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But mousie, thou art no thy lane 
In proving foresight may be vain: 

The best-laid schemes o mice an men 
Gang aft agley,

An lea 'e us nought but grief an pain, 
For promis ‘d joy!

Robert Bums: To a Mouse
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promoted by the addition of sludge irrespective of metal contamination. At the
■■

Hartwood site, however, the abundance of juveniles was lowest in the cadmium-rich 

plots. Reproduction of Isotoma/Isotomurus species was therefore adversely affected by

ABSTRACT

.
The purpose of this research was to investigate how the land application of sewage 

sludge (and particularly the heavy metals it contains) affects grassland Collembola. The 

effects of digested, undigested, copper-rich, zinc-rich and cadmium-rich sludges were 

investigated using a small plot trial established at SAC Auchincruive, South Ayrshire. 

An initial investigation was also conducted at a similar trial site established at 

Hailwood, Lanarkshire. The metal-rich sludges were derived from treatment works 

with naturally high inputs of the specific metal. Effects on euedaphic and hemiedaphic 

Collembola were examined in 1995 using litterbags as a sampling method, and effects 

on hemiedaphic and epigeal Collembola were investigated in 1995 and 1996 using 

pitfall trapping and suction sampling.

The euedaphic Mesaphorura spp. and Neelus minimus were adversely affected by the

application of zinc-rich sludge, and Mesaphorura spp. were also adversely affected by
.

copper-rich sludge. Both suction samples and pitfall traps indicated that Lepidocyrtus 

cyaneus and Isotoma viridis were adversely affected by cadmium-rich sludge, and the 

pitfall traps also found Isotomurus maculatus and the total collembolan abundance to be 

adversely affected. Furthermore, the abundance of L. cyaneus, I. viridis and 

Heteromurus nitidis in suction samples was inversely related to the concentration of 

cadmium in the soil.

The abundance of Isotoma anglicana in suction samples, on the other hand, tended to 

increase with soil cadmium concentration. This species was also more abundant in 

litterbags collected from the zinc-rich and copper-rich plots, hence suggesting that it was 

tolerant to all tliree metals investigated. Isotomurus palustris also appeared to be 

tolerant to heavy metals, and the abundance of this species (when sampled by suction) 

was highest in the zinc-rich and cadmium-rich plots.

On the Auchincruive trial site, reproduction of Isotoma/Isotomurus species was

3



cadmium-rich sludge at Hartwood (but not at Auchincruive). The difference between 

sites was thought to be the result of differences in the composition of 

Isotoma/Isotomurus juveniles, with a larger proportion of the juveniles at Hartwood 

belonging to a metal sensitive species (e.g. I  viridis).

species in shorter grass.

IV

All tliree sampling methods indicated that the effects of season (and succession in the 

case of litterbags) were more pronounced than those of treatment. Isotoma notabilis 

was found to be an early coloniser of decomposing oak leaves, while I. palustris and /. 

anglicana were late colonisers. The species diversity was found to increase as f

decomposition progressed. Seasonal peaks in abundance were also found to be species 

specific, with some species reaching their maximum density in April (e.g.
I

Ceratophysella denticulata and Sminthurides malmgreni), others in May (e.g. 

Sminthurinus aureus and Isotoma/Isotomurus juveniles), and others in August (e.g. H. 

nitidis and L. cyaneus). Effects of grass cutting were apparent and several species (e.g.

I. viridis, Sminthurides pumilis and Tomocerus longicornis) were more abundant 

following cutting. Furthermore, the abundance of /. viridis, S. pumilis and T. 

longicornis was inversely related to gi'ass height. This was thought to be the 

consequence of pitfalls and suction samplers being more efficient at sampling these

.;i:s

In addition to the contaminated sludge experiment, initial research was also conducted 

to investigate the effects of the land application of phaimaceutical wastes on euedaphic 

and hemiedaphic Collembola. Two wastes, sodium ammonium sulphate (SAS) and 

aerobically treated sludge (ATS), were investigated using small plot trials. One year 

after SAS application, the collembolan community was more diverse and the species 

Folsomia Candida and Mesaphorura spp. were particularly favoured by SAS. As the 

effects of SAS were only studied one year after application, it is not laiown if the 

collembolan community was adversely affected by this waste immediately following 

application. Three months following the application of ATS waste, the collembolan 

density was found to be severely depleted in the ATS plots when compaied to both the 

inorganically fertilised plots and unfertilised control plots. Adverse effects appeared to

:3;-
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be non-specific and were thought to be a consequence of ATS containing low levels of
%

penicillin which adversely affect the micro-organisms on which Collembola feed.

The findings suggest that the best sampling regime for Collembola would be achieved s|

from combining methods which sample epigeal species (e.g. suction sampling and 

pitfall trapping) with methods which sample euedaphic species (e.g. litterbags). While 

suction sampling was more efficient at sampling epigeal species (e.g. Sminthurus 

viridis, T. longicornis and Dicyrtoma spp.), pitfall trapping caught more species that 

were strictly hemiedaphic (e.g. C  denticulata, S. aureus and S. pumilis). The best f

sampling regime for epigeal and hemiedaphic species should therefore include both 

pitfall trapping and suction sampling. A combination of both sampling methods also 

enables sub-lethal effects of chemicals on activity to be monitored, and in this study the 

cadmium sensitive species L. cyaneus was found to have a lower activity level in the 

cadmium-rich plots than the digested plots. Where sampling has to be limited to one 

method (e.g. on account of resource constraints), the choice of method should reflect its 

efficiency in sampling the type of species (euedapliic, hemiedaphic or epigeal) expected 

to be most susceptible to the management practice under investigation.

s
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Some commonly used abbreviations

ATS : Aerobically treated sludge
BOD: Biochemical oxygen demand
COD: Chemical oxygen demand
DCA: Detrended correspondence analysis
PTE’s: Potential toxic elements (e.g. cadmium, copper, zinc)
SAS: Sodium ammonium sulphate
AN: Ammonium nitrate
NPK: Inorganic fertiliser (specifically ammonium nitrate, triple superphosphate and

muriate of potash)
CEC: Council of the European Communities
NS: Non significant
df: Degrees freedom

V I1



CONTENTS

Chapter 1 Introduction

Chapter 2 Literature Review

2.1 Collembola

2.2 Fertilisers

2.3 Sewage sludge

2.4 The effects of fertilisers on Collembola

2.5 The effects of hea\y metals on Collembola

2.6 Adaptations of Collembola to heavy metals

2.7 Effects of other agricultural practices on Collembola

2.8 Effects of management in general

2.9 Sampling Collembola in grasslands

2.10 Comparing collembolan communities

Chapter 3 An introduction to the contaminated sludge trial

sites and to identification techniques

3.1 Trial sites and experimental design

3.2 Identification

3.3 The taxonomic status of some species

3.4 Amendments and additions

pages

pages

pages

pages

pages

page

pages

page

pages

pages

1-3

4-8

8-10

10-13

13-16

pages 16-18 

pages 18-23 

pages 23-25

26

pages 27-29 

pages 29-33

34-35

35

35-36

36-39 *

1
■I

s
S

Î
a

i

a

Ï

I
Ï

Chapter 4 Effects of sewage sludge on euedaphic and

hemiedaphic Collembola sampled by litterbags

4.1 Introduction

4.2 Sampling euedaphic and hemiedaphic Collembola

4.3 Methods

4.4 Statistical analysis

4.5 Results

4.6 Discussion

4.7 Main findings 

* Please note that Chapter 3 section 3.4 includes important amendments to the text following 

recommendations made prior to thesis binding.

viii

pages

pages

pages

pages

pages

pages

pages

40-43

43-46

46-49

49-51

51-64

64-69

69-70

I
I
I

I



:

Chapter 5

5.1

5.2

5.3

5.4

5.5

5.6

Effects of sewage sludge on hemiedaphic and epigeal 

Collembola as indicated by suction sampling

Introduction 

Methods

Statistical analysis 

Results 

Discussion 

Main findings

pages 71-72 

pages 73-77 

pages 77-79 

pages 79-100 

pages 101-106 

pages 106-107

Chapter 6

6.1

6.2

6.3

6.4

6.5

6.6

Effects of sewage sludge on hemiedaphic and epigeal 

Collembola sampled by pitfall trapping

Introduction 

Methods

Statistical analysis 

Results 

Discussion 

Main findings

pages 108-109 

pages 109-112 

pages 112-113 

pages 113-129 

pages 129-134 

pages 134-135

Chapter 7 A comparison between litterbags, suction samples and pitfall traps

7.1 Introduction

7.2 Species caught in litterbags, suction samples and 

pitfalls (1995)

7.3 Comparison between relative abundance of species 

caught in suction samples and pitfall traps

7.4 Effect of cadmium on activity

7.5 Discussion and recommendations for future study

pages 136-137

pages 137-140

pages 141-142 

pages 142-144 

pages 144-146

Chapter 8 Effects of pharmaceutical waste on euedaphic and 

hemiedaphic Collembola

8.1 Pharmaceutical wastes

8.2 Pharmaceutical Trial 1 - Introduction

8.3 Pharmaceutical Trial 1 - Methods

8.4 Phai*maceutical Trial 1 - Results

IX

pages 147-148 

pages 148-149 

pages 149-151 

pages 151-157

ii

I

a



8.5 Pharmaceutical Trial 1 - Discussion

8.6 Pharmaceutical Trial 2 - Introduction

8.7 Pharmaceutical Trial 2 - Methods

8.8 PhaiTnaceutical Trial 2 - Results

8.9 Pharmaceutical Trial 2 - Discussion

8.10 General Discussion

Chapter 9 General Conclusions

9.1 The influences of the metal-rich sludges 

on Collembola

9.2 Recommendations for future studies

Chapter 10 References

pages 157-159 

pages 159-160 

pages 160-162 

pages 163-168 

pages 168-169 

pages 170-171

pages 172-175 

pages 175-178

pages 179-202

APPENDICES

Appendix I 

Appendix II

Appendix III

Appendix IV

Appendix V

Appendix VI

Appendix VII

Appendix VIII

Appendix IX

Equations for diversity indices page 203

Sludge analysis fr om the Auchincruive contaminated 

sewage sludge experiment (1994) page 204

Soil analysis from the Auchincruive contaminated 

sewage sludge experimental site (1995) page 205

Species list for litterbags 1995 (Auchincruive 

contaminated sewage sludge experiment) page 206

Diversity values for litterbags (contaminated sewage 

sludge experiment Auchincruive: 1995) page 207

Block analysis from the Auchincruive contaminated 

sewage sludge experiment (1994) page 208

Soil Analysis fi-om the Auchincruive contaminated 

sewage sludge experiment (1994) page 209

Grass Yield from the Auchincruive contaminated 

sewage sludge experiment (1994) page 210

Codes for DCA species ordination page 211

:

it



Appendix X 

Appendix XI 

Appendix XII 

Appendix XIII 

Appendix XIV 

Appendix XV 

Appendix XVI 

Appendix XVII

Sludge analysis from the Auchincruive contaminated 

sewage sludge experiment (1995) page 212

Soil analysis from the Auchincruive contaminated 

sewage sludge experiment (1996) page 213

Species lists for suction samples taken the Auchincruive 

contaminated sewage sludge experiment page 214

Species list for suction samples taken at the Hartwood 

contaminated sewage sludge experiment (1996) page 215

Species list for pitfall traps taken the Auchincruive 

contaminated sewage sludge experiment page 216

Analyses of pharmaceutical wastes applied at Holms 

Field Auchincruive page 217

Species present in litterbags (1995) in ATS 

experiment Holms Field Auchincruive page 218

Species present in litterbags (1995) in SAS 

experiment Holms Field Auchincruive page 219

TABLES

Table 2.1 Maximum metal concentrations as set by CEC (1986) page 12

Table 4.1 Treatments page 46

Table 4.2 Effect of treatment and sampling date on species composition page 52

Table 4.3 Effect of date on collembolan diversity page 58

Table 4.4 Effect of block on collembolan diversity page 59

Table 4.5 The effect of treatment and block on decomposition page 63

Table 5.1 Treatments page 73

Table 5.2 Cadmium treatments sampled on 4 August 1996 page 76

Table 5.3 Effect of date and treatment on species sampled by

suction: Auchincruive 1995 page 80

Table 5.4 Effect of date and treatment on species sampled by

suction: Auchincruive 1996 page 82

Table 5.5 Relationship between grass height and species abundance page 100

XI



Table 5.6 Relationship between cadmium concentration and species

1
■if

abundance page 100
:31

Table 6.1 Treatments page 111 1
Table 6.2 Effect of date and treatment on species sampled by pitfall '3

traps: 1995 page 114

Table 6.3 Effect of date and treatment on species sampled by pitfall 3i
traps: 1996 page 115

