = 2.335, p = 

0.020; Table 6.4). Behavioural distributions for individual fish can be found in 

Supplementary Figures 3C–E. Correlations among traits in sociability and emergence trials 

are shown in Supplementary Table 6.4 and Supplementary Figure 6.5.  

 



164 
 

Figure 6.2A. Percentage time spent moving (activity) in Dascyllus trimaculatus before 
(sociability) and after (emergence) the chase stimulus, according to light treatment. B. 
Mean distance of the focal fish to the conspecific shoal before (sociability) and after 
(emergence) the chase stimulus, according to fish mass. C. Time spent moving before 
(sociability) and after (emergence) chase stimulus, according to fish mass – overall 
trend (black line) represents analysis on data from both trials. D. Time taken for fish 
that hid in anemones to emerge. E. Number of fish emerging from anemones within 
10 min, grouped by treatment. Box plots show median (horizontal line), first and 
third quartiles (box), 1.5 times the interquartile range (whiskers), and individual data 
points (dots). 
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Table 6.3. Results of (G)LMMs analysing behaviour of Dascyllus trimaculatus in 
emergence trials i.e., following a chase stimulus. ALAN treatment was analysed 
relative to fish exposed to control light levels. * indicates significance at p < 0.05; ** 
indicates significance at p < 0.01; *** indicates significance at p < 0.001***. Variables 
with evidence for significant effects at p < 0.1 are shown in bold. 

Model response 
variable 

Variable Estimate 
Standard 
error 

z value p value 

Mean distance to shelter - conditional model  

 Intercept 0.466 0.727 0.641 0.521 

 
Treatment 
(ALAN) 

0.190 0.655 0.290 0.772 

 Mass (g) -0.052 0.059 -0.894 0.371 

Mean distance to shelter - zero-inflated model  

 Intercept 0.041 1.162 0.035 0.972 

 
Treatment 
(ALAN) 

-0.135 1.187 -0.114 0.909 

 Mass (g) -0.202 0.185 -1.094 0.274 

Distance to a conspecific shoal 

 Intercept 23.57 4.681 5.036 < 0.001 

 
Treatment 
(ALAN) 

0.056 5.237 0.011 0.991 

 Mass (g) -0.876 0.455 -1.923 0.055 

Percentage time spent moving  

 Intercept 0.121 0.381 0.316 0.752 

 
Treatment 
(ALAN) 

-0.224 0.427 -0.525 0.600 

 Mass (g) 0.058 0.039 1.517 0.129 

Time to emerge from shelter  

 Intercept 5.778 0.645 8.964 < 0.001 

 
Treatment 
(ALAN) 

-1.826 0.389 -4.689 < 0.001*** 

 Mass (g) -0.122 0.049 -2.501 0.012* 
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Table 6.4. Results of LMMs comparing behaviour in sociability tests and in 
emergence tests i.e., before and after a chase stimulus. ALAN treatment was analysed 
relative to fish exposed to control light conditions. The reference level for trial type is 
emergence. * indicates significance at p < 0.05; ** indicates significance at p < 0.01; 
*** indicates significance at p < 0.001***. Variables with evidence for significant 
effects at p < 0.1 are shown in bold.  

Model response 
variable 

Variable Estimate 
Standard 
error 

 z value p value 

Distance to a conspecific shoal 

 Intercept 2.765 0.223 12.39 < 0.001 

 
Trial type 
(Sociability) 

-1.122 0.199 -6.096 < 0.001*** 

 
Treatment 
(ALAN) 

-0.055 0.202 -0.273 0.785 

 Mass (g) -0.002 0.019 -0.112 0.911 

Percentage time spent moving 

 Intercept 0.550 0.063 8.765 < 0.001 

 
Trial type 
(Sociability) 

0.108 0.051 2.101 0.036* 

 
Treatment 
(ALAN) 

-0.092 0.060 -1.541 0.123 

 Mass (g) 0.014 0.006 2.335 0.020* 

 

6.5. Discussion  

We found that diurnal risk-taking behaviour, specifically time to emerge from a shelter, in 

Dascyllus trimaculatus was greater in fish previously exposed to chronic ALAN in the 

wild. The observed increase in risk-taking indicates that physiological effects of ALAN 

exposure, such as changes to circadian rhythms and energy budgets (Gaston & Sánchez 

de Miguel, 2022; Schligler et al., 2021), are likely to translate into effects on behaviour. 

In contrast, we found no difference in sociability between treatments. We did, however, 

find an effect of fish size on sociability, indicating that larger fish were less social 

regardless of exposure to ALAN. Contrary to our expectation, we also found that ALAN 

fish showed reduced activity in sociability trials. This study is the first to investigate the 

effects of chronic exposure to ALAN in the wild on sociability in fish, contributing new 

insights to the growing body of evidence regarding the impact of non-chemical pollutants 

on animal social behaviour. Our study builds on the findings of Kurvers et al. (2018), 

which is the only prior study on the effects of ALAN on sociability in fishes. As these 

effects may translate to intra- and interspecific and even ecosystem level effects (Gaston & 

Sánchez de Miguel, 2022; Underwood et al., 2017), more work is needed to investigate 

the effects of ALAN on social behaviour. 
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Our results suggest that emergence from hiding after a chase stimulus happened sooner in 

D. trimaculatus previously exposed to ALAN, indicating an increase in risk-associated 

behaviour. Our findings are consistent with previous work in a freshwater fish by Kurvers 

et al. (2018), which found that guppies exposed to ALAN for 10 wk in the lab and tested 

under daylight conditions emerged sooner from a refuge compared with fish exposed to 

dark nights. This suggests that ALAN may shift behavioural trade-offs toward bolder 

strategies, potentially by altering circadian rhythms, energetic demands, or predator detec-

tion. Kurvers et al. (2018) speculated that increased nocturnal activity caused by ALAN 

exposure may increase metabolic needs and thus risk-taking behaviour associated with 

foraging. Increased nocturnal activity has been previously found in D. aruanus exposed to 

ALAN (Georgiou et al., 2024), though that study did not find any effect on risk-taking 

behaviour. While we did not measure nighttime activity, we did observe reduced diurnal 

activity levels prior to a chase stimulus in ALAN- exposed fish. This may function to 

conserve energy or because foraging and other movement-related needs have been partially 

met during nocturnal activity (Latchem et al., 2021). Pulgar et al. (2019) reported that 

intertidal baunco Girella laevifrons exposed to ALAN showed increased overall activity 

over 24 h, but their activity cycles were altered, with reduced afternoon activity compared 

to controls. The effects of ALAN on activity level may therefore be dependent on both 

species and time of day, and further study is needed to elucidate any links between activity 

level, metabolic demands, and changes to other behaviours such as sociability and risk-

taking.  

 

Another explanation put forth by Kurvers et al. (2018) is that ALAN increases risk-taking 

similarly to how animals in ‘stressful’ high predation environments often show elevated 

risk-taking behaviour (Harris et al., 2010). Light exposure may act as a stressor, eliciting 

behavioural responses similar to those triggered by perceived predation risk. Whether the 

same may be true for Dascyllus spp. requires further research, though there is evidence that 

D. aruanus show reduced risk-taking at smaller shoal sizes, indicating plasticity in risk-

taking behaviour in this genus (Hansen et al., 2016). More diurnal and nocturnal predatory 

reef fish species have been observed at night on reefs exposed to ALAN (Weschke et al., 

2024), meaning that ALAN- and predation-induced activation of the primary stress 

response may co-occur for genera such as Dascyllus. Reducing diurnal activity level, as 

observed in the present study, may reduce the probability of a predator encounter, though 

possibly at the cost of diurnal foraging opportunities. In terrestrial vertebrates, ALAN often 
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alters behaviour in ways that may indirectly influence risk-taking by affecting predator 

encounters, although direct measurements are rare. Bats commonly aggregate around 

artificial lights to exploit insect concentrations (Rydell, 2006), and male songbirds exposed 

to artificial lighting initiate dawn song earlier (Kempenaers et al., 2010). While these 

behaviours enhance foraging efficiency and have reproductive advantages, respectively, 

they may also increase predation risk, suggesting a trade-off rather than a straightforward 

increase or decrease in risk-taking. Overall, the literature suggests that ALAN can affect 

risk-taking behaviour; however, few studies explicitly quantify risk-taking using standard 

behavioural assays and after an ecologically relevant exposure duration. Our results 

highlight a critical knowledge gap in the field, particularly for wild, ecologically relevant 

exposure in aquatic species. 

 

While evidence exists for mechanisms whereby ALAN exposure may influence risk-taking 

behaviour in fish directly, the earlier emergence observed in ALAN-exposed fish in the 

present study may also result from selective mortality on slower-emerging fish. Slower-

emerging fish could experience higher mortality due to foraging disadvantages or increased 

size-dependent predation. Reduced foraging success may limit growth, making them more 

vulnerable to predators (Lima & Dill, 1990). This effect may be magnified in ALAN-

exposed fish due to higher metabolic demands, stress levels, and predator encounters, as 

discussed above (Georgiou et al., 2024; Kurvers et al., 2018; Weschke et al., 2024). A 

recent study on a related species D. flavicaudus found that young fish exposed to ALAN 

experienced higher mortality compared to control fish, likely due to increased predation 

(Schligler, Norin, et al., 2026). Although we found no difference in mass or total length 

between ALAN and control groups in the present study, larger fish in both treatments were 

more active and faster to emerge following a chase stimulus, consistent with selection 

against risk-taking in smaller individuals. We did not collect any form of longitudinal data 

on individual growth and survivorship, however. Future studies could measure survival and 

behaviour through time to see if individual behaviour itself is altered in response to ALAN 

or if fish with certain behaviours have lower survival under ALAN. While our study design 

does not allow us to separate direct effects of ALAN on behaviour from selective mortality, 

in either scenario the effects of ALAN on risk-taking behaviour are likely to be 

ecologically important.  

 

Although risk-taking behaviour has been linked to sociability in fishes (Harcourt et al., 

2009; Pike et al., 2008), particularly if increased risk-taking behaviour leads fish to stray 
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further from a shoal (Conrad et al., 2011), this was not supported in our study. If prolonged 

exposure to ALAN does cause chronic activation of the primary stress response (Kurvers et 

al., 2018), it is possible that social species may remain in tight groups following exposure 

to ALAN. In social species, remaining within social groups has been linked to lower 

cortisol levels (Culbert et al., 2019). As a result, the physiological effects of ALAN may 

lead individuals to increase group cohesion and lower individual risk-taking behaviour. In 

addition, while foraging in groups means resources must be shared among individuals, 

group foraging may result in a greater number of food items detected or acquired (A. Ward 

& Webster, 2016b). Individuals may therefore benefit from remaining in groups following 

ALAN exposure. To our knowledge, no study has previously found effects on sociability 

following ALAN exposure. It therefore appears that despite the theoretical links with 

physiological and other behavioural effects of ALAN, there is not yet evidence to support 

any change in sociability in fishes following ALAN exposure.  

 

In emergence tests, stimulus shoals were kept visible to the focal fish to increase ecological 

relevance, as D. trimaculatus would be unlikely to experience a predation event in 

isolation. This meant, however, that there was a chance that fish would seek protection in 

proximity to the conspecific shoal and that this would affect time spent in the shelter of the 

anemone. While we found no difference in sociability between ALAN and control fish, 

sociability was significantly reduced following the chase stimulus, indicating that fish were 

not responding to this stressor by seeking shelter with the shoal. The lack of effect of 

ALAN on sociability was consistent before and after the chase stimulus. The negative 

relationship between sociability and fish mass, however, disappeared following the chase 

stimulus. In emergence trials, there was weak evidence that larger fish remained closer to 

the shoal irrespective of light treatment. The effects of predation events on behavioural 

responses often vary according to factors such as experience, sex, and body size (Darby & 

McGhee, 2019; Herczeg et al., 2016; Roy & Bhat, 2018). However, it has been found that 

gregarious fish will often seek shelter with a shoal in the presence of a predation threat 

(Krause & Godin, 1994; Mason et al., 2021). Our results suggest that a simulated 

predation event elicits the opposite effect in D. trimaculatus, with fish moving further from 

a shoal after chasing, a pattern that is more pronounced in smaller fish. Fish were also less 

active following a chase stimulus, and the negative effect of ALAN exposure on activity 

level observed in sociability trials was not present. Reduced activity and sociability 

following a simulated predator encounter may reflect the species’ ecological strategy, as 

predator evasion on coral reefs often involves seeking refuge within the reef structure 
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(Boström-Einarsson et al., 2018). Suitable hiding places may be easier to access when 

alone rather than in a group, and the need for such refugia is likely greater for smaller 

individuals, which are more vulnerable to predation (Mumby et al., 2006). 

 

While our study provides much-needed data on the effects of ALAN on fish social 

behaviour, there was considerable variation in fish size among individuals. Although mass 

was included in all models and was found to influence social behaviour, variation in mass 

may have affected results in ways that our models could not detect, not least due to 

variation in treatment exposure duration associated with fish age. As all fish were 

significantly past the larval phase, however, it is reasonable to assume that they had been 

subject to chronic exposure to either control or ALAN conditions, though the actual 

exposure period may have varied. Holding time in the lab also varied, and while this was 

accounted for in models, it is still worth noting that being held in the lab with lower ALAN 

levels, no predators, and provision of food may have influenced energy balances and 

therefore behaviour compared to purely wild exposures to ALAN. Future experiments 

should therefore aim for greater consistency in size of focal fish and in lab holding time to 

minimize potential confounding effects. In addition, while we attempted to chase fish for a 

consistent amount of time (1 min), some fish hid in the anemone before 1 min of chasing 

was complete. The degree of chasing was considerably below that previously found to be 

required to elicit exhaustion in similar species (Rummer et al., 2016); however, we cannot 

rule out that fish behaviour may have been affected by any oxygen debt caused by the 

chase stimulus (Killen, Norin, et al., 2017). While standardised tests facilitate clearer 

interpretation of correlations between stimuli and behavioural responses, they may lack 

ecological relevance and not accurately reflect real predator encounters. In natural settings, 

how fish respond to actual predator encounters likely influences both the level and form of 

the physiological stress they experience (Rupia et al., 2016) and thus may affect their 

recovery. It would be beneficial for future studies to investigate whether the metabolic 

effects of stimuli may affect risk-taking behaviour. In the present study, while all fish 

responded to the chase stimulus by moving around the tank, the chase failed to elicit hiding 

behaviour in some individuals (n = 7). The stimulus used is realistic in duration and 

intensity to ambush or sit-and-pursue predators such as barracuda (Grubich et al., 2008; 

O’Toole et al., 2010; Porter & Motta, 2004) that are often encountered in the lagoon 

around Mo’orea but may have failed to elicit hiding in some fish due to the absence of 

chemical or visual predator cues. Although we were not able to acquire emergence data for 
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all individuals, our results still indicate effects of ALAN exposure on risk-taking and 

provide a basis for further research. 

 

Anthropogenic pollutants in aquatic and terrestrial systems are of increasing concern, and 

therefore have been the target of significant research by ecologists in recent years. 

Nevertheless, the effects of non-chemical pollutants such as ALAN on social behaviour are 

relatively underrepresented in the literature (Tiddy, Cortese, et al., 2024). Our study 

provides the first evidence that exposure to ALAN affects risk-taking behaviour in a 

marine fish species. We found no effect of ALAN on sociability, consistent with previous 

work; however, we still recommend this as an area for further study. Also lacking in the 

literature are studies linking physiological and behavioural effects of ALAN on different 

species, which would be invaluable for explaining and predicting effects. Our study adds 

valuable data to the ongoing study of the behavioural effects of anthropogenic pollutants, 

and indicates likely avenues for further research in this key field. 
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Chapter 7 

General Discussion 

7.1. Review of key findings 

While evidence exists of effects of anthropogenic stressors on social behaviour in fish 

species, quantifying the extent of existing knowledge is a key factor in identifying unifying 

trends. In chapters 2 and 3, therefore, I analyse existing data on how fish sociability and 

group cohesion are influenced by climate-related stressors and anthropogenic pollutants 

respectively (Table 7.1). Chapter 2 used a meta-analysis of effect sizes from 36 studies to 

investigate the effects of temperature, hypoxia, and acidification on fish social behaviour. 

Meta-analysis revealed no overall effects of temperature or acidification, however group 

cohesion showed a decline with increasingly severe hypoxia. While effects of climate-

related stressors on social behaviour in fishes are evidenced in some studies (e.g., (Angiulli 

et al., 2020; Davis et al., 2019; Fahlman et al., 2021; Holubová et al., 2021; Maulvault et 

al., 2018; A. Mitchell et al., 2022)), therefore, these effects only form a unidirectional trend 

in the case of hypoxia. Chapter 2 also emphasises that more study is needed of climate-

related stressors, in particular acidification and stressor combinations. Another striking 

aspect of the surveyed literature is that no studies investigated both sociability and 

cohesion in the context of climate-related stressors, meaning no attempts were made to link 

effects on individuals and groups within the same experimental system. 

 

In chapter 3, I analysed effects of organic, inorganic, and mixed chemical pollutants, noise, 

light, and turbidity on fish social behaviour, again using effect sizes calculated from the 

literature. Both organic and inorganic pollutants were associated with reduced sociability, 

with this effect being concentration-dependent in the case of inorganic pollutants. 

Interestingly, mixtures of chemical pollutants led to reduced cohesion but increased 

sociability, possibly as a result of the specific combinations studied. While neither noise 

nor light exposure had main effects on cohesion, evidence of habituation to prolonged 

noise exposure was found. Reduced sociability was found in fish exposed to increased light 

levels, though the majority of these focused on photoperiod or changes in visual 

conditions, with only one study specifically studying artificial light at night (ALAN). No 

effect of turbidity on social behaviour was found. These findings indicate a somewhat 

linear response to chemical pollutants that is perhaps surprising given the number of 

substances involved. Further study is required, however, particularly into the effects of 

chemical mixtures and ALAN.  
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As my findings in chapter 2 indicated, studies of the effects of intra- and interindividual 

variation in behavioural traits on group dynamics in the context of climate-related stressors 

are absent from the existing literature on fish social behaviour. In chapters 4 and 5, 

therefore, I used a model species, rummy nose tetra Hemigrammus rhodostomus, to 

investigate the effects of temperature and hypoxia respectively on links between individual 

behavioural traits and group dynamics. In chapter 4, individual behavioural traits of 

activity, sociability, and risk-taking behaviour under three acute temperature treatments 

were linked to group dynamics of the same fish in groups of 5-6 under the same 

treatments. In individual trials, fish displayed greater activity, sociability, and risk-taking 

behaviour under high temperatures. Groups swam faster, were more polarised, and 

contained a more even distribution of individuals along the group range of motion at higher 

temperatures. In social, less-active individuals, however, speed and polarisation were 

reduced at high temperatures, and this was reflected in overall group speed. Groups 

containing larger fish were more polarised under ambient conditions but became less 

polarised as temperatures increased. Regardless of temperature, active, less-social fish 

were found at the front of shoals, with evidence for this being stronger where these 

individuals also displayed high risk-taking behaviour. These findings show interactions 

between intra- and interindividual variation and environmental conditions in determining 

group dynamics and indicate possible mechanisms for non-unidirectional effects of thermal 

stress on fish social behaviour.  

 

Chapter 5 investigated similar response variables to those in chapter 4, but in the context of 

hypoxia rather than temperature. Individual and group behaviours were assayed under 

three oxygen levels, representing normoxia, mild hypoxia, and severe hypoxia. In 

individual behavioural trials, I found reduced activity under hypoxia but no effect on 

sociability or risk-taking behaviour. In group trials, severe hypoxia led to reduced speed 

and polarisation at both the individual and group levels. Interestingly, this was associated 

with a reduction in interindividual distance, likely mediated by fish reducing their activity 

and aggregating around shelters placed in the centre of the arena. Fish that displayed 

greater risk-taking behaviour in individual trials swam faster under hypoxia but moved to 

the back of shoals when these formed, possibly indicating more time spent swimming 

alone. The observed reductions in group polarisation under severe hypoxia (≤30% O₂) 

reflect the findings of chapter 2, though the effects on interindividual distance (group 

cohesion) do not. While the findings of chapter 5 indicate that the effects of hypoxia on 
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social behaviour are largely mediated by changes in activity, I nevertheless find evidence 

for roles of intra- and interindividual variation in determining behaviour in a group across 

an oxygen gradient.  

 

In chapter 6, I aimed to address a key knowledge gap identified in chapter 3, namely, the 

lack of studies of the effects of ALAN on diurnal social behaviour in fish. Taking 

advantage of an existing study system, I assessed the social and risk-taking behaviour of 

threespot dascyllus Dascyllus trimaculatus exposed since settlement to chronic ALAN in 

the wild. ALAN-exposed fish were less active in sociability trials but did not differ in 

sociability from fish exposed to ambient light levels. Following a chase stimulus, however, 

ALAN-exposed fish took less time to emerge from an anemone, indicating a greater 

proclivity for risk-taking behaviour in ALAN-exposed fish. Interestingly, these results 

mirror those of the only known previous study of ALAN on diurnal social behaviour in fish 

(Kurvers et al., 2018). While two concurring studies is far from conclusive, the results of 

this chapter echo those of chapter 3 in that further study of the effects of ALAN on fish 

social behaviour is a key avenue for future work.  
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Table 7.1. Summary of key fields and knowledge gaps identified prior to the completion of this thesis, key results of this thesis, implications for 
the field of fish social behaviour, and recommended avenues for future study.  

Chapter Understanding prior to 
this thesis 

Knowledge Gaps Findings Implications for gregarious 
fish 

Recommended future directives 

2 Social behaviour may be 
affected by temperature, 
hypoxia, and acidification 
via physiological stress 
responses and alterations to 
sensory processes. 

Empirical evidence of 
unifying themes in 
behavioural responses to 
stressors across species and 
systems is lacking.  

Unidirectional behavioural effects were 
identified for hypoxia, but not for 
temperature or acidification. Group cohesion 
was reduced as oxygen saturation decreased.  

Shoaling and schooling 
species may struggle to 
maintain cohesion under low 
oxygen, with potential 
effects on predation risk, 
foraging, and social 
dynamics. 

Further studies of the effects of acidification 
are needed, as are more studies of the effects 
of hypoxia on sociability. Studies linking 
individual behavioural responses to changes in 
group dynamics are highly recommended to 
explain effects on shoaling and schooling. 

3 Anthropogenic pollutants 
have a range of 
physiological and stress-
related effects on fish social 
behaviour. 

Overarching effects of 
different pollutant categories 
and combinations have yet 
to be examined. 

Sociability was reduced in response to 
individual chemical pollutants and bright 
light but increased with chemical mixtures. 
Group cohesion decreased with exposure to 
chemical mixtures and showed evidence of 
habituation to noise pollution. Responses to 
chemical pollutants were largely dose 
dependent. 

Effects on social behaviour 
differ among pollutant 
classes and in response to 
mixtures vs. individual 
contaminants. Pollutant 
concentration should be a 
key consideration for 
management decisions. 

Studies of the effects of a more diverse range 
of chemical mixtures are required. Non-
chemical pollutants, in particular artificial 
light at night, require further study of acute 
and chronic effects. Studies of intra- and 
interindividual variation in response across 
developmental stages and pollutant levels are 
recommended.  

4 Temperature increases 
metabolic needs, with 
evidence for effects on 
activity and social behaviour 

How individual behavioural 
traits and response to 
thermal stress may affect 
dynamics of individuals in 
groups is unknown. 

Temperature affected social behaviour both 
when alone and in groups. Individual traits 
dictated roles within groups, and this was in 
some cases dependent on temperature.  

Effects of environmental 
factors at the group level 
depend on the individual 
trait expression of fish 
within a group. 

Repeated measures of behavioural traits across 
thermal gradients would capture variation in 
intra-individual response and how this relates 
to repeatability of roles within groups.  

5 Severe hypoxia reduces 
schooling through changes 
in activity level and possible 
interference with sensory 
processing. 

Effects of hypoxia on 
individual sociability, and 
how this may be linked to 
changes in shoaling 
behaviour, are poorly 
understood 

Activity was reduced in individual 
behavioural trials under hypoxia. Hypoxia 
had no effect on sociability. Hypoxia 
affected speed, polarisation, and cohesion in 
groups, but these effects were dependent on 
individual traits. 

Activity and leader-follower 
dynamics appear to affect 
shoaling under hypoxia, but 
species ecology likely has a 
strong effect.    

Studies comparing among species and hypoxia 
treatments may help to quantify variation in 
coping strategies with regards to activity, and 
how this translates to social behaviour and 
shoaling dynamics.  

6 Artificial light at night 
increases metabolic needs 
through greater nighttime 
activity and may lead to 
overactivation of the 
primary stress response, with 
implications for growth and 
fitness. 

Effects of ALAN, 
particularly chronic 
exposure, on diurnal 
behavioural traits are largely 
unknown.  

Chronic, wild exposure to ALAN did not 
affect sociability, but did increase risk-taking 
behaviour in the form of time to leave a 
shelter. 

Altered response to threats 
or predation events may 
increase vulnerability. 
Increased time spent outside 
shelters may also exacerbate 
metabolic effects, though 
foraging time could be 
increased. 

Integrative studies of physiology and social 
behaviour are needed to elucidate the 
mechanisms of changes in behaviour in 
response to ALAN.  
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7.2. Contextualising meta-analysis and experimental findings  

7.2.1. Temperature 

In fish behaviour, as in many areas of science, effects of rising temperatures are of urgent 

research interest in a world rapidly becoming warmer (Cannon, 2025; Luo et al., 2024; 

Mukherjee & Bhat, 2024; Schumm et al., 20Click or tap here to enter text.Click or tap 

here to enter text.Click or tap here to enter text.. My systematic survey of the literature 

found that temperature is better studied than both hypoxia and acidification in terms of the 

number of studies on fish social behaviour. Despite this, meta-analysis revealed no clear 

trends in behavioural response to high temperatures. The theoretical basis of social 

behaviour change in ectotherms under high temperatures predicts increased activity 

associated with higher metabolic rate (Agarwal et al., 2024; Kuruvilla et al., 2023), which 

may lead to increased risk-taking and lower sociability (Angiulli et al., 2020; Pilakouta et 

al., 2023). This was supported by my experimental findings in chapter 4 insofar as 

temperature was associated with increased activity and risk-taking. In contrast to the 

prediction of higher activity and risk-taking being linked to reduced sociability, sociability 

was also increased in individual behavioural trials in H. rhodostomus. The predicted effect 

of increased metabolic rate on activity therefore appears to be present in H. rhodostomus, 

however the ways in which this translates to social behaviour are more complex, in line 

with meta-analysis findings.  

 

While the effects of temperature and other stressors on links between individual traits and 

group behaviour in fish have not been studied extensively, the complexity of relationships 

found in chapter 4 are reflected in previous studies of thermal effects on shoaling. In brown 

trout Salmo trutta fry, fish displayed fewer instances of physical contact with a conspecific 

at low temperatures (6-8°C) compared with at higher (10-12°C) temperatures but tended to 

remain together following physical contact (Colchen et al., 2016). At 12°C, fish were more 

likely to immediately move apart following physical contact than at any other temperature. 

This did not lead to increased nearest neighbour distance (NND), interindividual distance 

(IID), or variance in interindividual distance at 12°C, suggesting that high temperatures 

had a greater effect on interindividual interactions within the group than on some metrics 

of overall group structure. Interestingly, a study on little sand smelt Atherina boyeri 

(Atherina mochon) also found increased approach-withdrawal frequency in juvenile fish 

exposed to high temperatures as eggs and/or larvae (Williams & Coutant, 2003). IID and 

NND were not measured in this study, but increased approach-withdrawal was in this case 

associated with lower polarisation and school duration. While the metrics used to assess 
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shoaling being different makes direct comparison different, it is notable that the effects of 

interindividual interactions at the shoal or group level appear to vary. In a recent study on 

crucian carp Carassius auratus, increased swimming speeds and synchronisation of 

swimming speeds at the individual level in group behavioural trials under high 

temperatures were reflected by increased activity of the group as a whole (Luo et al., 

2024). Schooling, however, measured as polarisation, IID, NND, and distance to the group 

centroid, were not affected. Effects of temperature on social behaviour appear, therefore, to 

be mediated by factors other than changes in activity in response to elevated metabolic 

needs.  

 

Even the prediction that an increase in SMR leads to increased activity is not universally 

evidenced. Careau et al. (2008) proposed a framework of two possible activity responses to 

increasing SMR: the “performance” model, which predicts increased activity as SMR 

increases due to high energy throughput and to allow individuals to meet their metabolic 

needs. The “allocation” model, conversely, predicts that individuals with high metabolic 

needs may allocate less energy to activity, allowing energy to be conserved for basal 

metabolic processes (Careau et al., 2008). While Careau et al. (2008) proposed this 

framework with reference to interindividual differences under a given set of conditions, it 

may also apply to increased SMR caused by high temperatures (Killen, 2014). A recent 

study of sheepshead minnow (Cyprinodon variegatus) found activity to be negatively 

correlated with SMR at 22°C, consistent with the “allocation” model, however this 

correlation disappeared at 32°C (Schumm et al., 2026). While the activity response shown 

by H. rhodostomus in chapter 4 more closely follows the “performance” model, sociability 

and cohesion were both maintained or increased at high temperatures. The relationships 

between SMR, activity, and social behaviour under high temperatures appear to vary 

among species and with degree of stressor exposure, and future studies bridging the gap 

between physiology and behaviour are needed to elucidate this. Additional stressors often 

associated with temperature change such as hypoxia and acidification also exert their own 

physiological effects (Domenici et al., 2017; Jutfelt et al., 2013; Maulvault et al., 2018; A. 

Mitchell et al., 2022), though very few studies of how this may translate to changes in 

social behaviour are available.  

 

7.2.2. Hypoxia 

As local mechanisms such as eutrophication interact increasingly with global shifts in 

temperature, periods of low or no oxygen are growing in frequency and severity in aquatic 
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systems (Baladia et al., 2025; Gattuso et al., 2015). Hypoxia restricts aerobic scope, and in 

some cases baseline oxygen requirements, in aquatic animals, and thus places 

physiological constraints on activity and behaviour (Domenici et al., 2017). The themes 

present in my findings in chapters 2 and 5 broadly support this, as hypoxia reduced 

swimming speed and polarisation, with greater effects present at oxygen levels at or below 

30% saturation. The observed effects of hypoxia on behaviour broadly reflect the ideas of 

Domenici et al. (2017), in that fish may be able to tolerate low oxygen and maintain 

cohesive shoaling until a critical point, generally occurring at or below 30% O₂. This 

appears to generate a more consistent threshold effect on behaviour than that observed in 

studies of temperature, which is reflected in the greater number of interaction effects with 

individual traits seen in chapter 4 compared with chapter 5. That being said, behavioural 

response to hypoxia in group trials in H. rhodostomus did vary according to individual 

traits in chapter 5. In addition, while a reduction in activity was observed in H. 

rhodostomus, this does not represent a universal strategy for coping with hypoxia 

(Domenici et al., 2013, 2017; Fitzgibbon et al., 2010).  

 

As noted in the introduction to this thesis and discussed in detail by Domenici et al. (2013, 

2017) and Chapman and Mckenzie (2009), hypoxia is frequently shown to affect activity 

levels in fish, and activity-based responses have been theorised as falling into two broad 

categories. Increased activity under hypoxia is thought to be associated with attempts to 

escape the unfavourable conditions (Domenici et al., 2000; Herbert & Steffensen, 2005; 

Sommer‐Trembo et al., 2017), though it has also been argued that this may represent a non-

adaptive “panic” response (Domenici et al., 2013), while reduced activity is consistent with 

an oxygen-conservation strategy (Alfonso et al., 2020; Cook et al., 2014; Hayes et al., 

2019). Which strategy is employed may depend on physiological hypoxia tolerance 

(Chapman & Mckenzie, 2009) and whether hypoxia is escapable (Cook et al., 2014; 

Herbert et al., 2011). The strategy may also depend on species ecology, with pelagic 

schooling species being more likely to exhibit increased activity, which can mitigate the 

exacerbating effects of large shoals on hypoxia while increasing the probability of finding 

normoxic conditions (Cook et al., 2014; Domenici et al., 2013; Fitzgibbon et al., 2010). 

The Amazonian streams and wetlands where H. rhodostomus are found often experience 

hypoxic episodes (Luis Val & Wood, 2022) both at night when photosynthetic oxygen 

production ceases and in stagnant water following floods (Pelster & Wood, 2024). In such 

situations, where normoxic water may be hard to find, displaying minimal activity but low 

interindividual distances may allow H. rhodostomus to cope with hypoxia while 



179 
 

concurrently benefiting from reduced stress levels (Nadler et al., 2016; Pintos et al., 2024) 

and predator avoidance by remaining in a group (Cook et al., 2014; Pitcher, 1986). 

Alternatively, H. rhodostomus may prefer to increase interindividual distances under 

hypoxia, but prioritised shelter proximity in the behavioural arena used in chapter 5 when 

not actively shoaling. As a small, littoral species, shelter prioritisation may be selected for 

in H. rhodostomus as a counter-predation measure (Jones et al., 2019).  

 

If reduced interindividual distance in group trials under hypoxia was indeed mediated by 

fish seeking proximity to shelters. i.e., risk avoidance, this may also explain why I 

observed increased activity in group trials under hypoxia in fish that displayed greater risk-

taking in individual trials. Individuals that display greater risk-taking behaviour may be 

more vulnerable to predation (Hulthén et al., 2017) but also increase foraging (MacGregor 

et al., 2021; Planas-Sitjà & Ioannou, 2025), lead groups, and contribute strongly to 

decision-making (Bevan et al., 2018; Harcourt et al., 2009; Nakayama et al., 2012, 2016; 

Riley et al., 2025). Interestingly, I also found marginally non-significant evidence that less 

risk-averse individuals swam near the back of shoals under hypoxia. In chapter 4, less risk-

averse individuals tended to be positioned at the front of shoals regardless of the 

temperature, indicating that risk-taking behaviour may predispose H. rhodostomus to group 

leadership as found in other species (Bevan et al., 2018; Harcourt et al., 2009; Nakayama 

et al., 2012, 2016). Based on my findings in chapter 5, less risk-averse individuals appear 

to retain increased risk-taking under hypoxia in a group setting, but this may not translate 

to group leadership. Leader-follower dynamics, however, rely on decisions made by both 

leaders and followers (Ioannou et al., 2017; Webster, 2017). Reduced activity and 

increased tendency to aggregate around shelters under hypoxia may have corresponded to 

other individuals in shoals being less likely to follow less risk-averse individuals if and 

when these initiated movements (A. J. W. Ward et al., 2013). If this is the case, a question 

arises as to whether reducing activity to cope with hypoxia prevents individuals from 

joining movements, or if reduced proclivity to follow conspecifics when they initiate 

movement leads to lower activity. 