Table 6.4 Relationship between grass height and species abundance page 128 :
Table 7.1 Comparison between litterbags, suction samples and pitfall A

traps (July 1995) page 138 1
Table 7.2 Species caught by suction samples and pitfalls 1996 page 140 t
Table 7.3 Comparison of pitfall traps and suction samples with respect ’"’S'

to species relative abundance page 142 1
Table 7.4 Effect of cadmium on activity level page 143 I
Table 8.1 Treatments studied page 150 :
Table 8.2 Comparing abundance between treatments page 153 1
Table 8.3 Comparing relative frequencies of species between treatments page 155 1
Table 8.4 Comparing the diversity between plots page 156 -
Table 8.5 Comparing the relative frequencies of sexual and asexual 3

individuals page 156

Table 8.6 Comparing the frequencies of euedaphic and hemiedaphic a-

individuals page 157

Table 8.7 Treatments studied page 161

Table 8.8 Comparing abundance between treatments page 164 , |

Table 8.9 Comparing relative frequencies of species between treatments page 166 1
Table 8.10 Comparing the diversity between treatments page 167 1
Table 8.11 Comparing the frequencies of sexual and asexual individuals page 167

'Table 8.12 Comparing the frequencies of euedaphic and hemiedaphic

individuals page 168
■ÿ-

ÎTable 9.1 Maximum metal concentrations set by CEC (1986) and

concentrations at SAC page 174 1

Xll ...



FIGURES

Figure 2.1 The five families of Em*opean Collembola page 5

Figure 2.2 Vertical distribution of Collembola page 6

Figure 4.1 The litterbag page 44

Figure 4.2 The modified Tullgren funnel page 45

Figure 4.3 SAC Auchincruive contaminated sludge plan showing

plots sampled by litterbags page 48

Figure 4.4 Burial and lifting times for litterbags page 47

Figure 4.5 Effect of date on abundance of H. nitidis, L. cyaneus

and Mesaphorura spp. irrespective of treatment page 53

Figure 4.6 Effect of date on abundance of sexual and asexual

individuals irrespective of treatment page 53

Figure 4.7 Effect of date on abundance of I. anglicana and

/. irrespective of treatment page 54

Figure 4.8 Effect of date on abundance of total Collembola, I. notabilis

and C. in*espective of treatment page 55

Figure 4.9 Effect of date on ecomorphology irrespective of treatment page 55

Figure 4.10 Effect of treatment on collembolan composition

irrespective of date page 56

Figure 4.11 Sample DCA ordination for litterbags (relative abundance) page 60

Figure 4.12 Species DCA ordination for litterbags (relative abundance) page 61

Figure 4.13 DCA ordination for 3/7/95 showing treatment split page 62

Figure 4.14 DCA ordination for 22/7/95 showing treatment split page 62

Figure 5.1 SAC Auchincruive contaminated sludge plan showing

plots sampled by suction page 74

Figure 5.2 Haitwood contaminated sludge plan showing plots sampled

by suction page 75

Figure 5.3 Effect of date on abundance of total Collembola and

/. (1996) irrespective of treatment page 81

Figure 5.4 Effect of date on abundance of I  maculatus, S. aureus 

m à Isotoma/Isotomurus ]vivtr]i\QS, (1996) irrespective 

of treatment page 83

xii)

I

:|

V

;

V'f

.1



Figure 5.5 Effect of date on abundance of 7. anglicana, 7 notabilis

and Y v/rzWA (1996) irrespective of treatment page 84

Figure 5.6 Effect of date on abundance of T. longicornis, L  cyaneus,

7 viridis and 77 nitidis (1996) irrespective of treatment page 85

Figure 5.7 Effect of date on abundance of C. denticulata and S.

ma/wgrezîz (1996) irrespective of treatment page 85

Figure 5.8 Effect of treatment on Collembola (1995) iiTespective of

date page 86

Figure 5.9 Effect of treatment on abundance of total Collembola,

77 nitidis and 7 maculatus (1996) irrespective of date page 87

Figure 5.10 Effect of treatment on abundance of 7 viridis and

7. (1996) irrespective of date page 88

Figure 5.11 Effect of treatment on abundance of 7 anglicana and

7 (1996) irrespective of date page 89

Figure 5.12 Effect of treatment on abundance of C. denticulata and

5. vzririz5 (1996) irrespective of date page 89

Figure 5.13 Effect of treatment on species composition at Hartwood

irrespective of date page 90

Figure 5.14 DCA sample ordination for suction samples:

Auchincmive 1995 page 91

Figure 5.15 DCA species ordination for suction samples:

Auchincruive 1995 page 92

Figure 5.16 DCA ordination for suction samples 1995: digested

treatments page 93

Figure 5.17 DCA ordination for suction samples 1995: undigested

treatments page 93

Figure 5.18 DCA sample ordination for Auchincruive suction

samples 1996 page 95

Figure 5.19 DCA species ordination for Auchincruive suction

samples 1996 page 95

Figure 5.20 DCA ordination 30 April (1996) page 97

Figure 5.21 DCA ordination 31 May (1996) page 97

Figure 5.22 DCA ordination 22 June (1996) page 97

Ï
I

I
:a [
f

I
3

■f

I
:|

Î
I
fis.
"3

I

II

:
XIV

..I:



Figure 5.23 DCA ordination 4 August (1996) page 97

Figure 5.24 DCA sample ordination for Hartwood 1996 (relative

abundance) page 98

Figure 5.25 DCA species ordination for Hartwood 1996 (relative

abundance) page 99

Figure 6.1 SAC Auchincruive contaminated sludge plan showing

plots sampled by pitfalls page 110

Figure 6.2 Effect of date on abundance of total Collembola and

I. palustris (1996) inuspective of treatment page 116

Figure 6.3 Effect of date on abundance of H. nitidis, I. viridis, S.

pumilis and L. cyaneus (1996) irrespective of treatment page 117

Figure 6.4 Effect of date on abundance of I. anglicana, Isotoma!Isotomurus

juveniles and S. aurues (1996) irrespective of treatment page 117

Figure 6.5 Effect of date on abundance of /. notabilis and /. maculatus.

(1996) irrespective of treatment page 118

Figure 6.6 Effect of treatment on species composition (1995)

iiTespective of date page 119

Figure 6.7 Effect of treatment on abundance of total Collembola, L

viridis and L. cyaneus (1996) irrespective of date page 120

Figure 6.8 Effect of treatment on abundance of K  nitidis, I  notabilis

and I. maculatus (1996) irrespective of date page 120

Figure 6.9 Effect of treatment on abundance of I. juveniles, I.

palustris and C. denticulata (1996) irrespective of date page 121

Figure 6.10 Sample DCA ordination for pitfalls 1995 (relative

abundance) page 122

Figure 6.11 DCA species ordination for pitfalls 1995 (relative

abundance) page 122

Figure 6,12 DCA ordination for pitfalls 1995: undigested treatment page 123

Figure 6.13 DCA ordination for pitfalls 1995: digested treatments page 124

Figure 6.14 Samples DCA ordination for pitfalls 1996 (relative

abundance page 125

Figure 6.15 DCA species ordination for pitfalls 1996 page 126

Figure 6,16 DCA ordination April data (1996) page 127

I:I
.1 :;

i

i;

XV



Hi!

Figure 6.17 DCA ordination May data (1996) page 127

Figure 6.18 DCA ordination June data (1996) page 127

Figure 6.19 DCA ordination August data (1996) page 127

Figure 6.20 Effect of treatment on size distribution of I. palustris on

1 August page 130

Figure 8.1 Layout of trial site page 151

Figure 8.2 DCA ordination for phai’maceutical trial 1 page 154

Figure 8.3 PhaiTnaceutical trial 2 site plan page 162

Figure 8.4 DCA ordination for pharmaceutical trial 2 page 165

"I
I:

i

I

I

XVI

3
ji*



1

î
CHAPTER 1. Introduction

The Commission of the European Communities Directive concerning urban waste water 

treatment, stipulates that by 1998 sewage sludge will no longer be eligible for disposal 

at sea (CEC 1991). With an estimated 1.1 million tonnes of sewage sludge (dry solids) 

produced armually in the UK (Smith 1996), alternative disposal methods must be found. 

It has therefore been predicted that in the next decade the disposal of sewage sludge on 

agricultural land will become more widespread (Rund 1995). Probably the main 

drawback in using sludge as an agricultural fertiliser lies in the fact that it contains 

significant quantities of heavy metals such as cadmium, zinc, lead and copper 

(Petruzzelli a/. 1994).

I

As heavy metals are persistent, they can accumulate to high levels in areas of long-term 

sludge application (Aitken et al. 1994). Adverse effects of metals in sludge have been 

found for euedaphic Collembola, aphids and mites (Lübben 1989; Culliney & Pimentel 

1986; Glockemami & Laiink 1989: respectively); earthworms have also been found to 

have elevated metal burdens in areas where sludge has been applied (Helmlce et al. 

1979; Kruse & Barrett 1985). More information is therefore required to determine the 

impact of sewage sludge (and in particular the heavy metals it contains) on invertebrates 

and to ascertain if current legislation governing the safe metal loading will protect all 

invertebrate species adequately.

In 1994, small plot trials were established which aimed to examine the effects of heavy 

metals in sewage sludge on soil microbial activity, agricultural productivity and long­

term soil fertility. The trials investigated sewage sludges that had been derived from 

treatment works with naturally high inputs of cadmium, copper or zinc, to enable effects 

of specific metals to be examined. As the effects of heavy metals in sewage sludge on 

insect communities has received little attention in contrast to the many studies on micro­

organisms (Smith 1996), it was decided to utilise these trials to investigate the effects of 

metal-rich sludges on Collembola (commonly Icnown as springtails).



I
Collembola are generally considered to be beneficial to agriculture as they regulate 

decomposition and mineralisation and hence promote soil fertility (Seastedt 1984). 

Furthermore, they are known to act as prey to polyphagous predators (e.g. beetles and 

spiders) and consequently help to maintain healthy populations of these useful predators 

(Frampton 1988). It is therefore important to be aware of the effects of agricultural 

practices on this essential group of ai*thropods.

Collembola have successfully been used as indicators of heavy metal pollution 

(Bengtsson & Rundgren 1988; Filser et al. 1995), and a previous study also found them 

to be sensitive to the application of metal-rich sludge (Lübben 1989). Collembola, as a 

consequence of their small size, provide useful monitors in small plot trials, where the 

use of lai’ger invertebrates would be inappropriate. Chapter 2 provides a literature 

review on the effects of environmental disturbances (in particular agricultural practices 

and heavy metal pollution) on Collembola.