 

The mechanism of behavioural change under hypoxia is generally ascribed to limitations 

imposed on aerobic scope and baseline oxygen requirements. There is also evidence, 

however, that hypoxia can interfere with sensory processing in fish, including olfactory 

(Tigert et al., 2025) and visual (Country & Jonz, 2021) sensing, and possible impairment of 

central nervous system functioning (Lu et al., 2005; Lucon-Xiccato et al., 2014; Tigert & 
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Porteus, 2023). This may mean individuals struggle to rapidly respond to movements made 

by conspecifics, reducing the efficacy of leader-follower dynamics under hypoxia. As 

discussed in chapter 2, group size may also have an effect on group speed, polarisation, 

and cohesion under low oxygen, with the greatest reductions in these being observed in 

groups of 8-18 individuals. If responses to the movements of shoal mates are delayed or 

reduced, movements may not propagate through smaller groups, while in larger shoals, the 

coordination required to shoal cohesively with many other individuals is lacking 

(Domenici et al., 2017). The mechanisms of movement constraint and 

initiation/propagation under hypoxia remain, however, unresolved.  

 

7.2.3. Light  

Artificial light at night (ALAN) is an emerging anthropogenic pollutant, affecting 

increasing proportions of ecosystems (Davies et al., 2014; Marangoni et al., 2022). Despite 

this, studies of how physiological and fitness-related impacts of ALAN may carry over into 

diurnal behaviour are lacking in fish species. Meta-analysis carried out in chapter 3 

revealed a significant effect of light exposure on sociability in fish species, however only 

one study identified in the literature review explicitly investigated the effects of ALAN 

(Kurvers et al., 2018). This study found increased risk-taking behaviour, but no effect on 

sociability, in guppies Poecilia reticulata. The remainder of reviewed studies on light 

focused on behavioural changes associated with changes in brightness (Lafoux et al., 2023; 

Patch et al., 2022), wavelength (Kelley et al., 2012; Marchesan et al., 2005), or 

photoperiod (Lucon-Xiccato et al., 2022). While these are ecologically relevant factors, 

their mechanisms of action likely differ from those of ALAN. Diurnal behavioural effects 

of ALAN have been proposed to result from increased metabolic needs (Georgiou et al., 

2024; Hillyer et al., 2021) and overactivation of the primary stress response (Kurvers et al., 

2018), while shoaling behaviour under varying light levels relies on visual stimuli and thus 

may be improved in brighter light (e.g., Butail et al., 2015; Lafoux et al., 2023; Patch et al., 

2022), though lateral line sensing may also play a role (Chaput et al., 2023). Assuming 

different mechanisms and thus likely different fitness effects, the relative lack of studies of 

diurnal social behaviour in ALAN-exposed fish is a significant gap in the literature.  

 

While studies of ALAN influencing individual sociability in fish are scarce, no studies of 

ALAN on fish shoaling or schooling behaviour were found in the review of the literature 

described in chapter 3. Since this review was published, however, three studies have 

investigated the effects of ALAN on shoaling. Two of these studies reported reduced inter-
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individual distances (increased cohesion) during diurnal shoaling trials following acute 

ALAN exposure in zebrafish Danio rerio (W. Li et al., 2024) and acclimated exposure in 

mosquitofish Gambusia holbrooki (Barzegar et al., 2024) respectively. These findings may 

indicate that diurnal behavioural responses ALAN exposure in shoaling species are 

characterised more by social buffering of stress responses (Nadler et al., 2016; Pintos et al., 

2024) than by leaving a shoal due to increased risk-taking. The third study reported a 

marginally non-significant reduction in shoaling in Indian medaka Oryzias melastigma, 

though it is not clear from the study if this refers to diurnal or nocturnal shoaling (Ranjan, 

2026). None of these studies investigated effects on individual sociability in addition to 

shoaling behaviour, though Li et al. (2024) found increased thigmotaxis (anxiety-like 

behaviour) in ALAN-exposed D. rerio both alone and in groups. Increased anxiety-like 

behaviour is in contrast with the findings of chapter 6 and Kurvers et al. (2018), though 

this may be a result of acute versus acclimated exposure. Whether changes (or lack thereof) 

in individual sociability in response to ALAN will inform group dynamics within species 

or study systems therefore remains to be established.  

 

The links between physiological and behavioural effects of ALAN in fish species also lack 

full understanding, though a number of mechanisms have been proposed. ALAN has been 

found to affect circadian rhythms in fish, as light level is an essential zeitgeber for fish as 

for many species (Sánchez-Vázquez et al., 2019). Such disruption has been linked to 

increased night-time activity (Georgiou et al., 2024) as well as changes in diurnal activity 

patterns (Pulgar et al., 2019). Stress induction from ALAN exposure may also affect 

physiology, fitness, and behaviour. In blue-green chromis Chromis viridis, ALAN exposure 

led to increased brain activity, indicated by build-up of metabolites associated with 

glycolysis and the pentose phosphate pathway, and substances produced by cellular 

damage and degradation (Hillyer et al., 2021). Hillyer et al. (2021) also found lower levels 

of gamma-aminobutyric acid (GABA) precursors in the livers of ALAN-exposed C. 

viridis. GABA is an important neurotransmitter with roles in regulating feeding (Snigirov 

& Sylantyev, 2017), and its receptors are involved in olfactory predator detection and 

response (Draper & Weissburg, 2019; Nilsson et al., 2012). While there is no empirical 

evidence that ALAN-exposed fish have altered capacity for olfactory predator detection, 

Dascyllus flavicaudus exposed to ALAN display higher mortality, possibly attributable to 

increased predation (Schligler, Norin, et al., 2026). There are a number of possible 

explanations for ALAN-exposed fish suffering higher predator mortality, however, 

including increased predator encounters mediated by greater night-time activity of both 
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nocturnal and diurnal predators in sites exposed to ALAN (Weschke et al., 2024). Growing 

evidence shows that chronically ALAN-exposed fish may be less risk-averse (Kurvers et 

al., 2018), though whether this is triggered by increased foraging needs, reduced response 

to predator cues, or selective mortality, as discussed in chapter 6, remains unclear.  

 

7.3. Intra- and interindividual variation in the context of different stressors 

Behavioural variation within a social group is a vital component of group dynamics and 

response to external cues, but to date variation in social behaviour across contexts has been 

largely studied at the interindividual level in fish. While heterogeneity among individuals 

has a strong influence on interactions, the degree of ecologically relevant interindividual 

variation found in a group is inextricably tied to intraindividual phenotypic variation within 

and across contexts (Biro & Adriaenssens, 2013; Jolles et al., 2019; Jolles, King, et al., 

2020; Laskowski & Bell, 2014; D. J. Mitchell & Biro, 2017). My findings in chapters 4 

and 5 show evidence of intraindividual variation across abiotic contexts, as individual H. 

rhodostomus became more active, social, and less risk-averse under higher temperatures 

but less active under hypoxia. Relatively few studies of social behaviour have exposed the 

same individuals to multiple conditions of temperature (but see (Olla & Studholme, 1971; 

Pilakouta et al., 2023; Pineda et al., 2020)), though studies of related behaviours have 

found both intra- and interindividual variation under varying levels of temperature and 

oxygen (Killen et al., 2012, 2018). In the case of hypoxia, several studies of the effects of 

progressive hypoxia on shoaling behaviour exist (Cook et al., 2014; Domenici et al., 2002; 

Hayes et al., 2019; Israeli & Kimmel, 1996; Moss & McFarland, 1970), though these did 

not explicitly investigate intraindividual variation. It is not entirely clear why exposing the 

same individuals or groups to variation in conditions appears to be favoured for hypoxia 

but not for temperature, however this may relate to the period of exposure. Acute exposure 

was more common for studies of hypoxia (chapter 2), which may allow researchers to 

sequentially expose individuals to different oxygen concentrations more efficiently. Where 

the goal is to study variation in traits across contexts, independent treatment groups may 

miss variation occurring at the intraindividual level (Andreassen et al., 2026; Killen et al., 

2012; Norin, 2022; Norin & Gamperl, 2018). Further investigating intraindividual 

variation in the context of temperature may therefore be an important future research topic.  

 

Just as I observed intraindividual variation across contexts of both temperature and oxygen 

saturation in H. rhodostomus, I also observed changes in how interindividual variation in 

trait expression related to shoaling behaviour. In some cases, individual traits were not 
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correlated or were weakly correlated to shoaling behaviour under ambient conditions of 

temperature and oxygen but gained a stronger influence over group roles and dynamics 

when conditions changed (Killen et al., 2013). Evidence for an effect of individual 

sociability and activity on speed and polarisation of fish in groups was magnified at higher 

temperatures, and risk-taking behaviour was associated with swimming speed and position 

in the shoal under hypoxia but not normoxia. Interindividual differences in behaviour may 

be muted in groups under ambient conditions (Guayasamin et al., 2017; Herbert-Read et 

al., 2013; MacGregor et al., 2021) particularly in species such as H. rhodostomus with a 

strong tendency to school (Lafoux et al., 2024; Lei et al., 2020). In stressful conditions, 

however, interindividual differences may be amplified leading to greater expressions of 

heterogeneity within the group (Jolles, King, et al., 2020; Killen, Adriaenssens, et al., 

2016; Killen et al., 2011). This could reflect individuals experiencing different levels of 

physiological stress or adopting different strategies for coping with physiological stress 

(Domenici et al., 2013, 2017; Killen, Cortese, et al., 2021) and may result in group 

fragmentation or reduce cohesion and polarisation (Jolles, King, et al., 2020; Killen, 

Marras, et al., 2017). While a reduction in cohesion did not appear to affect H. 

rhodostomus exposed to thermal or hypoxia stress, the extent to which individual traits 

informed roles in groups still changed. Stressful environments may magnify heterogeneity 

within a group, but social species will also deviate from individual physiological and 

energetic optima to remain with conspecifics (Cooper et al., 2018; Tiddy et al., 2025). 

Desire to remain with conspecifics under stressful conditions may make individuals more 

likely to mirror the behaviour of conspecifics exhibiting strong behavioural trends, leading 

to greater influence of, for example, more social or less risk-averse individuals (Jolles, 

King, et al., 2020).  

 

Although the extent to which variation among individual H. rhodostomus informed group 

dynamics varied across contexts, it is not completely clear how much of this is due to 

intraindividual variation in trait expression among social contexts. Put another way, it is 

not clear how much of this modulation was due to individuals changing their behaviour 

when alone but continuing to occupy the same roles and positions in groups, or vice versa. 

The social environment is a strong modifier of behaviour (Killen et al., 2026; Tiddy et al., 

2025; Ward et al., 2007; Webster & Ward, 2011) and may also play a role in how 

individuals respond physiologically to stressors (Killen et al., 2026). While individuals 

changed their behaviour in response to stressors both when alone and in groups, I did not 

measure repeatability within or across contexts due to time constraints and it is thus not 
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clear whether individuals remained consistent in the behavioural trait expression relative to 

the trait expression of shoalmates. As individuals fulfilling certain roles in groups may 

come under varying selection pressures (Ioannou & Dall, 2016; Jolles, King, et al., 2020) 

and may affect the behaviour and subsequent fitness of other individuals in the group 

(Bevan et al., 2018; Hulthén et al., 2017), this is an interesting question in a world 

increasingly characterised by unprecedented changes in abiotic conditions (Bevacqua et al., 

2025; Cannon, 2025; Orr et al., 2024). If intraindividual behavioural variation as a trait is 

repeatable, and its influence on the role of individuals in a group is similarly consistent, 

intraindividual behavioural variation may reveal itself as a major target for selection and a 

vital avenue for future research (Andreassen et al., 2026; Schumm et al., 2026).  

 

7.4. Limitations and avenues for further study 

The work done in this thesis aimed to identify and begin to fill gaps in understanding of the 

effects of anthropogenic stressors on fish social behaviour. Inevitably, many opportunities 

for future research were identified that did not fall within the scope of this thesis. Chapters 

2 and 3 emphasise the low number of existing studies on stressors such as acidification, 

ALAN, and turbidity, the bias toward studies of shoaling over individual traits in the 

context of hypoxia and noise, and the overall lack of literature surrounding effects of 

stressor combinations. It should be noted, however, that some studies of multiple stressors 

have been recently published and therefore were not included in chapters 2 and 3 (Allibhai 

et al., 2023; Cominassi et al., 2025; Zanghi et al., 2023). Studies also represent a relatively 

small fraction of known fish species, meaning phylogenetic signal among studies is hard to 

detect and interpret. While I focus here on the limitations of the experimental data 

presented in chapters 4-6 and the future avenues for research suggested by these, a number 

of other study areas within fish social behaviour are data deficient, and these are discussed 

in more detail in chapters 2 and 3. 

 

While chapters 4 and 5 present a novel perspective on the effects of temperature and 

hypoxia on fish behaviour, logistical limitations prevented the experiments described in 

these chapters from being combined as a full-factorial study. To date, only one study exists 

that has investigated the effects of temperature and hypoxia in combination on social 

behaviour in fish (Pineda et al., 2020). This study found no effect of the combination of 

temperature and hypoxia on social group cohesion; however, this was measured in an air-

breathing species, the bronze corydoras Corydoras aeneus (Pineda et al., 2020). It is 

reasonable to expect that non-air-breathing species may respond differently to the 
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combination of stressors, due to differences in vulnerability and coping strategy under 

hypoxic conditions (Chapman & Mckenzie, 2009; Domenici et al., 2013). The findings of 

chapters 4 and 5 underscore the relevance of combining stressors, as the trends found in 

response to temperature and hypoxia were markedly different in H. rhodostomus. It is 

possible therefore that temperature in combination with hypoxia would have an 

antagonistic effect on behaviour in non-airbreathing species, but it is not clear how this 

would translate to links between behavioural expression across social contexts. A direct 

next step following on from the work presented in chapters 4 and 5 would therefore be to 

conduct a full-factorial experiment linking intra- and interindividual behavioural variation 

with group dynamics across levels of both temperature and hypoxia.   

 

Across chapters 4-6, I focused on variation within and among individuals in response to 

abiotic stressors. Time and logistical constraints prevented me, however, from acquiring 

repeated measures for individuals or groups across (chapters 4 and 5) or within contexts 

(chapter 6). While repeated measures are an essential part of establishing personalities, 

there are issues associated with repeating the same test on the same individual. Fish may 

become habituated to stimuli (Lucon-Xiccato et al., 2023), or repeated exposure to changes 

in temperature or oxygen levels may allow some level of plastic acclimation (Killen, 

Adriaenssens, et al., 2016; Thalmann et al., 2025). Nevertheless, many of the trends 

identified in this thesis would form a more robust basis for future studies of the role of 

intra- and interindividual variation if repeatability could be established. If the links 

identified here between individual and group behaviours and how these are influenced by 

the abiotic environment are found to be repeatable, this may help to elucidate variation in 

response to stressors across species and groups (Careau et al., 2008; Killen et al., 2012; 

Schumm et al., 2026). Repeatable correlations with physiological stress responses may also 

reveal patterns in how physiological effects translate to effects on social behaviour, which 

in the case of some stressors is still unclear. 

 

Although the physiological bases of activity changes under temperature and hypoxia are 

relatively well-studied (Cook et al., 2014; Domenici et al., 2017; Ioannou, 2017; Killen, 

Cortese, et al., 2021; Lucon-Xiccato et al., 2014), how these relate to changes in shoaling 

and related behaviours is less clear. I was unable to obtain physiological data for H. 

rhodostomus as part of the experiments carried out in chapters 4 and 5 due to time 

constraints, however linking physiological responses with intra- and interindividual 

behavioural variation and shoaling dynamics would be an extremely valuable next step. 
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Schumm et al. (2026) found that asocial behaviour, i.e., time spent not associating with a 

shoal, was positively correlated with SMR in C. variegatus acclimated near the middle of 

the species thermal range (22°C) but was negatively correlated with SMR under 

summertime temperatures (32°C). This study used separate treatment groups for each 

temperature acclimation; therefore, it is not known whether the same pattern would occur 

if individuals were tested under both conditions, i.e., intraindividual variation in the 

relationship between SMR and sociability. In European sea bass Dicentrarchus labrax, 

however, a relationship between activity and risk-taking behaviours and routine metabolic 

rate (RMR) was found in severe hypoxia, but not when the same individuals were tested 

under normoxia or mild hypoxia (Killen et al., 2012). The physiological basis for social 

behaviour and possibly shoaling may therefore vary across contexts, even within the same 

individuals (Killen et al., 2012). Further studies of this effect across species may have 

ramifications for our ability to predict behavioural changes across environmental contexts 

(Killen, Cortese, et al., 2021). This would be particularly valuable for stressors such as 

temperature with non-linear effects on behaviour, and for understudied stressors such as 

ALAN. 

 

Although the physiological and fitness effects of ALAN on fish species are becoming 

increasingly well-evidenced (Hillyer et al., 2021; Pulgar et al., 2019; Schligler et al., 2021; 

Schligler, Norin, et al., 2026; Schligler, Roost, et al., 2026), how these effects translate to 

changes in behaviour remains somewhat understudied (Bassi et al., 2022). Further studies 

of physiology alongside social behaviour are therefore strongly warranted, including both 

overall metabolic rate measures (Pulgar et al., 2019) and detailed studies of metabolomics 

(Hillyer et al., 2021). The GABA signalling pathway in particular may have implications 

for foraging (Snigirov & Sylantyev, 2017) and predator avoidance (Draper & Weissburg, 

2019), both of which are linked to social behaviour (Pitcher, 1986; Pitcher et al., 1982), 

and has been found to be affected by ALAN in a reef fish, as discussed above (Hillyer et 

al., 2021). Another interesting effect identified by Hillyer et al. (2021) is evidence of 

increased brain activity in ALAN-exposed fish. While this may simply be a product of 

increased wakefulness, studies of the effects of ALAN on cognition in fish have found 

impaired learning (Lucon-Xiccato et al., 2023), cognitive flexibility (De Russi et al., 2024), 

and decision-making (Pulgar et al., 2023). Linking physiological changes in brain activity 

with cognitive processing and behavioural changes is a potentially significant area for 

future research, therefore. 
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7.5. Conclusions 

The effects of anthropogenic stressors on natural systems are more apparent than ever 

before. As organisms seek to cope with a broad range of stressors, behavioural flexibility is 

a vital mechanism by which animals may respond to changes in their environment. This 

thesis sought to consolidate the existing literature on the effects of anthropogenic stressors 

on fish social behaviour, to identify major knowledge gaps, and to begin to address some 

of these gaps. Meta-analysis of the current literature revealed effects of hypoxia, chemical 

pollutants, light level, and noise on social behaviour in fishes. Studies of multiple stressors 

in combination were lacking, as were studies of artificial light at night (ALAN), an 

emerging stressor. In addition, no studies included in literature reviews had incorporated 

effects of anthropogenic stressors into investigating links between individual behavioural 

traits and group dynamics. Two subsequent chapters of this thesis therefore aimed to 

investigate how intra- and interindividual trait variation across environmental contexts 

shape the roles of individuals with known traits in groups, and group dynamics. Effects of 

individual traits were apparent in the shoaling dynamics of Hemigrammus rhodostomus, as 

were effects of increasing temperature and moderate-to-severe hypoxia. Fundamentally, the 

effects of individual traits were also modulated by both temperature and hypoxia, revealing 

novel evidence for the role of intra- and interindividual variation in determining shoaling 

dynamics across environmental contexts in gregarious species. The final data chapter of 

this thesis sought to address another gap in the literature: the lack of studies of ALAN. In a 

coral reef fish Dascyllus trimaculatus, wild, chronic ALAN exposure was associated with 

increased diurnal risk-taking behaviour but no effect on sociability. While the mechanisms 

of diurnal behavioural change in ALAN-exposed fish are still not entirely clear, this adds to 

the growing body of evidence for behavioural effects of ALAN on fish species. While my 

findings on the effects of climate-related stressors on social dynamics in H. rhodostomus 

and of ALAN on risk-taking behaviour in D. trimaculatus begin to address key research 

gaps identified earlier in this thesis, there remain a number of exciting avenues for future 

work on the effects of anthropogenic stressors on fish social behaviour. In particular, my 

findings highlight the relevance of exploring variation in phenotypes both within and 

among individuals and further demonstrate the importance of the social environment when 

considering the effects of anthropogenic stressors. Exploring the complex dynamics of fish 

social behaviour is a challenge and a privilege, and this thesis joins the growing body of 

work seeking to understand how our activities as humans continue to affect this fascinating 

system.  
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Appendices 
 
Supplementary Materials: Chapter 3 
 
Supplementary Table 3.1. Results of papers investigating effects of pollutants on sociability and group cohesion. Reduced/increased 
sociability/group cohesion indicates reduction/increase in all measured metrics of group cohesion under at least one treatment. “Results” shows 
the reported results from each study per stressor and metric tested. “Results summary” shows the overall result from each study based on effect 
size calculated as part of meta-analysis, as shown in Figure 3.4. Where effect size could not be calculated for a study, the reported result is given, 
indicated by “reported”. – indicates a negative effect on social behaviour, + indicates a positive effect, and 0 indicates no significant effect. * after 
study citation indicates some or all data required for calculating treatment effect sizes could not be obtained for this study.  

Pollutant type Metric Paper Species Substance Treatments Results Results 
summary 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Organic 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sociability + 
cohesion 
 
 
 
 
 
 
 
 
 
 

Al Marshoudi et 
al. 2023  

Danio rerio Aged microplastics, virgin 
microplastics  

0, 1000 ppm No effect on group cohesion. Reduced sociability 
with aged but not virgin microplastics 

– 

Hong et al. 2021  Danio rerio Fluoxetine hydrochloride, 
citalopram hydrobromide, 
venlafaxine hydrochloride, 
amitriptyline hydrochloride, 
sertraline hydrochloride,  
vortioxetine, 
paroxetine hydrochloride,  
fluvoxamine maleate 
 
Acetylsalicylic acid, 
ibuprofen, naproxen, 
bezafibrite, clofibrate, 
gemfibrozil 

0, 0.1, 1, 10, 100, 
1000 μg l⁻¹ 

Reduced sociability and increased cohesion 
following exposure to most antidepressants, no 
effect of paroxetine hydrochloride on sociability, 
reduced cohesion with amitriptyline and sertraline. 
 
No effect of most medicines on TCS, increased 
TCS with acetylsalicylic acid. Increased IID with 
acetylsalicylic acid and naproxen, reduced with 
others. No effect of ibuprofen   

+ 

Khursigara et al. 
2021  

Sciaenops 
ocellatus 

Oil 200 ppm No effect on maximum group size, TCS, or DtCS + 

Lei et al. 2022  Danio rerio Deltamethrin 0, 0.03, 0.1, 0.333 μg 
l⁻¹ 

Increased TCS, increased NND and IID at 0.03 μg 
l⁻¹, reduced NND and IID at 0.01 μg l⁻¹, increased 
NND at 0.333 μg l⁻¹ 

0 

Lin et al. 2022  Danio rerio Ammonia 0, 90000, 180000 μg 
l⁻¹ 

Increased IID, no effect on TCS or time in far zone – 

Salahinejad et 
al. 2022a  

Danio rerio Bisphenol-S 
 
 
 

0, 1, 10, 30 μg l⁻¹ 
 
 
 

Increased IID and DCS, no effect on number of 
excursions from group.  
 

– 
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Organic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Ethinylestradiol (EE₂) 
 

1μg l⁻¹ Increased IID and DCS, no effect on number of 
excursions from group. 

Salahinejad et 
al. 2022b 

Danio rerio Bisphenol-S 
 
 
 
 
EE₂ 

Maternal exposure 
(0, 1, 10, 30 μg l⁻¹) 
 
 
Maternal exposure 
(1μg l⁻¹) 

Reduced IID (10 μg l⁻¹) and TCS (1 μg l⁻¹), 
increased number of excursions (30 μg l⁻¹), no 
effect on ACS.  
 
Increased number of excursions from shoal 

– 

Sarasamma et 
al. 2020  

Danio rerio Polystyrene 0, 0.5, 1.5 ppm No effect on TCS, ACS, longest duration in social 
zone, or shoal area. Reduced IID, NND, and 
furthest neighbour distance 

+ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sociability 
 
 
 
 
 
 
 
 
 
 
 
 

Abreu et al. 
2016  

Rhamdia quelen Fluoxetine hydrochloride  0, 50 μg l⁻¹ No effect on sociability + 

Adedara et al. 
2022 

Danio rerio Perfluorooctanoic acid  0, 250, 500, 1000 μg 
l⁻¹ 

No effect on sociability + 

Altenhofen et al. 
2019  

Danio rerio 2,2-dichlorovinyl-
dimethylphosphate  

0, 1000, 5000, 10000 
μg l⁻¹ 

No effect on sociability – 

Ansai et al. 
2016  

Oryzias latipes Fluoxetine hydrochloride  0, 100 μg l⁻¹ Increased latency to first contact, reduced number 
of contacts. No effect on time in contact or distance 
to conspecifics 

– 

Barcellos et al. 
2020  

Danio rerio Aripiprazole 0, 0.000556, 
0.00556, 0.556 μg l⁻¹ 

Fewer approaches to shoal at 0.556 μg l⁻¹; no effect 
on time spent or distance travelled near shoal 

0 

Bertram et al. 
2018  

Gambusia 
holbrooki 

17b-trenbolone 0, 0.016 μg l⁻¹ Reduced TCS and sociability score, increased 
approaches to shoal, no effect on latency to 
approach shoal 

0 

Brodin et al. 
2013  

Perca fluviatilis Oxazepam 0, 1, 1000 μg l⁻¹ Reduced sociability – 

Brodin et al. 
2017  

Rutilus rutilus Oxazepam 0, 0.84, 200 μg l⁻¹ No effect on sociability 0 

Burman 2019 
(thesis) 

Gasterosteus 
aculeatus 

Oxazepam 0, 40 μg l⁻¹ No effect on sociability – 

Calcagno et al. 
2016  

Jenynsia 
multidentata 

Carbamazepine 0, 10, 50, 200 μg l⁻¹ No effect on sociability – 

Calvo 2016 
(Thesis)  

Poecilia reticulata Oxazepam 0, 100 μg l⁻¹ No effect on sociability – 

Cerveny et al. 
2020  

Perca fluviatilis Oxazepam, bromazepam, 
temazepam, clobazam, 
combination 

0, 0.5, 8 μg l⁻¹ No effect on sociability – 

Chen et al. 2023  Danio rerio Penicillin 0, 10 μg l⁻¹ 
 
0, 5 ppm 

Fewer approaches to shoal  
 
More approaches to shoal with O₃-polystyrene 

0 
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Organic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sociability 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Polystyrene, UV-treated 
polystyrene, O₃-treated 
polystyrene  

 

Correia et al. 
2019  

Danio rerio Carbaryl 0, 10, 100, 1000 μg 
l⁻¹ 

No effect on sociability + 

Correia et al. 
2022  

Danio rerio Fluoxetine hydrochloride 0, 0.1, 1, 10 μg l⁻¹ No effect on sociability + 

Dong et al. 2018  Carassius auratus Hexabromo-cyclododecane 0, 2, 20, 200 μg l⁻¹ Less time away from shoal at 200 μg l⁻¹, no effect 
on times leaving shoal 

+ 

Fenske et al. 
2020  

Danio rerio 17α-ethinylestradiol 0, 0.0005 0.0015, 
0.005 
0.05, 0.075 μg l⁻¹ 

Reduced TCS and ACS after chronic (15d) 
exposure, no effect of acute (1h) exposure or on 
time in far zone 

– 

Giacomini et al. 
2016  

Danio rerio Fluoxetine hydrochloride 0, 16, 50 μg l⁻¹ Reduced TCS, no effect on ACS, time in far zone, 
or number of entries to far zone 

– 

Jacquin et al. 
2017 

Poecilia reticulata Oil 0, 500000 ppm, wild 
exposure 
clean/polluted 

No effect on TCS 0 

Kaplan et al. 
2013* 

Fundulus 
heteroclitus 

BBP 0, 100 μg l⁻¹ Less time with large shoal, more time with small 
shoal and away from both shoals 

– reported 

Kellner et al. 
2016  

Gasterosteus 
aculeatus 

Citalopram 0, 0.09, 1.5 μg l⁻¹ No effect on latency to leave, times leaving, or time 
away from shoal 

0 

Ligocki et al. 
2019  

Gambusia affinis Bifenthrin 0, 0.001, 0.003, 
0.006, 0.012, 0.025 
μg l⁻¹ 

No effect on ACS or TCS + 

Liu et al. 2018  Danio rerio Triclosan, 2,4,6-trichlorophenol 
(2,4,6-TCP), 2,4-dichlorophenol 
(2,4-DCP); mixture ratio 1:2:4 

0, 140, 280, 560 μg 
l⁻¹ 

Reduced ACS, TCS and DCS – 

Liu et al., 2017  Carassius 
carassius 

Erythromycin, Ketoconazole 0, 2 μg l⁻¹ 
0, 0.2, 2, 20 μg l⁻¹ 
All combinations 

Less time away from shoal and less transitions 
away from shoal with ketoconazole alone, no effect 
of erythromycin or combination 

+ 

Lucon-Xiccato 
et al. 2023  

Danio rerio Triclocarban 0, 5, 50 μg l⁻¹ No effect on sociability score at 5 μg l⁻¹, increased 
sociability score at 50 μg l⁻¹ 

+ 

Mancia et al. 
2023 

Danio rerio Virgin microplastics, 
environmentally contaminated 
microplastics 

0, 400 μg l⁻¹ No effect on social preference 0 

Martin et al. 
2019  

Gambusia 
holbrooki 

Fluoxetine hydrochloride 0, 0.06, 0.35 μg l⁻¹ No effect on sociability score or TCS + 

Mason et al. 
2021  

Poecilia reticulata Fluoxetine hydrochloride 0, 0.04, 0.36 μg l⁻¹ 
(maternal exposure) 

Increased TCS in paired trials at 0.36 μg l⁻¹, no 
effect on time with large shoal 

0 

Maulvault et al. 
2018 

Argyrosomus 
regius 

Venlafaxine hydrochloride 0, 160 μg l⁻¹ (fed), 
20 μg l⁻¹ (solution) 

Reduced TCS. Reduced LCS (fed). No effect on 
ACS.   