Chapter 3 introduces the two contaminated sludge trial sites where Collembola were 

monitored, namely SAC Auchincruive, South Ayrshire, and Hartwood, Lanarkshire.
'

This chapter also describes the collembolan identification techniques used in this 

research.

In Chapter 4, an investigation into the effects of four different sewage sludges 

(specifically undigested, digested, copper-rich and zinc-rich) is reported. In this work 

litterbags were used to investigate the effects of these sludges on euedaphic and 

hemiedaphic Collembola and on the decomposition rate. The effects of season and 

succession on the collembolan population structure and diversity were also investigated 

using litterbags.

The effects of undigested, digested, copper-rich, zinc-rich and cadmium-rich sludges on 

hemiedaphic and epigeal Collembola are examined using suction in Chapter 5 and 

pitfalls in Chapters 6. The effects of season and grass cutting on Collembola and how

grass height influences the sampling efficiency of various species are also considered.

I



While litterbags sample euedaphic and hemiedaphic Collembola, pitfall traps and 

suction samplers both sample hemiedaphic and epigeal species. A comparison between 

the species caught by these three sampling methods is made in Chapter 7. The number 

of individuals of any species sampled by suction is thought to be directly related to their 

density, whereas, the number caught by pitfall traps is related to both the density and the 

activity of a species. The pitfall trap and suction data is therefore combined to 

detennine if sub-lethal effects of metals on activity occurred.

In Chapter 8, litterbags are used to determine the influences of two veiy different 

phannaceutical wastes on euedaphic and hemiedaphic Collembola. Some 

pharmaceutical wastes, like sewage sludges, are waste products which contain essential 

plant nutrients and therefore have the potential to be used as agricultural fertilisers. 

Current legislation permits pharmaceutical wastes to be used as fertilisers if they benefit 

the land without causing pollution (Aitken 1994).

In Chapter 9, the risks of applying the metal-contaminated sludge to agricultural land are 

assessed and cuirent safe metal loadings discussed on the basis of the findings. 

Recommendations for future studies are also given.



CHAPTER 2. Literature Review

2.1 Collembola

Taxonomy, physiology and distribution

Collembola (commonly known as springtails) are small (ranging in length from 0.2-10  

mm), primitive arthropods that lack complete metamoiphosis and moult throughout 

their life-span (Gillot 1995). They were originally placed in the subclass Apterygota 

(meaning wingless) within the class Insecta, but since their mouthparts ai*e different 

from all other insects, they aie now frequently placed in the class Ellipura along with the 

Protura (Gillot 1995).

The Em'opean Collembola are generally divided into five families (Fjellberg 1980): the 

globular Sminthuridae; the Poduridae (generally with an obvious prothorax and a 

granular cuticle); the highly varied Isotomidae; the often large and scaly (or hairy) 

Entombiydae; and the white, blind Onychiuridae (see Figure 2.1).

Collembola have a marked distribution pattern in the soil profile, and have been 

classified into tliree groups, principally using this distribution: the euedaphic species 

which live solely imderground (e.g. Folsomia Candida (Willem)); the hemiedaphic 

species that live principally in the litter layer (e.g. Isotoma notabilis Schaffer); and 

epigeal (or epedaphic) species that live above the ground and frequently climb the 

vegetation (e.g. Sminthurus viridis (Linné): Christiansen 1964). The morphology of

Collembola occur throughout the world and are found in habitats as diverse as caves, 

snow fields, the intertidal zone, bird nests and termite mounds (Wallwork 1970). They 

are frequently the most abundant grassland arthropods, with typical densities of 22,800 

m'^ (Sheals 1957), 27,000 m'^ (Dhillon & Gibson 1962) and 109,000 nr^ (Haarlov 1960) 

for Scotland, England and Denmark, respectively. Although about 6,500 species have 

been described to date, the actual number of existing species may be in excess of 50,000 

(Hopkin 1997).

these thi'ee groups is principally related to their vertical distribution (see Figure 2.2)

: - -3 2 ■■



Figure 2.1 The five families of European Collembola

Poduridae Entomobryidae

Isotomidae

Onychiuridae Sminthuridae



and these groups may therefore be termed ecomorphological groups. For example, the 

euedaphic species possess morphological adaptations to a subterranean existence 

including reduced appendages (e.g. legs, furca and antennae), the lack of dense scales or 

setae (both common in epigeal species), and the lack of coloured pigment and occelli 

(Wiles & Frampton 1996).

Figure 2.2 Vertical distribution of Collembola

-

N. J Epigeal Species

Hemiedaphic Species

Euedaphic Species
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Agricultural importance of Collembola

Only a few species of Collembola are considered detrimental to agriculture. For 

example, S. viridis frequently damages clover and peas, while Protaphorura armata 

(Tullberg) damages sugar beet seedlings (Sievers & Ulber 1990). The vast majority of 

collembolan species are, however, generally regarded as beneficial to agriculture. In 

particular, they are an important source of food for larger invertebrates such as lyniphiid 

spiders and Coleoptera (Sunderland 1975). The carabid beetle Loricera pilicornis is 

specially adapted to capture Collembola with its extremely hairy antennae (Hintzpeler & 

Bauer 1986). These polyphagous predators also consume small agricultural pests (such 

as aphids and mites), and therefore Collembola are indirectly profitable to agriculture



through helping to maintain larger populations of these beneficial predators. There is 

also evidence that Collembola protect plants from root pathogens thiough the selective 

grazing of fungi (Curl & Harper 1990). Finally they are thought to play an important 

role in decomposition and mineralisation (see below).

The role of Collembola in decomposition

Although a few species of Collembola are phytophagous, saprophagous and even 

predacious, it is generally accepted the majority are mycophagous. It is therefore hardly 

surprising that although fungi and bacteria are directly responsible for most of the 

organic breakdown in soil, Collembola act as regulators to the decomposition process. 

For example, in litterbags where the litter arthropods were eliminated the rate of 

decomposition was reduced by, on average, 23% (Seastedt 1984). Collembola are 

thought to act as regulators through the following processes.

Collembola may also promote fungal growth through the distribution of frmgal spores 

(Hanlon & Anderson 1979), and through the stimulation of spores to germinate by 

passage through the gut (MacFadyen 1978). It would therefore appear that the effects of 

Collembola on fungi are dependent on several factors including nutrient availability, 

grazing intensity, spore distribution and spore germination.

iInteractions with fungi: Engelmann (1961) suggested that the removal of senescent 

fungal tissue by Collembola stimulates growth and remobilizes nutrients bound in 

fungal biomass in the form of coilembolan faeces. As Collembola tend to aggregate 

together, it is likely that their grazing is of considerable local significance for nutrient 

mobilisation. Although the respiration rate of micro-flora is generally increased by 

grazing, it has been noticed that this rate may be decreased if overgrazing occurs
'

(Hanlon & Anderson 1979). It has also been observed that while grazing by F. Candida 

increased bacterial standing crops, it decreased fungal standing crops (Hanlon &

Anderson 1979). Furthermore, grazing did not increase fungal respiration when
■

nutrients were limiting but did increase it at higher nutrient levels.
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Preferential grazing: Klironoraos et al. (1992) discovered that through preferentially 

grazing dark pigmented fungi on decomposing leaf litter, F. Candida increased the rate 

that the dark pigmented primaiy saprophytes (commonly demaiaceous fungi) were 

replaced by non-pigmented secondary saprophytes. Other studies have also indicated 

that Collembola prefer to feed on dark pigmented fungi (Mills & Sinha 1971; Aitchison 

1983). Tills supports the hypothesis that through selective grazing fungal succession is 

accelerated by favouring the colonisation of secondary saprophytes.

Collembola are therefore regarded as important regulators in the decomposition and 

mineralisation of organic matter through their interactions with fungi, bactivorous 

nematodes and bacteria.

Enhancing bacteria growth: The guts of Collembola may form favourable

environments for bacterial growth (Hanlon & Anderson 1979), and enhanced microbial 

activity has been observed in the faeces of other soil animals (e.g. the millipede 

Glomeris marginata (Villers): Anderson & Bignell 1980). Digestive transit may also 

assure chemical and biological breakdown, and the mixing of mineral and organic 

elements with micro-organisms (Hanlon & Anderson 1979). Through the fragmentation 

of organic matter, Collembola expose new surfaces thus increasing the surface area for

microbial attack (Bird & Chatarpaul 1986). Predacious Collembola (e.g. Friesea 

mirabilis (Tullberg)) may also have an indirect effect on bacterial growth through 

regulating the density of bactivorous nematodes (Blair & Crossley 1988).

2.2 Fertilisers
-,j=:

Cron nutrition

In addition to carbon, hydrogen and oxygen (obtained from the air and water), plants 

require an adequate supply of other essential nutrients from the soil. The most 

important of these are nitrogen, phosphorus and potassium (N, P and K respectively).

Soil levels of these nutrients are often the limiting factor to plant growth (Simpson



1986). By artificially increasing nutrient levels tln'ough fertilisation, the crop yield can 

be greatly increased. With today’s increasing food demands it is becoming essential to 

obtain the optimum yield from the available agricultural land.

Two categories of fertilisers are generally recognised: organic manures (e.g. sewage 

sludge, seaweed and sluiry), and inorganic fertilisers that are frequently aitificially 

produced (e.g. potassium chloride). Artificially produced inorganic fertilisers can be 

designed to meet the exact requirements of a crop in a particular area. Organic 

fertilisers ai'e generally the by-product of some other process and are therefore less 

expensive than aitificial fertilisers. For example slurry (a by-product of livestock 

farming) and sludge from paper mills are both used as organic fertilisers (Smith 1996).

i

Organic fertilisers also have the added bonus of enhancing organic matter content and 

hence the physical structure of the soil.

I

Pharmaceutical waste

Pharmaceutical companies produce large quantities of waste, the majority of which 

comes from the fermentation processes that produce steroids and antibiotics. This waste 

consists predominantly of fungi mycelium (from the fermentation micro-organism) and 

left over substrate, such as molasses (which has provided the organism with food during 

fermentation). Consequently it contains significant quantities of nitrogen, phosphorus 

and potassium (plant macro-nutrients), and lower concentrations of plant micro­

nutrients such as zinc, magnesium and calcium (Larsen et al 1991). It is therefore 

considered essentially non-toxic and is seldom polluted by heavy metals (Larsen et al 

1991). Despite this, disposal still provides a problem as a consequence of the high level 

of biologically degradable material which can cause eutrophication in aquatic 

environments (Larsen et a l 1991).

Pharmaceutical waste has the potential for use as an organic fertiliser since it contains

the essential plant nutrients, possess little threat of pollution (at least in the long-teiin),

and has been shown to increase crop yields (De Roo 1975; Volz & Heichel 1979).
.Under cun*ent legislation in the UK, the application of pharmaceutical waste to
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agricultural land is pennitted if the material is applied “to fertilise or beneficially 

condition the land” and does not cause pollution (Aitken 1994). Furthermore, 

pharmaceutical companies are looking for alternative methods of disposal (Wright 

1978), and would be prepared to make waste available at minimum costs (Larsen et al 

1991). If the use of pharmaceutical waste is to become more widespread, further studies 

are needed to determine the possibility of pollution (especially from antibiotics, salt and 

zinc) and any deleterious effects land application may have on the invertebrate fauna.