– 
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McCallum et al. 
2017* 

Neogobius 
melanostomus 

Fluoxetine hydrochloride 0, 1, 40 μg l⁻¹ No effect on TCS No effect 
reported 

Meijide et al. 
2018 

Gambusia 
holbrooki 

Fluoxetine hydrochloride 0, 1, 5, 25, 50 μg l⁻¹ No effect on TCS + 

Moriera & 
Luchiari 2022  

Danio rerio Oxybenzone 0, 10, 100, 1000 μg 
l⁻¹ 

Lower TCS at 10 μg l⁻¹. No effect on LCS – 

Orjes et al. 2015 
(thesis) 

Carassius 
carassius 

Fluoxetine hydrochloride 0.1, 1, 100 μg l⁻¹ No effect on TCS + 

Petersen et al., 
2021  

Danio rerio Ciprofloxacin, ceftazidime, 
chlortetracycline 

0, 6250 μg l⁻¹ No effect on time near shoal, time away from shoal, 
or mean distance from shoal 

0 

Porseryd et al. 
2017a  

Danio rerio Citalopram 
 
 
 
17α-ethinylestradiol 

0, 0.0001 μg l⁻¹ 
 
 
 
0, 0.002, 0.007 μg l⁻¹ 

Fewer times leaving shoal, no effect on latency to 
leave or time away 
 
Fewer times leaving shoal, no effect on latency to 
leave or time away 

+ 

Porseryd et al. 
2017b 

Danio rerio EE₂ 0.4, 0.0009 μg l⁻¹ 
 

No effect on sociability + 

Porseryd et al. 
2019  

Gasterosteus 
aculeatus 

EE₂ 0.004, 0.03 μg l⁻¹ Increased latency to leave shoal, fewer times 
leaving shoal 

+ 

Qiu et al. 2020  Gobiocypris rarus P-chloroaniline 
 
 
3‐aminobenzoic acid ethyl 
estermethanesulfonate (MS222) 
 
Cadmium 

0, 10, 19, 29, 38 mg 
l⁻¹ 
 
0, 11, 23, 34, 45 mg 
l⁻¹ 
 
 
 
0, 3, 7, 10, 13 mg l⁻¹ 

Reduced TCS  
 
 
Reduced TCS 
 
 
 
 
Reduced TCS 

– 

Renick 2014* 
(thesis) 

Fundulus 
heteroclitus 

Chlorpyrifos 0, 1, 5 μg l⁻¹ Increased DCS – reported 

Reyhanian et al. 
2011 

Danio rerio EE2 0, 0.005, 0.025 μg l⁻¹ Increased latency to leave a shoal, fewer times 
leaving shoal, less time away from shoal 

0 

Sancho Santos 
et al. 2021  

Squalius cephalus Tramadol hydrochloride 0, 1 μg l⁻¹ Increased distance to conspecific – 

Santos et al. 
2023  

Danio rerio Caffeine 0, 0.5, 1.5, 300 μg l⁻¹ Reduced time swimming near conspecific shoal, 
increased approaches to conspecific shoal. No 
effect on time spent with or away from shoal, or 
number of entries to far zone 

– 

Sun et al. 2020  Danio rerio Diclofenac 
 
 

0, 1.09, 104 μg l⁻¹ 
 
30 mg l⁻¹ 

Increased TCS  
 
 

+ 
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Aquatic colloids Increased TCS 
Sunedin 2015 
(Thesis) 

Gasterosteus 
aculeatus 

Oxazepam, fexofenadine, 
mixture 

0, 2μg l⁻¹ No effect on sociability score 0 

Takai et al. 2022  Oryzias latipes Diazepam 
 
Microplastics  

0, 26, 255 μg l⁻¹ 
 
9900000 ppm 

Increased number of times leaving shoal with both – 

Tamagno et al. 
2022  

Danio rerio EE2 0, 0.00005, 0.0005, 
0.005, 0.05, 0.075 μg 
l⁻¹ 

Increased time near shoal and reduced time away 
from shoal with acclimated (15d) exposure, 
increased time near shoal but no effect on time 
away from shoal with acute (1h) exposure 

+ 

Volkova et al. 
2015  

Danio rerio EE₂ 0, 0.0012, 0.0016 μg 
l⁻¹ 
0, 0.0012 μg l⁻¹ 
(parental exposure) 

Increased latency to leave social zone, fewer entries 
and less time in far zone (direct exposure). No 
effect of parental exposure 

0 

Xia et al. 2010  Danio rerio Nonylphenol 0, 0.1, 1, 10, 50, 100 
μg l⁻¹ 

No effect on times leaving shoal, reduced TCS at 
100 μg l⁻¹ 

– 

Zang et al. 2019  Danio rerio Triclosan 0, 20000 μg l⁻¹ No effect on distance travelled near a conspecific 
shoal 

+ 

Zhang et al. 
2017  

Danio rerio 2,2′,4,4′-tetrabromodiphenyl 
ether (BDE-47) 

0, 1.63, 241 μg l⁻¹ Increased number of contacts and contact time with 
no recovery time. No effect on number of contacts, 
reduced average contact time in one trial (4d) with 
2-6d recovery 

+ 

 
 
 
 
 
 
 
 
 
 
Group  
cohesion 
 
 
 
 
 
 
 
 

Aimon et al. 
2022  

Dicentrarchus 
labrax 

Oil 0, 400ppm No effect on group cohesion + 

Alfonso et al. 
2020  

Dicentrarchus 
labrax 

Ammonia 0, 3, 7, 11, 15 μg l⁻¹ Reduced group cohesion at ≥ 11 μg l⁻¹ 0 

Armstrong et al. 
2019  

Micropogonias 
undulatus 

Oil 0, 0.006, 0.032 ppm Reduced group cohesion at 0.032 ppm – 

Barry 2012  Aphanius dispar Fluoxetine hydrochloride 0, 0.03, 0.3, 3 μg l⁻¹ Increased swimming speed relative to nearest 
neighbour at 0.03 μg l⁻¹, no effect on NND 

0 

Chen et al. 
2021a  

Danio rerio Tetrabromobisphenol A 
(TBBPA) 

0, 1.09 μg l⁻¹ 
 

Reduced cohesion, no effect on sociability – 

Chen et al. 2022  Cyprinus carpio Glyphosate 
Polyethylene microplastics 
 

0, 5000, 15000 μg l⁻¹ 
glyphosate,  
0, 1500, 4500 μg l⁻¹ 
microplastics,  

No effect on number of interactions between fish 0 

Eslava-Mocha 
et al. 2019* 

Piaractus 
brachypomus 

Polyethyloxylated tallow amine 
POEA-TA15 

0, 200, 500, 1000, 
2000, 
4000, 8000, 
16000, 32000, 
70000, 
140000 μg l⁻¹ 

Less cohesive schooling pattern – reported 
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Fahlman et al. 
2021  

Perca fluviatilis Oxazepam 0, 14.9 μg l⁻¹ Reduced NND  + 

Faria et al. 2021  Danio rerio Glyphosate (N-
phosphonomethyl-glycine) 

0, 0.27, 3.38 μg l⁻¹ Reduced IID and maximum interfish distance + 

Hamilton et al. 
2018  

Anchoa 
lamprotaenia, A. 
lyolepis 

SKF 38393 hydrochloride, SCH 
23390 hydrochloride 

0, 1000, 10000 μg l⁻¹ No effect on NND or IID + 

Hamilton et al. 
2022  

Danio rerio Benzo[a]pyrene 0, 252.3, 2523, 
25230 μg l⁻¹ 

Increased IID at 25230 μg l⁻¹ 0 

Holcombe et al. 
1980* 

Pimephales 
promelas 

2,4-dichlorophenol, 2,4-
dichlorophenol + NaOH 

8230, 8450, 7430 + 
NaOH, 
12330 + NaOH μg 
l⁻¹ 

No effect on schooling pattern No effect 
reported 

Huang et al. 
2021  

Danio rerio Deltamethrin 0, 15 μg l⁻¹ Increased IID after 2h exposure + 

Johansen et al., 
2017  

Pomacentrus 
amboinensis, 
Pomacentrus 
moluccensis 

Oil 0, 0.0025, 0.0057 
ppm 

Reduced shoal size in both species at 0.0057 ppm – 

Khalil et al. 
2013  

Oryzias latipes Chlorpyrifos 0, 12 μg l⁻¹ Reduced solitary duration at 8d exposure. No effect 
at 4d exposure. No effect on solitary frequency, 
shoaling or schooling frequency or duration 

+ 

Khalil et al. 
2017  

Oryzias latipes Chlorpyrifos 0, 12, 120 μg l⁻¹ Reduced shoaling & schooling frequency & 
duration, increased solitary duration. No effect on 
solitary frequency 

– 

Lal et al. 1984*  Cirrhinus mrigala Alkyl benzene sulphonate 0, 0.015 μg l⁻¹ No effect on schooling pattern No effect 
reported 

Lanzarin et al. 
2020  

Danio rerio Glyphosate (N-
phosphonomethyl-glycine) 

0, 1320, 1940, 5030 
μg l⁻¹  

No effect on NND or IID – 

Leite et al. 2023  Luciobarbus 
bocagei 
Alburnus alburnus 

Esfenvalerate 0, 1.2, 2 μg l⁻¹ Reduced cohesion index in L. bocagei, no effect on 
A. alburnus 

– 

Mattson et al. 
2018  

Carassius 
carassius 

Polystyrene Food chain exposure Reduced IID + 

Nakayama et al. 
2005 

Oryzias latipes Polychlorinated biphenols 
(PCBs) 

0, 1, 5, 25, 125 μg l⁻¹ Increased NND at 25 μg l⁻¹. No effect on MDCS, 
time in shoal, or polarity 

– 

Qiu et al. 2022  Danio rerio Amitriptyline 0, 2.5, 40 μg l⁻¹ Reduced frequency and duration of schooling 
following 21d recovery, increased duration of 
schooling with no recovery.  

0 

Saglio & 
Trijasse 1998  

Carassius auratus Atrazine, diuron 0, 0.5, 5, 50 μg l⁻¹ 
(static water) 

Fewer fish shoaling in static treatments. No effect 
on flow treatments 

– 
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0, 0.1, 1, 10 μg l⁻¹ 
(flowing water) 

Saglio et al. 
2001  

Carassius auratus Prochloraz, bentazone, 
nicosulfuron 

0, 10, 100, 1000, 
10000 μg l⁻¹ 

No effect on grouping behaviour 0 

Saglio et al. 
2003  

Carassius auratus Prochloraz 0, 25, 50, 100 μg l⁻¹ Increased grouping behaviour at 4-6d exposure; no 
effect at 2 and 8d 

+ 

Santos et al. 
2020  

Danio rerio Microplastics  2 ppm 
 

No effect on IID or NND + 

Santos et al. 
2021  

Danio rerio Microplastics  
 

2 ppm 
 

No effect on IID or NND + 

Schmidel et al. 
2014  

Danio rerio Atrazine 0, 10, 1000 μg l⁻¹ No effect of 10 μg l⁻¹, increased IID, NND, furthest 
neighbour distance, and shoal area, and reduced 
contacts and cohesion index at 1000 μg l⁻¹ 

– 

Ward et al. 
2008*  

Fundulus 
diaphanus 

4-nonylphenol 0, 1 μg l⁻¹ Increased NND – 

Weis & Weis 
1974a  

Menidia menidia Sevin 0, 0.1 μg l⁻¹ Increased school area, no effect on polarity – 

Weis & Weis 
1974b* 

Carassius auratus Dichloro-diphenyl-
trichloroethane (DDT) 

0, 1 μg l⁻¹ Increase school area at 3d exposure, reduced 
polarity and 3-7d exposure. No effect at 1 and 14d 

– reported 

Williams 1989* Dicentrarchus 
labrax 

Methyl parathion 0, 2500, 5000, 10000 
μg l⁻¹ 

Increased duration of approach-orientation at 5000 
μg l⁻¹ 24h exposure; reduced duration of parallel 
orientation, reduced frequency of realignment 

– reported 

Yofukuji et al. 
2021  

Moenkhausia 
forestii 

Sugarcane ash 0, 800 mg l⁻¹ No effect on number of isolated individuals – 

Zhang et al. 
2018  

Danio rerio 6-OH-BDE-47 
 
6-MeO-BDE-47 

0, 1.31, 7.03 μg l⁻¹ 
0, 1.64, 12.6 μg l⁻¹ 

No effect on time per contact 
Reduced time per contact at 6d exposure (no effect 
at 5d) 
 

– 

 
 
 
 
Inorganic 
 
 
 
 
 
 
 

 
 
 
Sociability + 
cohesion 
 

Al Marshoudi et 
al. 2023 

Danio rerio Cadmium 0, 50 μg l⁻¹ 
 

No effect on sociability or group cohesion – 

Zhang et al. 
2016  

Gobiocypris rarus Tributyltin 0, 0.88, 9.2, 93 ng l⁻¹ Reduced cluster score, latency to leave shoal, and 
movements away from shoal. Increased time away 
from shoal 

– 

 
 
 
 
 
 

Attaran et al. 
2019  

Danio rerio Selenomethionine 0, 2.1, 11.6, 31.5 μg 
l⁻¹ 

Reduced sociability at ≥11.6 μg l⁻¹, no effect on 
group cohesion 

0 

Attaran et al. 
2021  

Danio rerio Selenomethionine 3.6, 12.8, 34.1 μg l⁻¹ Reduced sociability at 34.1 μg l⁻¹ – 

Bowser 2021 
(Thesis)  

Fundulus 
heteroclitus 

Arsenic 0, 10, 500 ppb No effect on sociability – 
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Capriello et al. 
2021  

Danio rerio Aluminium 0, 11000 μg l⁻¹ Reduced sociability at 15d exposure, no effect at 
10d and 20d 

– 

Chen et al. 
2021b  

Danio rerio Titanium dioxide (TiO₂) 
nanoparticles 

0, 100, 1000 μg l⁻¹ Increased time in social (mirror) zone 0 

da Silva Acosta 
et al. 2016  

Danio rerio Copper 0, 5, 9, 20, 60 μg l⁻¹ No effect on time spent near conspecific shoal + 

Qiu et al. 2020 Gobiocypris rarus  Cadmium 0, 3000, 7000, 
10000, 13000 μg l⁻¹ 

Reduced TCS – 

Vogt et al. 2013  Heterandria 
formosa 

Copper 1, 25, 50, 100 μg l⁻¹ 
(2h or 7d exposure) 

Reduced TCS and increased time to first shoaling in 
acute exposure (2h), no effect in chronic exposure 
(7d) 

– 

Ward et al. 2013  Morone americana Copper 
 

0, 5 μg l⁻¹ 
 

No effect on sociability – 

 
 
 
 
 
 
 
 
 
 
 
 
 
Group 
cohesion 
 
 
 
 
 
 
 
 
 
 
 
 

Chen et al. 
2021a  

Danio rerio Titanium dioxide (TiO₂) 0, 100 μg l⁻¹ Reduced time in contact but no effect on rate of 
contacts  

– 

David et al. 
2015* 

Labeo rohita Sodium cyanide 0, 280, 285, 290, 
295, 300, 305, 310, 
315, 320, 325, 330 
μg l⁻¹ 

Less cohesive schooling pattern – reported 

Huang et al. 
2021  

Danio rerio Cadmium 0, 3500 μg l⁻¹ 
 

Reduced IID at 1-2h exposure 0 

Iwama et al. 
1986*  

Oncorhynchus 
tshawytscha 

Sodium pentachlorophenate 0, 3.9, 39 μg l⁻¹ Less cohesive schooling at 39 μg l⁻¹ – reported 

Koltes, 1985 Menidia menidia Copper 0, 100 μg l⁻¹ Reduced NND, no effect on polarity + 
Lu et al. 2017 Danio rerio Zinc 

 
 
Chromium 

0, 10000, 20000, 
30000 μg l⁻¹ 
 
12500, 25000, 40000 
μg l⁻¹ 

Reduced IID, no effect on shoal area with zinc. No 
effect of chromium 

+ 

Ososkov & 
Weis 1996 

Fundulus 
heteroclitus 

Methylmercury 0, 5, 10 μg l⁻¹ 
Clean & polluted 
origin fish (0, 11.2 
μg l⁻¹ wild exposure) 

Reduced IID and increased polarity (polluted 
origin); increased polarity (clean origin).  
Increased IID & polarity in polluted vs. clean origin 
fish 

+ 

Petitjean et al. 
2021* 

Gobio occitaniae Cadmium + copper + zinc 0.007/0.62/4.06, 
13.5/9.96/551 μg l⁻¹ 

No effect on NND or number of contacts No effect 
reported 

Santos et al. 
2023 

Danio rerio Zinc 
 
Chromium 

0, 10000, 20000, 
30000 μg l⁻¹ 
0, 12500, 25000, 
40000 μg l⁻¹ 
 

Reduced IID with zinc, no effect of chromium or on 
shoal area 

+ reported 
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Santos et al. 
2020 

Danio rerio Copper 
 

2, 17.1, 51.9, 131 μg 
l⁻¹ 

No effect on IID or NND + 

Santos et al. 
2021 

Danio rerio Copper 
 

2.42, 52.9, 133 μg l⁻¹ No effect on IID or NND + 

Shelton et al., 
2023 

Danio rerio Cadmium Two of six fish 
exposed to 0, 1 μg l⁻¹ 

No effect on NND or shoal size 0 

Zhao et al. 2020 Danio rerio Lead 0, 4.5, 9.62, 18.6 μg 
l⁻¹ 

Increased number of contacts at 18.6 μg l⁻¹  + 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mixture 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sociability + 
cohesion 

Al Marshoudi et 
al. 2023 

Danio rerio Cadmium + microplastics 0, 50 μg l⁻¹ + 1000 
ppm 

No effect on sociability or group cohesion – 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sociability 
 

Alfonso et al. 
2022 

Danio rerio PCBs & PBDEs  0, 1.93 μg l⁻¹ No effect on sociability – 

Bailey & Levin 
2015  

Danio rerio Firemaster 550 10, 100, 1000, 3000 
μg l⁻¹ 

Reduced sociability following 5d exposure with 
40d recovery and 1d exposure with no recovery. No 
effect of 1d exposure with 7d recovery 

– 

Cerveny et al. 
2020  

Perca fluviatilis Oxazepam + bromazepam + 
temazepam +  clobazam 

0, 0.5 each, 8 each 
μg l⁻¹ 

No effect on sociability – 

Chagas et al. 
2019 

Danio rerio Tannery effluent 0, 1000000, 3000000 
μg l⁻¹ 

Increased ACS, increased TCS at 3000000 μg l⁻¹ + 

Chen et al. 2023  Danio rerio O₃-treated polystyrene + 
penicillin 
 
 

0, 5 ppm + 10 μg l⁻¹ 
 

More approaches to shoal with O₃-polystyrene and 
O₃-polystyrene with penicillin.  

0 

Mehdi et al. 
2022*  

Pimephales 
promelas 

Wastewater  250000000, 
500000000 μg l⁻¹ 

Less time interacting with conspecific at 5e8 μg l⁻¹. 
No effect on TCS.  

– 

Porseryd et al. 
2017b 

Danio rerio EE₂ + citalopram  0.0009 + 0.0001 μg 
l⁻¹ citalopram 

No effect on sociability + 

Sun et al. 2020  Danio rerio Diclofenac + aquatic colloids 0, 0.9, 96.3 μg l⁻¹ + 
30 mg l⁻¹ 

Increased TCS  + 

Takai et al. 2022  Oryzias latipes Diazepam + microplastics 0.026 μg l⁻¹ + 
9900000 ppm 

Increased number of times leaving shoal  – 

Toft et al. 2015  Gambusia 
holbrooki 

Paper mill effluent Wild exposure Reduced attending and positioning behaviour – 

Ward et al. 2013  Morone americana Copper + 4-nonylphenol 0, 2 + 5 μg l⁻¹ No effect on sociability + 
 
 
 
Group 
cohesion 
 
 

Chen et al. 
2021a  

Danio rerio Tetrabromobisphenol A 
(TBBPA) + Titanium dioxide 
(TiO₂),  

0, 1.09 μg l⁻¹ + 100 
μg l⁻¹ 

Reduced time in contact but no effect on rate of 
contacts  

– 

Chen et al. 2022  Cyprinus carpio Glyphosate + microplastics 0, 5000, 15000 μg l⁻¹ 
glyphosate +  
0, 1500, 4500 μg l⁻¹ 
microplastics,  

No effect on number of interactions between fish 0 
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Santos et al. 
2020  

Danio rerio Copper + microplastics 15, 60, 125 μg l⁻¹ + 
2ppm 

Reduced NND and IID at 125 μg l⁻¹ + 

Santos et al. 
2021 

Danio rerio Copper + microplastics 2.42, 52.9, 133 μg l⁻¹ 
+ 2ppm 

No effect on IID or NND + 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Light 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Sociability 
 
 
 
 
 
 
 

Kurvers et al. 
2018  

Poecilia reticulata  24h 5000 lx, 12h 
5000 lx 12h 0.5 lx, 
12h 5000 lx, 12h 0 lx 

No effect on TCS 0 

Lucon-Xiccato 
et al. 2022  

Oryzias latipes 8h:16h light/dark; 16h:8h 
light/dark 

0, 900 lx Reduced TCS in second half of trial 0 

Matchette et al. 
2021  

Gasterosteus 
aculeatus 

Visual noise Statics, slow, 
medium, fast  

No effect on larger shoal choice, reduced DCS + 

Zhang et al. 
2017 

Danio rerio Day/night 0, 900 lx No effect on number of contacts or average contact 
time  

– 

 
 
 
 
 
 
 
 
 
 
 
 
 
Group 
cohesion 
 
 
 
 
 
 
 
 
 
 

Bierbach et al. 
2018  

Poecilia mexicana  6000 lx Reduced cohesion with live conspecific, no effect 
with robot conspecific 

+ 

Burbano 
Lombano et al. 
2022  

Danio rerio  0, 250 lx Reduced IID with and without flow, increased 
polarity with flow 

+ 

Butail et al. 
2015  

Devario 
aequipinnatus 

Bright-to-dark, dark-to-bright 1, 250 lx Increased group cohesion + 

Chaput et al. 
2022  

Danio rerio Day/night 0, 900 lx Increased cohesion + 

Clark 2022 
(thesis)  

Gasterosteus 
aculeatus 

White noise 
 
 

2057.5, 5132.6, 
6797.3, 8512.4 lx 
 

Reduced cohesion – 

Fahlman et al. 
2021  

Perca fluviatilis Day/night 0, 900 lx 
 

No effect on group cohesion – 

Kelley et al. 
2012  

Melanotaenia 
australis 

Neutral filter, yellow filter  0.616, 0.449lx Higher IID with yellow filter, no effect of neutral 
filter 

– 

Khait et al. 2009  Mormyrus 
proboscirostris 

 0.18, 237 lx Increased NND in light at 49 and 65d exposure, 
reduced NND at 245d  

0 

Lafoux et al. 
2023* 

Hemigrammus 
rhodostomus 

Day/night 0, 900 lx Increased IID and NND, reduced polarity – reported 

Marchesan et al. 
2005 

Dicentrarchus 
labrax, Mugil 
cephalus, 
Lithognathus 

Increasing or decreasing light 
level; increasing or decreasing 
wavelength 

0.2-680 lx 
410-650 nm 

Increased cohesion in light in L. mormyrus and S. 
aurata. Increased cohesion at higher wavelengths in 
M. cephalus.  Reduced cohesion in light and under 
increasing wavelength in Di. labrax; increasing 
cohesion under reducing wavelength 

0 
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mormyrus, Sparus 
aurata 

Neo et al. 2018*  Dicentrarchus 
labrax 

Day/night 0, 900 lx Reduced IID in light + reported 

Olla & 
Studholme 1971  

Pomatomus 
saltatrix 

Day/night 0, 900 lx Increased sociability index  + 

Patch et al. 
2022*  

Astyanax 
mexicanus 

 0, 32 lx Increased polarity + reported 

Ryer & Olla 
1998   

Gadus 
chalcogrammus 

12h light 12h dark 
Gradual light reduction 

0, 21 lx 
0-39 lx 

Reduced NND in both treatments + 

Sogard & Olla 
1996  

Gadus 
chalcogrammus 

 0.3, 40 lx Reduced NND and cohesion index + 

Zhang et al. 
2018 

Danio rerio Day/night 0, 900 lx No effect on cohesion 0 

Zhao et al. 2020 Danio rerio Day/night 0, 900 lx Fewer but longer contacts in light vs. dark (0 μg l⁻¹) 0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Noise 
 
 
 
 
 
 
 
 
 

Sociability Hanache et al. 
2018  

Phoxinus phoxinus Boat noise 25, 35 dB No effect on distance to conspecific + 

 
 
 
 
 
 
 
 
 
 
 
 
Group 
cohesion 
 
 
 
 
 
 
 
 
 

Clark 2022 
(thesis)  

Gasterosteus 
aculeatus 

White noise 
 

108.5, 135 dB 
 

No effect on cohesion + 

Currie 2021 
(thesis)*  

Rutilus rutilus 
 
 
Cyprinus carpio 

Simulated background noise, 
pulse tone 
 
Artificial ambient sound, white 
noise 

110, 145 dB 
 
 
110, 121, 130 dB 

No effect on cohesion 
 
 
Increased cohesion 

+ 

Currie et al. 
2020  

Phoxinus phoxinus Sinewave 150Hz 72, 155 dB 
continuous, slow, 
intermediate, fast 
pulses 

No effect on cohesion + 

Currie et al. 
2021  

Phoxinus phoxinus Sinewave tones, octave band 
noise,  

80, 150 dB 
150, 2200 Hz 
 

No effect on MDCS. Reduced orientation angle 
(increased cohesion) at 2200Hz sinewave tone 
noise 

+ 

Duarte et al. 
2019  

Leporinus 
taeniatus 

Hydroelectric turbine noise Ambient, 100dB More unpolarized fish, no effect on polarized fish 0 

Fewtrell and 
McCauley 
2012* 

Pagrus auratus Air gun 100, 185 dB No effect on schooling pattern No effect 
reported 

Ginnaw et al. 
2020  

Gasterosteus 
aculeatus 

Acoustic playback 108, 123 dB No effect on NND, polarity or heading (inverse 
polarity) 

+ 

Herbert-Read et 
al. 2017  

Dicentrarchus 
labrax 

Pile-driving sound 116, 129 dB Reduced polarity (heading), no effect on NND or 
MDCS 

+ 
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Group 
cohesion 
 
 
 
 

Hubert et al. 
2020  

Dicentrarchus 
labrax 

Brown noise 123, 163 dB No effect on IID – 

Kastelein et al. 
2017* 

Dicentrarchus 
labrax 

Pile-driving sound 130, 136, 142, 148, 
154, 160, 166 dB 

Reduced IID at 148 vs. 136 dB  + reported 

Kok et al. 2021  Gadus morhua Seismic survey, pile-driving 95, 195 dB 
78, 172 dB 

Greater cohesion under both noise treatments + 

Mauro et al. 
2020  

Sparus aurata White noise 115, 145 dB 
63, 125, 500, 1000 
Hz 

Reduced school area – 

Neo et al. 2014* Dicentrarchus 
labrax 

Brown noise 
(continuous/intermittent) 

115, 165, 172 dB No effect on NND No effect 
reported 

Neo et al. 2015a Danio rerio White noise (continuous, 
intermittent 1-1, intermittent 1-
9, intermittent irregular) 

89, 112 dB Reduced IID with intermittent 1-1 noise + 

Neo et al. 
2015b* 

Dicentrarchus 
labrax 

Brown noise (0.25, 0.5, 1, 2 
pps) 

104, 158 dB Reduced IID at 1pps + reported 

Neo et al. 2016  Dicentrarchus 
labrax 

Brown noise (continuous, 
impulsive regular, impulsive 
irregular, impulsive regular with 
ramp-up) 

108, 167 
(continuous), 186 
(impulsive) 

No effect on IID + 

Neo et al. 2018  Dicentrarchus 
labrax 

Brown noise  
 

100, 192 dB 
 

No effect on group cohesion + 

Rojas et al. 
2023* 

Rutilus rutilus Motorboat noise 92 dB (control), not 
reported 

Increased shoal area – reported 

Short et al. 2020  Phoxinus phoxinus Random noise Not reported 
(control), 152 dB 

Increased standard deviation of fish location + 

van der Knaap 
et al. 2022* 

Clupea pallasii,  
Oncorhynchus 
gorbuscha,  
Oncorhynchus 
keta 

Motorboat noise 105, 117, 123, 146 
dB 

Increased school cohesion in all species  + reported 

Voellmy et al. 
2014  

Phoxinus phoxinus Cargo ship noise 70, 115 dB No effect on number of contacts + 

 
 
  
 

Sociability 
 

Fischer et al. 
2013  

Gasterosteus 
aculeatus 

Green algae 0, 0.016 NTU No effect on TCS, reduced preference for larger 
shoal and fewer changes between shoals 

– 

Kimbell & 
Morrell 2016  

Pungitius 
pungitius 

Algae 0, 12.5 NTU Less time spent with similarly sized conspecifics, 
no effect on TCS 

0 
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Turbidity 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Group 
cohesion 
 
 

Aspbury et al. 
2019  

Etheostoma 
fonticola 

Light filters 0, 40 NTU Reduced preference for large conspecifics, no effect 
on time interacting with a conspecific 

– 

Borner 2016 
(thesis)  

Poecilia reticulata Clay 0, 300, 800 NTU Increased IID but reduced time alone in clear 
source fish. Reduced IID but fewer initiated 
associations in turbid fish source fish 

– 

Borner et al. 
2015  

Poecilia reticulata Clay 0, 850 NTU Reduced group cohesion – 

Clark 2022 
(thesis)  

Gasterosteus 
aculeatus 

White noise 
 
 

2.72, 5.25, 13.09, 
36.43 NTU 

No effect on cohesion + 

Ehlman et al. 
2019* 

Gambusia affinis Clay 0, 20, 40 NTU No effect on IID or number of nearest neighbours No effect 
reported 

Gray et al. 2014  Notropis 
anogenus, N. 
bifrenatus, N. 
heterodon, N. 
heterolepsis, N. 
volucellus 

 0.33, 0.61, 1.53, 
1.58, 2.1, 2.45, 2.99, 
3.84, 4.65, 5.70, 6.97 
NTU 

Reduced proportion of fish shoaling in N anogenus 
and N. bifrenatus. No effect on other species 

– 

Kimbell & 
Morrell 2015a  

Poecilia reticulata Clay 0, 50, 100, 200 NTU Increased IID at 100 and 200 NTU – 

Kimbell & 
Morrell 2015b  

Poecilia reticulata Algae 0, 20 NTU No effect on number of near neighbours 0 

Langenhof et al. 
2016 

Gasterosteus 
aculeatus 

 0.05, 57, 66, 75, 93, 
111, 138 NTU 

No effect on number of fish within one BL + 

Macpherson 
1998  

Diplodus 
puntazzo, D. 
sargus, D. vulgaris 

 10, 20 NTU No effect on shoal size – 

Michael et al. 
2021  

Cyprinella 
lutrensis, Notropis 
stramineus 

Clay 0, 100, 250 NTU Increased NND and shoal area – 

Ohata et al. 
2014  

Engraulis 
japonicus, 
Plecoglossus 
altivelis, Seriola 
quinqueradiata 

Kaolin clay 0, 1.5, 5.8, 14.6, 87.7 
NTU 

Increased polarity in E. japonicus and P. altivelis, 
reduced NND in P. altivelis and S. quinqueradiata 
at 5.8-14.6 NTU, increased NND at 87.7 NTU in S. 
quinqueradiata 

+ 

Suriyampola et 
al. 2018  

Danio rerio Clay 1, 60.1 NTU No effect on MDCS + 

TCS = time near conspecific shoal; IID = inter-individual distance; DtCS = distance travelled near a conspecific shoal; NND = nearest neighbour 
distance; ACS = approaches to a conspecific shoal; DCS = distance to a conspecific shoal; LCS = latency to approach a conspecific shoal; MDCS = mean 
distance to the centre of the shoal. NTU = nephelometric turbidity units.  



201 
 

Supplementary Table 3.2. Results of phylogeny-adjusted MCMCglmm on the effects 
of organic contaminants on sociability and group cohesion.  
 Posterior 

mean 
Lower 
95% CI 

Upper 
95% CI 

Effective 
sample size 

pMCMC 

Intercept -0.349 -4.805 3.870 2400 0.856 

Pollutant 
concentration 
(zscore) 

-0.029 -0.152 0.089 2400 0.633 

Group size -0.011 -0.057 0.036 2400 0.653 

Replicates 0.007 -0.003 0.017 2400 0.203 

Exposure period 
(days) 

-0.001 -0.002 0.001 2400 0.433 

Metric (sociability) -0.483 -0.784 -0.208 2603 < 0.01** 

Exposure type 
(Acute) 

0.023 -0.190 0.267 2400 0.831 

Exposure type 
(Developmental) 

-0.347 -0.994 0.319 2400 0.316 

Exposure type 
(Parental) 

-0.066 -0.712 0.603 2400 0.836 

Zscore*metric -0.084 -0.344 0.192 2400 0.531 

 

Supplementary Table 3.3. Results of phylogeny-adjusted MCMCglmm on the effects 
of inorganic contaminants on sociability and group cohesion.  
 Posterior 

mean 
Lower 
95% CI 

Upper 
95% CI 

Effective 
sample size 

pMCMC 

Intercept -0.002 -3.680 3.900 2400 0.969 

Pollutant 
concentration 
(zscore) 

0.054 -0.144 0.257 2400 0.589 

Group size -0.080 -0.183 0.023 2201 0.116 

Replicates -0.004 -0.013 0.005 2400 0.345 

Exposure period 
(days) 

0.001 -0.030 0.042 2214 0.903 

Metric (sociability) -0.434 -0.993 0.175 2065 0.143 

Exposure type 
(Acute) 

-0.480 -1.237 0.330 2499 0.239 

Exposure type 
(Developmental) 

-1.663 -2.712 -0.493 2400 < 0.01** 

Exposure type 
(Parental) 

-1.242 -4.315 1.330 2179 0.433 
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Exposure type 
(Uncontrolled) 

-0.248 -3.889 2.797 2206 0.989 

Zscore*metric -1.453 -2.117 -0.710 2400 < 0.001*** 

 

Supplementary Table 3.4. Results of phylogeny-adjusted MCMCglmm on the effects 
of mixed contaminants on sociability and group cohesion.  
 Posterior 

mean 
Lower 
95% CI 

Upper 
95% CI 

Effective 
sample size 

pMCMC 

Intercept -43.71 -75.51 -10.68 396.0 < 0.01** 

Pollutant 
concentration 
(zscore) 

-117.6 -205.2 -34.54 396.0 < 0.01** 

Group size -0.242 -0.400 -0.078 436.6 < 0.01** 

Replicates 0.002 -0.035 0.033 396.0 0.914 

Exposure period 
(days) 

0.000 -0.007 0.006 273.8 0.970 

Metric (sociability) 44.27 11.07 76.65 396.0 < 0.01** 

Exposure type 
(Acute) 

-0.668 -1.176 -0.136 396.0 < 0.01** 

Exposure type 
(Developmental) 

-0.394 -1.121 0.237 396.0 0.217 

Exposure type 
(Parental) 

-0.151 -1.379 1.163 396.0 0.793 

Exposure type 
(Uncontrolled) 

-2.557 -3.830 -0.750 396.0 < 0.01** 

Zscore*metric 118.6 35.49 206.2 396.0 < 0.01** 

 

Supplementary Table 3.5. Results of phylogeny-adjusted MCMCglmm on the effects 
of noise on sociability and group cohesion.  
 Posterior 

mean 
Lower 
95% CI 

Upper 
95% CI 

Effective 
sample size 

pMCMC 

Intercept -0.100 -2.609 2.815 1867 0.663 

Noise level (dB) -0.001 -0.012 0.010 1867 0.931 

Group size -0.064 -0.164 0.037 1867 0.213 

Replicates 0.017 -0.017 0.056 1867 0.366 

Exposure period 
(days) 

-4.043 -6.969 -1.144 1867 < 0.01** 

Metric (sociability) -1.150 -4.479 2.348 1932 0.481 
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Exposure type 
(Uncontrolled) 

406.0 118.3 699.5 1867 < 0.01** 

Noise level*metric 0.037 -0.025 0.099 1867 0.245 

 

Supplementary Table 3.6. Results of phylogeny-adjusted MCMCglmm on the effects 
of light on sociability and group cohesion.  
 Posterior 

mean 
Lower 
95% CI 

Upper 
95% CI 

Effective 
sample size 

pMCMC 

Intercept 4.116 -8.003 17.51 1867 0.477 

Light level 0.000 -0.001 0.001 1453 0.982 

Group size -0.349 -0.858 0.104 129.5 0.126 

Replicates -0.195 -0.403 0.019 399.5 0.077 

Exposure period 
(days) 

0.052 -0.049 0.165 1651 0.300 

Metric (sociability) -3.038 -5.041 -1.227 1160 < 0.01** 

Exposure type 
(Acute) 

0.178 -1.441 1.868 1867 0.830 

Exposure type 
(Uncontrolled) 

-7.378 -21.28 7.030 819.6 0.309 

Treatment (lx or nm) 3.252 -1.146 7.858 1713 0.163 

Light 
exposure*metric 

0.00002 -0.001 0.001 1741 0.967 

Light 
exposure*treatment 

-0.006 -0.014 0.002 1717 0.168 

 

Supplementary Table 3.7. Results of phylogeny-adjusted MCMCglmm on the effects 
of turbidity on sociability and group cohesion.  
 Posterior 

mean 
Lower 
95% CI 

Upper 
95% CI 

Effective 
sample size 

pMCMC 

Intercept 0.409 -13.06 13.24 1595 0.960 

Turbidity (NTU) -0.002 -0.004 0.000 1867 0.097 

Group size 0.001 -0.027 0.029 2010 0.961 

Replicates -0.054 -0.139 0.033 1867 0.227 

Exposure period 
(days) 

-0.021 -0.189 0.159 1192 0.807 

Metric (sociability) 1.337 -14.24 17.26 136.1 0.876 
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Exposure type 
(Acute) 

0.756 -0.523 1.997 1011 0.247 

Exposure type 
(Parental) 

8.832 -55.96 70.88 844.8 0.769 

Exposure type 
(Uncontrolled) 

3.127 -18.50 25.70 263.1 0.806 

Turbidity*metric 0.001 -0.158 0.154 1867 0.997 

 

Supplementary Figure 3.1. Variation in effects of mixed chemical pollutants on 
sociability and group cohesion in fish species according to group size. ** indicates p < 
0.01. 