2.3 Sewage sludge

It is estimated that in the UK 1.1 million tonnes of sewage sludge (dry solids) is 

produced annually (Smith 1996). Forty-four percent of sludge produced in the UK is 

used as an agricultural fertiliser, while 30% is currently disposed of at sea. However, a 

Commission of the European Communities (CEC) Directive stipulates that by 1998

sludge will no longer be eligible for disposal at sea (CEC 1991). Since this is one of the 

primary methods of sludge disposal in the UK, alternative methods must be found. 

Recycling sludge by using it as an agricultural fertiliser not only provides a cheap source 

of fertiliser, but also a more efficient and environmentally friendly method of sludge 

disposal than alternative methods (e.g. incineration and landfill). In the next decade it is 

therefore likely that the use of sewage sludge as fertiliser will become more widespread. 

For example, the UK Department of Environment predicts that between 1991 and 2006 

the amount of sludge used for agricultural purposes will almost double from 465,000 to 

926,000 tonnes (Rund 1995),

Sewage sludge not only contains the essential plant nutrients N and P (estimated average 

content of N and P in sludge dry solids is 3.8% and 2.2% respectively: Smith 1996), but 

also has a high organic matter content (e.g. 50%: Smith 1996). The addition of organic 

matter can improve the physical structure and water retention capacity of the soil, 

especially in areas where the soil is impoverished and sandy. In addition, sludge is 

potentially a source of sulphur and plant micro-nutrients such as copper, magnesium and 

zinc (Smith 1996). I

- I'",
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Potentially toxic elements in sewage sludge

Elements such as copper and zinc are not usually considered beneficial in sewage sludge 

because they aie generally present natui'ally in the soil at levels sufficient to meet the 

crop’s requirement. Indeed heavy metals such as copper, zinc, lead, cadmium and 

nickel are considered one of the main drawbacks in using sewage sludge as an 

agricultural fertiliser (Petruzzelli et a l 1994). These elements, collectively known as 

potentially toxic elements (PTEs), are persistent and will accumulate in the upper layers 

of the soil where they can reach levels that are potentially toxic to plants and animals 

(Posthuma et al. 1993; Van Straalen et al. 1987). High levels of cadmium have been 

found in the livers and kidneys of lamb’s grazing on pasture fertilised with sewage 

sludge (Coghlan 1997).

I

Levels of metals derived from industry (e.g. cadmium, chromium and nickel) have, on 

the whole, decreased in sewage sludge principally as a result of more stringent controls. 

For example, cadmium levels have decreased by 30% in the past decade (Smith 1996). 

It is thought that the phasing-out of leaded fuel should also significantly reduce tire 

levels of lead entering the sewage system (Comber & Gumi 1994). It is more difficult to 

control metals such as copper and zinc that ai'c principally derived from domestic waste. 

It has been estimated that 62% of the copper and 64% of the zinc (Critchley & Agg

1986) entering a UK sewer system came from domestic sources. The principal source 

of contamination by these two metals is thought to be from the galvanisation and 

subsequent corrosion of domestic plumbing systems. Consequently these two metals 

generally limit the application of sewage sludge to agricultural land in the UK (Smith 

1996). Levels of mercury have remained static over the past decade, while other metals 

(including zinc and copper) have decreased (Smith 1996). It has been proposed that 

mercury (thought to be principally derived from dental waste) has the potential to 

become the limiting element in the future (Smith 1996). However, as mercury is no 

longer used by dental practitioners, it is likely levels of mercury in sewage sludge will 

also drop. Since heavy metals are persistent, and can therefore accumulate in the soil to 

potentially toxic levels, the agricultural use of sewage sludge must be carefully 

regulated.

v>;



Legislation’s involving PTE’s and sewage sludge

The CEC’s 1986 Directive on “The protection of the enviromiient, and in particular the 

soil, when sewage sludge is used in agricultural land” addresses the problem of PTE’s in 

sewage sludge (CEC 1986). As part of this Directive, tables containing sludge and soil 

limits of heavy metals have been devised based on the available scientific research (See 

Table 2.1). There is, however, little available data on the effects of PTE’s in sewage 

sludge on invertebrates and more work is needed to ensure current legislation (as stated 

in the 1986 directive) will be sufficient to protect the invertebrate fauna.

Table 2.1 Maximum metal concentrations as set by CEC (1986)

Cadmium Zinc Copper
Sludge 40 mg kg‘‘ 4,000 mg kg-' 1,750 mg kg-‘
Soil 3 mg kg-' 300 mg kg-' 140 mg kg-'
Maximum application rate 0.15 kg ha‘'yr-' 30 kg ha-' yr-' 12 kg ha-' yr-'

Factors affecting the bioavailabilitv of PTE’s in sludge and soil

pH: Soil pH is considered the most important factor influencing the bioavailabilit)^ of 

PTE’s (Smith 1996). With the exception of selenium and molybdenum, the 

bioavailability of heavy metals decreases as soil pH increases (Chang et ah 1983). This 

is the result of a decrease in metal mobility as they form insoluble precipitations of 

hydroxides, carbonates and organic complexes in more alkaline soil (Kiekens 1984). 

Current UK legislation (CEC 1986) compensates for pH changes in bioavailability of 

zinc, copper and nickel by setting lower acceptable concentrations in acidic soils (pH < 

6) and prohibiting the application of sludge on land where the soil pH is less than 5. 

Likewise, higher permissible values of metals are set for soils with a pH greater than 7. 

Since heavy metals are persistent, remaining in bioavailable forms in excess of ten years 

(Benninger-Truax & Taylor 1993), long-term monitoring is essential even when sludge 

application has been terminated. It is particularly important to maintain the soil pH as 

any decrease in pH (for example from acid rain) would result in an increase in metal 

availability to potentially toxic levels.

Organic matter: Organic matter (in the soil and sludge) bonds with PTE’s rendering

12



them less available for uptake by plants (Petruzzelli et al. 1978). However, it has been 

suggested that as the organic matter in the sludge decomposes, the PTE’s will be 

released hence becoming available. This has been termed the time “bomb effect”

(Beckett & Davis 1979) as it predicts a large increase in metal availability on cessation 

of sludge application (as the organic matter decomposes). However, some studies 

contradict this theory and heavy metal uptake by crops has been found to remain 

constant once application has been terminated (McGrath 1987).

Sludge properties: The fonn of PTE’s in sludge not only depends on the catchment area 

of the sewage works but also the sludge treatment process. Aluminium polychloride f

conditioning generally extracts less PTE’s than conditioning by iron chloride and 

calcium hydroxide (Petruzzelli et al. 1994). This is likely to be a consequence of 

enhanced metal hydroxide precipitation in alkaline conditions. Metals in liquid sludge 

were found to be more available to plants compared with solid sludge (Carlton-Smith

1987): Tills was thought to be the result of the sludge (and hence metals) coming into 

closer contact with the root system.

2.4 The effects of fertilisers on Collembola

#
Inorganic fertilisers

Siepel & Van de Bund (1988) applied canonical conespondence analysis to 

microarthropod (Acarina and Collembola) data from a range of grassland sites in the 

Netherlands. They fomid that inorganic fertilisers had the greatest influence on 

microarthropod population structure, while grass cutting and grazing were of minor f

13
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importance. Inorganic fertilisers generally increase the abundance of total Collembola 

and also change the population stmctiue. Isotoma notabilis, Lepidocyrtus cyaneus 

(Tullberg), Folsomia multiseta Stach, Sminthurinus aureus (Lubbock), Proisotoma 

minuta (Tullberg) and Isotoma viridis (Bourlet) are favoured by fertilisation, while 

Schoetella ununguiculata (Tullberg) is not (Marshall 1977). Very high fertilisation rates 

(390 kg N ha' yr'), were found to adversely affect all coilembolan species (Siepel & 

Van de Bund 1988). This may have been a consequence of the increased salt content



(which may cause desiccation), or impurities such as copper or chlorine present in the 

fertiliser (Marshall 1977). Fertilisers generally cause changes in pH (some fertilisers are 

alkali e.g. calcium nitrate, while others are acidic e.g. sodium sulphate), changes in the 

carbon/nitrogen ratio, increases in available nutrients, and changes in the micro and 

macro-flora (Curry 1994). It is therefore difficult to say whether changes in the 

coilembolan community were the result of the fertilisers or associated environmental 

changes (for example an increased food supply).

14

Organic fertiliser

Farmyard manure contains high levels of organic matter, and the increase in density of

Collembola that regulai'ly follows slurry application is thought to be principally the

result of an increased food supply (Marshall 1977; Lübben 1989). Gusenleitner (1959),

however, found a reduction in coilembolan density one month after application of

liquid-manure and adverse effects were still detectable over one year following

application. This could have been the result of oxygen depletion (and the subsequent 
.anaerobic conditions) that can follow application, heavy metal impurities, or the liigh

levels of ammonia and soluble salts (e.g. eailhworms are particularly sensitive to liquid- 

manure mainly as a consequence of the high ammonia and salt concentrations: Marshall 

1977). Long-term use (22 years) of liquid-manure was found by Gunhold (1957) to 

adversely alter the coilembolan community structure; eliminating all but manure-loving 

species (e.g. Stenaphorura quadrispina Borner, L, cyaneus and Folsomia quadrioculata 

(Tullberg)) and the water-loving Isotomurus palustris (Müller). Like inorganic 

fertilisers, organic fertilisers generally enhance the macro and micro-floral community. 

This in turn provides more food for Collembola and increased plant cover which 

generally dampens external temperature fluctuations making the micro-habitat more 

favourable. In addition, manure increases the organic matter content of the soil and 

therefore improves the soils physical structure and provides food directly (Marshall 

1977).

Sewage sludge

Sewage sludge, like farmyard manure, has high organic matter levels and therefore has



similar effects on Collembola through the same channels (e.g. direct and indirect 

increases in food abundance, improving soil structure and increasing plant cover). 

Sludge application has been found to increase the diversity and abundance of ground 

beetles (Larsen et a l 1996), the density of soil nematodes (Larink et a l 1990) and the 

density of Gasmidae mites (Glockemarm & Larink 1989). Unsurprisingly, the addition 

of sewage sludge is also highly beneficial to Collembola (Holler-Land 1959; Lübben 

1989), with the exception of Isotomodes productus (Axelson) which actually preferred 

control plots (Lübben 1989). However, the positive aspect of recycling nutrients may be

counteracted by the contamination risk of heavy metals and organic compounds present
■

in sewage sludge (Smith 1996).

Heavy metals are particularly troublesome because they are persistent. Heavy metal 

concentrations (cadmium, zinc, copper and lead) in soil, earthwonns, spiders and plants

have been found to be greater in sludge treated plots than control plots (Benninger- 

Truax & Taylor 1993). Furthermore, negative effects of heavy metals (cadmium, nickel, 

chromium, zinc and copper) in sewage sludge have been found for tlrree mites species: 

namely Hypoaspis aculeifer (Canestrini), Dendrolaelaps samsinaki Hirsclimann and 

Pergamasus septentrionalis Oudemans (Glockemarm & Larink 1989). Beetles, 

however, appear to be unaffected by heavy metals in sewage sludge and this may be 

related to their efficient detoxification process (Larsen et a l 1996).

An experiment involving small plots (4.5m x 6.4m) was conducted in Braunschweig,

Germany between 1980-1987, to investigate the effects of heavy metals in sewage 

sludge on euedaphic Collembola (Lübben 1989). Sludge was either of low metal 

content or was artificially contaminated with heavy metal salts (zinc, cadmium, copper, 

nickel, chromium and lead). Two different application rates were also examined; high 

sludge (300 m%a-' yr') and low sludge (100 m%a' yr'). On all plots receiving sludge 

the abundance of Collembola was higher than control plots, and heavy metals had no 

effect on overall coilembolan abundance. However, at the species level differences 

were found; I. notabilis, Cryptopygus thermophilus (Axelson), Willemia intermedia 

Mills and S. aureus were all found in lower numbers on the contaminated sludge plots

I
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than on the uncontaniinated plots. Other species, namely Mesaphorura spp., F. 