 

Supplementary Methods 

Literature searches 

Searches of the literature were carried out in Web of Science, Scopus, ProceedingsFirst, 
and Google Scholar from October to December 2022, using the terms “pollution”, 
“contaminant”, “noise”, “light” or “turbidity” with the terms “social* behaviour”, 
“sociability” or “group cohesion”, and the term “fish” (Google Scholar only) (Figure 3.1). 
Searches were limited to English language studies and those within the field of zoology. 
Papers used included those published in peer-reviewed journal articles as well as 
unpublished theses (5.5%). Relevant papers that were missed by literature searches were 
also identified from citations (Alfonso et al., 2020; Fahlman et al., 2021; Salahinejad et al., 
2022). Sources were only included for analyses if shoaling or schooling were examined in 
relation to anthropogenic contaminants and pollutants, including chemical contaminants, 
noise, light, and turbidity. Analysis was therefore limited to species that are known to 
exhibit shoaling or schooling behaviour. Where species were not specified as shoaling or 
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schooling in relevant papers e.g., in trials of individual sociability or aggregation, searches 
of the literature were conducted to ascertain whether each species displays shoaling or 
schooling behaviour. As this review focused on effects on fish species, studies of chemical 
compounds not designed to test the effects of toxicants in aquatic systems, such as use of 
zebrafish Danio rerio as pharmacological models, were excluded (Wiprich et al., 2020). 
Studies were excluded if they did not directly quantify either sociability or group cohesion, 
meaning studies of sexual behaviour, aggression, dominance hierarchies, migration, social 
learning, and social recognition were excluded. Interactions with non-anthropogenic 
stressors (e.g., predation cues) were also excluded. Interactions with temperature were 
included, as fish are ectothermic and therefore particularly dependent on environmental 
temperature for determining rates of a variety of relevant physiological processes; evidence 
exists of additive effects of temperature with contaminants on fish physiology (Morgan et 
al., 2001). Papers using numerical models (theoretical studies) were excluded, as were 
conspecific vs. heterospecific preference tests. Papers studying “aggregation” were not 
included (Pitcher, 1983), with one exception where “aggregation” was specifically used as 
a proxy for wild shoaling in a shoaling species (Clark, 2022; Clark & Ioannou, 2022). All 
papers were considered independently by one author of the current study (I.C.T.), and then 
blind reviewed by one of two other authors (D.C. or A.M.). Papers that were disagreed 
upon were discussed and included or excluded by consensus, based on the above-
mentioned considerations. 
 
Data collection 
Following paper inclusion, data on the following variables were collected for each paper. 
In full factorial studies, which was the case for all but two (Holcombe et al., 1980; 
Porseryd et al., 2017) papers investigating interactions between multiple contaminants 
and/or pollutants, the effects of individual- and multiple-stressor trials were recorded 
separately.  

a) Effect size of each treatment on cohesion or sociability, relative to the control. As 
studies used different metrics to assess sociability and cohesion, direct comparison 
using the units given in studies was not possible. Therefore, any change in 
behaviour was converted to a standardised measure, effect size, that could then be 
used in models to compare results among studies. Effect size (Hedges’ g, a 
standardize difference of means between groups) of treatments (i.e. contaminant or 
pollutant exposure) were calculated for 141 studies and 1816 treatments, as some or 
all treatments from 24 studies (Currie, 2021; David et al., 2015; Ehlman et al., 
2019; Eslava-Mocha et al., 2019; Fahlman et al., 2021; Fewtrell & McCauley, 
2012; Holcombe et al., 1980; Iwama et al., 1986; Kaplan et al., 2013; Kastelein et 
al., 2017; Lafoux et al., 2023; Lal et al., 1984; McCallum et al., 2017; Mehdi et al., 
2022; Neo et al., 2014; Neo, Ufkes, et al., 2015; Patch et al., 2022; Petitjean et al., 
2021; V. M. Renick, 2014; Rojas et al., 2023; van der Knaap et al., 2022; A. J. W. 
Ward et al., 2008; Weis & Weis, 1974; Williams, 1989) were excluded where some 
or all data needed to calculate effect size was not available. Effect sizes were 
calculated as a standardized measure of change in sociability or cohesion, as 
various metrics may be used to measure each. Effect sizes were transformed 
(multiplied by 1 or -1) according to the metric used to measure cohesion or 
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sociability, so that positive effect sizes indicate an increase in sociability or 
cohesion and negative effect sizes a decrease. Effect size of each treatment 
(Cohen’s d) on each metric of cohesion or sociability were calculated according to 
the formula: 
 

𝐶𝑑 =
𝑥̅ଵ − 𝑥̅ଶ

𝑃𝑆𝐷
 

Where Cd is Cohen’s d, x ̅ is the mean of each group, and PSD is the pooled 
standard deviation of both groups, calculated as:  

𝑃𝑆𝐷 = ඨ
(𝑁ଵ − 1)𝑆𝐷ଵ

ଶ + (𝑁ଶ − 1)𝑆𝐷ଶ
ଶ

𝑁ଵ + 𝑁ଶ − 2
 

Where N is the number of replicates of each group, and SD is the standard 
deviation of each group. Cohen’s d values were converted to Hedges’ g values 
(sample-size corrected effect size) using the formula:  

𝐻𝑔 = (1 −
3

൫4 × (𝑁ଵ + 𝑁ଶ)൯ − 9
) × 𝐶𝑑 

Where standard error rather than standard deviation was reported in a paper, 
standard deviation was calculated according to: 

𝜎 = 𝑆𝐸√𝑛 

Where the standard error of the difference between groups was given (but not SE of 
both groups separately), pooled SE was converted to SD which was then used as 
pooled SD. Where confidence intervals were reported, standard deviation was 
calculated according to:  

𝜎 =
√𝑁 × (𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 − 𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡)

3.92
  

 

Where median and quartile values were reported, these were used in place of mean 
and standard deviation according to (Greco et al., 2015). Effect size was calculated 
for each treatment level, e.g. where trials were carried out at three temperature 
treatments, the effect size for each of these treatments was calculated relative to the 
control. Where multiple measurements were carried out within each treatment e.g., 
across time scale, means at each sampling point were recorded and used to 
calculate the overall mean and SD. Raw data was used to calculate means and 
standard deviations if these were not reported in the paper. Where exact values 
were not reported and raw data was not available, data was extracted from graphs 
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using WebPlotDigitizer version 4.6 (Rohatgi, 2022). For forest plot construction, 
mean and standard error of effect size for each study was calculated from effect 
sizes calculated for all treatment levels. 

b) Focal species used in each paper. Species names differed in some studies from the 
modern accepted scientific name; in these cases, the modern accepted name was 
used according to the World Register of Marine Species database (WoRMS, 2023). 
Species habitat was also recorded, as marine, freshwater, brackish, or any 
combination of these, based on the WoRMS database.  

c) Class of contaminant or pollutant to which fish were exposed. Among non-
chemical pollutants, noise, light, and turbidity were included. Classes of chemical 
contaminants were organic (including medicines, organically derived pesticides, oil 
and oil derivatives including microplastics, and androgens), inorganic (metals and 
metal salts), and mixed. Mixed contaminants included both contaminants of 
unspecified makeup, such as industrial or agricultural effluent, and specific 
combinations of contaminants used in lab settings.   

d) Treatment levels of variables of interest. For trials with more than one treatment 
level, effect size was calculated for each treatment level relative to the control, or 
relative to the highest or lowest level (depending on the variable) for wild 
population comparisons. For combined stressors, effect size for all trials with non-
control values of both or all stressors were calculated relative to trials using control 
values for both or all stressors. Where treatments were introduced partway 
through/comparative to different control treatments, changes were compared by 
subtracting Hedges g values for control before vs. after from treatment before vs. 
after trials (Morris, 2008). Where this was not possible due to data presentation, 
values from after treatment introduction were compared to the control. Actual (not 
nominal) treatment levels were recorded where these were given. For fluctuating 
treatments, the effect size was calculated between control and the maximum 
treatment level. As different contaminants may produce effects at different 
concentrations, variation in concentration was high for many substances. Treatment 
levels were therefore converted to z scores using the formula:  
 

𝑧 =  
𝑥 −  𝑥̅

𝜎
 

Where x is the value, x ̅ is the mean, and σ is the standard deviation of the mean.  
e) Group sizes. This was defined as the number of fish used per group trial in group 

cohesion studies. Where group size varied, the minimum number of fish per group 
in a treatment was used. It was not possible to use an average number due to the 
way group numbers were reported in some papers. 

f) Sex of fish(es) used in each experiment. This was recorded as unsexed where fish 
were not separated by sex, or where reported data was pooled for both sexes.  

g) Number of replicates. Number of replicates was recorded as number of groups per 
treatment. Where the number of replicates per treatment varied e.g., between 
control and treatment groups, the value for treatment groups was recorded (or the 
average value if this was reported). If trials were repeated on the same groups, n 
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was recorded as the number of groups. In effect size calculations, number of groups 
was also used, unless only one replicate was present in which case number of fish 
per group was used as the calculations used do not allow a sample size of one. 

h) Period over which fishes were exposed to each treatment. Exposure time was 
recorded in days, with appropriate fractions for hours and minutes (e.g., 1h = 1/24 
= 0.0417 days). Where a range of exposure times was reported (e.g., 3-4 days), the 
minimum exposure period was recorded. Exposure times include 
acclimation/gradual reduction or increase times. Where individuals were raised 
under treatment conditions, age at assessment of social behaviour was used. 
Recovery period (if applicable) following exposure but prior to assessment of 
social behaviour was also recorded. 

i) Exposure type. While related to exposure period, this allowed us to separate wild 
and lab studies, and direct exposure from developmental or parental exposure. 
Categories of exposure type were uncontrolled (including populations exposed in 
the wild, and farmed fish exposed in a natural setting), developmental, parental, 
acute, or acclimated. Developmental studies were defined as those where fish were 
exposed during the egg and/or larval phase, then allowed to grow into adults before 
behavioural trials were conducted. Parental exposure was defined as parents of 
tested fish being exposed, but not the tested fish themselves. Acute exposure was 
defined as up to seven days direct exposure of adult or juvenile fish, while 
acclimated exposure was defined as seven days or more direct exposure of adult or 
juvenile fish.   

j) Metrics used to assess cohesion or sociability. In the majority of studies, individual 
sociability was quantified using some variant of the three-chamber test (Xia et al., 
2010) or shoal preference test (Al Marshoudi et al., 2023; Salahinejad et al., 2022), 
while group cohesion was quantified in group shoaling trials (Lanzarin et al., 2020; 
Santos et al., 2021). Cohesion within groups of fish was commonly measured as 
inter-individual distance, nearest-neighbour distance, shoal polarity, or mean 
distance from the centre of the shoal (Table 3.1). Individual sociability was often 
measured as the frequency of approach to a conspecific shoal, time spent near a 
conspecific shoal, latency to approach a conspecific shoal, or distance from a 
conspecific shoal (Table 3.1). Other studies measured sociability as time spent 
away from the conspecific shoal, or sociability score, a function of time and 
distance from a conspecific shoal (Table 3.1). Various studies used time spent in 
different tank “zones” to measure social behaviour in shoal choice tests, however 
exact study designs varied slightly. Therefore, “time away from social zone” was 
used to refer to trials in which experimental arenas were divided into only two 
zones, and was only used if it was the only variable reported, being directly 
proportional to time in social zone. “Time in far zone” was used in studies in which 
arenas were divided into three or more zones, and refers to farthest zone from the 
stimulus shoal. Where zone times were statistically compared e.g., near vs. far 
zone, but time in each zone was not compared between treatments, results were 
recorded as statistically significant if a difference in the relationship between 
treatments was found e.g., if fish spent more time near the shoal in the control 
treatment, but had no preference in other treatments. 
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k) Reported statistical significance (or lack thereof) of the effect of each treatment 
were recorded for each paper. Statistical significance was recorded as p < 0.05. 
Where only the overall relationship between a continuous stressor and cohesion or 
sociability was tested, individual treatment levels were marked as significant (or 
not) according to the result of the overall relationship. 

l) Country where each study was carried out (geographical location). 

Statistical analysis 

A meta-analysis was then carried out in R using the MCMCglmm package (Hadfield, 
2010) to run phylogenetically-adjusted linear models for each contaminant or pollutant 
class. Classes were modelled separately, in order to reduce model complexity and allow 
interactions among explanatory variables for each contaminant or pollutant class to be 
thoroughly explored. To account for phylogenetic relatedness among fish species, a 
phylogenetic tree was constructed including all species, using the R packages phytools 
(Revell, 2012) and phylobase (Hackathon et al., 2020) which allow trees to be constructed 
from the Tree of Life database (Tree of Life Web Project, 2023). This tree was then 
incorporated into a dataset with effect size and variable data using mulTree package 
(Guillerme & Healy, 2020), which combines a data table with a phylogenetic tree object to 
form a data list. The resultant response variable in these models was effect size, while the 
explanatory variables were level of the relevant stressor (e.g. contaminant concentration or 
pollutant level for each treatment), exposure period, number of replicates, group size, 
exposure type (acute, acclimated, repeated, developmental, or uncontrolled), and metric 
(group cohesion or sociability). For studies of wild populations, i.e. where exposure period 
and group size were not known, 100 days and group size of 10 individuals (arbitrarily 
chosen values corresponding to long-term exposure and high group size relative to lab 
studies) were used to allow inclusion of wild studies in models. The interaction effect 
between contaminant concentration or pollutant level and metric was also included where 
multiple concentrations were present within each metric. In the case of light pollution, an 
interaction between the form of light exposure and treatment was included in order to 
separate effects of luminance from different wavelengths. While metric was likely 
somewhat collinear with group size, interactions between these variables were not included 
as the majority of variables had only one value for sociability trial group size (one). 
Specimen, referring to different treatments both within and among papers utilising the 
same species, was also included as a random effect variable to account for the effects of 
different trials, both within and across studies, using the same species. Species was also 
included as a random effect variable, as is required to quantify phylogenetic effects in 
MCMCglmm models. Sex of fish(es) used in each trial was also included as a random 
effect variable. Multi-stressor interactions were not modelled due to the small number of 
studies that investigated stressor combinations. Lambda (λ) value, and indicator of the 
effect of phylogenetic relatedness among species on effect size, for phylogenetic signal 
was calculated using the phytools package. Graphs and figures were plotted using the 
ggplot2 (Wickham, 2016), ggraph (Pedersen, 2022), and ggtree (Yu et al., 2017) packages 
in R. 
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Supplementary Materials: Chapters 4 & 5 

Supplementary Table 4.1A. Correlational matrix of individual traits measured in 
individual risk-taking behaviour and sociability temperature ramp trials. Values 
above the diagonal are p values; values below the diagonal are Pearson’s correlation 
coefficients. Significant correlations at p < 0.05 are shown in bold; correlations with 
weak evidence at p < 0.1 are shown in italics. 

 
MDNS 

Activity (risk-
taking) 

Activity 
(sociability) 

DCS SL 

MDNS  0.393 0.022 0.055 0.861 

Activity (risk-
taking) 

0.073   <0.001 0.039 0.064 

Activity 
(sociability) 

0.194 0.445   <0.001 0.015 

DCS -0.162 -0.174 -0.448   0.256 

SL -0.015 0.157 -0.205 0.097  

MDNS = mean distance to nearest shelter, SL = standard length.  

 

Supplementary Table 4.1B. Correlational matrix of individual traits measured in 
group temperature ramp trials. Values above the diagonal are p values; values below 
the diagonal are Pearson’s correlation coefficients. Correlations with moderate to 
strong evidence at p < 0.05 are shown in bold; correlations with weak evidence at p < 
0.1 are shown in italics. 

 MDCS NND TA Heading Bearing 
Distance 

along 
Speed SL 

MDCS  <0.001 0.663 0.418 0.176 0.083 0.018 0.204 

NND 0.816   0.153 0.695 < 0.001 0.261 0.004 0.002 

TA 0.037 0.121   <0.001 0.169 0.289 <0.001 0.146 

Heading 0.069 -0.033 0.678   0.022 0.335 <0.001 0.509 

Bearing 0.115 0.576 0.117 -0.193   0.982 0.019 0.109 

Distance 
along 

0.147 0.096 -0.090 -0.082 0.002   0.001 0.274 

Speed 0.200 0.240 -0.713 -0.819 0.199 0.270   0.207 

SL 0.108 0.257 0.124 0.056 0.136 0.093 0.107  

MDCS = mean distance to centroid of the shoal; NND = nearest neighbour distance; TA = 
turning angle; Distance = mean distance along group motion; SL = standard length. 
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Supplementary Figure 4.1. Summary of experimental design and number of 
individual and group replicates per treatment. Fish were initially held in two large 
holding tanks (one shown) and randomly allocated to groups. Treatment groups 2, 4, 
6, 7, and 8 were used in both temperature ramp and temporal control trials, in that 
order. Treatment groups 1, 3, and 5 were exposed to temperature ramp trials only, 
while control groups were exposed to temporal control trials only. Control groups 
were excluded from group trial analyses due to failure to resume normal behaviour. 

Individual 
risk-taking 
assay 

Individual 
risk-taking 
assay 

Individual 
risk-taking 
assay 

Individual 
risk-taking 
assay 

Individual 
risk-taking 
assay 

Individual 
risk-taking 
assay 
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Supplementary Table 4.2/5.3. Effects of time (trial number) on behavioural metrics 
measured in group trials. Data from temporal control trials.  

Response Explanatory Estimate 
Standard 

error 
z p 

Distance along Intercept 0.070 0.055 1.263 0.206 
 Trial number -0.009 0.023 -0.389 0.697 
MDCS Intercept 3.463 0.298 11.61 < 0.001 
 Trial number 0.683 0.070 9.764 < 0.001*** 
TA Intercept 2.041 0.161 12.71 < 0.001 
 Trial number 0.219 0.033 6.668 < 0.001*** 
Speed Intercept 6.124 0.407 15.03 < 0.001 
 Trial number -0.615 0.062 -9.844 < 0.001*** 
Bearing Intercept 1.925 0.127 15.19 < 0.001 
 Trial number 0.0009 0.053 0.018 0.986 
Heading difference Intercept 48.58 3.001 16.19 < 0.001 
 Trial number 7.597 0.474 16.01 < 0.001*** 
NND Intercept -0.496 0.117 -4.234 < 0.001 
 Trial number 0.229 0.026 8.827 < 0.001*** 
Group speed Intercept 1.655 0.068 24.37 < 0.001 
 Trial number -0.147 0.023 -6.499 < 0.001*** 
Group polarisation Intercept -0.345 0.044 -7.859 < 0.001 
 Trial number -0.125 0.018 -6.979 < 0.001*** 

MDCS = mean distance to centre of shoal; TA = turning angle; NND = nearest neighbour 
distance. 

 

Supplementary Table 4.3/5.1. Size distribution of fish within groups. 

Group 
Mean standard 
length (mm) 

SE standard length 
(mm) 

Mean mass (g) SE mass (g) 

Treatment group 1 27.07 1.069 0.552 0.109 

Treatment group 2 29.38 1.279 0.808 0.106 

Treatment group 3 28.59 0.740 0.514 0.057 

Treatment group 4 27.32 0.855 0.481 0.087 

Treatment group 5 27.60 0.715 0.414 0.042 

Treatment group 6 27.40 0.746 0.445 0.044 

Treatment group 7 28.07 1.417 0.482 0.068 

Treatment group 8 28.98 0.721 0.528 0.037 

Control group 1 27.35 1.134 0.492 0.057 

Control group 2 28.48 1.427 0.496 0.077 

Control group 3 31.67 0.850 0.665 0.055 

SE = standard error. 
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Supplementary Figure 4.2. Principal components of metrics measured in individual 
behavioural trials constructed using A. Data from both control and temperature 
ramp trials and B. Data from temperature ramp trials only. DCS = distance to 
conspecific shoal, MDNS = mean distance to nearest shelter. 
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Supplementary Figure 4.3. Correlations among traits observed in A. individual 
behavioural trials and B. group behavioural trials. Data from temperature ramp 
trials. Blank squares indicate non-significant correlations (p > 0.1). Larger, more 
opaque circles indicate stronger correlations. MDNS = mean distance to nearest 
shelter. Activity (ns) = activity in risk-taking behaviour trials. Activity (s) = activity in 
sociability trials. DCS = distance to conspecific shoal. NND = nearest neighbour 
distance. TA = turning angle. MDCS = mean distance to centre of shoal. 
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Supplementary Figure 4.4. Principal components explaining 82% of variance in 
metrics measured at the individual level in group temperature ramp trials. MDCS = 
mean distance to the centre of the shoal. TA = turning angle i.e., degree of change in 
direction of a fish from time t-2 to time t. NND = nearest neighbour distance.  
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Supplementary Table 5.2A. Correlational matrix of individual traits measured in 
individual risk-taking behaviour and sociability hypoxia ramp trials. Correlations 
with moderate to strong evidence at p < 0.05 are shown in bold 
 

 

 

 

 

Activityns = speed in individual risk-taking behaviour trials; Activitys = speed in individual 
sociability trials; SL = standard length.  

 

Supplementary Table 5.2B. Correlational matrix of individual traits measured in 
group hypoxia ramp trials. Correlations with moderate to strong evidence at p < 0.05 
are shown in bold; correlations with weak evidence at p < 0.1 are shown in italics 

 MDCS NND TA Heading Bearing Distance Speed SL 

MDCS  < 0.001 0.576 < 0.001 0.058 0.082 0.034 0.616 

NND 0.829  0.015 0.202 0.218 0.122 0.582 0.612 

TA -0.049 -0.211  < 0.001 0.552 0.276 < 0.001 0.248 

Heading 0.285 0.112 0.612  0.026 0.631 < 0.001 0.464 

Bearing 0.165 0.108 0.052 0.194  0.095 0.073 0.530 

Distance 0.152 0.135 -0.095 -0.042 -0.146  0.153 0.281 

Speed -0.184 -0.048 -0.594 -0.844 -0.157 0.125  0.543 

SL 0.044 0.044 0.101 0.064 0.055 0.094 -0.053  

MDCS = mean distance to centroid of the shoal; NND = nearest neighbour distance; TA = 
turning angle; Distance = mean distance along group motion; SL = standard length.  

  

 MDNS Activityns Activitys DCS SL 

MDNS  0.114 0.111 0.045 0.926 

Activityns 0.138   < 0.001 0.038 0.657 

Activitys 0.139 0.432   < 0.001 0.046 

DCS -0.175 -0.181 -0.438   0.540 

SL -0.008 0.039 -0.174 -0.054  



217 
 

 

Supplementary Figure 5.1. Diagram showing setup of behavioural arenas, temperature-regulated water sump, and nitrogen canister used to 
induce hypoxia. Temperature and oxygen sensors were positioned in the corner of the chamber so as not to obscure the view of the stimulus 
shoal. Position of the stimulus shoal relative to the inflow and outflow of water was alternated. Water inflow was through a standpipe placed in 
the corner opposite the outflow pipe and temperature and oxygen sensors, while outflow was through a hole drilled in the side of the arena.
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Supplementary Figure 5.2. Correlations among traits observed in A. individual 
behavioural trials and B. group behavioural trials. Data from hypoxia ramp trials. 
Increasing size and opacity of circles indicates increasing strength of correlations. 
Blank squares indicate no evidence for a correlation (p > 0.1). MDNS = mean distance 
to nearest shelter. DCS = distance to conspecific shoal. MDCS = mean distance to 
centre of shoal. NND = nearest neighbour distance. TA = turning angle. SL = standard 
length. 
  

A 

B 
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Supplementary Figure 5.3. Principal components explaining 100% of variance in 
metrics measured in individual sociability trials. DCS = distance to conspecific shoal. 
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Supplementary Figure 5.4. Principal components explaining 78.9% of variance in 
metrics measured for individual fish in group trials. MDCS = mean distance to the 
centre of the shoal, TA = turning angle i.e., degree of change in direction of a fish from 
time t-2 to time t, NND = nearest neighbour distance.  
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Supplementary methods 

Thigmotaxis (T) Supplementary Equation 4.1:  

𝑇௕௘௧௔ =
𝑇

101
 

 

Activity (cm s-1) Supplementary Equation 4.2:  

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦௕௘௧௔ =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦

13
 

< 0.3 cm s-1 adjusted to zero to account for low-value inflation 

 

Supplementary Equation 5.1:  

𝑇ℎ𝑖𝑔𝑚𝑜𝑡𝑎𝑥𝑖𝑠௔ௗ௝ =  
𝑇ℎ𝑖𝑔𝑚𝑜𝑡𝑎𝑥𝑖𝑠 (%)

100
 

Values at or above 1 were adjusted to 0.9999 in line with the requirements of beta 
distributions.  

Supplementary Equation 5.2:  

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦௔ௗ௝ =  
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦௡௦

14
 

Values of < 0.3 cm s-1 were adjusted to zero prior to transformation 

 

Supplementary Equation 5.3:  

𝐺𝑟𝑜𝑢𝑝 𝑃𝐶1௔ௗ௝ =  
𝐺𝑟𝑜𝑢𝑝 𝑃𝐶1 + 4

10
 

 

Individual-level traits in temporal control trials were modelled according to 
Supplementary model 4.1/5.1:  

MDCS ~ Trial number + (1|Group ID/Fish ID) + (1|Group size)  

Group-level traits in temporal control trials were modelled according to Supplementary 
model 4.2/5.2:  

Group speed ~ Trial number + (1|Group ID) + (1|Group size)  

Data from control groups (n = 3 groups) was excluded due to failure to resume normal 
behaviour in group trials (reason unknown), therefore individual n = 28 and group n = 5.  

Metrics of individual behaviour in group trials 

Interindividual distances 
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1. Mean nearest neighbour distance (NND), i.e., the distance between an individual 
and its closest neighbour, in cm.   

2. Mean distance of an individual to the centroid of the shoal (MDCS), in cm.   

Activity 

1. Median speed of each individual, in cm s-¹. Median speed (and turning angle, 
rescaled bearing, and heading difference; see below) were only calculated when 
individual speed was ≥1 cm s-¹, indicating that fish were swimming. This minimum 
value was based on the frequency distribution of speeds, where the mode at 1 cm s-¹ 
indicated that this represents the minimum speed of swimming.   

Polarisation 

1. Median turning angle (TA) of each individual. TA was defined as the change in 
direction of a fish between frames, in degrees.   

2. Mean rescaled bearing to the nearest neighbour, i.e. the mean angular direction of 
the individual’s nearest neighbour, in degrees. As the (unscaled) bearing angle 
could range from 0-180°, calculating a mean angle for an individual with a 
neighbour directly in front (0°) for half the trial and directly behind (180°) for the 
other half would result in a mean of 90° i.e., alongside the nearest neighbour, which 
would be unrepresentative. The bearing was therefore rescaled so that the nearest 
neighbour being directly in front of or directly behind an individual were both 
recorded as a bearing of 0°, while the nearest neighbour being directly alongside 
was recorded as 90° (MacGregor and Ioannou, 2023). An increase in mean rescaled 
bearing therefore indicated spatial positioning of nearest neighbours more 
alongside the individual.  

3. Mean heading difference from nearest neighbour. This was defined as the 
difference in direction of travel between the individual and its nearest neighbour, in 
degrees.    

Position in group 

1. Mean normalised distance along the group’s direction of motion. This was only 
calculated from time points where group polarisation was greater than 0.3, i.e., 
when fish were swimming in approximately the same direction. Distance along the 
group’s direction of motion for each individual at each time point was calculated as 
the relative position of each individual to the movement direction of the group 
centroid. This was then normalised to account for the variation in spacing between 
individuals over time, and was calculated by assigning the frontmost fish at a given 
time point a distance of 1, and the rearmost fish a distance of zero. The position of 
the other individuals along the group’s direction of motion was calculated as a 
proportion of the distance between the frontmost and rearmost fish.   

Metrics of group-level behaviour  

1. Median group speed in cm s-¹, i.e. the distance the group centroid moved between 
frames. This was calculated from the position of the group centroid at time t and 
time t-1.     
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2. Mean group polarisation, i.e. the tendency of fish in the shoal to face and swim in 
the same direction. Mean group polarisation was calculated only from time points 
when group speed was ≥1 cm s⁻¹, i.e. when the group was swimming together and 
polarisation could be calculated reliably. Polarisation ranged from 0-1, where 0 
indicates no individuals facing or swimming in the same direction, and 1 indicates 
all individuals swimming and facing in the same direction. 

 

Supplementary Material: Chapter 6 

Supplementary Table 6.1. Light measurements taken at control and ALAN-exposed 
sites from which Dascyllus trimaculatus were collected. Lunar cycle indicates the date 
on which measurements were taken relative to the full moon.  

Site Treatment Anemone/area Lunar cycle Light level (lux) 

1 ALAN 2322 Full moon + 1d 13.35 ± 0.153 

1 ALAN 2328 Full moon 32.96 ± 0.500 

1 ALAN 2347 Full moon + 1d 5.248 ± 0.068 

1 ALAN 408 Full moon + 1d 12.05 ± 0.176 

1 ALAN 769 Full moon – 1d 4.987 ± 0.043 

1 ALAN 797 Full moon – 1d 7.249 ± 0.135 

1 ALAN 909 Full moon + 4d 5.943 ± 0.058 

1 ALAN Pillar Full moon + 4d 1.458 ± 0.018 

1 Control 2314 Full moon + 4d 0.004 ± 0.002 

1 Control 2327 Full moon + 1d 0.003 ± 0.002 

1 Control 908 Full moon – 1d 0.010 ± 0.003 

2 ALAN 56 Full moon 2.282 ± 0.048 

2 ALAN 807 Full moon – 1d 2.127 ± 0.038 

2 ALAN 910 Full moon 2.253 ± 0.043 

2 ALAN 911 Full moon – 1d 1.075 ± 0.023 

2 ALAN 912 Full moon 6.352 ± 0.118 

2 ALAN 913 Full moon 12.55 ± 0.213 

2 ALAN 914 Full moon – 1d 3.282 ± 0.059 

2 Control 59 Full moon 0.001 ± 0.0004 

2 Control 799 Full moon – 1d 0.004 ± 0.002 

3 ALAN B Full moon – 2d 21.21 ± 0.707 

3 Control C Full moon – 2d 0.013 ± 0.005 

3 Control D Full moon + 8d 0.003 ± 0.001  
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Supplementary Table 6.2. Welch’s t statistics comparing mass and total length of 
Dascyllus trimaculatus raised under control or ALAN conditions. 

Variable Treatment 
Welch’s t 
statistic 

Df p value 

Mass (g) ALAN 0.287 15.7 0.778 

Total length 
(mm) 

ALAN -0.442 16.3 0.665 

 

Supplementary Table 6.3. Effects of side and size of stimulus shoal on behaviour of 
Dascyllus trimaculatus in sociability trials. Reference level for stimulus shoal side is 
left. 
Model 
response 
variable 

Explanatory 
variable 

Estimate 
Standard 

error 
z value p value 

Distance to a conspecific shoal (cm) 

 Intercept 1.740 0.528 3.295 < 0.001 

 
Stimulus 
shoal size 

0.044 0.116 0.384 0.701 

 
Stimulus 
shoal side 
(Right) 

-0.284 0.206 -1.379 0.168 

Percentage time spent moving 

 Intercept 0.750 0.126 5.939 < 0.001 

 
Stimulus 
shoal size 

-0.012 0.032 -0.358 0.720 

 
Stimulus 
shoal side 
(Right) 

-0.053 0.061 -0.874 0.382 
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Supplementary Table 6.4. Correlations among behavioural traits observed in 
Dascyllus trimaculatus in emergence and sociability trials. Pearson’s correlation 
coefficient is shown above the diagonal; p values are shown below the diagonal. 
Correlations with evidence at p < 0.1 are shown in bold. Sociabilitys = distance to 
conspecific shoal in sociability trials, MDS = distance to shelter (anemone) after first 
emergence in emergence trials, sociabilitye = distance to conspecific shoal in 
emergence trials, activitys = mean speed of movement in sociability trials, activitye = 
mean speed of movement in emergence trials. 

 
Time to 

emerge (s) 

Activitys 
(% time 
moving) 

Mean 
sociabilitys 

MDS 
Mean 

sociabilitye 

Activitye 
(% time 
moving) 

Time to emerge 
(s) 

 -0.183 -0.303 -0.662 0.238 -0.549 

Activitys (% time 
moving) 

0.080  0.451 0.479 -0.278 0.429 

Mean sociabilitys 0.117 0.030  0.217 0.348 0.389 

MDS 0.004 0.052 0.403  -0.130 0.484 

Mean sociabilitye 0.358 0.280 0.171 0.618  -0.048 
Activitye (% time 
moving) 

0.023 0.086 0.123 0.049 0.856  
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Supplementary Figure 6.1. Light levels across sites from 6pm (18:00) to 6am (06:00) 
under artificial light at night (ALAN) and control light conditions.  
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Supplementary Figure 6.2. Schematic showing tank setup during A. sociability trials 
and B. emergence behaviour tests. Blue lines indicate transparent Perspex dividers. 
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Supplementary Figure 6.3. Raw data distribution per individual fish for A. Distance 
to the conspecific shoal (DCS) in sociability trials, B. Speed of movement (velocity) in 
sociability trials, C. Distance to the conspecific shoal (DCS) in emergence trials, D. 
Speed of movement (velocity) in emergence trials, and E. Distance to anemone after 
first emergence in emergence trials. Notation of individual IDs is in the format site 
number-treatment-individual i.e., S1A1 indicates fish 1 collected at Site 1 from an 
artificial light at night-exposed anemone; S2C2 indicates fish 2 collected at Site 2 
from an anemone exposed to control lighting. Note that velocity graphs are plotted on 
a log scale. 

 
 
 
 

 
Supplementary Figure 6.4. Relationship between time to emerge from an anemone 
following a chase stimulus and fish mass. 
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Supplementary Figure 6.5. Correlations among traits observed in Dascyllus 
trimaculatus. Scales indicate r values. Increasing size and opacity of circles indicates 
increasing evidence for correlation based on p values. Blank squares indicate no 
evidence for a correlation (p > 0.1). DCS = distance to conspecific shoal. MDS = mean 
distance to shelter (anemone). 
 
 
Supplementary methods 
 
Supplementary Equation 6.1:  

𝑀𝑒𝑎𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑎𝑛𝑒𝑚𝑜𝑛𝑒௕௘௧௔ =  
𝑀𝑒𝑎𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑎𝑛𝑒𝑚𝑜𝑛𝑒

28
  

Where “mean distance to anemone” refers to the distance of the focal fish to the anemone 
shelter during emergence trials, and “mean distance to anemonebeta” refers to the 
transformed values of the variable subsequently used in the model.   

  



231 
 

Reference list 
Agarwal, D., Shanmugam, S. A., Kathirvelpandian, A., Eswaran, S., Rather, M. A., & Rakkannan, G. (2024). 

Unraveling the Impact of Climate Change on Fish Physiology: A Focus on Temperature and Salinity 
Dynamics. Journal of Applied Ichthyology, 2024(1). https://doi.org/10.1155/2024/5782274 

Aich, U., Polverino, G., Yazdan Parast, F., Melo, G. C., Tan, H., Howells, J., Nosrati, R., & Wong, B. B. M. 
(2025). Long‐term effects of widespread pharmaceutical pollution on trade‐offs between behavioural, 
life‐history and reproductive traits in fish. Journal of Animal Ecology, 94(3), 340–355. 
https://doi.org/10.1111/1365-2656.14152 

Al Marshoudi, M., Al Reasi, H. A., Al-Habsi, A., & Barry, M. J. (2023). Additive effects of microplastics on 
accumulation and toxicity of cadmium in male zebrafish. Chemosphere, 334, 138969. 
https://doi.org/10.1016/j.chemosphere.2023.138969 

Alfonso, S., Blanc, M., Cousin, X., & Bégout, M.-L. (2022). Exposure of zebrafish to an environmental 
mixture of persistent organic pollutants triggers an increase in anxiety-like syndrome but does not 
affect boldness in unexposed offspring. Environmental Science and Pollution Research, 30(8), 21439–
21452. https://doi.org/10.1007/s11356-022-23689-z 

Alfonso, S., Gesto, M., & Sadoul, B. (2021). Temperature increase and its effects on fish stress physiology in 
the context of global warming. Journal of Fish Biology, 98(6), 1496–1508. 
https://doi.org/10.1111/jfb.14599 

Alfonso, S., Sadoul, B., Cousin, X., & Bégout, M.-L. (2020). Spatial distribution and activity patterns as 
welfare indicators in response to water quality changes in European sea bass, Dicentrarchus labrax. 
Applied Animal Behaviour Science, 226, 104974. https://doi.org/10.1016/j.applanim.2020.104974 

Allibhai, I., Zanghi, C., How, M. J., & Ioannou, C. C. (2023). Increased water temperature and turbidity act 
independently to alter social behavior in guppies (Poecilia reticulata). Ecology and Evolution, 13(3). 
https://doi.org/10.1002/ece3.9958 

Alsop, D., & Wood, C. M. (2011). Metal uptake and acute toxicity in zebrafish: Common mechanisms across 
multiple metals. Aquatic Toxicology, 105(3–4), 385–393. https://doi.org/10.1016/j.aquatox.2011.07.010 

Andreassen, A. H., Hall, P., Khatibzadeh, P., Jutfelt, F., & Kermen, F. (2022). Brain dysfunction during 
warming is linked to oxygen limitation in larval zebrafish. Proceedings of the National Academy of 
Sciences, 119(39). https://doi.org/10.1073/pnas.2207052119 

Andreassen, A. H., Rosén, A., & Norin, T. (2026). Ontogenetic growth and size-at-age shape metabolic 
scaling. Journal of Experimental Biology, 229(2). https://doi.org/10.1242/jeb.250868 

Angiulli, E., Pagliara, V., Cioni, C., Frabetti, F., Pizzetti, F., Alleva, E., & Toni, M. (2020). Increase in 
environmental temperature affects exploratory behaviour, anxiety and social preference in Danio rerio. 
Scientific Reports, 10(1), 5385. https://doi.org/10.1038/s41598-020-62331-1 

Armstrong, T., Khursigara, A. J., Killen, S. S., Fearnley, H., Parsons, K. J., & Esbaugh, A. J. (2019). Oil 
exposure alters social group cohesion in fish. Scientific Reports, 9(1), 13520. 
https://doi.org/10.1038/s41598-019-49994-1 

Aubrecht, C., Elvidge, C. D., Longcore, T., Rich, C., Safran, J., Strong, A. E., Eakin, C. M., Baugh, K. E., 
Tuttle, B. T., Howard, A. T., & Erwin, E. H. (2008). A global inventory of coral reef stressors based on 
satellite observed nighttime lights. Geocarto International, 23(6), 467–479. 
https://doi.org/10.1080/10106040802185940 

Baladia, Y., Ben-Haddad, M., Laadel, N., & Oualid, J. A. (2025). Catastrophic fish mass mortality events in 
Moroccan freshwater ecosystems: alarming trends and impacts on biodiversity. Environmental 
Monitoring and Assessment, 197(3), 290. https://doi.org/10.1007/s10661-025-13711-5 

Barcellos, H. H. de A., Pompermaier, A., Mendonça-Soares, S., Maffi, V. C., Fernandes, M., Koakoski, G., 
Kirsten, K., Baldisserotto, B., & Barcellos, L. J. G. (2020). Aripiprazole prevents stress-induced 
anxiety and social impairment but impairs antipredatory behavior in zebrafish. Pharmacology 
Biochemistry and Behavior, 189, 172841. https://doi.org/10.1016/j.pbb.2019.172841 

Bartolini, T., Butail, S., & Porfiri, M. (2015). Temperature influences sociality and activity of freshwater fish. 
Environmental Biology of Fishes, 98(3), 825–832. https://doi.org/10.1007/s10641-014-0318-8 

Bartoń, K. (2010). MuMIn: Multi-Model Inference. In CRAN: Contributed Packages. 
https://doi.org/10.32614/CRAN.package.MuMIn 

Barzegar, H., Pourebrahim, S., Ali Zahed, M., & Hadipour, M. (2024). The effects of artificial light on the 
behavior of Eastern Mosquitofish (Gambusia holbrooki) in Iran. Journal of Wildlife and Biodiversity, 
8(1), 76–88. 

Bassi, A., Love, O. P., Cooke, S. J., Warriner, T. R., Harris, C. M., & Madliger, C. L. (2022). Effects of 
artificial light at night on fishes: A synthesis with future research priorities. Fish and Fisheries, 23(3), 
631–647. https://doi.org/10.1111/faf.12638 

Becke, C., Schumann, M., Steinhagen, D., Geist, J., & Brinker, A. (2018). Physiological consequences of 
chronic exposure of rainbow trout (Oncorhynchus mykiss) to suspended solid load in recirculating 
aquaculture systems. Aquaculture, 484, 228–241. https://doi.org/10.1016/j.aquaculture.2017.11.030 



232 
 

Beckmann, C., & Biro, P. A. (2013). On the Validity of a Single (Boldness) Assay in Personality Research. 
Ethology, 119(11), 937–947. https://doi.org/10.1111/eth.12137 

Beltrão dos Anjos, H. D., Yamamoto, K. C., & Magalhães, E. R. S. (2017). Biologia reprodutiva e hábitos 
alimentares do rodóstomo (Hemigrammus bleheri) um peixe ornamental da Bacia do Médio Rio Negro, 
Estado do Amazonas, Brasil. Boletim Do Instituto de Pesca, 43(1). https://doi.org/10.20950/1678-
2305.2017v43n1p65 

Bennett, W. (2010). Extreme physiology of intertidal fishes of the Wakatobi. In R. K. F. Unsworth, Julian. 
Clifton, & D. J. Smith (Eds.), Marine research and conservation in the Coral Triangle: the Wakatobi 
National park (pp. 111–128). Nova Science. 

Bertram, M. G., Gore, A. C., Tyler, C. R., & Brodin, T. (2022). Endocrine-disrupting chemicals. Current 
Biology, 32(13), R727–R730. https://doi.org/10.1016/j.cub.2022.05.063 

Bertram, M. G., Martin, J. M., McCallum, E. S., Alton, L. A., Brand, J. A., Brooks, B. W., Cerveny, D., Fick, 
J., Ford, A. T., Hellström, G., Michelangeli, M., Nakagawa, S., Polverino, G., Saaristo, M., Sih, A., 
Tan, H., Tyler, C. R., Wong, B. B. M., & Brodin, T. (2022a). Frontiers in quantifying wildlife 
behavioural responses to chemical pollution. Biological Reviews, 97(4), 1346–1364. 
https://doi.org/10.1111/brv.12844 

Bertram, M. G., Martin, J. M., McCallum, E. S., Alton, L. A., Brand, J. A., Brooks, B. W., Cerveny, D., Fick, 
J., Ford, A. T., Hellström, G., Michelangeli, M., Nakagawa, S., Polverino, G., Saaristo, M., Sih, A., 
Tan, H., Tyler, C. R., Wong, B. B. M., & Brodin, T. (2022b). Frontiers in quantifying wildlife 
behavioural responses to chemical pollution. Biological Reviews, 97(4), 1346–1364. 
https://doi.org/10.1111/brv.12844 

Bevacqua, E., Schleussner, C.-F., & Zscheischler, J. (2025). A year above 1.5ௗ°C signals that Earth is most 
probably within the 20-year period that will reach the Paris Agreement limit. Nature Climate Change, 
15(3), 262–265. https://doi.org/10.1038/s41558-025-02246-9 

Bevan, P. A., Gosetto, I., Jenkins, E. R., Barnes, I., & Ioannou, C. C. (2018). Regulation between personality 
traits: individual social tendencies modulate whether boldness and leadership are correlated. 
Proceedings of the Royal Society B: Biological Sciences, 285(1880), 20180829. 
https://doi.org/10.1098/rspb.2018.0829 

Birceanu, O., Chowdhury, M., Gillis, P., McGeer, J., Wood, C., & Wilkie, M. (2008). Modes of metal toxicity 
and impaired branchial ionoregulation in rainbow trout exposed to mixtures of Pb and Cd in soft water. 
Aquatic Toxicology, 89(4), 222–231. https://doi.org/10.1016/j.aquatox.2008.07.007 

Biro, P. A., & Adriaenssens, B. (2013). Predictability as a Personality Trait: Consistent Differences in 
Intraindividual Behavioral Variation. The American Naturalist, 182(5), 621–629. 
https://doi.org/10.1086/673213 

Biro, P. A., Beckmann, C., & Stamps, J. A. (2010). Small within-day increases in temperature affects 
boldness and alters personality in coral reef fish. Proceedings of the Royal Society B: Biological 
Sciences, 277(1678), 71–77. https://doi.org/10.1098/rspb.2009.1346 

Bittencourt, L., Barbosa, M., Paiva, A. M., Mill, G. N., Costa, V. S., Bisi, T. L., Lailson-Brito, J., & Azevedo, 
A. F. (2023). Assessment of cetacean exposure to underwater noise in the southwestern Atlantic ocean. 
Estuarine, Coastal and Shelf Science, 293, 108510. https://doi.org/10.1016/j.ecss.2023.108510 

Borner, K. K., Krause, S., Mehner, T., Uusi-Heikkilä, S., Ramnarine, I. W., & Krause, J. (2015). Turbidity 
affects social dynamics in Trinidadian guppies. Behavioral Ecology and Sociobiology, 69(4), 645–651. 
https://doi.org/10.1007/s00265-015-1875-3 

Boström-Einarsson, L., Bonin, M. C., Munday, P. L., & Jones, G. P. (2018). Loss of live coral compromises 
predator-avoidance behaviour in coral reef damselfish. Scientific Reports, 8(1), 7795. 
https://doi.org/10.1038/s41598-018-26090-4 

Breitburg, D., Steinberg, N., DuBeau, S., Cooksey, C., & Houde, E. (1994). Effects of low dissolved oxygen 
on predation on estuarine fish larvae. Marine Ecology Progress Series, 104, 235–246. 
https://doi.org/10.3354/meps104235 

Brooks, M. E., Kristensen, K., Benthem, K. J. , van, Magnusson, A., Berg, C. W., Nielsen, A., Skaug, H. J., 
Mächler, M., & Bolker, B. M. (2017). glmmTMB Balances Speed and Flexibility Among Packages for 
Zero-inflated Generalized Linear Mixed Modeling. The R Journal, 9(2), 378. 
https://doi.org/10.32614/RJ-2017-066 

Brown, C., & Irving, E. (2014). Individual personality traits influence group exploration in a feral guppy 
population. Behavioral Ecology, 25(1), 95–101. https://doi.org/10.1093/beheco/art090 

Brüning, A., Hölker, F., Franke, S., Preuer, T., & Kloas, W. (2015). Spotlight on fish: Light pollution affects 
circadian rhythms of European perch but does not cause stress. Science of The Total Environment, 511, 
516–522. https://doi.org/10.1016/j.scitotenv.2014.12.094 

Buddendorf, S. W. J., Broeckx, H. D., van Delft, J., Groot, A. T., Visser, M. E., Burdfield-Steel, E. R., & 
Spoelstra, K. (2026). Dimming streetlights in urban areas reduces insect attraction but pipistrelle bats 
forage more in darkness. Biological Conservation, 314, 111638. 
https://doi.org/10.1016/j.biocon.2025.111638 



233 
 

Butail, S., Salerno, P., Bollt, E. M., & Porfiri, M. (2015). Classification of collective behavior: a comparison 
of tracking and machine learning methods to study the effect of ambient light on fish shoaling. 
Behavior Research Methods, 47(4), 1020–1031. https://doi.org/10.3758/s13428-014-0519-2 

Cabrera, D., Nilsson, J. R., & Griffen, B. D. (2021). The development of animal personality across ontogeny: 
a cross-species review. Animal Behaviour, 173, 137–144. 
https://doi.org/10.1016/j.anbehav.2021.01.003 

Calovi, D. S., Litchinko, A., Lecheval, V., Lopez, U., Pérez Escudero, A., Chaté, H., Sire, C., & Theraulaz, G. 
(2018). Disentangling and modeling interactions in fish with burst-and-coast swimming reveal distinct 
alignment and attraction behaviors. PLOS Computational Biology, 14(1), e1005933. 
https://doi.org/10.1371/journal.pcbi.1005933 

Campos, D. F., Jesus, T. F., Kochhann, D., Heinrichs-Caldas, W., Coelho, M. M., & Almeida-Val, V. M. F. 
(2017). Metabolic rate and thermal tolerance in two congeneric Amazon fishes: Paracheirodon 
axelrodi Schultz, 1956 and Paracheirodon simulans Géry, 1963 (Characidae). Hydrobiologia, 789(1), 
133–142. https://doi.org/10.1007/s10750-016-2649-2 

Cannon, A. J. (2025). Twelve months at 1.5ௗ°C signals earlier than expected breach of Paris Agreement 
threshold. Nature Climate Change, 15(3), 266–269. https://doi.org/10.1038/s41558-025-02247-8 

Cao, C., Li, D., Liu, S., Xi, Y., Zheng, H., Yu, G., Yan, X., Ouyang, L., & Yao, W. (2025). Effect of flow 
velocity variation on individual behaviour and collective cohesion of two fish species. Journal of Fish 
Biology, 107(5), 1685–1701. https://doi.org/10.1111/jfb.70156 

Capriello, T., Félix, L. M., Monteiro, S. M., Santos, D., Cofone, R., & Ferrandino, I. (2021). Exposure to 
aluminium causes behavioural alterations and oxidative stress in the brain of adult zebrafish. 
Environmental Toxicology and Pharmacology, 85, 103636. https://doi.org/10.1016/j.etap.2021.103636 

Careau, V., Thomas, D., Humphries, M. M., & Réale, D. (2008). Energy metabolism and animal personality. 
Oikos, 117(5), 641–653. https://doi.org/10.1111/j.0030-1299.2008.16513.x 

Cerveny, D., Brodin, T., Cisar, P., McCallum, ES., & Fick, J. (2020). Bioconcentration and behavioral effects 
of four benzodiazepines and their environmentally relevant mixture in wild fish. Science of The Total 
Environment, 702, 134780. https://doi.org/10.1016/j.scitotenv.2019.134780 

Chamberlain, A. C., & Ioannou, C. C. (2019). Turbidity increases risk perception but constrains collective 
behaviour during foraging by fish shoals. Animal Behaviour, 156, 129–138. 
https://doi.org/10.1016/j.anbehav.2019.08.012 

Chapman, L. J., & Mckenzie, D. J. (2009). Behavioral Responses and Ecological Consequences. In J. G. 
Richards, A. P. Farrell, & C. J. Brauner (Eds.), Fish Physiology (pp. 25–77). Academic Press. 
https://doi.org/10.1016/S1546-5098(08)00002-2 

Chaput, S.-L., Burggren, W. W., Hurd, P. L., & Hamilton, T. J. (2023). Zebrafish (Danio rerio) shoaling in 
light and dark conditions involves a complex interplay between vision and lateral line. Behavioural 
Brain Research, 439, 114228. https://doi.org/10.1016/j.bbr.2022.114228 

Chen, J., Lei, L., Mo, W., Dong, H., Li, J., Bai, C., Huang, K., Truong, L., Tanguay, R. L., Dong, Q., & 
Huang, C. (2021). Developmental titanium dioxide nanoparticle exposure induces oxidative stress and 
neurobehavioral changes in zebrafish. Aquatic Toxicology, 240, 105990. 
https://doi.org/10.1016/j.aquatox.2021.105990 

Chen, J., Li, J., Jiang, H., Yu, J., Wang, H., Wang, N., Chen, S., Mo, W., Wang, P., Tanguay, R. L., Dong, Q., 
& Huang, C. (2021). Developmental co-exposure of TBBPA and titanium dioxide nanoparticle induced 
behavioral deficits in larval zebrafish. Ecotoxicology and Environmental Safety, 215, 112176. 
https://doi.org/10.1016/j.ecoenv.2021.112176 

Chen, J., Rao, C., Yuan, R., Sun, D., Guo, S., Li, L., Yang, S., Qian, D., Lu, R., & Cao, X. (2022). Long-term 
exposure to polyethylene microplastics and glyphosate interferes with the behavior, intestinal microbial 
homeostasis, and metabolites of the common carp (Cyprinus carpio L.). Science of The Total 
Environment, 814, 152681. https://doi.org/10.1016/j.scitotenv.2021.152681 

Clark, M. A. (2022). Investigating the Impacts of Environmental Change on Social Behaviour in Fish. 
[Masters by Research]. University of Bristol. 

Clark, M. A., & Ioannou, C. C. (2022). A novel method for investigating fish social behaviour in the field. 
https://doi.org/10.1101/2022.08.23.504959 

Clarke, A., & Johnston, N. M. (1999). Scaling of metabolic rate with body mass and temperature in teleost 
fish. Journal of Animal Ecology, 68(5), 893–905. https://doi.org/10.1046/j.1365-2656.1999.00337.x 

Colchen, T., Teletchea, F., Fontaine, P., & Pasquet, A. (2016). Temperature modifies activity, inter-individual 
relationships and group structure in fish. Current Zoology, zow048. https://doi.org/10.1093/cz/zow048 

Colovic, M. B., Krstic, D. Z., Lazarevic-Pasti, T. D., Bondzic, A. M., & Vasic, V. M. (2013). 
Acetylcholinesterase Inhibitors: Pharmacology and Toxicology. Current Neuropharmacology, 11(3), 
315–335. https://doi.org/10.2174/1570159X11311030006 

Cominassi, L., Segarra, A., Chandler, A., Habibullah-Al-Mamun, M., Knaub, K., Huff Hartz, K. E., Mauduit, 
F., Fangue, N., Whitledge, G. W., Lydy, M. J., & Connon, R. E. (2025). Sublethal exposures to 
bifenthrin impact stress responses and behavior of juvenile Chinook salmon. Environmental Toxicology 
and Chemistry, 44(4), 973–983. https://doi.org/10.1093/etojnl/vgaf029 



234 
 

Conrad, J. L., Weinersmith, K. L., Brodin, T., Saltz, J. B., & Sih, A. (2011). Behavioural syndromes in fishes: 
a review with implications for ecology and fisheries management. Journal of Fish Biology, 78(2), 395–
435. https://doi.org/10.1111/j.1095-8649.2010.02874.x 

Cook, D. G., Brown, E. J., Lefevre, S., Domenici, P., & Steffensen, J. F. (2014). The response of striped 
surfperch Embiotoca lateralis to progressive hypoxia: Swimming activity, shoal structure, and 
estimated metabolic expenditure. Journal of Experimental Marine Biology and Ecology, 460, 162–169. 
https://doi.org/10.1016/j.jembe.2014.07.002 

Cooper, B., Adriaenssens, B., & Killen, S. S. (2018). Individual variation in the compromise between social 
group membership and exposure to preferred temperatures. Proceedings of the Royal Society B: 
Biological Sciences, 285(1880), 20180884. https://doi.org/10.1098/rspb.2018.0884 

Corral-Lopez, A., Kotrschal, A., Szorkovszky, A., Garate-Olaizola, M., Herbert-Read, J., van der Bijl, W., 
Romenskyy, M., Zeng, H.-L., Buechel, S. D., Fontrodona-Eslava, A., Pelckmans, K., Mank, J. E., & 
Kolm, N. (2023). Evolution of schooling drives changes in neuroanatomy and motion characteristics 
across predation contexts in guppies. Nature Communications, 14(1), 6027. 
https://doi.org/10.1038/s41467-023-41635-6 

Country, M. W., & Jonz, M. G. (2021). Mitochondrial KATP channels stabilize intracellular Ca2+ during 
hypoxia in retinal horizontal cells of goldfish (Carassius auratus). Journal of Experimental Biology, 
224(18). https://doi.org/10.1242/jeb.242634 

Culbert, B. M., Gilmour, K. M., & Balshine, S. (2019). Social buffering of stress in a group-living fish. 
Proceedings of the Royal Society B: Biological Sciences, 286(1910), 20191626. 
https://doi.org/10.1098/rspb.2019.1626 

Cumming, H., & Herbert, N. A. (2016). Gill structural change in response to turbidity has no effect on the 
oxygen uptake of a juvenile sparid fish. Conservation Physiology, 4(1), cow033. 
https://doi.org/10.1093/conphys/cow033 

Currie, H. A. L. (2021). Group Behavioural Responses of Cyprinid Fishes to Artificial Acoustic Stimuli: 
Implications for Fisheries Management [PhD]. University of Southampton. 

Currie, H. A. L., White, P. R., Leighton, T. G., & Kemp, P. S. (2020). Group behavior and tolerance of 
Eurasian minnow (Phoxinus phoxinus) in response to tones of differing pulse repetition rate. The 
Journal of the Acoustical Society of America, 147(3), 1709–1718. https://doi.org/10.1121/10.0000910 

Currie, H. A. L., White, P. R., Leighton, T. G., & Kemp, P. S. (2021). Collective behaviour of the European 
minnow (Phoxinus phoxinus) is influenced by signals of differing acoustic complexity. Behavioural 
Processes, 189, 104416. https://doi.org/10.1016/j.beproc.2021.104416 

Darby, N. A., & McGhee, K. E. (2019). Boldness is affected by recent experience with predation cues and 
body size in mosquitofish. Behavioural Processes, 164, 143–149. 
https://doi.org/10.1016/j.beproc.2019.05.007 

David, M., Sangeetha, J., & Harish, E. R. (2015). Sodium cyanide induced alteration in the whole animal 
oxygen consumption and behavioural pattern of freshwater fish Labeo rohita. Journal of 
Environmental Biology, 36(2), 405–408. 

Davies, T. W., Duffy, J. P., Bennie, J., & Gaston, K. J. (2014). The nature, extent, and ecological implications 
of marine light pollution. Frontiers in Ecology and the Environment, 12(6), 347–355. 
https://doi.org/10.1890/130281 

Davies, T. W., Duffy, J. P., Bennie, J., & Gaston, K. J. (2016). Stemming the Tide of Light Pollution 
Encroaching into Marine Protected Areas. Conservation Letters, 9(3), 164–171. 
https://doi.org/10.1111/conl.12191 

Davis, B. E., Hansen, M. J., Cocherell, D. E., Nguyen, T. X., Sommer, T., Baxter, R. D., Fangue, N. A., & 
Todgham, A. E. (2019). Consequences of temperature and temperature variability on swimming 
activity, group structure, and predation of endangered delta smelt. Freshwater Biology, 64(12), 2156–
2175. https://doi.org/10.1111/fwb.13403 

De Russi, G., Montalbano, G., Gatto, E., Maggi, E., Cannicci, S., Bertolucci, C., & Lucon-Xiccato, T. (2024). 
Differential impact of artificial light at night on cognitive flexibility in visual and spatial reversal 
learning tasks. Animal Behaviour, 218, 173–183. https://doi.org/10.1016/j.anbehav.2024.10.008 

Dew, W. A., Azizishirazi, A., & Pyle, G. G. (2014). Contaminant-specific targeting of olfactory sensory 
neuron classes: Connecting neuron class impairment with behavioural deficits. Chemosphere, 112, 
519–525. https://doi.org/10.1016/j.chemosphere.2014.02.047 

Diaz, R. J., & Breitburg, D. L. (2009). Chapter 1 The Hypoxic Environment (pp. 1–23). 
https://doi.org/10.1016/S1546-5098(08)00001-0 

Diaz, R. J., & Rosenberg, R. (2008). Spreading Dead Zones and Consequences for Marine Ecosystems. 
Science, 321(5891), 926–929. https://doi.org/10.1126/science.1156401 

Dissegna, A., & Chiandetti, C. (2025). Artificial light at night alters risk-related behaviors of the ground-
dwelling isopod Porcellionides pruinosus. Journal of Experimental Biology, 228(3). 
https://doi.org/10.1242/jeb.249626 



235 
 

Domenici, P., Herbert, N. A., Lefrançois, C., Steffensen, J. F., & McKenzie, D. J. (2013). The Effect of 
Hypoxia on Fish Swimming Performance and Behaviour. In Swimming Physiology of Fish (pp. 129–
159). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-31049-2_6 

Domenici, P., Lefrançois, C., & Shingles, A. (2007). Hypoxia and the antipredator behaviours of fishes. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 362(1487), 2105–2121. 
https://doi.org/10.1098/rstb.2007.2103 

Domenici, P., Silvana Ferrari, R., Steffensen, J. F., & Batty, R. S. (2002). The effect of progressive hypoxia 
on school structure and dynamics in Atlantic herring Clupea harengus. Proceedings of the Royal 
Society of London. Series B: Biological Sciences, 269(1505), 2103–2111. 
https://doi.org/10.1098/rspb.2002.2107 

Domenici, P., Steffensen, J. F., & Batty, R. S. (2000). The effect of progressive hypoxia on swimming activity 
and schooling in Atlantic herring. Journal of Fish Biology, 57(6), 1526–1538. 
https://doi.org/10.1111/j.1095-8649.2000.tb02229.x 

Domenici, P., Steffensen, J. F., & Marras, S. (2017). The effect of hypoxia on fish schooling. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 372(1727), 20160236. 
https://doi.org/10.1098/rstb.2016.0236 

Doney, S. C. (2010). The Growing Human Footprint on Coastal and Open-Ocean Biogeochemistry. Science, 
328(5985), 1512–1516. https://doi.org/10.1126/science.1185198 

Draper, A. M., & Weissburg, M. J. (2019). Impacts of Global Warming and Elevated CO2 on Sensory 
Behavior in Predator-Prey Interactions: A Review and Synthesis. Frontiers in Ecology and Evolution, 
7. https://doi.org/10.3389/fevo.2019.00072 

Duarte, I. A., Pais, M. P., Reis-Santos, P., Cabral, H. N., & Fonseca, V. F. (2019). Biomarker and behavioural 
responses of an estuarine fish following acute exposure to fluoxetine. Marine Environmental Research, 
147, 24–31. https://doi.org/10.1016/j.marenvres.2019.04.002 

Dunton, A. D., Bautista, N. M., Crespel, A., & Burggren, W. W. (2025). Crude oil, hypoxia, or their 
combination affects adult brain morphology and offspring growth but not social and exploratory 
behaviors in zebrafish. Science of The Total Environment, 980, 179508. 
https://doi.org/10.1016/j.scitotenv.2025.179508 

Duteil, M., Pope, E. C., Pérez-Escudero, A., de Polavieja, G. G., Fürtbauer, I., Brown, M. R., & King, A. J. 
(2016). European sea bass show behavioural resilience to near-future ocean acidification. Royal Society 
Open Science, 3(11), 160656. https://doi.org/10.1098/rsos.160656 

Dutzik, T., Crowell, P., & Rumpler, J. (2009). Wasting Our Waterways: Toxic Industrial Pollution and the 
Unfulfilled Promise of the Clean Water Act. 

Ehlman, S. M., Halpin, R., Jones, C., Munson, A., Pollack, L., & Sih, A. (2019). Intermediate turbidity elicits 
the greatest antipredator response and generates repeatable behaviour in mosquitofish. Animal 
Behaviour, 158, 101–108. https://doi.org/10.1016/j.anbehav.2019.10.006 

Escher, B. I., Ashauer, R., Dyer, S., Hermens, J. L., Lee, J.-H., Leslie, H. A., Mayer, P., Meador, J. P., & 
Warne, M. S. (2011). Crucial role of mechanisms and modes of toxic action for understanding tissue 
residue toxicity and internal effect concentrations of organic chemicals. Integrated Environmental 
Assessment and Management, 7(1), 28–49. https://doi.org/10.1002/ieam.100 

Eslava-Mocha, P. R., Vargas-Pulido, A. L., León-Pinzón, A. L., Velasco-Santamaría, Y. M., & Baldisserotto, 
B. (2019). Pathological Effects and Lethal Concentration of Two Nonionic, Tallowamine-
Polyethoxylate Surfactants in White Cachama Piaractus brachypomus. Water, Air, & Soil Pollution, 
230(12), 286. https://doi.org/10.1007/s11270-019-4340-5 

Fahlman, J., Hellström, G., Jonsson, M., Fick, J. B., Rosvall, M., & Klaminder, J. (2021). Impacts of 
Oxazepam on Perch (Perca fluviatilis) Behavior: Fish Familiarized to Lake Conditions Do Not Show 
Predicted Anti-anxiety Response. Environmental Science & Technology, 55(6), 3624–3633. 
https://doi.org/10.1021/acs.est.0c05587 

Fenske, L., Concato, A. C., Vanin, A. P., Tamagno, W. A., de Oliveira Sofiatti, J. R., Treichel, H., da Rosa, J. 
G. S., Barcellos, L. J. G., & Kaizer, R. R. (2020). 17-α-Ethinylestradiol modulates endocrine and 
behavioral responses to stress in zebrafish. Environmental Science and Pollution Research, 27(23), 
29341–29351. https://doi.org/10.1007/s11356-020-09318-7 

Fewtrell, J. L., & McCauley, R. D. (2012). Impact of air gun noise on the behaviour of marine fish and squid. 
Marine Pollution Bulletin, 64(5), 984–993. https://doi.org/10.1016/j.marpolbul.2012.02.009 

Firth, B. L., Craig, P. M., Drake, D. A. R., & Power, M. (2024). Impacts of temperature and turbidity on the 
gill physiology of darter species. Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology, 291, 111589. https://doi.org/10.1016/j.cbpa.2024.111589 

Fischer, S., & Frommen, J. G. (2013). Eutrophication alters social preferences in three-spined sticklebacks 
(Gasterosteus aculeatus). Behavioral Ecology and Sociobiology, 67(2), 293–299. 
https://doi.org/10.1007/s00265-012-1449-6 

Fisher, R. A. (1922). On the Interpretation of χ 2 from Contingency Tables, and the Calculation of P. Journal 
of the Royal Statistical Society, 85(1), 87. https://doi.org/10.2307/2340521 



236 
 

Fitzgibbon, Q. P., Seymour, R. S., Buchanan, J., Musgrove, R., & Carragher, J. (2010). Effects of hypoxia on 
oxygen consumption, swimming velocity and gut evacuation in southern bluefin tuna (Thunnus 
maccoyii). Environmental Biology of Fishes, 89(1), 59–69. https://doi.org/10.1007/s10641-010-9690-1 

Froese, R., & Pauly, D. (2023). Fishbase. Www.Fishbase.Org. 
Fróis, R. de P. da S., Ribeiro, B. O., Zuanon, J., & Mortati, A. F. (2021). Fish fauna of small-order streams of 

savannah and forest fragments landscape in the lower Tapajós River basin, Amazonia. Biota 
Neotropica, 21(4). https://doi.org/10.1590/1676-0611-bn-2020-1179 

Fronhofer, E. A., Kropf, T., & Altermatt, F. (2015). Density‐dependent movement and the consequences of 
the Allee effect in the model organism Tetrahymena. Journal of Animal Ecology, 84(3), 712–722. 
https://doi.org/10.1111/1365-2656.12315 

Fu, S. (2016). Effects of group size on schooling behavior in two cyprinid fish species. Aquatic Biology, 25, 
165–172. https://doi.org/10.3354/ab00667 

Garrido, S., Cristóvao, A., Caldeira, C., Ben-Hamadou, R., Baylina, N., Batista, H., Saiz, E., Peck, M., Ré, P., 
& Santos, A. (2016). Effect of temperature on the growth, survival, development and foraging 
behaviour of Sardina pilchardus larvae. Marine Ecology Progress Series, 559, 131–145. 