Candida, Bourletiella hortensis Fitch and Sphaeridia spp. appeared to favour 

contaminated plots.

coilembolan abundance, more subtle effects can be observed at the species level.

16
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Experiments to date therefore suggest that the land application of sewage sludge to

grassland enhances coilembolan abundance and changes the population structure.
,:î

Furthermore, although heavy metals in sludge do not adversely affect the total

2.5 The effects of heavy metals on Collembola

Effects of heaw  metals in the field
*

Collembola (as a group) are able to withstand high concentrations of heavy metals and y

individual growth rate tends to be affected long before an increase in mortality is 

observed (Bengtsson et al. 1983; Joosse & Verhoef 1983). This is likely to be the result T

of a low metal assimilation rate combined with an efficient excretory system (e.g. only
'I'

0.13% of ingested lead was accumulated permanently in the body: Hâgvar & i;
:

Abrahamsen 1990). It has been observed that Collembola were the least affected group 

of soil arthropods near a zinc smelter (Strojan 1978a). Furthermore, Collembola tend to 

accumulate much lower concentrations of heavy metals than for example isopods, 

earthworms and spiders (Janssen & Hogervorst 1993). However, lead concentrations 

were foimd to be higher in Orchesella cincta (Linné) than isopods, diplods and 

Coleoptera in a study by Rabitsch ( 1995).

y
Although Collembola (as a group) appear to be to be relatively imaffected by heavy g

Î
metals, there appears to be species specific differences in sensitivity. Several field 

studies have found tliat while the overall coilembolan density remains unaffected by 

metal pollution, more subtle effects on the population structure occur (Strojan 1978a;

Tyler et al. 1984; Muskett & Jones 1980; Lübben 1989). Tranvik et al. (1993) found a 

decrease in abundance of Isotomiella minor (Schaffer), and an increase in Folsomia 

fimetarioides (Axelson) along a metal gradient towards a brass mill. Isotomiella minor 

was also described as a metal sensitive species (occurring only at low lead levels - < lg  |

t
I



kg-' of soil) by Hâgvar & Abraliamsen (1990) who studied the fauna in a naturally lead-

Posthuma et al. (1993) and Joosse & Verhoef (1983) found that growth rate and egg 

production in O. cincta decreased when they were fed on Pleurococcus algae 

contaminated with lead. This was not necessarily the result of the energetic demands of 

excretion as a decrease in metabolic rate was also found in lead contaminated 

Collembola. This decrease in metabolic rate could be caused by a decrease in food

17
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contaminated soil. Folsomia sensihilis Kseneman and Mesaphorura yossi Rusek were f

also described as sensitive while F. quadrioculata, O. armatus and F. mirabilis were 

described as tolerant (occurring abundantly at 3-5 g Pb kg ', 10 g Pb kg ' and > 15 g Pb 

kg-' of soil, respectively: Hâgvar & Abrahamsen 1990). Isotoma olivacea Tullberg was 

actually more abundant in polluted areas and was rare in unpolluted areas (Hâgvai- & 

Abrahamsen 1990). Although the total coilembolan density showed hardly any decrease 

at the more contaminated areas (10 g Pb kg ' of soil), due to an increase in abundance of

I  olivacea the diversity was severely reduced. Coilembolan diversity may be reduced 

directly thi'ough toxic effects, or indirectly through a decrease in food resources, 

predators or change in vegetation structure (though the latter was discounted by Hâgvar 

& Abrahamsen 1990).

:

Effects of heaw  metals on growth, reproduction and energy demands 

Several laboratory studies have been conducted on Collembola to examine the effects of 

heavy metals on life-history traits (Joosse & Verhoef 1983; Bengtsson et al. 1983,

1985a). Onychiurus armatus decreased their growth rate (Bengtsson et al. 1983; 1985a) 

and number of eggs produced (Bengtsson et al. 1983; Tranvik et al. 1993) when fed on 

fungi with high levels of lead and copper (150 and 300 ppm metal). As fertility in O.

armatus is related to body size (Bengtsson et al 1983), heavy metals not only affected
'S

fertility directly through a decrease in egg number, but also indirectly through the #

reduction in adult size attained. The reduction in growth rate was, however, alleviated 

when the Collembola had access to an abundance of nitrogen enriched fungi (Bengtsson 

et al. 1985a). It is therefore possible that the adverse effects of metals on O. armatus 

growth rate was a consequence of less energy being available for growth. This is likely 

the result of the additional energy demands of detoxification processes.
I



consumption (contaminated food may be less palatable), or an inhibition of respiratory 

enzymes which, in turn, could result in the decrease in growth and reproduction 

observed.

The metal concentrations used in these laboratory experiments are comparable to metal 

levels found in areas near metal smelters and mills (Bengtsson et al. 1983). Detrimental 

effects of heavy metals at contaminated sites may therefore be occurring through 

changes in growth rate and reproduction. Such changes would not be determined simply 

from sampling the polluted area to determine the species abundance and composition.
i

Effects of heaw  metals on decomposition

A reduction in soil respiration rate and nitrification as a consequence of liigh heavy 

metal pollution has been found in the lab (Komulainen & Mikola 1995). Furthermore, 

in intensely polluted forest areas where the Collembola diversity^ was depleted, 

decomposition and mineralisation were found to be retarded (Strojan 1978b; Rüliling & 

Tyler 1973; Hâgvar & Abrahamsen 1990). These findings were likely to be the result 

of changes in invertebrate species composition and of an overall decrease in activity of 

the soil fauna and flora in general. It has been predicted that microartliropod species 

that digest fungal cell walls (where heavy metals generally accumulate) will be more 

susceptible to metal poisoning (Siepel 1994). It has been shown that such species have I
the greatest influence on decomposition (Siepel & Maaskamp 1994), and hence the 

observed decrease in decomposition rate may be expected in polluted areas.

■ÿ:i
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2.6 Adaptations of Collembola to heaw  metals

Heavy metals are considered to present a stable, permanent and often intense selection 

pressure since they are non-degradable substances that ai’e toxic at high concentrations 

(Posthuma & Van Straalen 1993). Natural selection is therefore likely to favour 

resistant individuals in polluted areas. Selection may result in one or more of the 

following; behavioural adaptations, physiological adaptations and life-history 

adaptations.

I
" V.
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Behavioural adaptations to heaw  metals

The ability to avoid metal polluted food has been observed in isopods and Collembola 

(e.g. O. cincta'. Joosse & Verhoef 1983). Tranvik & Eijsackers (1989) found that F.
_

fimetarioides preferred metal tolerant fungi while I. minor preferred metal sensitive 

species. In addition to selecting metal tolerant fungal species, F. fimetarioides was 

found to be able to distinguish between metal contaminated food and clean food, an 

ability I. minor did not share. This suggested that F. fimetarioides had a competitive 

advantage over I. minor in polluted areas. Indeed an almost inverse relationship was 

found between F. fimetarioides and 1. minor along a metal gradient at Gusum brass mill,

Sweden, with F. fimetarioides dominating the most polluted areas (Bengtsson &

Rundgren 1988). It must however, be noted that while I. minor specimens for this 

experiment were collected from an unpolluted area, F. fimetarioides were collected 

from a polluted area. It is therefore possible that the differences observed were not the 

result of species adaptation but of individual acclimatisation.

S

I
Bengtsson and Rundgren (1988) found an increase in Collembola at a depth of 2-10 cm 

in polluted areas and suggested that Collembola migrated down the soil profile to less 

polluted soil. Collembola are known to migrate deeper into the soil to avoid adverse 

weather conditions (Hale 1967; Has sail et a l 1986), and it is possible that they could do 

the same to avoid heavy metals, especially since metal concentrations are Icnown to 

decrease with increased soil depth (Bengtsson & Rundgren 1988). Collembola from 

polluted areas could therefore have behavioural adaptations which enable them to avoid 

polluted micro-habitats and food.

The behavioural avoidance of polluted micro-habitats and food could explain why O. 

armatus fed on copper-enriched fungi in the laboratoiy had higher copper burdens than 

species collected in soils of a con-esponding copper concentration (Bengtsson & 

Rundgren 1988). However, this may also have been the consequence of copper being 

present in less available forms in the field.



Physiological adaptations to heavy metals

Several species of invertebrates are known to have organs associated with the 

detoxification of heavy metals. Earthwonns concentrate metals in metal binding cells 

known as chlorangocytes (Ireland & Richards 1977), while snails are known to 

concentrate lead in their midgut gland (Hopkin 1989). Studies of the gut wall of the 

Collembola Tomocerus minor (Lubbock) and O. cincta (Humbert 1978; Van Straalen et 

a l 1987: respectively) have fotmd many granules that are thought to have been expelled 

into the gut lumen by exocytosis. It is thought that these granules have an affinity for 

heavy metals, forming strong chemical bonds. During moulting, the complete midgut 

epithelium (including the gianules) is lost. High concentrations of lead have been found 

in the exfoliated gut of O. cincta fed a lead-enriched diet (Joosse & Buker 1979), and 

hence it is thought this is the primary method of excreting assimilated hea\y metals in 

Collembola (Joosse & Verhoef 1983; Van Straalen et a l  1987). Orchesella cincta 

specimens collected from long-term or intensely polluted sites were found to be more

As a consequence of their ability to eliminate heavy metals, coilembolan body burdens 

of lead, cadmium and zinc have been found to be lower than other soil invertebrates 

(Van Straalen & Van Wensem 1986). However, even in Collembola excretion

I

;
I

efficient at excreting cadmium and lead than specimens from pristine habitats (Van 

Straalen et a l 1987). This excretion efficiency was not affected by the exposure level of 

the metals or exposui'e time. This suggests enhanced excretion was a genetic adaptation

to heavy metals rather than physiological acclimatisation. However, this study did not 

investigate whether the increase in excretion efficiency was an adaptation to heavy

metals, since the progeny of the individuals in the polluted area were not investigated 

and therefore it was not known whether they also showed a greater excretion of metals.

I

efficiency seldom reaches 100% (Van Straalen et al 1987) and, under continuous 

exposure, metals may accumulate to toxic levels. Detoxification mechanisms are also 

thought to be energetically costly, and in earthwonns a decrease in glycogen reserves 

has been associated with lead sequestration (Richards & Ireland 1978). Posthuma et al 

(1993) found O. cincta derived from polluted populations had a higher mortality rate

I
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than individuals derived from unpolluted populations when exposed to low metal

concentrations in the laboratory. This may indicate a trade-off between tolerance T
'7

development and longevity (possibly due to the faster growth rate of juveniles). Life- ;|;

history traits such as growth rate and reproduction may therefore be affected indirectly 

through the decrease in available energy.

Life-historv adaptations to heaw  metals

Natural selection may also act on life-history traits directly. For example, if the density 

of individuals in a habitat is reduced below it’s canying capacity (e.g. if  lots of 

individuals are killed by metal poisoning), competition will decrease and density 

dependant factors (e.g. food) will no longer be the main driving force of selection. 

Species and individuals that have rapid growth, earlier reproduction and increased 

allocation per clutch will be favoured in such an uncrowded environment (i.e. the

population will become more r-selected than K-selected: Begon & Mortimer 1981).