Gaston, K. J., & Sánchez de Miguel, A. (2022). Environmental Impacts of Artificial Light at Night. Annual 
Review of Environment and Resources, 47(1), 373–398. https://doi.org/10.1146/annurev-environ-
112420-014438 

Gattuso, J.-P., Magnan, A., Billé, R., Cheung, W. W. L., Howes, E. L., Joos, F., Allemand, D., Bopp, L., 
Cooley, S. R., Eakin, C. M., Hoegh-Guldberg, O., Kelly, R. P., Pörtner, H.-O., Rogers, A. D., Baxter, J. 
M., Laffoley, D., Osborn, D., Rankovic, A., Rochette, J., … Turley, C. (2015). Contrasting futures for 
ocean and society from different anthropogenic CO 2 emissions scenarios. Science, 349(6243). 
https://doi.org/10.1126/science.aac4722 

Georgiou, D., Reeves, S. E., Burke da Silva, K., & Fobert, E. K. (2024). Artificial light at night impacts 
night-time activity but not day-time behaviour in a diurnal coral reef fish. Basic and Applied Ecology, 
74, 74–82. https://doi.org/10.1016/j.baae.2023.11.009 

Godinho, F. N., Segurado, P., Franco, A., Pinheiro, P., Pádua, J., Rivaes, R., & Ramos, P. (2019). Factors 
related to fish kill events in Mediterranean reservoirs. Water Research, 158, 280–290. 
https://doi.org/10.1016/j.watres.2019.04.027 

Gomez-Maldonado, S., & Camacho-Cervantes, M. (2022). Effect of a temperature gradient on the behaviour 
of an endangered Mexican topminnow and an invasive freshwater fish. Scientific Reports, 12(1), 
20584. https://doi.org/10.1038/s41598-022-24755-9 

Graham, D. J., Bierkens, M. F. P., Jones, E. R., Sutanudjaja, E. H., & van Vliet, M. T. H. (2025). Climate 
change drives low dissolved oxygen and increased hypoxia rates in rivers worldwide. Nature Climate 
Change, 15(12), 1348–1354. https://doi.org/10.1038/s41558-025-02483-y 

Greco, T., Biondi-Zoccai, G., Gemma, M., Guérin, C., Zangrillo, A., & Landoni, G. (2015). How to impute 
study-specific standard deviations in meta-analyses of skewed continuous endpoints? World Journal of 
Meta-Analysis, 3(5), 215. https://doi.org/10.13105/wjma.v3.i5.215 

Grubich, J. R., Rice, A. N., & Westneat, M. W. (2008). Functional morphology of bite mechanics in the great 
barracuda (Sphyraena barracuda). Zoology, 111(1), 16–29. https://doi.org/10.1016/j.zool.2007.05.003 

Grubisic, M., Haim, A., Bhusal, P., Dominoni, D. M., Gabriel, K. M. A., Jechow, A., Kupprat, F., Lerner, A., 
Marchant, P., Riley, W., Stebelova, K., van Grunsven, R. H. A., Zeman, M., Zubidat, A. E., & Hölker, 
F. (2019). Light Pollution, Circadian Photoreception, and Melatonin in Vertebrates. Sustainability, 
11(22), 6400. https://doi.org/10.3390/su11226400 

Guayasamin, O. L., Couzin, I. D., & Miller, N. Y. (2017). Behavioural plasticity across social contexts is 
regulated by the directionality of inter-individual differences. Behavioural Processes, 141, 196–204. 
https://doi.org/10.1016/j.beproc.2016.10.004 

Guillerme, T., & Healy, K. (2020). mulTree: performs MCMCglmm on multiple phylogenetic trees (1.3.7). R 
Package. 

Hackathon, R., Bolker, B., Butler, M., Cowan, P., de Vienne, D., Eddelbuettel, D., Holder, M., Jombart, T., 
Kembel, S., Michonneau, F., Orme, D., O’Meara, B., Paradis, E., Regetz, J., & Zwickl, D. (2020). 
Phylobase: base package for phylogenetic structures and comparative data (0.8.10). R Package. 

Hadfield, J. D. (2010). MCMC Methods for Multi-Response Generalized Linear Mixed Models: The 
MCMCglmm R Package. Journal of Statistical Software, 33(2). https://doi.org/10.18637/jss.v033.i02 

Halsch, C. A., Shapiro, A. M., Fordyce, J. A., Nice, C. C., Thorne, J. H., Waetjen, D. P., & Forister, M. L. 
(2021). Insects and recent climate change. Proceedings of the National Academy of Sciences, 118(2). 
https://doi.org/10.1073/pnas.2002543117 

Halsey, L. G., Wright, S., Racz, A., Metcalfe, J. D., & Killen, S. S. (2018). How does school size affect tail 
beat frequency in turbulent water? Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology, 218, 63–69. https://doi.org/10.1016/j.cbpa.2018.01.015 

Hansen, M. J., Morrell, L. J., & Ward, A. J. W. (2016). The effect of temporally variable environmental 
stimuli and group size on emergence behavior. Behavioral Ecology, 27(3), 939–945. 
https://doi.org/10.1093/beheco/arv237 



237 
 

Harcourt, J. L., Ang, T. Z., Sweetman, G., Johnstone, R. A., & Manica, A. (2009). Social Feedback and the 
Emergence of Leaders and Followers. Current Biology, 19(3), 248–252. 
https://doi.org/10.1016/j.cub.2008.12.051 

Harris, S., Ramnarine, I. W., Smith, H. G., & Pettersson, L. B. (2010). Picking personalities apart: estimating 
the influence of predation, sex and body size on boldness in the guppy Poecilia reticulata. Oikos, 
119(11), 1711–1718. https://doi.org/10.1111/j.1600-0706.2010.18028.x 

Hartig, F. (2016). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression 
Models. In CRAN: Contributed Packages. https://doi.org/10.32614/CRAN.package.DHARMa 

Hayashi, K., Tachihara, K., & Reimer, J. D. (2020). Anemonefish aggressiveness affects the presence of 
Dascyllus trimaculatus co-existing with host anemones. Marine Biology, 167(6), 84. 
https://doi.org/10.1007/s00227-020-03696-9 

Hayes, D. S., Branco, P., Santos, J. M., & Ferreira, T. (2019). Oxygen Depletion Affects Kinematics and 
Shoaling Cohesion of Cyprinid Fish. Water, 11(4), 642. https://doi.org/10.3390/w11040642 

Hellton, K. H., Cummings, J., Vik-Mo, A. O., Nordrehaug, J. E., Aarsland, D., Selbaek, G., & Giil, L. M. 
(2021). The Truth behind the Zeros: A New Approach to Principal Component Analysis of the 
Neuropsychiatric Inventory. Multivariate Behavioral Research, 56(1), 70–85. 
https://doi.org/10.1080/00273171.2020.1736976 

Hemelrijk, C., Reid, D., Hildenbrandt, H., & Padding, J. (2015). The increased efficiency of fish swimming 
in a school. Fish and Fisheries, 16(3), 511–521. https://doi.org/10.1111/faf.12072 

Herbert, N. A., Skjæraasen, J. E., Nilsen, T., Salvanes, A. G. V., & Steffensen, J. F. (2011). The hypoxia 
avoidance behaviour of juvenile Atlantic cod (Gadus morhua L.) depends on the provision and pressure 
level of an O2 refuge. Marine Biology, 158(4), 737–746. https://doi.org/10.1007/s00227-010-1601-7 

Herbert, N. A., & Steffensen, J. F. (2005). The response of Atlantic cod, Gadus morhua, to progressive 
hypoxia: fish swimming speed and physiological stress. Marine Biology, 147(6), 1403–1412. 
https://doi.org/10.1007/s00227-005-0003-8 

Herbert-Read, J. E., Krause, S., Morrell, L. J., Schaerf, T. M., Krause, J., & Ward, A. J. W. (2013). The role 
of individuality in collective group movement. Proceedings of the Royal Society B: Biological 
Sciences, 280(1752), 20122564. https://doi.org/10.1098/rspb.2012.2564 

Herbert-Read, J. E., Perna, A., Mann, R. P., Schaerf, T. M., Sumpter, D. J. T., & Ward, A. J. W. (2011). 
Inferring the rules of interaction of shoaling fish. Proceedings of the National Academy of Sciences, 
108(46), 18726–18731. https://doi.org/10.1073/pnas.1109355108 

Herczeg, G., Ghani, N. I. A., & Merilä, J. (2016). On plasticity of aggression: influence of past and present 
predation risk, social environment and sex. Behavioral Ecology and Sociobiology, 70(1), 179–187. 
https://doi.org/10.1007/s00265-015-2037-3 

Hess, S., Wenger, A. S., Ainsworth, T. D., & Rummer, J. L. (2015). Exposure of clownfish larvae to 
suspended sediment levels found on the Great Barrier Reef: Impacts on gill structure and microbiome. 
Scientific Reports, 5(1), 10561. https://doi.org/10.1038/srep10561 

Heuer, R. M., & Grosell, M. (2014). Physiological impacts of elevated carbon dioxide and ocean 
acidification on fish. American Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology, 307(9), R1061–R1084. https://doi.org/10.1152/ajpregu.00064.2014 

Hildebrand, J. (2009). Anthropogenic and natural sources of ambient noise in the ocean. Marine Ecology 
Progress Series, 395, 5–20. https://doi.org/10.3354/meps08353 

Hillyer, K. E., Beale, D. J., & Shima, J. S. (2021). Artificial light at night interacts with predatory threat to 
alter reef fish metabolite profiles. Science of The Total Environment, 769, 144482. 
https://doi.org/10.1016/j.scitotenv.2020.144482 

Holcombe, G. W., Fiandt, J. T., & Phipps, G. L. (1980). Effects of pH increases and sodium chloride 
additions on the acute toxicity of 2,4-dichlorophenol to the fathead minnow. Water Research, 14(8), 
1073–1077. https://doi.org/10.1016/0043-1354(80)90155-4 

Holt, M. M., Noren, D. P., Dunkin, R. C., & Williams, T. M. (2015). Vocal performance affects metabolic rate 
in dolphins: implications for animals communicating in noisy environments. Journal of Experimental 
Biology. https://doi.org/10.1242/jeb.122424 

Holubová, M., Hejzlar, J., Čech, M., Vašek, M., Blabolil, P., & Peterka, J. (2021). Fluctuations in pelagic fish 
density linked to ambient conditions. Journal of Fish Biology, 98(3), 756–767. 
https://doi.org/10.1111/jfb.14622 

Hong, X., Zhao, G., Zhou, Y., Chen, R., Li, J., & Zha, J. (2021). Risks to aquatic environments posed by 14 
pharmaceuticals as illustrated by their effects on zebrafish behaviour. Science of The Total 
Environment, 771, 145450. https://doi.org/10.1016/j.scitotenv.2021.145450 

Hubert, J., Neo, Y. Y., Winter, H. V., & Slabbekoorn, H. (2020). The role of ambient sound levels, signal-to-
noise ratio, and stimulus pulse rate on behavioural disturbance of seabass in a net pen. Behavioural 
Processes, 170, 103992. https://doi.org/10.1016/j.beproc.2019.103992 

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., Eakin, C. M., Heron, S. F., Hoey, A. S., 
Hoogenboom, M. O., Liu, G., McWilliam, M. J., Pears, R. J., Pratchett, M. S., Skirving, W. J., Stella, J. 



238 
 

S., & Torda, G. (2018). Global warming transforms coral reef assemblages. Nature, 556(7702), 492–
496. https://doi.org/10.1038/s41586-018-0041-2 

Hulthén, K., Chapman, B. B., Nilsson, P. A., Hansson, L.-A., Skov, C., Brodersen, J., Vinterstare, J., & 
Brönmark, C. (2017). A predation cost to bold fish in the wild. Scientific Reports, 7(1), 1239. 
https://doi.org/10.1038/s41598-017-01270-w 

Huntingford, F. A., Andrew, G., Mackenzie, S., Morera, D., Coyle, S. M., Pilarczyk, M., & Kadri, S. (2010). 
Coping strategies in a strongly schooling fish, the common carp Cyprinus carpio. Journal of Fish 
Biology, 76(7), 1576–1591. https://doi.org/10.1111/j.1095-8649.2010.02582.x 

Hurst, T. P. (2007). Thermal effects on behavior of juvenile walleye pollock (Theragra chalcogramma): 
implications for energetics and food web models. Canadian Journal of Fisheries and Aquatic Sciences, 
64(3), 449–457. https://doi.org/10.1139/f07-025 

Ioannou, C. (2017). Grouping and Predation. In Encyclopedia of Evolutionary Psychological Science (pp. 1–
6). Springer International Publishing. https://doi.org/10.1007/978-3-319-16999-6_2699-1 

Ioannou, C. C., & Dall, S. R. X. (2016). Individuals that are consistent in risk-taking benefit during collective 
foraging. Scientific Reports, 6(1), 33991. https://doi.org/10.1038/srep33991 

Ioannou, C. C., Guttal, V., & Couzin, I. D. (2012). Predatory Fish Select for Coordinated Collective Motion 
in Virtual Prey. Science, 337(6099), 1212–1215. https://doi.org/10.1126/science.1218919 

Ioannou, C. C., Ramnarine, I. W., & Torney, C. J. (2017). High-predation habitats affect the social dynamics 
of collective exploration in a shoaling fish. Science Advances, 3(5). 
https://doi.org/10.1126/sciadv.1602682 

Ishibashi, H., Watanabe, N., Matsumura, N., Hirano, M., Nagao, Y., Shiratsuchi, H., Kohra, S., Yoshihara, S., 
& Arizono, K. (2005). Toxicity to early life stages and an estrogenic effect of a bisphenol A metabolite, 
4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene on the medaka (Oryzias latipes). Life Sciences, 77(21), 
2643–2655. https://doi.org/10.1016/j.lfs.2005.03.025 

Ishimatsu, A., Kikkawa, T., Hayashi, M., Lee, K.-S., & Kita, J. (2004). Effects of CO2 on Marine Fish: 
Larvae and Adults. Journal of Oceanography, 60(4), 731–741. https://doi.org/10.1007/s10872-004-
5765-y 

Islam, M. J., Kunzmann, A., & Slater, M. J. (2022). Responses of aquaculture fish to climate change‐induced 
extreme temperatures: A review. Journal of the World Aquaculture Society, 53(2), 314–366. 
https://doi.org/10.1111/jwas.12853 

Israeli, D., & Kimmel, E. (1996). Monitoring the behavior of hypoxia-stressed Carassius auratus using 
computer vision. Aquacultural Engineering, 15(6), 423–440. https://doi.org/10.1016/S0144-
8609(96)01009-6 

Iwama, G. K., Greek, G. L., & Randall, D. J. (1986). Changes in selected haematological parameters in 
juvenile chinook salmon subjected to a bacterial challenge and a toxicant. Journal of Fish Biology, 
28(5), 563–572. https://doi.org/10.1111/j.1095-8649.1986.tb05193.x 

Jiang, L., Giuggioli, L., Perna, A., Escobedo, R., Lecheval, V., Sire, C., Han, Z., & Theraulaz, G. (2017). 
Identifying influential neighbors in animal flocking. PLOS Computational Biology, 13(11), e1005822. 
https://doi.org/10.1371/journal.pcbi.1005822 

Johansen, J. L., & Jones, G. P. (2011). Increasing ocean temperature reduces the metabolic performance and 
swimming ability of coral reef damselfishes. Global Change Biology, 17(9), 2971–2979. 
https://doi.org/10.1111/j.1365-2486.2011.02436.x 

Johansen, J. L., Messmer, V., Coker, D. J., Hoey, A. S., & Pratchett, M. S. (2014). Increasing ocean 
temperatures reduce activity patterns of a large commercially important coral reef fish. Global Change 
Biology, 20(4), 1067–1074. https://doi.org/10.1111/gcb.12452 

Johansen, J. L., Nadler, L. E., Habary, A., Bowden, A. J., & Rummer, J. (2021). Thermal acclimation of 
tropical coral reef fishes to global heat waves. ELife, 10. https://doi.org/10.7554/eLife.59162 

Jolles, J. W., Boogert, N. J., Sridhar, V. H., Couzin, I. D., & Manica, A. (2017). Consistent Individual 
Differences Drive Collective Behavior and Group Functioning of Schooling Fish. Current Biology, 
27(18), 2862-2868.e7. https://doi.org/10.1016/j.cub.2017.08.004 

Jolles, J. W., Briggs, H. D., Araya-Ajoy, Y. G., & Boogert, N. J. (2019). Personality, plasticity and 
predictability in sticklebacks: bold fish are less plastic and more predictable than shy fish. Animal 
Behaviour, 154, 193–202. https://doi.org/10.1016/j.anbehav.2019.06.022 

Jolles, J. W., Fleetwood-Wilson, A., Nakayama, S., Stumpe, M. C., Johnstone, R. A., & Manica, A. (2015). 
The role of social attraction and its link with boldness in the collective movements of three-spined 
sticklebacks. Animal Behaviour, 99, 147–153. https://doi.org/10.1016/j.anbehav.2014.11.004 

Jolles, J. W., King, A. J., & Killen, S. S. (2020). The Role of Individual Heterogeneity in Collective Animal 
Behaviour. Trends in Ecology & Evolution, 35(3), 278–291. https://doi.org/10.1016/j.tree.2019.11.001 

Jolles, J. W., Laskowski, K. L., Boogert, N. J., & Manica, A. (2018). Repeatable group differences in the 
collective behaviour of stickleback shoals across ecological contexts. Proceedings of the Royal Society 
B: Biological Sciences, 285(1872), 20172629. https://doi.org/10.1098/rspb.2017.2629 



239 
 

Jolles, J. W., Weimar, N., Landgraf, T., Romanczuk, P., Krause, J., & Bierbach, D. (2020). Group-level 
patterns emerge from individual speed as revealed by an extremely social robotic fish. Biology Letters, 
16(9). https://doi.org/10.1098/rsbl.2020.0436 

Jones, N. A. R., Spence, R., Jones, F. A. M., & Spence‐Jones, H. C. (2019). Shade as enrichment: testing 
preferences for shelter in two model fish species. Journal of Fish Biology, 95(4), 1161–1165. 
https://doi.org/10.1111/jfb.14129 

Jutfelt, F. (2020). Metabolic adaptation to warm water in fish. Functional Ecology, 34(6), 1138–1141. 
https://doi.org/10.1111/1365-2435.13558 

Jutfelt, F., Bresolin de Souza, K., Vuylsteke, A., & Sturve, J. (2013). Behavioural Disturbances in a 
Temperate Fish Exposed to Sustained High-CO2 Levels. PLoS ONE, 8(6), e65825. 
https://doi.org/10.1371/journal.pone.0065825 

Kahle, D., & Wickham, H. (2013). ggmap: Spatial Visualization with ggplot2. The R Journal, 5, 144–161. 
Kaplan, L. A. E., Nabel, M., Van Cleef-Toedt, K., Proffitt, A. R., & Pylypiw, H. M. (2013). Impact of benzyl 

butyl phthalate on shoaling behavior in Fundulus heteroclitus (mummichog) populations. Marine 
Environmental Research, 86, 70–75. https://doi.org/10.1016/j.marenvres.2013.02.014 

Kastelein, R. A., Horvers, M., Helder-Hoek, L., Van de Voorde, S., ter Hofstede, R., & van der Meij, H. 
(2017). Behavioral Responses of Harbor Seals (Phoca vitulina) to FaunaGuard Seal Module Sounds at 
Two Background Noise Levels. Aquatic Mammals, 43(4), 347–363. 
https://doi.org/10.1578/AM.43.4.2017.347 

Keep, J. K., Watson, J. R., Cramp, R. L., Jones, M. J., Gordos, M. A., Ward, P. J., & Franklin, C. E. (2021). 
Low light intensities increase avoidance behaviour of diurnal fish species: implications for use of road 
culverts by fish. Journal of Fish Biology, 98(3), 634–642. https://doi.org/10.1111/jfb.14604 

Kelley, J. L., Phillips, B., Cummins, G. H., & Shand, J. (2012). Changes in the visual environment affect 
colour signal brightness and shoaling behaviour in a freshwater fish. Animal Behaviour, 83(3), 783–
791. https://doi.org/10.1016/j.anbehav.2011.12.028 

Kempenaers, B., Borgström, P., Loës, P., Schlicht, E., & Valcu, M. (2010). Artificial Night Lighting Affects 
Dawn Song, Extra-Pair Siring Success, and Lay Date in Songbirds. Current Biology, 20(19), 1735–
1739. https://doi.org/10.1016/j.cub.2010.08.028 

Kent, M. I. A., Lukeman, R., Lizier, J. T., & Ward, A. J. W. (2019). Speed-mediated properties of schooling. 
Royal Society Open Science, 6(2), 181482. https://doi.org/10.1098/rsos.181482 

Kent, M., & Ojanguren, A. F. (2015). The effect of water temperature on routine swimming behaviour of new 
born guppies (Poecilia reticulata). Biology Open, 4(4), 547–552. https://doi.org/10.1242/bio.20149829 

Kidd, K. A., Blanchfield, P. J., Mills, K. H., Palace, V. P., Evans, R. E., Lazorchak, J. M., & Flick, R. W. 
(2007). Collapse of a fish population after exposure to a synthetic estrogen. Proceedings of the 
National Academy of Sciences, 104(21), 8897–8901. https://doi.org/10.1073/pnas.0609568104 

Killen, S. S. (2014). Growth trajectory influences temperature preference in fish through an effect on 
metabolic rate. Journal of Animal Ecology, 83(6), 1513–1522. https://doi.org/10.1111/1365-
2656.12244 

Killen, S. S., Adriaenssens, B., Marras, S., Claireaux, G., & Cooke, S. J. (2016). Context dependency of trait 
repeatability and its relevance for management and conservation of fish populations. Conservation 
Physiology, 4(1), cow007. https://doi.org/10.1093/conphys/cow007 

Killen, S. S., Cortese, D., Cotgrove, L., Chrétien, E., Christensen, E., Crespel, A., Jolles, J., Pineda, M., 
Tiddy, I. C., Fu, C., Kochhann, D., McKenzie, D. J., & Munson, A. (2026). Further integrating social 
context into comparative and environmental physiology. Journal of Experimental Biology, 229(3). 
https://doi.org/10.1242/jeb.251374 

Killen, S. S., Cortese, D., Cotgrove, L., Jolles, J. W., Munson, A., & Ioannou, C. C. (2021). The Potential for 
Physiological Performance Curves to Shape Environmental Effects on Social Behavior. Frontiers in 
Physiology, 12. https://doi.org/10.3389/fphys.2021.754719 

Killen, S. S., Esbaugh, A. J., F. Martins, N., Tadeu Rantin, F., & McKenzie, D. J. (2018). Aggression 
supersedes individual oxygen demand to drive group air‐breathing in a social catfish. Journal of 
Animal Ecology, 87(1), 223–234. https://doi.org/10.1111/1365-2656.12758 

Killen, S. S., Fu, C., Wu, Q., Wang, Y., & Fu, S. (2016). The relationship between metabolic rate and 
sociability is altered by food deprivation. Functional Ecology, 30(8), 1358–1365. 
https://doi.org/10.1111/1365-2435.12634 

Killen, S. S., Marras, S., & McKenzie, D. J. (2011). Fuel, fasting, fear: routine metabolic rate and food 
deprivation exert synergistic effects on risk-taking in individual juvenile European sea bass. Journal of 
Animal Ecology, 80(5), 1024–1033. https://doi.org/10.1111/j.1365-2656.2011.01844.x 

Killen, S. S., Marras, S., Metcalfe, N. B., McKenzie, D. J., & Domenici, P. (2013). Environmental stressors 
alter relationships between physiology and behaviour. Trends in Ecology & Evolution, 28(11), 651–
658. https://doi.org/10.1016/j.tree.2013.05.005 

Killen, S. S., Marras, S., Nadler, L., & Domenici, P. (2017). The role of physiological traits in assortment 
among and within fish shoals. Philosophical Transactions of the Royal Society B: Biological Sciences, 
372(1727), 20160233. https://doi.org/10.1098/rstb.2016.0233 



240 
 

Killen, S. S., Marras, S., Ryan, M. R., Domenici, P., & McKenzie, D. J. (2012). A relationship between 
metabolic rate and risk‐taking behaviour is revealed during hypoxia in juvenile European sea bass. 
Functional Ecology, 26(1), 134–143. https://doi.org/10.1111/j.1365-2435.2011.01920.x 

Killen, S. S., Nadler, L. E., Grazioso, K., Cox, A., & McCormick, M. I. (2021). The effect of metabolic 
phenotype on sociability and social group size preference in a coral reef fish. Ecology and Evolution, 
11(13), 8585–8594. https://doi.org/10.1002/ece3.7672 

Killen, S. S., Norin, T., & Halsey, L. G. (2017). Do method and species lifestyle affect measures of maximum 
metabolic rate in fishes? Journal of Fish Biology, 90(3), 1037–1046. https://doi.org/10.1111/jfb.13195 

Killen, S. S., Reid, D., Marras, S., & Domenici, P. (2015). The interplay between aerobic metabolism and 
antipredator performance: vigilance is related to recovery rate after exercise. Frontiers in Physiology, 
6. https://doi.org/10.3389/fphys.2015.00111 

Kimbell, H. S., & Morrell, L. J. (2015). Turbidity influences individual and group level responses to 
predation in guppies, Poecilia reticulata. Animal Behaviour, 103, 179–185. 
https://doi.org/10.1016/j.anbehav.2015.02.027 

Koets, L., van der Kwaak, T., Schaaf, M., & Tudorache, C. (2025). Risk taking behaviour predicts consistent 
and heritable coping styles in zebrafish. BMC Neuroscience, 26(1), 25. https://doi.org/10.1186/s12868-
025-00944-w 

Kok, A. C. M., Bruil, L., Berges, B., Sakinan, S., Debusschere, E., Reubens, J., de Haan, D., Norro, A., & 
Slabbekoorn, H. (2021). An echosounder view on the potential effects of impulsive noise pollution on 
pelagic fish around windfarms in the North Sea. Environmental Pollution, 290, 118063. 
https://doi.org/10.1016/j.envpol.2021.118063 

Kopiske, K. K., Bruno, N., Hesse, C., Schenk, T., & Franz, V. H. (2016). The functional subdivision of the 
visual brain: Is there a real illusion effect on action? A multi-lab replication study. Cortex, 79, 130–152. 
https://doi.org/10.1016/j.cortex.2016.03.020 

Krause, J., & Godin, J. J. (1994). Shoal Choice in the Banded Killifish (Fundulus diaphanus, Teleostei, 
Cyprinodontidae): Effects of Predation Risk, Fish Size, Species Composition and Size of Shoals. 
Ethology, 98(2), 128–136. https://doi.org/10.1111/j.1439-0310.1994.tb01063.x 

Kuruvilla, M., Dell, A., Olson, A. R., Knouft, J., Grady, J. M., Forbes, J., & Berdahl, A. M. (2023). The effect 
of temperature on fish swimming and schooling is context dependent. Oikos, 2023(2). 
https://doi.org/10.1111/oik.09202 

Kurvers, R. H. J. M., Drägestein, J., Hölker, F., Jechow, A., Krause, J., & Bierbach, D. (2018). Artificial 
Light at Night Affects Emergence from a Refuge and Space Use in Guppies. Scientific Reports, 8(1), 
14131. https://doi.org/10.1038/s41598-018-32466-3 

Kurvers, R. H. J. M., & Holker, F. (2015). Bright nights and social interactions: a neglected issue. Behavioral 
Ecology, 26(2), 334–339. https://doi.org/10.1093/beheco/aru223 

Kwan, G. T., Hamilton, T. J., & Tresguerres, M. (2017). CO 2 -induced ocean acidification does not affect 
individual or group behaviour in a temperate damselfish. Royal Society Open Science, 4(7), 170283. 
https://doi.org/10.1098/rsos.170283 

Kwong, R. W. M., Kumai, Y., & Perry, S. F. (2014). The physiology of fish at low pH: the zebrafish as a 
model system. Journal of Experimental Biology, 217(5), 651–662. https://doi.org/10.1242/jeb.091603 

Kyba, C. C. M., Altıntaş, Y. Ö., Walker, C. E., & Newhouse, M. (2023). Citizen scientists report global rapid 
reductions in the visibility of stars from 2011 to 2022. Science, 379(6629), 265–268. 
https://doi.org/10.1126/science.abq7781 

Kye, H., Kim, J., Ju, S., Lee, J., Lim, C., & Yoon, Y. (2023). Microplastics in water systems: A review of 
their impacts on the environment and their potential hazards. Heliyon, 9(3), e14359. 
https://doi.org/10.1016/j.heliyon.2023.e14359 

Ladich, F. (2019). Ecology of sound communication in fishes. Fish and Fisheries, 20(3), 552–563. 
https://doi.org/10.1111/faf.12368 

Ladich, F., & Fine, M. L. (2006). Sound-generating mechanisms in fishes: a unique diversity in vertebrates. 
In F. Ladich, S. P. Collin, P. Moller, & B. G. Kapoor (Eds.), Fish Communication (pp. 1–43). Science 
Publishers. 

Lafoux, B., Bernard, P., Thiria, B., & Godoy-Diana, R. (2024). Confinement-driven state transition and 
bistability in schooling fish. Physical Review E, 110(3), 034613. 
https://doi.org/10.1103/PhysRevE.110.034613 

Lafoux, B., Moscatelli, J., Godoy-Diana, R., & Thiria, B. (2023). Illuminance-tuned collective motion in fish. 
Communications Biology, 6(1), 585. https://doi.org/10.1038/s42003-023-04861-8 

Lal, H., Misra, V., Viswanathan, P. N., & Krishna Murti, C. R. (1984). Effect of synthetic detergents on some 
of the behavioral patterns of fish fingerlings (Cirrhina mrigala) and its relation to ecotoxicology. 
Bulletin of Environmental Contamination and Toxicology, 32(1), 109–115. 
https://doi.org/10.1007/BF01607472 

Lanzarin, G. A. B., Venâncio, C. A. S., Monteiro, S. M., & Félix, L. M. (2020). Behavioural toxicity of 
environmental relevant concentrations of a glyphosate commercial formulation - RoundUp® UltraMax 



241 
 

- During zebrafish embryogenesis. Chemosphere, 253, 126636. 
https://doi.org/10.1016/j.chemosphere.2020.126636 

Laskowski, K. L., & Bell, A. M. (2014). Strong personalities, not social niches, drive individual differences 
in social behaviours in sticklebacks. Animal Behaviour, 90, 287–295. 
https://doi.org/10.1016/j.anbehav.2014.02.010 

Latchem, E., Madliger, C. L., Abrams, A. E. I., & Cooke, S. J. (2021). Does Artificial Light at Night Alter the 
Subsequent Diurnal Behavior of a Teleost Fish? Water, Air, & Soil Pollution, 232(2), 71. 
https://doi.org/10.1007/s11270-021-05023-4 

Leclercq, E., Taylor, J. F., Sprague, M., & Migaud, H. (2011). The potential of alternative lighting-systems to 
suppress pre-harvest sexual maturation of 1+ Atlantic salmon (Salmo salar) post-smolts reared in 
commercial sea-cages. Aquacultural Engineering, 44(2), 35–47. 
https://doi.org/10.1016/j.aquaeng.2010.12.001 

Lefrançois, C., & Domenici, P. (2006). Locomotor kinematics and behaviour in the escape response of 
European sea bass, Dicentrarchus labrax L., exposed to hypoxia. Marine Biology, 149(4), 969–977. 
https://doi.org/10.1007/s00227-006-0261-0 

Lefrançois, C., Ferrari, R. S., Moreira da Silva, J., & Domenici, P. (2009). The effect of progressive hypoxia 
on spontaneous activity in single and shoaling golden grey mullet Liza aurata. Journal of Fish Biology, 
75(7), 1615–1625. https://doi.org/10.1111/j.1095-8649.2009.02387.x 

Lefrançois, C., Shingles, A., & Domenici, P. (2005). The effect of hypoxia on locomotor performance and 
behaviour during escape in Liza aurata. Journal of Fish Biology, 67(6), 1711–1729. 
https://doi.org/10.1111/j.1095-8649.2005.00884.x 

Lei, L., Escobedo, R., Sire, C., & Theraulaz, G. (2020). Computational and robotic modeling reveal 
parsimonious combinations of interactions between individuals in schooling fish. PLOS Computational 
Biology, 16(3), e1007194. https://doi.org/10.1371/journal.pcbi.1007194 

Lenth, R. V., & Piaskowski, J. (2025). emmeans: Estimated Marginal Means, aka Least-Squares Means 
(2.0.0). https://doi.org/10.32614/CRAN.package.emmeans 

Levin, L. A., Liu, K.-K., Emeis, K.-C., Breitburg, D. L., Cloern, J., Deutsch, C., Giani, M., Goffart, A., 
Hofmann, E. E., Lachkar, Z., Limburg, K., Liu, S.-M., Montes, E., Naqvi, W., Ragueneau, O., 
Rabouille, C., Sarkar, S. K., Swaney, D. P., Wassman, P., & Wishner, K. F. (2015). Comparative 
biogeochemistry–ecosystem–human interactions on dynamic continental margins. Journal of Marine 
Systems, 141, 3–17. https://doi.org/10.1016/j.jmarsys.2014.04.016 

Li, L., Nagy, M., Graving, J. M., Bak-Coleman, J., Xie, G., & Couzin, I. D. (2020). Vortex phase matching as 
a strategy for schooling in robots and in fish. Nature Communications, 11(1), 5408. 
https://doi.org/10.1038/s41467-020-19086-0 

Li, W., Zhang, D., Zou, Q., Bose, A. P. H., Jordan, A., McCallum, E. S., Bao, J., & Duan, M. (2024). 
Behavioural and transgenerational effects of artificial light at night (ALAN) of varying spectral 
compositions in zebrafish (Danio rerio). Science of The Total Environment, 954, 176336. 
https://doi.org/10.1016/j.scitotenv.2024.176336 

Liao, J. C., Beal, D. N., Lauder, G. V., & Triantafyllou, M. S. (2003). The Kármán gait: novel body 
kinematics of rainbow trout swimming in a vortex street. Journal of Experimental Biology, 206(6), 
1059–1073. https://doi.org/10.1242/jeb.00209 

Lima, S. L., & Dill, L. M. (1990). Behavioral decisions made under the risk of predation: a review and 
prospectus. Canadian Journal of Zoology, 68(4), 619–640. https://doi.org/10.1139/z90-092 

Lopes, A. F., Morais, P., Pimentel, M., Rosa, R., Munday, P. L., Gonçalves, E. J., & Faria, A. M. (2016). 
Behavioural lateralization and shoaling cohesion of fish larvae altered under ocean acidification. 
Marine Biology, 163(12), 243. https://doi.org/10.1007/s00227-016-3026-4 

Lu, G., Mak, Y. T., Wai, S. M., Kwong, W. H., Fang, M., James, A., Randall, D., & Yew, D. T. (2005). 
Hypoxia‐induced differential apoptosis in the central nervous system of the sturgeon (Acipenser 
shrenckii). Microscopy Research and Technique, 68(5), 258–263. https://doi.org/10.1002/jemt.20243 

Lucon-Xiccato, T., De Russi, G., Cannicci, S., Maggi, E., & Bertolucci, C. (2023). Embryonic exposure to 
artificial light at night impairs learning abilities and their covariance with behavioural traits in teleost 
fish. Biology Letters, 19(11). https://doi.org/10.1098/rsbl.2023.0436 

Lucon-Xiccato, T., Montalbano, G., Frigato, E., Loosli, F., Foulkes, N. S., & Bertolucci, C. (2022). Medaka 
as a model for seasonal plasticity: Photoperiod-mediated changes in behaviour, cognition, and 
hormones. Hormones and Behavior, 145, 105244. https://doi.org/10.1016/j.yhbeh.2022.105244 

Lucon-Xiccato, T., Nati, J. J. H., Blasco, F. R., Johansen, J. L., Steffensen, J. F., & Domenici, P. (2014). 
Severe hypoxia impairs lateralization in a marine teleost fish. Journal of Experimental Biology. 
https://doi.org/10.1242/jeb.111229 

Luis Val, A., & Wood, C. M. (2022). Global change and physiological challenges for fish of the Amazon 
today and in the near future. Journal of Experimental Biology, 225(10). 
https://doi.org/10.1242/jeb.216440 



242 
 

Luo, H., Cao, B., & Zeng, L.-Q. (2024). The effect of temperature on the collective behavior of crucian carp 
(Carassius auratus) is related to context. Behavioral Ecology and Sociobiology, 78(5), 55. 
https://doi.org/10.1007/s00265-024-03473-4 

MacGregor, H. E. A., Cottage, A., & Ioannou, C. C. (2021). Suppression of personality variation in boldness 
during foraging in three-spined sticklebacks. Behavioral Ecology and Sociobiology, 75(4), 71. 
https://doi.org/10.1007/s00265-021-03007-2 

MacGregor, H. E. A., & Ioannou, C. C. (2021). Collective motion diminishes, but variation between groups 
emerges, through time in fish shoals. Royal Society Open Science, 8(10). 
https://doi.org/10.1098/rsos.210655 

MacGregor, H. E. A., & Ioannou, C. C. (2023). Shoaling behaviour in response to turbidity in three‐spined 
sticklebacks. Ecology and Evolution, 13(11). https://doi.org/10.1002/ece3.10708 

Magnhagen, C., & Bunnefeld, N. (2009). Express your personality or go along with the group: what 
determines the behaviour of shoaling perch? Proceedings of the Royal Society B: Biological Sciences, 
276(1671), 3369–3375. https://doi.org/10.1098/rspb.2009.0851 

Mameri, D., Branco, P., Ferreira, M. T., & Santos, J. M. (2020). Heatwave effects on the swimming 
behaviour of a Mediterranean freshwater fish, the Iberian barbel Luciobarbus bocagei. Science of The 
Total Environment, 730, 139152. https://doi.org/10.1016/j.scitotenv.2020.139152 

Mandic, M., & Regan, M. D. (2018). Can variation among hypoxic environments explain why different fish 
species use different hypoxic survival strategies? Journal of Experimental Biology, 221(21). 
https://doi.org/10.1242/jeb.161349 

Marangoni, L. F. B., Davies, T., Smyth, T., Rodríguez, A., Hamann, M., Duarte, C., Pendoley, K., Berge, J., 
Maggi, E., & Levy, O. (2022). Impacts of artificial light at night in marine ecosystems—A review. 
Global Change Biology, 28(18), 5346–5367. https://doi.org/10.1111/gcb.16264 

Marchesan, M., Spoto, M., Verginella, L., & Ferrero, E. A. (2005). Behavioural effects of artificial light on 
fish species of commercial interest. Fisheries Research, 73(1–2), 171–185. 
https://doi.org/10.1016/j.fishres.2004.12.009 

Marr, J. C. A., Bergman, H. L., Parker, M., Lipton, J., Cacela, D., Erickson, W., & Phillips, G. R. (1995). 
Relative sensitivity of brown and rainbow trout to pulsed exposures of an acutely lethal mixture of 
metals typical of the Clark Fork River, Montana. Canadian Journal of Fisheries and Aquatic Sciences, 
52(9), 2005–2015. https://doi.org/10.1139/f95-792 

Marras, S., Killen, S. S., Lindström, J., McKenzie, D. J., Steffensen, J. F., & Domenici, P. (2015). Fish 
swimming in schools save energy regardless of their spatial position. Behavioral Ecology and 
Sociobiology, 69(2), 219–226. https://doi.org/10.1007/s00265-014-1834-4 

Marshall, B. G., Forsberg, B. R., Hess, L. L., & Freitas, C. E. de C. (2011). Water temperature differences in 
interfluvial palm swamp habitats of Paracheirodon axelrodi and P. simulans (Osteichthyes: 
Characidae) in the middle Rio Negro, Brazil. Ichthyological Exploration of Freshwaters, 22(4), 377–
383. 

Mason, R. T., Martin, J. M., Tan, H., Brand, J. A., Bertram, M. G., Tingley, R., Todd-Weckmann, A., & 
Wong, B. B. M. (2021). Context is Key: Social Environment Mediates the Impacts of a Psychoactive 
Pollutant on Shoaling Behavior in Fish. Environmental Science & Technology, acs.est.1c04084. 
https://doi.org/10.1021/acs.est.1c04084 

Matchette, S. R., & Herbert-Read, J. E. (2021). Dynamic visual noise promotes social attraction, but does not 
affect group size preference, in a shoaling fish. Animal Behaviour, 177, 39–48. 
https://doi.org/10.1016/j.anbehav.2021.04.017 

Maulvault, A. L., Santos, L. H. M. L. M., Paula, J. R., Camacho, C., Pissarra, V., Fogaça, F., Barbosa, V., 
Alves, R., Ferreira, P. P., Barceló, D., Rodriguez-Mozaz, S., Marques, A., Diniz, M., & Rosa, R. 
(2018). Differential behavioural responses to venlafaxine exposure route, warming and acidification in 
juvenile fish (Argyrosomus regius). Science of The Total Environment, 634, 1136–1147. 
https://doi.org/10.1016/j.scitotenv.2018.04.015 

Mauro, M., Pérez-Arjona, I., Perez, E. J. B., Ceraulo, M., Bou-Cabo, M., Benson, T., Espinosa, V., Beltrame, 
F., Mazzola, S., Vazzana, M., & Buscaino, G. (2020). The effect of low frequency noise on the 
behaviour of juvenile Sparus aurata. The Journal of the Acoustical Society of America, 147(6), 3795–
3807. https://doi.org/10.1121/10.0001255 

McCallum, E. S., Bose, A. P. H., Warriner, T. R., & Balshine, S. (2017). An evaluation of behavioural 
endpoints: The pharmaceutical pollutant fluoxetine decreases aggression across multiple contexts in 
round goby (Neogobius melanostomus). Chemosphere, 175, 401–410. 
https://doi.org/10.1016/j.chemosphere.2017.02.059 

McFarland, W. N., & Moss, S. A. (1967). Internal Behavior in Fish Schools. Science, 156(3772), 260–262. 
https://doi.org/10.1126/science.156.3772.260 

McInnes, A. S., & Quigg, A. (2010). Near-Annual Fish Kills in Small Embayments: Casual vs. Causal 
Factors. Journal of Coastal Research, 265, 957–966. https://doi.org/10.2112/JCOASTRES-D-10-
00006.1 



243 
 

McKee, A., Soto, A. P., Chen, P., & McHenry, M. J. (2020). The sensory basis of schooling by intermittent 
swimming in the rummy-nose tetra (Hemigrammus rhodostomus). Proceedings of the Royal Society B: 
Biological Sciences, 287(1937), 20200568. https://doi.org/10.1098/rspb.2020.0568 

McKenzie, D. J., Belão, T. C., Killen, S. S., & Rantin, F. T. (2015). To boldly gulp: standard metabolic rate 
and boldness have context-dependent influences on risk-taking to breathe air in a catfish. Journal of 
Experimental Biology, 218(23), 3762–3770. https://doi.org/10.1242/jeb.122903 

McLeod, L. E., & Costello, M. J. (2017). Light traps for sampling marine biodiversity. Helgoland Marine 
Research, 71(1), 2. https://doi.org/10.1186/s10152-017-0483-1 

Mehdi, H., Morphet, M. E., Lau, S. C., Bragg, L. M., Servos, M. R., Parrott, J. L., Scott, G. R., & Balshine, 
S. (2022). Temperature modulates the impacts of wastewater exposure on the physiology and behaviour 
of fathead minnow. Chemosphere, 294, 133738. https://doi.org/10.1016/j.chemosphere.2022.133738 

Metcalfe, N. B., Van Leeuwen, T. E., & Killen, S. S. (2016). Does individual variation in metabolic 
phenotype predict fish behaviour and performance? Journal of Fish Biology, 88(1), 298–321. 
https://doi.org/10.1111/jfb.12699 

Michael, S. C. J., Patman, J., & Lutnesky, M. M. F. (2021). Water clarity affects collective behavior in two 
cyprinid fishes. Behavioral Ecology and Sociobiology, 75(8), 120. https://doi.org/10.1007/s00265-021-
03060-x 

Michelangeli, M., Martin, J. M., Pinter-Wollman, N., Ioannou, C. C., McCallum, E. S., Bertram, M. G., & 
Brodin, T. (2022). Predicting the impacts of chemical pollutants on animal groups. Trends in Ecology & 
Evolution, 37(9), 789–802. https://doi.org/10.1016/j.tree.2022.05.009 

Mickle, M. F., & Higgs, D. M. (2018). Integrating techniques: a review of the effects of anthropogenic noise 
on freshwater fish. Canadian Journal of Fisheries and Aquatic Sciences, 75(9), 1534–1541. 
https://doi.org/10.1139/cjfas-2017-0245 

Miller, N., Garnier, S., Hartnett, A. T., & Couzin, I. D. (2013). Both information and social cohesion 
determine collective decisions in animal groups. Proceedings of the National Academy of Sciences, 
110(13), 5263–5268. https://doi.org/10.1073/pnas.1217513110 

Miller, N., & Gerlai, R. (2012). From Schooling to Shoaling: Patterns of Collective Motion in Zebrafish 
(Danio rerio). PLoS ONE, 7(11), e48865. https://doi.org/10.1371/journal.pone.0048865 

Miller, R., Lambert, M. L., Frohnwieser, A., Brecht, K. F., Bugnyar, T., Crampton, I., Garcia-Pelegrin, E., 
Gould, K., Greggor, A. L., Izawa, E.-I., Kelly, D. M., Li, Z., Luo, Y., Luong, L. B., Massen, J. J. M., 
Nieder, A., Reber, S. A., Schiestl, M., Seguchi, A., … Clayton, N. S. (2022). Socio-ecological 
correlates of neophobia in corvids. Current Biology, 32(1), 74-85.e4. 
https://doi.org/10.1016/j.cub.2021.10.045 

Mitchell, A., Booth, D. J., & Nagelkerken, I. (2022). Ocean warming and acidification degrade shoaling 
performance and lateralization of novel tropical–temperate fish shoals. Global Change Biology, 28(4), 
1388–1401. https://doi.org/10.1111/gcb.16022 

Mitchell, D. J., & Biro, P. A. (2017). Is behavioural plasticity consistent across different environmental 
gradients and through time? Proceedings of the Royal Society B: Biological Sciences, 284(1860), 
20170893. https://doi.org/10.1098/rspb.2017.0893 

Monnet, G., Rosenfeld, J. S., & Richards, J. G. (2023). Growth variation along a dispersal gradient in 
juvenile rainbow trout. Ecology of Freshwater Fish, 32(2), 247–256. https://doi.org/10.1111/eff.12682 

Morgan, I. J., McDonald, D. G., & Wood, C. M. (2001). The cost of living for freshwater fish in a warmer, 
more polluted world. Global Change Biology, 7(4), 345–355. https://doi.org/10.1046/j.1365-
2486.2001.00424.x 

Morris, S. B. (2008). Estimating Effect Sizes From Pretest-Posttest-Control Group Designs. Organizational 
Research Methods, 11(2), 364–386. https://doi.org/10.1177/1094428106291059 

Moss, S. A., & McFarland, W. N. (1970). The influence of dissolved oxygen and carbon dioxide on fish 
schooling behavior. Marine Biology, 5(2), 100–107. https://doi.org/10.1007/BF00352592 

Muff, S., Nilsen, E. B., O’Hara, R. B., & Nater, C. R. (2022). Rewriting results sections in the language of 
evidence. Trends in Ecology & Evolution, 37(3), 203–210. https://doi.org/10.1016/j.tree.2021.10.009 

Mukherjee, I., & Bhat, A. (2024). Shoals in troubled waters? The impact of rising temperatures on 
metabolism, foraging, and shoaling behavior in mixed‐species shoals. Journal of Fish Biology, 105(2), 
526–538. https://doi.org/10.1111/jfb.15707 

Mumby, P. J., Dahlgren, C. P., Harborne, A. R., Kappel, C. V., Micheli, F., Brumbaugh, D. R., Holmes, K. E., 
Mendes, J. M., Broad, K., Sanchirico, J. N., Buch, K., Box, S., Stoffle, R. W., & Gill, A. B. (2006). 
Fishing, Trophic Cascades, and the Process of Grazing on Coral Reefs. Science, 311(5757), 98–101. 
https://doi.org/10.1126/science.1121129 

Munson, A., Cortese, D., & Killen, S. S. (2024). Multiple stressors. In Behavioural Responses to a Changing 
World (pp. 171–188). Oxford University PressOxford. 
https://doi.org/10.1093/oso/9780192858979.003.0010 

Nadler, L. E., Killen, S. S., McClure, E. C., Munday, P. L., & McCormick, M. I. (2016). Shoaling reduces 
metabolic rate in a gregarious coral reef fish species. Journal of Experimental Biology, 219(18), 2802–
2805. https://doi.org/10.1242/jeb.139493 



244 
 

Nagelkerken, I., & Connell, S. D. (2015). Global alteration of ocean ecosystem functioning due to increasing 
human CO2 emissions. Proceedings of the National Academy of Sciences, 112(43), 13272–13277. 
https://doi.org/10.1073/pnas.1510856112 

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for obtaining R 2 from generalized 
linear mixed‐effects models. Methods in Ecology and Evolution, 4(2), 133–142. 
https://doi.org/10.1111/j.2041-210x.2012.00261.x 

Nakayama, S., Harcourt, J. L., Johnstone, R. A., & Manica, A. (2012). Initiative, Personality and Leadership 
in Pairs of Foraging Fish. PLoS ONE, 7(5), e36606. https://doi.org/10.1371/journal.pone.0036606 

Nakayama, S., Harcourt, J. L., Johnstone, R. A., & Manica, A. (2016). Who directs group movement? Leader 
effort versus follower preference in stickleback fish of different personality. Biology Letters, 12(5), 
20160207. https://doi.org/10.1098/rsbl.2016.0207 

Nati, J. J. H., Lindström, J., Yeomans, W., & Killen, S. S. (2018). Physiological and behavioural responses to 
hypoxia in an invasive freshwater fish species and a native competitor. Ecology of Freshwater Fish, 
27(3), 813–821. https://doi.org/10.1111/eff.12394 

Neo, Y. Y. (2016). Swimming Bass under Pounding Bass: Fish Response to Sound Exposure [PhD]. 
University of Leiden. 

Neo, Y. Y., Hubert, J., Bolle, L. J., Winter, H. V., & Slabbekoorn, H. (2018). European seabass respond more 
strongly to noise exposure at night and habituate over repeated trials of sound exposure. Environmental 
Pollution, 239, 367–374. https://doi.org/10.1016/j.envpol.2018.04.018 

Neo, Y. Y., Hubert, J., Bolle, L., Winter, H. V., ten Cate, C., & Slabbekoorn, H. (2016). Sound exposure 
changes European seabass behaviour in a large outdoor floating pen: Effects of temporal structure and 
a ramp-up procedure. Environmental Pollution, 214, 26–34. 
https://doi.org/10.1016/j.envpol.2016.03.075 

Neo, Y. Y., Parie, L., Bakker, F., Snelderwaard, P., Tudorache, C., Schaaf, M., & Slabbekoorn, H. (2015). 
Behavioral changes in response to sound exposure and no spatial avoidance of noisy conditions in 
captive zebrafish. Frontiers in Behavioral Neuroscience, 9. https://doi.org/10.3389/fnbeh.2015.00028 

Neo, Y. Y., Seitz, J., Kastelein, R. A., Winter, H. V., ten Cate, C., & Slabbekoorn, H. (2014). Temporal 
structure of sound affects behavioural recovery from noise impact in European seabass. Biological 
Conservation, 178, 65–73. https://doi.org/10.1016/j.biocon.2014.07.012 

Neo, Y. Y., Ufkes, E., Kastelein, R. A., Winter, H. V., ten Cate, C., & Slabbekoorn, H. (2015). Impulsive 
sounds change European seabass swimming patterns: Influence of pulse repetition interval. Marine 
Pollution Bulletin, 97(1–2), 111–117. https://doi.org/10.1016/j.marpolbul.2015.06.027 

Nilsson, G. E., Dixson, D. L., Domenici, P., McCormick, M. I., Sørensen, C., Watson, S.-A., & Munday, P. L. 
(2012). Near-future carbon dioxide levels alter fish behaviour by interfering with neurotransmitter 
function. Nature Climate Change, 2(3), 201–204. https://doi.org/10.1038/nclimate1352 

Nilsson, G. E., Perez-Pinzon, M., Dimberg, K., & Winberg, S. (1993). Brain sensitivity to anoxia in fish as 
reflected by changes in extracellular K+ activity. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology, 264(2), R250–R253. 
https://doi.org/10.1152/ajpregu.1993.264.2.R250 

Noldus, L. P. J. J., Spink, A. J., & Tegelenbosch, R. A. J. (2001). EthoVision: A versatile video tracking 
system for automation of behavioral experiments. Behavior Research Methods, Instruments, & 
Computers, 33(3), 398–414. https://doi.org/10.3758/BF03195394 

Norin, T. (2022). Growth and mortality as causes of variation in metabolic scaling among taxa and taxonomic 
levels. Integrative and Comparative Biology, 62(5), 1448–1459. https://doi.org/10.1093/icb/icac038 

Norin, T., & Gamperl, A. K. (2018). Metabolic scaling of individuals vs. populations: Evidence for variation 
in scaling exponents at different hierarchical levels. Functional Ecology, 32(2), 379–388. 
https://doi.org/10.1111/1365-2435.12996 

Norin, T., Rowsey, L. E., Houslay, T. M., Reeve, C., & Speers-Roesch, B. (2024). Among-individual 
variation in thermal plasticity of fish metabolic rates causes profound variation in temperature-specific 
trait repeatability, but does not co-vary with behavioural plasticity. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 379(1896), 20220488. https://doi.org/10.1098/rstb.2022.0488 

Nunes, A. R., Ruhl, N., Winberg, S., & Oliveira, R. F. (2017). Social Phenotypes in Zebrafish. In The rights 
and wrongs of zebrafish: Behavioral phenotyping of zebrafish (pp. 95–130). Springer International 
Publishing. https://doi.org/10.1007/978-3-319-33774-6_5 

Obirikorang, K. A., Viala, E. A., Akrokoh, J., Mensah, D. K., Adjei, H. O., Bediako, J. O., Agyemang, E. O., 
Edziyie, R., & Skov, P. V. (2025). Air-breathing behaviour of the African catfish (Clarias gariepinus) in 
response to different hypoxia, hypercapnia and temperature regimes. Environmental Biology of Fishes, 
108(5), 807–820. https://doi.org/10.1007/s10641-025-01684-w 

Obirikorang, K. A., Yussif, K., Adjei, H. O., Laar, R. Y., Bediako, J. O., Fafanyo, K., Akrokoh, J., Musah-
Yussif, H., Viku, P. K., Atobrah-Dzebu, M. A., & Skov, P. V. (2025). Air-breathing responses of the 
African catfish (Clarias gariepinus) to experimental hydrodynamics, predation threat, and acoustic 
stimuli. Environmental Biology of Fishes, 108(8), 1229–1244. https://doi.org/10.1007/s10641-025-
01719-2 



245 
 

Obura, D., Gudka, M., Samoilys, M., Osuka, K., Mbugua, J., Keith, D. A., Porter, S., Roche, R., van 
Hooidonk, R., Ahamada, S., Araman, A., Karisa, J., Komakoma, J., Madi, M., Ravinia, I., 
Razafindrainibe, H., Yahya, S., & Zivane, F. (2021). Vulnerability to collapse of coral reef ecosystems 
in the Western Indian Ocean. Nature Sustainability, 5(2), 104–113. https://doi.org/10.1038/s41893-021-
00817-0 

O’Driscoll, R. L., & McClatchie, S. (1998). Spatial distribution of planktivorous fish schools in relation to 
krill abundance and local hydrography off Otago, New Zealand. Deep Sea Research Part II: Topical 
Studies in Oceanography, 45(7), 1295–1325. https://doi.org/10.1016/S0967-0645(98)00035-6 

Olla, B. L., & Studholme, A. L. (1971). The effect of temperature on the activity of bluefish, Pomatomus 
saltatrix L. The Biological Bulletin, 141(2), 337–349. https://doi.org/10.2307/1540122 

Olla, B. L., Studholme, A. L., & Bejda, A. (1985). Behavior of juvenile bluefish Pomatomus saltatrix in 
vertical thermal gradients: influence of season, temperature acclimation and food. Marine Ecology 
Progress Series, 23, 165–177. https://doi.org/10.3354/meps023165 

O’Neill, S. J., Williamson, J. E., Tosetto, L., & Brown, C. (2018). Effects of acclimatisation on behavioural 
repeatability in two behaviour assays of the guppy Poecilia reticulata. Behavioral Ecology and 
Sociobiology, 72(10), 166. https://doi.org/10.1007/s00265-018-2582-7 

Orr, J. A., Macaulay, S. J., Mordente, A., Burgess, B., Albini, D., Hunn, J. G., Restrepo‐Sulez, K., Wilson, R., 
Schechner, A., Robertson, A. M., Lee, B., Stuparyk, B. R., Singh, D., O’Loughlin, I., Piggott, J. J., Zhu, 
J., Dinh, K. V., Archer, L. C., Penk, M., … Jackson, M. C. (2024). Studying interactions among 
anthropogenic stressors in freshwater ecosystems: A systematic review of 2396 multiple‐stressor 
experiments. Ecology Letters, 27(6). https://doi.org/10.1111/ele.14463 

O’Toole, A. C., Murchie, K. J., Pullen, C., Hanson, K. C., Suski, C. D., Danylchuk, A. J., & Cooke, S. J. 
(2010). Locomotory activity and depth distribution of adult great barracuda (Sphyraena barracuda) in 
Bahamian coastal habitats determined using acceleration and pressure biotelemetry transmitters. 
Marine and Freshwater Research, 61(12), 1446. https://doi.org/10.1071/MF10046 

Palacios-Fuentes, P., Díaz-Astudillo, M., Reculé, M. A., Patricio Ojeda, F., & Landaeta, M. F. (2020). 
Presettlement schooling behaviour of a rocky fish in a shallow area. Is it related to local environmental 
conditions? Scientia Marina, 84(3), 243–252. https://doi.org/10.3989/scimar.05043.19A 

Papale, E., Gamba, M., Perez-Gil, M., Martin, V. M., & Giacoma, C. (2015). Dolphins Adjust Species-
Specific Frequency Parameters to Compensate for Increasing Background Noise. PLOS ONE, 10(4), 
e0121711. https://doi.org/10.1371/journal.pone.0121711 

Paquin, P. R., Gorsuch, J. W., Apte, S., Batley, G. E., Bowles, K. C., Campbell, P. G. C., Delos, C. G., Di 
Toro, D. M., Dwyer, R. L., Galvez, F., Gensemer, R. W., Goss, G. G., Hogstrand, C., Janssen, C. R., 
McGeer, J. C., Naddy, R. B., Playle, R. C., Santore, R. C., Schneider, U., … Wu, K. B. (2002). The 
biotic ligand model: a historical overview. Comparative Biochemistry and Physiology Part C: 
Toxicology & Pharmacology, 133(1–2), 3–35. https://doi.org/10.1016/S1532-0456(02)00112-6 

Partridge, B. L., & Pitcher, T. J. (1980). The sensory basis of fish schools: Relative roles of lateral line and 
vision. Journal of Comparative Physiologyࣟ? A, 135(4), 315–325. https://doi.org/10.1007/BF00657647 

Patch, A., Paz, A., Holt, K. J., Duboué, E. R., Keene, A. C., Kowalko, J. E., & Fily, Y. (2022). Kinematic 
analysis of social interactions deconstructs the evolved loss of schooling behavior in cavefish. PLOS 
ONE, 17(4), e0265894. https://doi.org/10.1371/journal.pone.0265894 

Pedersen, T. L. (2022). ggraph: An implementation of grammar of graphics for graphs and networks (2.1.0). 
R Package. 

Pelster, B., & Wood, C. M. (2024). Increasing Temperatures Enhance Hypoxic Encounters in the Amazon: 
Consequences for Air-Breathing Fish. In The Future of Amazonian Aquatic Biota (pp. 413–434). 
Springer Nature Switzerland. https://doi.org/10.1007/978-3-031-66822-7_14 

Peng, C., Zhao, X., & Liu, G. (2015). Noise in the Sea and Its Impacts on Marine Organisms. International 
Journal of Environmental Research and Public Health, 12(10), 12304–12323. 
https://doi.org/10.3390/ijerph121012304 

Pereira, P., Puga, S., Cardoso, V., Pinto-Ribeiro, F., Raimundo, J., Barata, M., Pousão-Ferreira, P., Pacheco, 
M., & Almeida, A. (2016). Inorganic mercury accumulation in brain following waterborne exposure 
elicits a deficit on the number of brain cells and impairs swimming behavior in fish (white seabream—
Diplodus sargus). Aquatic Toxicology, 170, 400–412. https://doi.org/10.1016/j.aquatox.2015.11.031 

Petitjean, Q., Jacquin, L., Riem, L., Pitout, M., Perrault, A., Cousseau, M., Laffaille, P., & Jean, S. (2021). 
Intraspecific variability of responses to combined metal contamination and immune challenge among 
wild fish populations. Environmental Pollution, 272, 116042. 
https://doi.org/10.1016/j.envpol.2020.116042 

Pezner, A. K., Courtney, T. A., Barkley, H. C., Chou, W.-C., Chu, H.-C., Clements, S. M., Cyronak, T., 
DeGrandpre, M. D., Kekuewa, S. A. H., Kline, D. I., Liang, Y.-B., Martz, T. R., Mitarai, S., Page, H. 
N., Rintoul, M. S., Smith, J. E., Soong, K., Takeshita, Y., Tresguerres, M., … Andersson, A. J. (2023). 
Increasing hypoxia on global coral reefs under ocean warming. Nature Climate Change, 13(4), 403–
409. https://doi.org/10.1038/s41558-023-01619-2 



246 
 

Philippe, C., Vergauwen, L., Huyghe, K., De Boeck, G., & Knapen, D. (2023). Chronic handling stress in 
zebrafish Danio rerio husbandry. Journal of Fish Biology, 103(2), 367–377. 
https://doi.org/10.1111/jfb.15453 

Pickering, A. D., & Pottinger, T. G. (1989). Stress responses and disease resistance in salmonid fish: Effects 
of chronic elevation of plasma cortisol. Fish Physiology and Biochemistry, 7(1–6), 253–258. 
https://doi.org/10.1007/BF00004714 

Pike, T. W., Samanta, M., Lindström, J., & Royle, N. J. (2008). Behavioural phenotype affects social 
interactions in an animal network. Proceedings of the Royal Society B: Biological Sciences, 275(1650), 
2515–2520. https://doi.org/10.1098/rspb.2008.0744 

Pilakouta, N., Killen, S. S., Kristjánsson, B. K., Skúlason, S., Lindström, J., Metcalfe, N. B., & Parsons, K. J. 
(2020). Multigenerational exposure to elevated temperatures leads to a reduction in standard metabolic 
rate in the wild. Functional Ecology, 34(6), 1205–1214. https://doi.org/10.1111/1365-2435.13538 

Pilakouta, N., O’Donnell, P. J., Crespel, A., Levet, M., Claireaux, M., Humble, J. L., Kristjánsson, B. K., 
Skúlason, S., Lindström, J., Metcalfe, N. B., Killen, S. S., & Parsons, K. J. (2023). A warmer 
environment can reduce sociability in an ectotherm. Global Change Biology, 29(1), 206–214. 
https://doi.org/10.1111/gcb.16451 

Pineda, M., Aragao, I., McKenzie, D. J., & Killen, S. S. (2020). Social dynamics obscure the effect of 
temperature on air breathing in Corydoras catfish. Journal of Experimental Biology. 
https://doi.org/10.1242/jeb.222133 

Pintos, S., Lucon‐Xiccato, T., Vera, L. M., Conceição, L., Bertolucci, C., Sánchez‐Vázquez, J., & Rema, P. 
(2024). Social buffering of behavioural stress response in two fish species, Nile tilapia (Oreochromis 
niloticus) and koi carp (Cyprinus carpio). Ethology, 130(7). https://doi.org/10.1111/eth.13464 

Pitcher, T. J. (1983). Heuristic definitions of fish shoaling behaviour. Animal Behaviour, 31(2), 611–613. 
https://doi.org/10.1016/S0003-3472(83)80087-6 

Pitcher, T. J. (1986). Functions of Shoaling Behaviour in Teleosts. In The Behaviour of Teleost Fishes (pp. 
294–337). Springer US. https://doi.org/10.1007/978-1-4684-8261-4_12 

Pitcher, T. J., Magurran, A. E., & Winfield, I. J. (1982). Fish in larger shoals find food faster. Behavioral 
Ecology and Sociobiology, 10(2), 149–151. https://doi.org/10.1007/BF00300175 

Planas-Sitjà, I., & Ioannou, Christos. C. (2025). State-behaviour feedbacks between boldness and food intake 
shape escape responses in fish (Gasterosteus aculeatus). Communications Biology, 8(1), 227. 
https://doi.org/10.1038/s42003-025-07669-w 

Polverino, G., Cigliano, C., Nakayama, S., & Mehner, T. (2016). Emergence and development of personality 
over the ontogeny of fish in absence of environmental stress factors. Behavioral Ecology and 
Sociobiology, 70(12), 2027–2037. https://doi.org/10.1007/s00265-016-2206-z 

Polverino, G., Martin, J. M., Bertram, M. G., Soman, V. R., Tan, H., Brand, J. A., Mason, R. T., & Wong, B. 
B. M. (2021). Psychoactive pollution suppresses individual differences in fish behaviour. Proceedings 
of the Royal Society B: Biological Sciences, 288(1944), 20202294. 
https://doi.org/10.1098/rspb.2020.2294 

Porseryd, T., Kellner, M., Reyhanian Caspillo, N., Volkova, K., Elabbas, L., Ullah, S., Olsén, H., Dinnétz, P., 
& Porsch Hällström, I. (2017). Combinatory effects of low concentrations of 17α-etinylestradiol and 
citalopram on non-reproductive behavior in adult zebrafish (Danio rerio). Aquatic Toxicology, 193, 9–
17. https://doi.org/10.1016/j.aquatox.2017.10.001 

Porter, H. T., & Motta, P. J. (2004). A comparison of strike and prey capture kinematics of three species of 
piscivorous fishes: Florida gar (Lepisosteus platyrhincus), redfin needlefish (Strongylura notata), and 
great barracuda (Sphyraena barracuda). Marine Biology, 145(5), 989–1000. 
https://doi.org/10.1007/s00227-004-1380-0 

Price, J., Warren, R., & Forstenhäusler, N. (2024). Biodiversity losses associated with global warming of 1.5 
to 4°C above pre-industrial levels in six countries. Climatic Change, 177(3), 47. 
https://doi.org/10.1007/s10584-023-03666-2 

Puckett, J. G., Pokhrel, A. R., & Giannini, J. A. (2018). Collective gradient sensing in fish schools. Scientific 
Reports, 8(1), 7587. https://doi.org/10.1038/s41598-018-26037-9 

Pulgar, J., Manríquez, P. H., Widdicombe, S., García-Huidobro, R., Quijón, P. A., Carter, M., Aldana, M., 
Quintanilla-Ahumada, D., & Duarte, C. (2023). Artificial Light at Night (ALAN) causes size-
dependent effects on intertidal fish decision-making. Marine Pollution Bulletin, 193, 115190. 
https://doi.org/10.1016/j.marpolbul.2023.115190 

Pulgar, J., Zeballos, D., Vargas, J., Aldana, M., Manriquez, P. H., Manriquez, K., Quijón, P. A., Widdicombe, 
S., Anguita, C., Quintanilla, D., & Duarte, C. (2019). Endogenous cycles, activity patterns and energy 
expenditure of an intertidal fish is modified by artificial light pollution at night (ALAN). 
Environmental Pollution, 244, 361–366. https://doi.org/10.1016/j.envpol.2018.10.063 

Pyle, G., & Ford, A. T. (2017). Behaviour revised: Contaminant effects on aquatic animal behaviour. Aquatic 
Toxicology, 182, 226–228. https://doi.org/10.1016/j.aquatox.2016.11.008 

R Core Team. (2025). R: A Language and Environment for Statistical Computing (3.5.2). R Foundation for 
Statistical Computing. 