Schaffer (1974) proposed that when an environment has greater juvenile mortality K- |

selected individuals will be favoured, but when mortality is greater in adults r-selected I
individuals will be favoured As heavy metals are persistent, and excretion in 

Collembola is seldom 100% (Van Straalen et al. 1987), it is probable that the adverse 

effect of metals will increase with age (especially if juveniles grow quicker and hence 

moult more frequently). Again life-history theories predict that in a metal polluted
I;

environment evolution will favour smaller adults, earlier maturation and increased 

clutch size (i.e. r-selected individuals).

Several laboratory based experiments have been conducted with Collembola to test the 

validity of these predictions (Posthuma et al. 1993; Tranvik et al. 1993). Orchesella
■

cincta (Posthuma et al. 1993) and O. armatus (Tranvik et al. 1993) derived from 

polluted populations were found to have increased juvenile growth rate hence reaching T

maturity earlier than Collembola derived from pristine habitats. Metal adapted O. 

armatus and I. notabilis were found to have an increased clutch allocation (Tranvik et '%

al. 1993). Through increasing both their reproductive rate and tlirough earlier 

maturation, metal-adapted Collembola become more r-selected as predicted by the
•■.4!
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theoiy of life-history evolution. As these differences were observed in the progeny of 

the Collembola they could be concluded to be inherited, not simply occurring through 

acclimatisation.

The increased reproductive rate (through earlier maturation and/or increased clutch 

allocation) cannot, however, be concluded to be an adaptation to heavy metals because 

polluted habitats often differ from pristine habitats with respect to food, predators and 

vegetation (Posthuma et a l 1993). Natural selection may have acted on any of the 

above environmental changes. However, the study by Tranvik et al. (1993) looked at 

Collembola along a metal gradient and suggested metals were a prime factor of 

importance.

The sensitivity of life-history characteristics to metals depends on the species and the 

life-history characteristics. For example in O. cincta the cadmium NOEC (no observed 

effect.concentration) for growth was 0.042 pmol g-‘ food while that for clutch size was a 

much higher 0.5 jjmol g ' food (Posthuma et al. 1993). In O. armatus, on the other hand, 

the most sensitive life-history characteristic was egg production (Bengtsson et al 

1985b). It can be assumed that evolutionary modifications will occur first to life-history 

characteristics with low NOEC. This prediction was confirmed for O. cincta with 

growth rate increasing while clutch size remained unchanged in metal polluted 

Collembola (Posthuma et al 1993). It would therefore be expected that populations (or 

species) with low genetic variation for life-history characteristics, and/or have low 

NOEC for life-history characteristics, are more prone to extinction (Posthuma et al 

1993).

Life-history theory has been taken one step further by Siepel (1995). He suggested that 

in a polluted environment asexual species will be preferred. These species are 

considered to produce more offspring and are therefore more r-selected. Siepel (1995) 

proposed that a chance mutation, resulting in a pollutant resistant clone, will be fixed 

more quickly in an asexual population, as it is not recombined eveiy generation as a
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2.7 Effects of other agricultural practices on Collembola

Folsomia fimetaria Linné was found to be able to detect and avoid the 

organophosphorous insecticide, dimethoate, under laboratory conditions (Fabian & 

Petersen 1994). In the field, however, there was no evidence that dimethoate influenced 

the distribution of F. fimetaria. This suggests it could not escape from the insecticide in 

the thi'ee-dimensional soil system, and therefore succumbed to it’s toxic effects (Fabian 

& Petersen 1994).

Ku'ogh (1991) was able to classify Collembola into two groups with respect to the effect 

of the pesticide isofenphos: resilient species (euedaphic species - e.g. Mesaphorura spp.

sexual mutation would be. He found a positive correlation between the number of 

parthenogenetic microaithropods and the concentration of hea\y metals, supporting this 

hypothesis (Siepel 1995). It is therefore possibly that the percentage of parthenogenetic 

species may be a good indication of heavy metal pollution.

Insecticides, fungicides and herbicides

Several studies have argued that as herbicides (with the exception of the triazine 

herbicides - e.g. atrazine) are applied to plants, they rarely come into contact with the 

soil and hence the soil fauna (Cuny 1970; Fox 1964). Fox (1964) found the herbicide 

Dalapon (2,2 Dichloropropionic acid) to actually increase soil coilembolan numbers.

However, diversity was not measured, and the increased abundance may have been the
'

result of an increase in a few tolerant species. Herbicides may have an indirect effect on
■

soil Collembola because weed elimination may reduce food sources. Furthermore,
■: '

epigeal Collembola may be affected directly by herbicides. Negative affects on 

mortality and fecundity of atrazine have been shown in the lab for O. cincta (Badejo &

Van Straalen 1992), Onychiurus spp. (Mola et al. 1987), F. Candida and Tullbergia 

granulata Mills (Subagja & Snider 1981). This suggests there is a possibility of 

herbicides affecting non-target invertebrates, either directly or indirectly (e.g. tlirough a 

reduction in food availability).

f;.
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It would therefore appear that broad-spectrum insecticides (e.g. dimethoate) are directly

4'!,a
and epigeal species e.g. - L  cyaneus) and sensitive species (hemiedaphic species - e.g.

Folsomia nana (Gisin)). He attributed this to the vertical distribution of the insecticide, 

which peaks in the hemiedaphic zone.

Frampton (1988) looked at the effects of four foliar fungicides on the epigeal

Collembola S. aureus in the laboratoiy, and the effects of the insecticide dimethoate and

the fungicide pyrazophos in the field. He found all four fungicidal treatments were toxic

to S. aureus in the lab. In the field pyrazophos and dimethoate decreased the numbers
.

of S. aureus, Sminthurinus elegans (Fitch), S. viridis and Jeannenotia stachi (Jeannenot: 

Frampton 1988). The effects of dimethoate appeared to be more immediate than those 

of pyrazophos suggesting that the adverse effects of pyrazophos were indirect (e.g. by 

decreasing food availability). Krogh (1991) also suggested an indirect toxic effect of the 

fungicide benomyl to Collembola.

toxic to Collembola, while fungicides (e.g. pyrazophos) are more likely to be indirectly 

toxic (e.g. tlirough a decrease in food availability). Field and laboratory studies indicate 

that Collembola are particularly susceptible to insecticides (Wiles & Frampton 1996),

and the above evidence suggests they are also indirectly susceptible to fungicides. 

Adverse effects on Collembola could, in turn, adversely affect nutrient cycling (and 

hence fertility). Pesticides may also indirectly decrease the abundance of important 

polyphagous predators as Collembola are often an important part of their diet 

(Sunderland 1975). a

Grazing and grass cutting

A negative conelation has been found between sheep biomass (grazing pressure) and

coilembolan numbers in perennial ryegrass swai'ds (Walsingham 1978). Pui'vis & Cuny

(1978) and Siepel et al (1989) also found adverse effects of grazing on Collembola.

Grazing generally decreases the surface litter layer, and therefore it would be expected 
.that hemiedaphic species (living in the litter layer) would be pai'ticulaiiy sensitive to 

grazing pressures. All coilembolan species (including those living in the soil) may be
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affected tluough an increase in soil compaction or a decrease in vegetation cover.

Decreasing the vegetation cover can drastically alter the soil micro-climate and the 

maximum soil temperature in intensely grazed fields was found to be 14”C higher than 

lightly grazed fields in New South Wales (Davidson et a l 1979).

The effects of grass cutting are similar to grazing with respect to decreasing the 

vegetation cover (and consequent changes in the soil micro-climate) and litter layer (as 

cuttings are generally removed fi'om the site). The changes are, however, more sudden 

and less selective than grazing, and there is no return of organic matter through dung.

The pressure of grass cutting on coilembolan populations is, in general, less consistent 

than that of grazing and between cuts there can be significant recovery of populations 

(Curry & Tuohy 1978). While Curry & Tuohy (1978) found cutting to adversely affect

Collembola, Purvis & Curry (1978) found effects to be varied and to depend on the time I
i

of cutting. Early cutting for silage decreased coilembolan diversity, whereas, late silage 

cutting was actually found to increase diversity. It would therefore appeal' that grass 

cutting can be beneficial to Collembola when conducted late in the season. T

Cultivation (mechanical manipulation of the soil)

The effects of cultivation on Collembola appear to be inconclusive. While some authors 

report cultivated land to have impoverished coilembolan populations both in density and 

diversity (Cui-ry 1994; Edwards & Lofty 1975), others report that cultivated plots have 

enhanced populations (Loring et a l 1981). For example. Mallow et a l (1985) found an 

immediate decrease in coilembolan diversity after ploughing, whereas, Sheals (1957) 

observed a rapid recolonisation when cultivated land was resown. With respect to 

Collembola, cultivated land differs from permanent grassland because there is usually a 

period when the cultivated land is fallow (i.e. not supporting vegetation). The absence 

of vegetation is likely to result in a shortage of food, especially for epigeal species 

(Loring et al 1981). Furthermore, the Collembola will be less protected from the 

external environment. This (in addition to soil compaction) is likely to cause the 

observed decline in coilembolan numbers immediately after ploughing. However, in the 

long-term, ploughing can enhance the nutrient availability and physical structure of the 

soil and hence benefit Collembola (Burnett 1968).
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Different management practices appear to affect Collembola in different ways, and 

when different practices are combined the affects on Collembola can be unexpected. 

For example, when sheep grazing was combined with fertilisation the negative effects of 

intensive grazing were no longer apparent (Bardgett et a l 1993). It is possible that the 

positive effects of fertilisation masked the negative effects of grazing.

1
"I,
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2.8 Effects of management in general

Diversity i

Although a moderate level of management can promote biological diversity, as the 

intensity of management increases, the complexity of the community structure and 

biodiversity usually decreases (Curry 1994; Harper 1969). Intensive management 

practices can convert a biologically diverse community into a less diverse community, 

where species tolerant to management disturbances dominate. Adverse effects of 

intensive management have been found for leafhoppers, grasshoppers (Andrzej ewska 

1979) and microarthi’opods (Curry 1994). Conversely, some species, such as 

earthworms, can benefit from the greater productivity intensely managed grassland 

provides.

I

Species composition

As there are relatively few studies on grasslands where Collembola are identified to the 

species level, it is difficult to identify species which are sensitive to particular 

management practices. However, Frampton (1994) has suggested epigeal Collembola 

(e.g. /. viridis, L. cyaneus, and S. viridis) have the potential to be used to monitor 

pesticide toxicity, while Filser et a l (1995) suggests 7. minor and F. quadrioculata may 

be used as indicators of copper contamination. Siepel & Van de Bund (1988) found | |

high fertilisation rates favoured hemiedaphic species and epigeal species over euedaphic 

species. Brussaard et a l (1990) found that in less intensely managed plots (decreased 

fertiliser, pesticides and ploughing) O. armatus, S. quadrispina, Mesaphorura j |

b'ausbaueri Bomer and F. mirabilis dominated, while in intensely managed plots 

Ceratophysella denticulata (Bagnall) and F. Candida dominated.

i
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2.9 Sampling Collembola in grasslands

Collembola have mainly been sampled in grasslands in four ways: pitfall traps, suction 

samples, litterbags and soil cores. The first two methods predominantly sample the 

epigeal and hemiedaphic species, whereas, the latter two methods predominantly sample 

the euedaphic and hemiedaphic species. They will therefore be considered separately.

Sampling of euedaphic and hemiedaphic Collembola

Soil cores: Originally soil corers were metal tubes sharpened at one end to enable them 

to be pushed through the soil (Southwood 1971). Such corers helped standai'dise the 

volume of soil sampled within and between experiments, and enabled the soil to be 

sampled with minimum disturbance. The problem with these simple corers was that 

when the soil sample was forced from the metal core some species were killed by 

compression (Southwood 1971). As the predominant methods for extracting 

Collembola. from soil cores are behavioural extractors (see below), it is essential that the 

animals are living (Southwood 1971). The problem of compression was solved by 

O’Connor (1957) who devised the split corer. This corer could be split in two after 

collecting the soil sample, thus enabling the sample to be retrieved without 

compression.