247 
 

Raap, T., Casasole, G., Costantini, D., AbdElgawad, H., Asard, H., Pinxten, R., & Eens, M. (2016). Artificial 
light at night affects body mass but not oxidative status in free-living nestling songbirds: an 
experimental study. Scientific Reports, 6(1), 35626. https://doi.org/10.1038/srep35626 

Raharinaivo, L. R., Jaonalison, H., Mahafina, J., & Ponton, D. (2020). How to efficiently determine the size 
at maturity of small‐sized tropical fishes: A case study based on 144 species identified via DNA 
barcoding from southwestern Madagascar. Journal of Applied Ichthyology, 36(4), 402–413. 
https://doi.org/10.1111/jai.14046 

Ranjan, N. K. (2026). The impacts of photo pollution on fish. Biological Rhythm Research, 1–14. 
https://doi.org/10.1080/09291016.2026.2656884 

Rat, M., Mathe‐Hubert, H., McKechnie, A. E., Sueur, C., & Cunningham, S. J. (2020). Extreme and variable 
environmental temperatures are linked to reduction of social network cohesiveness in a highly social 
passerine. Oikos, 129(11), 1597–1610. https://doi.org/10.1111/oik.07463 

Renick, V. C., Weinersmith, K., Vidal-Dorsch, D. E., & Anderson, T. W. (2016). Effects of a pesticide and a 
parasite on neurological, endocrine, and behavioral responses of an estuarine fish. Aquatic Toxicology, 
170, 335–343. https://doi.org/10.1016/j.aquatox.2015.09.010 

Renick, V. M. (2014). Behavioral and physiological consequences of pesticide exposure for estuarine fishes 
[PhD]. University of California. 

Revell, L. J. (2012). phytools: an R package for phylogenetic comparative biology (and other things). 
Methods in Ecology and Evolution, 3(2), 217–223. https://doi.org/10.1111/j.2041-210X.2011.00169.x 

Riley, R. J., Kwon, Y. M., Manica, A., & Savage, J. L. (2025). Familiarity dampens the effect of boldness on 
coordination in three-spined sticklebacks. Behaviour, 162(3–4), 191–206. 
https://doi.org/10.1163/1568539X-bja10300 

Rogers, J. T., & Wood, C. M. (2004). Characterization of branchial lead-calcium interaction in the freshwater 
rainbow trout Oncorhynchus mykiss. Journal of Experimental Biology, 207(5), 813–825. 
https://doi.org/10.1242/jeb.00826 

Rohatgi, A. (2022). WebPlotDigitizer (4.6). https://automeris.io/WebPlotDigitizer. 
Rojas, E., Gouret, M., Agostini, S., Fiorini, S., Fonseca, P., Lacroix, G., & Médoc, V. (2023). From behaviour 

to complex communities: Resilience to anthropogenic noise in a fish-induced trophic cascade. 
Environmental Pollution, 335, 122371. https://doi.org/10.1016/j.envpol.2023.122371 

Romenskyy, M., Herbert-Read, J. E., Ward, A. J. W., & Sumpter, D. J. T. (2017). Body size affects the 
strength of social interactions and spatial organization of a schooling fish (Pseudomugil signifer). Royal 
Society Open Science, 4(4). https://doi.org/10.1098/rsos.161056 

Roost, T., Hargous, J., Van Espen, L., Schligler, J., Killen, S. S., Beldade, R., Swearer, S. E., & Mills, S. C. 
(2025). Artificial light at night during early development directly affects embryonic but not larval 
quality in a wild coral reef fish. Conservation Physiology, 13(1). 
https://doi.org/10.1093/conphys/coaf041 

Roy, T., & Bhat, A. (2018). Population, sex and body size: determinants of behavioural variations and 
behavioural correlations among wild zebrafish Danio rerio. Royal Society Open Science, 5(1), 170978. 
https://doi.org/10.1098/rsos.170978 

Rummer, J. L., Binning, S. A., Roche, D. G., & Johansen, J. L. (2016). Methods matter: considering 
locomotory mode and respirometry technique when estimating metabolic rates of fishes. Conservation 
Physiology, 4(1), cow008. https://doi.org/10.1093/conphys/cow008 

Rupia, E. J., Binning, S. A., Roche, D. G., & Lu, W. (2016). Fight‐flight or freeze‐hide? Personality and 
metabolic phenotype mediate physiological defence responses in flatfish. Journal of Animal Ecology, 
85(4), 927–937. https://doi.org/10.1111/1365-2656.12524 

Rydell, J. (2006). Bats and their insect prey at streetlights. In C. Rich & T. Longcore (Eds.), Ecological 
consequences of artificial night lighting (pp. 43–60). Island Press. 

Ryer, C., & Olla, B. (1998). Effect of light on juvenile walleye pollock shoaling and their interaction with 
predators. Marine Ecology Progress Series, 167, 215–226. https://doi.org/10.3354/meps167215 

Saaristo, M., Brodin, T., Balshine, S., Bertram, M. G., Brooks, B. W., Ehlman, S. M., McCallum, E. S., Sih, 
A., Sundin, J., Wong, B. B. M., & Arnold, K. E. (2018). Direct and indirect effects of chemical 
contaminants on the behaviour, ecology and evolution of wildlife. Proceedings of the Royal Society B: 
Biological Sciences, 285(1885), 20181297. https://doi.org/10.1098/rspb.2018.1297 

Salahinejad, A., Attaran, A., Meuthen, D., Rachamalla, M., Chivers, D. P., & Niyogi, S. (2022). Maternal 
exposure to bisphenol S induces neuropeptide signaling dysfunction and oxidative stress in the brain, 
and abnormal social behaviors in zebrafish (Danio rerio) offspring. Science of The Total Environment, 
830, 154794. https://doi.org/10.1016/j.scitotenv.2022.154794 

Sánchez de Miguel, A., Bennie, J., Rosenfeld, E., Dzurjak, S., & Gaston, K. J. (2021). First Estimation of 
Global Trends in Nocturnal Power Emissions Reveals Acceleration of Light Pollution. Remote Sensing, 
13(16), 3311. https://doi.org/10.3390/rs13163311 

Sánchez-Vázquez, F. J., López-Olmeda, J. F., Vera, L. M., Migaud, H., López-Patiño, M. A., & Míguez, J. M. 
(2019). Environmental Cycles, Melatonin, and Circadian Control of Stress Response in Fish. Frontiers 
in Endocrinology, 10. https://doi.org/10.3389/fendo.2019.00279 



248 
 

Sanders, D., Frago, E., Kehoe, R., Patterson, C., & Gaston, K. J. (2020). A meta-analysis of biological 
impacts of artificial light at night. Nature Ecology & Evolution, 5(1), 74–81. 
https://doi.org/10.1038/s41559-020-01322-x 

Santos, D., Félix, L., Luzio, A., Parra, S., Cabecinha, E., Bellas, J., & Monteiro, S. M. (2020). Toxicological 
effects induced on early life stages of zebrafish (Danio rerio) after an acute exposure to microplastics 
alone or co-exposed with copper. Chemosphere, 261, 127748. 
https://doi.org/10.1016/j.chemosphere.2020.127748 

Santos, D., Luzio, A., Matos, C., Bellas, J., Monteiro, S. M., & Félix, L. (2021). Microplastics alone or co-
exposed with copper induce neurotoxicity and behavioral alterations on zebrafish larvae after a 
subchronic exposure. Aquatic Toxicology, 235, 105814. https://doi.org/10.1016/j.aquatox.2021.105814 

Schellart, N. A. M., & Wubbels, R. J. (1998). The auditory and mechanosensory lateral line system. In D. H. 
Evans (Ed.), The Physiology of Fishes (2nd ed., pp. 283–312). CRC Press. 

Schittko, C., Huggins, B., Kiefer, S., Kimmig, S., Schroer, S., Grubisic, M., & Hölker, F. (2026). Universal 
dose–response sensitivity of ecological processes to low levels of artificial light at night. Biological 
Conservation, 318, 111825. https://doi.org/10.1016/j.biocon.2026.111825 

Schligler, J., Cortese, D., Beldade, R., Swearer, S. E., & Mills, S. C. (2021). Long-term exposure to artificial 
light at night in the wild decreases survival and growth of a coral reef fish. Proceedings of the Royal 
Society B: Biological Sciences, 288(1952), 20210454. https://doi.org/10.1098/rspb.2021.0454 

Schligler, J., Norin, T., McBride, M., Morat, F., Killen, S. S., Swearer, S. E., Beldade, R., & Mills, S. C. 
(2026). Fatal Attraction: Light Pollution Creates an Ecological Trap for Wild Fish. Global Change 
Biology, 32(1). https://doi.org/10.1111/gcb.70645 

Schligler, J., Roost, T., Schies, J., McBride, M., Swearer, S. E., Beldade, R., & Mills, S. C. (2026). Light 
pollution in the wild affects adult reef fish and has intergenerational and direct impacts on offspring. 
Proceedings of the Royal Society B: Biological Sciences, 293(2064). 
https://doi.org/10.1098/rspb.2025.2225 

Schmitt, R., & Holbrook, S. (1996). Local-scale Patterns of Larval Settlement in a Planktivorous 
Damselfish—Do They Predict Recruitment? Marine and Freshwater Research, 47(2), 449–463. 
https://doi.org/10.1071/MF9960449 

Schumm, M., Ackerly, K. L., & Esbaugh, A. J. (2026). Context-dependent relationships between metabolism 
and behavior across temperature acclimations in sheepshead minnows (Cyprinodon variegatus). 
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 311, 111952. 
https://doi.org/10.1016/j.cbpa.2025.111952 

Schunter, C., Welch, M. J., Nilsson, G. E., Rummer, J. L., Munday, P. L., & Ravasi, T. (2017). An interplay 
between plasticity and parental phenotype determines impacts of ocean acidification on a reef fish. 
Nature Ecology & Evolution, 2(2), 334–342. https://doi.org/10.1038/s41559-017-0428-8 

Seebacher, F., & Krause, J. (2017). Physiological mechanisms underlying animal social behaviour. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 372(1727), 20160231. 
https://doi.org/10.1098/rstb.2016.0231 

Shahjahan, M., Taslima, K., Rahman, M. S., Al-Emran, M., Alam, S. I., & Faggio, C. (2022). Effects of 
heavy metals on fish physiology – A review. Chemosphere, 300, 134519. 
https://doi.org/10.1016/j.chemosphere.2022.134519 

Shivanna, K. R. (2020). The Sixth Mass Extinction Crisis and its Impact on Biodiversity and Human Welfare. 
Resonance, 25(1), 93–109. https://doi.org/10.1007/s12045-019-0924-z 

Shivanna, K. R. (2022). Climate change and its impact on biodiversity and human welfare. Proceedings of 
the Indian National Science Academy, 88(2), 160–171. https://doi.org/10.1007/s43538-022-00073-6 

Shoji, J., Masuda, R., Yamashita, Y., & Tanaka, M. (2005). Effect of low dissolved oxygen concentrations on 
behavior and predation rates on red sea bream Pagrus major larvae by the jellyfish Aurelia aurita and 
by juvenile Spanish mackerel Scomberomorus niphonius. Marine Biology, 147(4), 863–868. 
https://doi.org/10.1007/s00227-005-1579-8 

Simpson, S. D., Radford, A. N., Nedelec, S. L., Ferrari, M. C. O., Chivers, D. P., McCormick, M. I., & 
Meekan, M. G. (2016). Anthropogenic noise increases fish mortality by predation. Nature 
Communications, 7(1), 10544. https://doi.org/10.1038/ncomms10544 

Sitko, S., & Honrubia, V. (1986). Differential Effect of Ischemia on Spontaneous and Sinusoidal-evoked 
Activity in Semicircular Canal Afferents in the Bullfrog. Acta Oto-Laryngologica, 102(3–4), 179–185. 
https://doi.org/10.3109/00016488609108664 

Snigirov, S., & Sylantyev, S. (2017). GABAA receptors activate fish feeding behaviour via two distinct 
functional pathways. Journal of Experimental Biology. https://doi.org/10.1242/jeb.170514 

Sommer‐Trembo, C., Petry, A. C., Gomes Silva, G., Vurusic, S. M., Gismann, J., Baier, J., Krause, S., Iorio, 
J. de A. C., Riesch, R., & Plath, M. (2017). Predation risk and abiotic habitat parameters affect 
personality traits in extremophile populations of a neotropical fish (Poecilia vivipara). Ecology and 
Evolution, 7(16), 6570–6581. https://doi.org/10.1002/ece3.3165 



249 
 

Stamps, J. A., Briffa, M., & Biro, P. A. (2012). Unpredictable animals: individual differences in 
intraindividual variability (IIV). Animal Behaviour, 83(6), 1325–1334. 
https://doi.org/10.1016/j.anbehav.2012.02.017 

Steffensen, J. F. (1995). Possible limitations of speed and size of swimming fish schools, based on oxygen-
consumption of herring, Clupea harengus, measured at different swimming speeds. Journal of 
Physiology - London, 483P, 192–192. 

Stienessen, S. (2015). Information transfer, heterogeneity, and local environmental effects on emergent group 
patterns defining fish schools: perspectives from different scales of observation. [PhD]. University of 
Washington. 

Stubblefield, W. A., Steadman, B. L., La Point, T. W., & Bergman, H. L. (1999). Acclimation-induced 
changes in the toxicity of zinc and cadmium to rainbow trout. Environmental Toxicology and 
Chemistry, 18(12), 2875–2881. https://doi.org/10.1002/etc.5620181231 

Suter, G. W. (2016). Ecological risk assessment (2nd ed.). CRC Press/Taylor & Francis. 
Swartzman, G. (1997). Analysis of the summer distribution of fish schools in the Pacific Eastern Boundary 

Current. ICES Journal of Marine Science, 54(1), 105–116. https://doi.org/10.1006/jmsc.1996.0160 
Tan, H., Polverino, G., Martin, J. M., Bertram, M. G., Wiles, S. C., Palacios, M. M., Bywater, C. L., White, 

C. R., & Wong, B. B. M. (2020). Chronic exposure to a pervasive pharmaceutical pollutant erodes 
among-individual phenotypic variation in a fish. Environmental Pollution, 263, 114450. 
https://doi.org/10.1016/j.envpol.2020.114450 

Tang, Z., & Fu, S.-J. (2021). Effects of habitat conditions on the boldness and sociability of wild-caught fish 
(Zacco platypus) along a river. Journal of Ethology, 39(3), 379–391. https://doi.org/10.1007/s10164-
021-00715-0 

Thalmann, H. L., Laurel, B., Hicks, M. B. R., Slesinger, E., & Miller, J. A. (2025). Pacific Cod metabolism 
and swimming performance are similar across temperatures following prolonged thermal acclimation. 
Conservation Physiology, 13(1), coaf031. https://doi.org/https://doi.org/10.1093/conphys/coaf031 

Thomas, J. K., Wiseman, S., Giesy, J. P., & Janz, D. M. (2013). Effects of chronic dietary selenomethionine 
exposure on repeat swimming performance, aerobic metabolism and methionine catabolism in adult 
zebrafish (Danio rerio). Aquatic Toxicology, 130–131, 112–122. 
https://doi.org/10.1016/j.aquatox.2013.01.009 

Thums, M., Whiting, S. D., Reisser, J., Pendoley, K. L., Pattiaratchi, C. B., Proietti, M., Hetzel, Y., Fisher, R., 
& Meekan, M. G. (2016). Artificial light on water attracts turtle hatchlings during their near shore 
transit. Royal Society Open Science, 3(5), 160142. https://doi.org/10.1098/rsos.160142 

Tiddy, I. C., Cortese, D., Munson, A., Blewett, T. A., & Killen, S. S. (2024). Impacts of anthropogenic 
pollutants on social group cohesion and individual sociability in fish: A systematic review and meta-
analysis. Environmental Pollution, 363, 125017. https://doi.org/10.1016/j.envpol.2024.125017 

Tiddy, I. C., Munson, A., Cortese, D., Webster, M. M., & Killen, S. S. (2024). Impacts of climate‐related 
stressors on social group cohesion and individual sociability in fish. Biological Reviews, 99(6), 2035–
2059. https://doi.org/10.1111/brv.13111 

Tiddy, I. C., Neill, C. M., Rosén, A., Hasegawa, Y., Domenici, P., Johansen, J. L., & Steffensen, J. F. (2025). 
Effects of social environment and energy efficiency on preferred swim speed in a marine generalist 
fish, pile perch (Phanerodon vacca). Journal of Experimental Biology, 228(5), jeb249546. 
https://doi.org/10.1242/jeb.249546 

Tigert, L. R., Hubbard, P. C., & Porteus, C. S. (2025). Effects of hypoxia on the olfactory sensitivity of gilt-
head seabream (Sparus aurata). Journal of Experimental Biology, 228(1). 
https://doi.org/10.1242/jeb.249771 

Tigert, L. R., & Porteus, C. S. (2023). Invited review - the effects of anthropogenic abiotic stressors on the 
sensory systems of fishes. Comparative Biochemistry and Physiology Part A: Molecular & Integrative 
Physiology, 277, 111366. https://doi.org/10.1016/j.cbpa.2022.111366 

Toft, G., Baatrup, E., & Guillette, L. J. (2004). Altered social behavior and sexual characteristics in 
mosquitofish (Gambusia holbrooki) living downstream of a paper mill. Aquatic Toxicology, 70(3), 
213–222. https://doi.org/10.1016/j.aquatox.2004.09.002 

Tomkins, P., Saaristo, M., Bertram, M. G., Michelangeli, M., Tomkins, R. B., & Wong, B. B. M. (2018). An 
endocrine-disrupting agricultural contaminant impacts sequential female mate choice in fish. 
Environmental Pollution, 237, 103–110. https://doi.org/10.1016/j.envpol.2018.02.046 

Toms, C. N., Echevarria, D. J., & Jouandot, D. J. (2010). A Methodological Review of Personality-Related 
Studies in Fish: Focus on the Shy-Bold Axis of Behavior. International Journal of Comparative 
Psychology, 23(1). https://doi.org/10.46867/IJCP.2010.23.01.08 

Toni, M., Angiulli, E., Miccoli, G., Cioni, C., Alleva, E., Frabetti, F., Pizzetti, F., Grassi Scalvini, F., Nonnis, 
S., Negri, A., Tedeschi, G., & Maffioli, E. (2019). Environmental temperature variation affects brain 
protein expression and cognitive abilities in adult zebrafish (Danio rerio): A proteomic and behavioural 
study. Journal of Proteomics, 204, 103396. https://doi.org/10.1016/j.jprot.2019.103396 

Topal, A., Özdemir, S., Arslan, H., & Çomaklı, S. (2021). How does elevated water temperature affect fish 
brain? (A neurophysiological and experimental study: Assessment of brain derived neurotrophic factor, 



250 
 

cFOS, apoptotic genes, heat shock genes, ER-stress genes and oxidative stress genes). Fish & Shellfish 
Immunology, 115, 198–204. https://doi.org/10.1016/j.fsi.2021.05.002 

Tredennick, A. T., Hooker, G., Ellner, S. P., & Adler, P. B. (2021). A practical guide to selecting models for 
exploration, inference, and prediction in ecology. Ecology, 102(6). https://doi.org/10.1002/ecy.3336 

Tree of Life Web Project. (2023). Tree of Life. Http://Tolweb.Org/Tree/Phylogeny.Html. 
Underwood, C. N., Davies, T. W., & Queirós, A. M. (2017). Artificial light at night alters trophic interactions 

of intertidal invertebrates. Journal of Animal Ecology, 86(4), 781–789. https://doi.org/10.1111/1365-
2656.12670 

Val, A. L., & de Almeida-Val, V. M. F. (1995). Fishes of the Amazon and Their Environment (Vol. 32). 
Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-79229-8 

Valenti, T. W., Gould, G. G., Berninger, J. P., Connors, K. A., Keele, N. B., Prosser, K. N., & Brooks, B. W. 
(2012). Human Therapeutic Plasma Levels of the Selective Serotonin Reuptake Inhibitor (SSRI) 
Sertraline Decrease Serotonin Reuptake Transporter Binding and Shelter-Seeking Behavior in Adult 
Male Fathead Minnows. Environmental Science & Technology, 46(4), 2427–2435. 
https://doi.org/10.1021/es204164b 

van der Knaap, I., Ashe, E., Hannay, D., Bergman, A. G., Nielsen, K. A., Lo, C. F., & Williams, R. (2022). 
Behavioural responses of wild Pacific salmon and herring to boat noise. Marine Pollution Bulletin, 
174, 113257. https://doi.org/10.1016/j.marpolbul.2021.113257 

Vieira, L. R., Gravato, C., Soares, A. M. V. M., Morgado, F., & Guilhermino, L. (2009). Acute effects of 
copper and mercury on the estuarine fish Pomatoschistus microps: Linking biomarkers to behaviour. 
Chemosphere, 76(10), 1416–1427. https://doi.org/10.1016/j.chemosphere.2009.06.005 

Villegas-Ríos, D., Réale, D., Freitas, C., Moland, E., & Olsen, E. M. (2017). Individual level consistency and 
correlations of fish spatial behaviour assessed from aquatic animal telemetry. Animal Behaviour, 124, 
83–94. https://doi.org/10.1016/j.anbehav.2016.12.002 

Villegas‐Ríos, D., Réale, D., Freitas, C., Moland, E., & Olsen, E. M. (2018). Personalities influence spatial 
responses to environmental fluctuations in wild fish. Journal of Animal Ecology, 87(5), 1309–1319. 
https://doi.org/10.1111/1365-2656.12872 

Vogt, S. K., Billock, A. G., & Klerks, P. L. (2013). Acute Copper Toxicity and Acclimation to Copper Using 
the Behavioral Endpoint of Shoaling, in the Least Killifish (Heterandria formosa). Water, Air, & Soil 
Pollution, 224(7), 1627. https://doi.org/10.1007/s11270-013-1627-9 

von Schuckmann, K., Cheng, L., Palmer, M. D., Hansen, J., Tassone, C., Aich, V., Adusumilli, S., Beltrami, 
H., Boyer, T., Cuesta-Valero, F. J., Desbruyères, D., Domingues, C., García-García, A., Gentine, P., 
Gilson, J., Gorfer, M., Haimberger, L., Ishii, M., Johnson, G. C., … Wijffels, S. E. (2020). Heat stored 
in the Earth system: where does the energy go? Earth System Science Data, 12(3), 2013–2041. 
https://doi.org/10.5194/essd-12-2013-2020 

Wagenmakers, E.-J., & Farrell, S. (2004). AIC model selection using Akaike weights. Psychonomic Bulletin 
& Review, 11(1), 192–196. https://doi.org/10.3758/BF03206482 

Walter, T., & Couzin, I. D. (2021). TRex, a fast multi-animal tracking system with markerless identification, 
and 2D estimation of posture and visual fields. ELife, 10. https://doi.org/10.7554/eLife.64000 

Wang, W., Gao, H., Jin, S., Li, R., & Na, G. (2019). The ecotoxicological effects of microplastics on aquatic 
food web, from primary producer to human: A review. Ecotoxicology and Environmental Safety, 173, 
110–117. https://doi.org/10.1016/j.ecoenv.2019.01.113 

Wang, Z., Walker, G. W., Muir, D. C. G., & Nagatani-Yoshida, K. (2020). Toward a Global Understanding of 
Chemical Pollution: A First Comprehensive Analysis of National and Regional Chemical Inventories. 
Environmental Science & Technology, 54(5), 2575–2584. https://doi.org/10.1021/acs.est.9b06379 

Ward, A. J. W., Duff, A. J., Horsfall, J. S., & Currie, S. (2008). Scents and scents-ability: pollution disrupts 
chemical social recognition and shoaling in fish. Proceedings of the Royal Society B: Biological 
Sciences, 275(1630), 101–105. https://doi.org/10.1098/rspb.2007.1283 

Ward, A. J. W., Herbert-Read, J. E., Jordan, L. A., James, R., Krause, J., Ma, Q., Rubenstein, D. I., Sumpter, 
D. J. T., & Morrell, L. J. (2013). Initiators, Leaders, and Recruitment Mechanisms in the Collective 
Movements of Damselfish. The American Naturalist, 181(6), 748–760. https://doi.org/10.1086/670242 

Ward, A., & Webster, M. M. (2016a). Other Benefits and Costs of Grouping. In Sociality: The Behaviour of 
Group-Living Animals (pp. 89–109). Springer International Publishing. https://doi.org/10.1007/978-3-
319-28585-6_5 

Ward, A., & Webster, M. M. (2016b). Social Foraging and Predator-Prey Interactions. In Sociality: The 
Behaviour of Group-Living Animals (pp. 55–87). Springer International Publishing. 
https://doi.org/10.1007/978-3-319-28585-6_4 

Ward, A., & Webster, M. M. (2016c). Sociality: The Behaviour of Group-Living Animals. Springer. 
Ward, Hart, & Webster. (2007). Boldness is influenced by social context in threespine sticklebacks 

(Gasterosteus aculeatus). Behaviour, 144(3), 351–371. https://doi.org/10.1163/156853907780425721 
Warren, R., Price, J., VanDerWal, J., Cornelius, S., & Sohl, H. (2018). The implications of the United Nations 

Paris Agreement on climate change for globally significant biodiversity areas. Climatic Change, 
147(3–4), 395–409. https://doi.org/10.1007/s10584-018-2158-6 



251 
 

Weber, P., Behr, E. R., Knorr, C. D. L., Vendruscolo, D. S., Flores, E. M. M., Dressler, V. L., & Baldisserotto, 
B. (2013). Metals in the water, sediment, and tissues of two fish species from different trophic levels in 
a subtropical Brazilian river. Microchemical Journal, 106, 61–66. 
https://doi.org/10.1016/j.microc.2012.05.004 

Webster, M. M. (2017). Experience and motivation shape leader–follower interactions in fish shoals. 
Behavioral Ecology, 28(1), 77–84. https://doi.org/10.1093/beheco/arw133 

Webster, M. M., & Hart, P. J. B. (2006). Kleptoparasitic prey competition in shoaling fish: effects of 
familiarity and prey distribution. Behavioral Ecology, 17(6), 959–964. 
https://doi.org/10.1093/beheco/arl037 

Webster, M. M., & Ward, A. J. W. (2011a). Personality and social context. Biological Reviews, 86(4), 759–
773. https://doi.org/10.1111/j.1469-185X.2010.00169.x 

Webster, M. M., & Ward, A. J. W. (2011b). Personality and social context. Biological Reviews, 86(4), 759–
773. https://doi.org/10.1111/j.1469-185X.2010.00169.x 

Webster, M. M., Ward, A. J. W., & Hart, P. J. B. (2007). Boldness is influenced by social context in 
threespine sticklebacks (Gasterosteus aculeatus). Behaviour, 144(3), 351–371. 
https://doi.org/10.1163/156853907780425721 

Weetman, D., Atkinson, D., & Chubb, J. C. (1998). Effects of temperature on anti-predator behaviour in the 
guppy, Poecilia reticulata. Animal Behaviour, 55(5), 1361–1372. 
https://doi.org/10.1006/anbe.1997.0666 

Weetman, D., Atkinson, D., & Chubb, J. C. (1999). Water temperature influences the shoaling decisions of 
guppies, Poecilia reticulata, under predation threat. Animal Behaviour, 58(4), 735–741. 
https://doi.org/10.1006/anbe.1999.1191 

Weis, P., & Weis, J. S. (1974). DDT causes changes in activity and schooling behavior in goldfish. 
Environmental Research, 7(1), 68–74. https://doi.org/10.1016/0013-9351(74)90076-0 

Weschke, E., Schligler, J., Hely, I., Roost, T., Schies, J., Williams, B., Dworzanski, B., Mills, S. C., Beldade, 
R., Simpson, S. D., & Radford, A. N. (2024). Artificial Light Increases Nighttime Prevalence of 
Predatory Fishes, Altering Community Composition on Coral Reefs. Global Change Biology, 30(12). 
https://doi.org/10.1111/gcb.70002 

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer International Publishing. 
https://doi.org/10.1007/978-3-319-24277-4 

Wilke, C. O. (2015). cowplot: Streamlined Plot Theme and Plot Annotations for “ggplot2.” In CRAN: 
Contributed Packages. https://doi.org/10.32614/CRAN.package.cowplot 

Williams, M. A. (1989). The modification of schooling behaviour in larval sea bass Dicentrarchus labrax, by 
sublethal concentrations of methyl parathion. La Mer, 27, 173–184. 

Williams, M. A., & Coutant, C. C. (2003). Modification of Schooling Behavior in Larval Atherinid Fish 
Atherina mochon by Heat Exposure of Eggs and Larvae. Transactions of the American Fisheries 
Society, 132(4), 638–645. https://doi.org/10.1577/T02-058 

Wiprich, M. T., Zanandrea, R., Altenhofen, S., & Bonan, C. D. (2020). Influence of 3-nitropropionic acid on 
physiological and behavioral responses in zebrafish larvae and adults. Comparative Biochemistry and 
Physiology Part C: Toxicology & Pharmacology, 234, 108772. 
https://doi.org/10.1016/j.cbpc.2020.108772 

Wong, B. B. M., & Candolin, U. (2015). Behavioral responses to changing environments. Behavioral 
Ecology, 26(3), 665–673. https://doi.org/10.1093/beheco/aru183 

Wong, B. B. M., & Candolin, U. (2024). Behavioural Responses to a Changing World (B. B. M. Wong & U. 
Candolin, Eds.). Oxford University PressOxford. https://doi.org/10.1093/oso/9780192858979.001.0001 

Wood, C. M., Farrell, A. P., & Brauner, C. J. (2012). Homeostasis and toxicity of essential metals (A. P. 
Farrel & C. J. Brauner, Eds.; 1st ed.). Academic Press. 

Wood, C. M., Robertson, L. M., Johannsson, O. E., & Val, A. L. (2014). Mechanisms of Na+ uptake, 
ammonia excretion, and their potential linkage in native Rio Negro tetras (Paracheirodon axelrodi, 
Hemigrammus rhodostomus, and Moenkhausia diktyota). Journal of Comparative Physiology B, 
184(7), 877–890. https://doi.org/10.1007/s00360-014-0847-7 

WoRMS. (2023). World Register of Marine Species. Https://Www.Marinespecies.Org/Index.Php. 
Wysocki, L. E., Dittami, J. P., & Ladich, F. (2006). Ship noise and cortisol secretion in European freshwater 

fishes. Biological Conservation, 128(4), 501–508. https://doi.org/10.1016/j.biocon.2005.10.020 
Xia, J., Niu, C., & Pei, X. (2010). Effects of chronic exposure to nonylphenol on locomotor activity and 

social behavior in zebrafish (Danio rerio). Journal of Environmental Sciences, 22(9), 1435–1440. 
https://doi.org/10.1016/S1001-0742(09)60272-2 

Yofukuji, K. Y., Gonino, G. M. R., Alves, G. H. Z., Lopes, T. M., & Figueiredo, B. R. S. (2021). Acute 
Ecotoxicity of Exposure to Sugarcane Ashes on the Behaviour of Predator and Prey Fish Species. 
Water, Air, & Soil Pollution, 232(8), 312. https://doi.org/10.1007/s11270-021-05256-3 

Yu, G., Smith, D. K., Zhu, H., Guan, Y., & Lam, T. T. (2017). ggtree: an R package for visualization and 
annotation of phylogenetic trees with their covariates and other associated data. Methods in Ecology 
and Evolution, 8(1), 28–36. https://doi.org/10.1111/2041-210X.12628 



252 
 

Zanghi, C., Munro, M., & Ioannou, C. C. (2023). Temperature and turbidity interact synergistically to alter 
anti-predator behaviour in the Trinidadian guppy. Proceedings of the Royal Society B: Biological 
Sciences, 290(2002). https://doi.org/10.1098/rspb.2023.0961 

Zeng, L.-Q., Cao, Z.-D., Fu, S.-J., Peng, J.-L., & Wang, Y.-X. (2009). Effect of temperature on swimming 
performance in juvenile southern catfish (Silurus meridionalis). Comparative Biochemistry and 
Physiology Part A: Molecular & Integrative Physiology, 153(2), 125–130. 
https://doi.org/10.1016/j.cbpa.2009.01.013 

Zhang, H., Shen, N., Li, Y., Hu, C., & Yuan, P. (2023). Source, transport, and toxicity of emerging 
contaminants in aquatic environments: A review on recent studies. Environmental Science and 
Pollution Research, 30(58), 121420–121437. https://doi.org/10.1007/s11356-023-30869-y 

Zhao, D., Yu, Y., Shen, Y., Liu, Q., Zhao, Z., Sharma, R., & Reiter, R. J. (2019). Melatonin Synthesis and 
Function: Evolutionary History in Animals and Plants. Frontiers in Endocrinology, 10. 
https://doi.org/10.3389/fendo.2019.00249 

Zhao, J., Zhang, Q., Zhang, B., Xu, T., Yin, D., Gu, W., & Bai, J. (2020). Developmental exposure to lead at 
environmentally relevant concentrations impaired neurobehavior and NMDAR-dependent BDNF 
signaling in zebrafish larvae. Environmental Pollution, 257, 113627. 
https://doi.org/10.1016/j.envpol.2019.113627 

  


	Thesis Cover Sheet (My Version)
	2026TiddyPhD_edited