Litterbags: Litterbags were devised by Crossley and Hoglund (1962) and are mesh bags 

(made from nylon or frbreglass) containing a known weight of leaves or pine needles. 

Litterbags are generally placed between the litter layer and mineral soil, to minimise 

fluctuations in moisture (Siepel 1990). After a predetermined period of time, such as 

one month, litterbags are removed and the Collembola having freely invaded the 

litterbags are extracted, primarily by behavioural methods. Litterbags can be used 

simply to obtain a sample of Collembola by acting as an underground baited trap, or to 

measure the rate of decomposition. Litterbags can be placed in the soil with minimum 

disturbance and this is not thought to have a significant effect on the Collembola. 

Furthennore, any effect is consistent between samples collected with litterbags.
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Soil corers have the advantage over litterbags in that the core of soil can be divided into 

several sections coiTespending to differing soil depth. This provides a soil profile 

which, in turn, can give accurate information about the vertical distribution of different 

species. Furthermore, samples can be retrieved immediately with the soil corer, 

whereas, litterbags have to be left in the soil for several weeks to enable the Collembola 

to colonise them before samples can be obtained. However, litterbags can provide 

information on the succession of Collembola in decomposing leaf-litter, and can also be 

used to measure the rate of decomposition (Seastedt 1984).

.
Extraction: The Collembola contained in the soil cores or litterbags must be extracted 

by flotation, sieving or behavioural extraction methods. The latter method is most 

commonly used as it is quicker, less messy and enables a large number of samples to be 

processed at one time (Southwood 1971). Behavioural extractors ai'e predominantly 

various modifications of the Tullgren funnel (Tullgren 1918). The Tullgren funnel 

relies on the principle that soil organisms move downwai’ds away from the negative 

stimuli (provided by a light bulb) of light, desiccation and heat, towards the cooler 

damper bottom. As the organisms reach the bottom, they fall through a sieve into a 

funnel, and eventually to a collecting jar. Naturally, only living and motile stages of the 

organisms will be extracted in this way, and therefore Collembola that are moulting (and 

hence immobile) will not be extracted.

Sampling of hemiedaphic and epigeal Collembola 

Pitfall traps: Pitfall traps are commonly used to sample surface active arthi'opods, in 

particular Coleoptera and Araneida (Luff 1975), but have also been used for Collembola 

(Duffield & Aebischer 1994; Greenslade 1974). Pitfall traps basically consist of plastic, 

metal or glass containers sunk into the groimd so that the container’s mouth is level with 

the soil surface. They rely on the principle that when surface active invertebrates walk 

into the trap they are unable to escape. This is generally enlranced by liquid in the trap 

which kills and preserves the specimens.
1
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Pitfall traps are influenced by many factors including vegetation, type of preservative, 

weather and even the material the pitfall is made from (Greenslade 1964; Joosse 1965). 

Perhaps the most important factor influencing the catches is the activity of the 

individual species (Greenslade 1964), with the most mobile species being caught most 

frequently. However, pitfall trapping provides a cheap method of sampling Collembola 

with minimum labour, and is particularly useful when sampling areas with similar 

vegetation.

s

Suction samples: A  number of machines have been devised to sample by suction. The 

D-vac (Dietrick et al. 1959) suction sampler is considered to be a suitable sampling 

method for epigeal and hemiedaphic Collembola (Frampton 1988). However, the D-vac 

is heavy and can become uncomfortable with prolonged use (MacLeod et al. 1994). The :

Ryobi sweeper-vac (as modified by MacLeod et a l 1994) is a cheaper, lighter and less 

noisy alternative to original suction samplers (Harwood 1994). Furthermore, the Ryobi 

was found to be as, or more, efficient (depending on the species in question) at sampling 

Carabidae, Araneae, Staphylinidae, Isopoda and Aphididae (MacLeod et a l 1994;

Harwood 1994).

Suction samplers provide better quantitative information on population densities than 

pitfall traps (Frampton 1994). Johnson et a l (1957) found a sampling efficiency of 

99.3% for Arthropieona and 100% for Symphypleona for the Wolf Portable Electric 

Blower. However, pitfall traps have the advantage over suction samplers in that they 

monitor nocturnal species in addition to diurnal (Duffield & Aebischer 1994), and can 

be used to monitor sub-lethal effects on coilembolan activity (Frampton 1994). It has 

therefore been proposed that a combination of suction samples and pitfall traps provides 

the most efficient sampling regime of epigeal and hemiedaphic Collembola (Berbiers et 

al 1989; Frampton 1994)

2.10 Comparing coilembolan communities

Differences in overall coilembolan abundance, and the abundance of individual species, 

can be compared between treatments using conventional statistics such as Analysis of
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Variance (ANOVA) or Chi-Squai-ed tests (JF). Conventional statistics test specific 

hypothesis (derived prior to analysis) to look for effects of, for example, treatment or 

date. Bardgett et a l (1993) used an ANOVA (followed by Tukey tests) to test for the 

effects of sampling date and grazing on the number of Collembola. They found that 

both treatment and sampling date significantly affected Collembola, with the heavily 

grazed plots having more Collembola than the light or moderately grazed plots, and the 

abundance of Collembola peaking in July. The problem with conventional statistics is 

that it is only possible to look at one species at a time. For example, you could either 

test for differences in total coilembolan abundance or abundance of species x. It is 

therefore difficult to look at treatment effects on the community as a whole using 

conventional statistics.

It is, however, possible to obtain a more complete picture of a community by using 

diversity indices. The diversity of a community depends on the species ricliness (i.e. 

number of species present) and the evenness (i.e. how dominant each species is: Pielou 

1977). A community with a high diversity has lots of different species all occurring in 

approximately equal proportions. There are many different indices that measure 

diversity and several reviews on diversity exist including Magurran (1988) and Pielou 

(1977). The following concentrates on the diversity indices used in this thesis and why 

these specific indices were chosen (equations for diversity indices can be found in 

Appendix I).

The simplest and most widely adopted measure of diversity is species richness (S) 

which is simply equal to the number of species present in a sample (Magurran 1988).

This measure is of limited use because its calculation does not take into account the 

evenness of the community and it is highly dependant on the number of individuals 

present (Pielou 1975). Despite these drawbacks, species richness is still probably the 

easiest and most widely used measure of diversity. Furthermore, the species richness 

can be used in combination with information on the evenness of a community to obtain 

a fairly accurate picture the communities diversity.

s
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indices (Magurran 1988) and might replace the once popular Shannon index which is 

now subject to much criticism (Magurran 1988; May 1975; Goodman 1975). MaguiTan

Lai'sen et al. (1996) used a combination of diversity and dominance indices to study the

For this study, the easily calculated Berger-Parker’s dominance index (d) was used to 

measure the evenness of the community (Berger & Parker 1970). This index looks at 

the proportion of dominance for the dominant species. It is independent of the number 

of species present (S) but is dependant on the number of individuals present (N) 

(Magurran 1988). This index has been described as one of the most satisfactory 

diversity measures available (May 1975) and is an ideal measure of evemiess to 

combine with species richness (Magurran 1988). Magun'an (1988) states that a 

combination of Berger-Parker and species richness were not only simpler to calculate 

than the Shannon or the Simpson index, but were also more informative.

Two measures of diversity were chosen that measured both dominance and richness.

I

The first, N2 (the reciprocal of Simpson’s index: Hill 1973), relies on the principal that 

the lower the diversity and the greater the concentration of dominants are in a 

community, the greater is the probability that two randomly picked individuals will 

belong to the same species (Magurran 1988). This measure of diversity therefore 

incorporates information of both dominance and species richness into it’s calculation.

However, it does have the drawback of being strongly influenced by the number of 

individuals present (Taylor 1978). The second diversity index used was the log series
. .

parameter a  (Fisher et al. 1943). This index is frequently used in entomological research 

as a parameter to measure the richness and dominance of a community (Magurran

1988). Problems of this index arise from the fact that it is calculated from the number 

of species and the total number of individuals, and therefore is not strongly influenced 

by the evenness of the community. However, it is not unduly influenced by sample size 

or dominant species and has good discriminant ability (Taylor 1978).

These four indices were chosen to give an indication of overall diversity (a  and N2), 

species richness (S) and evenness (d). These indices are among the most widely used

f

.
(1988) recommends combining such indices to obtain the best measui'e of diversity.
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effects of sewage sludge and fertiliser on carabid populations. They found that sludge

32

increased the diversity and evenness while fertiliser decreased them. Bengtsson & 

Rundgren (1988) also used a combination of diversity and evenness indices to determine 

the effect of pollution from Gusum brass mill on Collembola.

As repeated measures of diversity are usually normally distributed (Magurran 1988), 

conventional statistics such as ANOVA can be used to test for significant differences in 

the diversity between sites (Magurran 1988; Rappelle et a l 1995). Diversity indices do 

not, however, differentiate between species. Two habitats with totally different species 

compositions could therefore have the same diversity, if the species richness and 

dominance were similar.

Multivariate analysis (e.g. ordination, direct gradient analysis and classification) can 

overcome this problem by looking at the species present in addition to the relative 

proportions of these species. Ordination is a multivariate technique, the end point of |

which is to present relationship between samples (or species) graphically (usually two 

dimensional; Gauch 1982). In tire resultant ordination diagram, samples that are similar, :

with respect to species composition, are grouped together and samples that are different I

lie further apart (Gauch 1982). Ordination therefore helps to clarify the relationships 

among samples (or species) with respect to species (or sample) similarit)\

Detrended correspondence analysis (DCA) is the most frequently used ordination 

technique for ecological data (Digby & Kempton 1987). This is primarily the result of 

the widespread availability of the computer program DECORANA (Hill 1979), which 

generates ordinations by DCA (Digby & Kempton 1987). DCA is especially useful for 

the large matrices of species and samples, with a lar ge number of zero values, which are 

frequently collected in ecological experiments (Foster et a l 1990). McCracken &

Foster (1993) used DCA to determine that the distribution of sui’face active inveilebrates 

caught by pitfall trapping was primarily related to substratum variables (e.g. pH and |

surface moisture content). Bolger (1985) also used DCA to determine that succession 

was the main factor that influenced microarthropods in litterbags. ,1



Probably the main drawback in using DCA is that no information is given on the factors 

that cause the division of samples along the axes, and it is therefore termed an indirect 

gradient analysis. It is up to the interpreter to determine which of the known 

environmental ■ variables are most likely to account for the samples location in the 

ordination diagram. This can be achieved by correlating known environmental variables 

with axes scores. Furthermore, the location of species in the species ordination helps to 

determine which species are accounting for the division of the samples. This 

information is particularly valuable when ecological relationships between species are 

known and can be related to the division of samples. Above all, DCA provides a good 

pictorial summary on the similarity of samples with respect to species composition.
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CHAPTER 3. An introduction to the contaminated sludge trial sites and to 

identification techniques

3.1 Trial sites and experimental design

The trial sites were part of a larger scale experiment that was set up to investigate the 

long-term effects of applying metal-rich sewage sludge to agricultural land. This larger 

experiment had eight trial sites throughout the UK, namely; Gleadthorpe, Woburn, 

Watlington, Pwllpeiran, Rosemaund, Bridgets, Haitwood and SAC Auchincruive. For 

the purpose of this thesis the SAC Auchincruive and Hartwood sites were investigated.

biomass carbon (C), rhizobia count, soil respiration rate, organic nitrogen (N), total N, 

phosphorus (P), potassium (K), magnesium (M), iron (Fe), manganese (Mn), zinc (Zn),
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The SAC Auchincmive, South Ayrshire, study site was situated on a sandy clay loam 

(21% clay; 2.6% organic carbon). The Hartwood, Lanarkshire, study site was also 

situated on a sandy clay loam (20% clay; 4.7% organic carbon). At both sites sludge 

cake had been applied and incorporated into the soil using small plot equipment in 

August of each year since 1994. After incorporation all plots were sown with Italian 

ryegrass {Lolium multiflorum). The trial sites consisted of a total of 69 plots (each 6 m x 

8 m) established across three blocks. Within each block, 23 sludge treatments were 

allocated randomly to plots. Sludge treatments included unsludged control, digested 

sludge, undigested sludge, zinc-rich sludge (digested), cadmium-rich sludge (digested) 

and copper-rich sludge (undigested; see Appendices II and X for chemical analysis of 

sludges). Each plot was surrounded by a 1.2 m pemianent grass strip to prevent the 

transfer of soil between plots during cultivation. The organic matter input was 

standardised across sludge treatments and the pH was maintained at six. The grass was 

cut on 16 May and 17 July in 1995 and on 24 May and 26 July in 1996.

The following soil measurements were taken on all plots prior to sludge application: soil 

pH, particle size (i.e. clay, silt and sand content), conductivity, cation exchange capacity,

copper (Cu), cadmium (Cd), nickel (Ni), chromium (Cr), lead (Fb) and mercury (Hg) 

(see Appendices VI & VII). Following sludge application the pH, biomass C, rhizobia 

count, soil respiration rate, total N, Zn, Cu, Cd were measured on selected plots (see 

Appendices III & XI for 1995 and 1996 analyses respectively). Grass yield (see

...
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Appendix VIII) was measured and metal contents estimated on all plots following 

application. Grass heights were also measured on 30 April, 31 May, 22 July and 4

3.2 Identification techniques

in moiphology (Hopkins 1997). By taking this approach the information derived from 

this study could be maximised.
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August 1996 to provide addition information on the plots (see Appendix VIII).
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All Collembola were initially mounted in Hoyer’s medium and identified under a light 

microscope (magnification x 400-1,000). The mounted Collembola were manipulated 

by moving the cover slip to see critical identification features. After initial 

identification, it was found that with the exception of problematic specimens, some 

species could be accurately identified under a dissecting microscope and it was therefore 

imnecessaiy to mount all such specimens. Routine checks were, however, carried out to 

ensure that new species which under the dissecting microscope may appear similai" to 

previously identified species were not occurring. This was achieved by mounting 20 

specimens (in one of the five samples collected from each plot) in Hoyer’s medium and 

identi;fying them under high magnification (x 400-1,000). Collembola were identified to 

species level principally following the keys of Fjellberg (1980) and Gisin (I960), but 

those of Stach (1954; 1956) and Gough (1977) were also used.

3.3 The Taxonomic status of some species

There is currently much disagreement on the taxonomic status of several collembolan 

species (e.g. Isotoma anglicana, Sminthurinus aureus and Protaphorura subarmata 

Gisin; Hopkins 1997). For the purpose of this research, species were generally 

identified following the nomenclature of Fjellberg (1980). Fjellberg may be described

I

as a ‘splitter’, separating Collembola into species on the basis of very small differences

There is currently some discussion on whether /. anglicana is a true biological species, 

or just a morphospecies (Hopkins 1997). For the purpose of this research, it was 

decided to consider /. anglicana a separate species to 1. viridis. It was found that in 

addition to manubrial and labial differences between I. viridis and I. anglicana, 

differences were also found in colouration with /. anglicana juveniles appearing more 

blue than the somewhat greyish 1. viridis juveniles. It was also decided to regard S.



elegans a nd S. aureus as separate species although, as with 7. anglicana, the taxonomic 

status of 5. elegans has been queried by some workers. For example, while Stach 

(1956) considered S. elegans to be a different coloured variation of S. aureus, Fjellberg 

(1980) gave S. elegans species status.

normalising the data. Because it is not appropriate to use different transformations for 

different species, it was necessary to use a standard transformation that worked for the 

majority of species. It was, however, recognised that after squai'e root transformation

The species identified as Isotomurus palustris in 1995 (following Fjellberg 1980), was 

divided into the species 7 palustris and 7 maculatus in 1996. It was decided to divide 

this species following the research by Carapelli et al. (1996) who used DNA sequencing 

to support speculations that different colour variations of 7 palustris should be given 

separate species status. In 1996, it was also decided to classify all Isotoma and 

Isotomurus spp. that were less than 0.7 mm as Isotoma/Isotomurus juveniles. Tliis was 

done to minimise the time taken in mounting and identifying these juveniles which 

allowed a much larger number of samples to be processed than would otherwise have 

been possible.

3.4 Amendments and additions

I

Data transformation

Prior to all parametric statistical analyses the variance to mean ratios were checked to 

detect if species abundances were normally distributed. For most species it was found 

the variance and mean was about equal which indicated that the distribution was not 

normal, but was random (Sokal & Rohlf 1995). When utilising parametric statistical 

teclmiques, discrepancies from normality can decrease the tesf s reliability and it was 

therefore necessary to normalise the data by transformation. The random distribution 

indicated that for the majority of species the most effective transformation could be 

achieved by square rooting the data (Fowler & Cohen 1992). The effectiveness of the 

square root transformation was compared with the log transformation (which is more 

commonly used) by comparing the variance and mean ratios and the frequency 

distribution histograms of the transformed data. For the majority of species the square ■

root transformation was found to be more effective than the log transformation at
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the vaiiances for some species still differed significantly between treatments and 

consequently it was decided to set the probability at 0.01 to avoid type one en'ors (see 

page 49).

Interaction effects

In Chapter 4 (see pages 49 & 50), Chapter 5 (see page 77 & 78) and Chapter 6 (see page 

112) ANOVAs were performed without replication and the opportunity to test for 

significant interaction effects was therefore lost (Sokal & Rohlf 1995). When 

conducting ANOVAs without replication there is only one observation per subgroup and 

you aie therefore unable to calculate the enw  SS (sum of squares). The interaction SS 

becomes the only source of en'or and is then known as the remainder SS. The 

possibility of interaction was, however, considered prior to all analyses. This was 

achieved by plotting species abundance against dates (for each treatment) to ensure that 

treatment effects were reproduced on all sampling dates. No interaction between date 

and treatment was evident for any of the species under investigation and was therefore 

not considered further in this study.

Null hvpotheses

The null hypotheses for the statistical tests conducted in this thesis are as follows: 

Chapter 4, Chapter 5 and Chapter 6

• There is no difference between the mean number of species ‘x ’ in different sludge 

treatments (see pages 49, 77, 78 & 112)

• There is no difference between the mean number of species ‘x ’ in the three blocks 

(see pages 49, 77, 78 & 112)

• There is no difference between the mean number of species ‘x ’ on different sampling 

dates (see pages 49, 77 & 112)

Chapter 4 page 50

• There is no difference in the diversity when measured by diversity index ‘x’ in 

different sludge treatments

• There is no difference in the diversity when measured by diversity index ‘x’ on 

different sampling dates

• There is no difference in the diversity when measured by diversity index ‘x’ in the 

tlrree blocks
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Chapter 4 page 50

Confounding of sampling efficiency and treatment effects

Some species when sampled by suction or pitfalls were found to be negatively 

correlated with grass height (see page 100 for suction samples and page 128 for pitfall 

traps). It is possible that the increased grass height decreased the sampling efficiency 

for these species and Greenslade (1964) found that the abundance of carabid beetles 

caught in pitfall traps was negatively coirelated with vegetation cover. It was also found 

that grass height was affected by sludge treatment (see Appendix VIII) and it is therefore

38

:• There is no difference between the mean weight of organic matter lost from the 

litterbags in different sludge treatments

• There is no difference between the mean weight of organic matter lost from the 

litterbags in the three blocks

• There is no interaction effect between block and treatment that influences the mean 

weight of organic matter lost from the litterbags

Chapter 5 and Chapter 6

• There is no relationship between the abmidance of species ‘x ’ and grass height (see 

pages 78 & 113)

Chapter 5 page 78

• There is no relationship between the abundance of species ‘x ’ and cadmium 

concentration

Chapter 7 page 141

• The median relative abundance of species ‘x’ caught by pitfall trapping is equal to 

the median relative abundance of species ‘x ’ caught by suction sampling

Chapter 8 pages 151 & 161

• The observed frequencies of species ‘x ’ are evenly distributed between treatments

• The relative frequencies of dominant species are evenly distributed between 

treatments

• The relative frequencies of asexual and sexual individuals are evenly distributed 

between treatments

• The relative frequency of euedaphic and hemiedaphic individuals are evenly 

distributed between treatments
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possible that treatment effects were merely due to changes in sampling efficiency. If 

this had been the case the plots with the shortest grass heights (namely the control plots) 

would be predicted to have the highest collembolan abundance. With the exception of 

S. viridis (which was not correlated with grass height) the opposite was true. }

Furthermore the DCA ordinations for 1996 (see page 97 for the suction DCA and page 

127 for the pitfall DCA) indicated that treatment splits in long grass (April & June) were 

as clear as those in short grass (May and August). It would therefore appear that while 

sampling efficiency may have been confounded with treatment effects (due to 

differences in grass heights between treatments), in this study treatment effects were so 

strong that this problem did not appeal* to arise.

I
Pooling the samples within a nlot

Collection of Collembola data on any particular sampling date involved taking a number 

of individual samples (i.e. five with the exception of the pharmaceutical trials described 

in Chapter 8) from within each plot. Prior to any analyses, the information gathered 

from each plot was pooled in order to give a more accurate indication of the 

collembolan community structure and composition for each plot. This is a standard 

sampling technique utilised in a wide variety of biological studies in order to overcome 

problems of spatial heterogeneity. t#
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CHAPTER 4. Effects of sewage sludge on euedaphic and hemiedaphic 

Collembola sampled by litterbags

40
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4.1 Introduction

From 1998, the disposal of sewage sludge at sea will no longer be permissible in Europe 

(CEC 1991). As this is currently one of the principal methods of disposal in the UK, 

alternative methods must be found (Smith 1996). In comparison to alternative disposal 

methods such as incineration and landfill, using sewage sludge as an agricultural 

fertiliser not only provides a cheap method of disposal, but also a more environmentally 

friendly method. It has therefore been predicted that in the next decade the agricultural 

recycling of sewage sludge will become more widespread (Rund 1995).

Sewage sludge is generally classed as digested or undigested (raw) depending on the 

treatment process from which it is derived (SAC 1997). Undigested sludge only 

undergoes primary treatment which involves the settlement of solids in the form of a 

sludge (Smith 1996). This raw sludge often has significant quantities of pathogens (e.g. 

viruses, parasitic worms and bacteria) and an offensive odour (Smith 1996). Undigested 

sludge must therefore be injected (or immediately incorporated) into the soil, and 

livestock grazing is prohibited for tlrree weeks following application (CEC 1986). 

Undigested sludge may, however, be stabilised by a variety of processes including: 

anaerobic and aerobic digestion, composting and the addition of lime. Mesophilic 

anaerobic digestion is the primary method of stabilisation in the UK, and 44% of sludge 

(dry solids) spread on agricultural land is treated in this way (Smith 1996). Anaerobic 

digestion reduces the odour and level of pathogens through the action of micro­

organisms under anaerobic conditions.

It has been well documented that the addition of sewage sludge to agricultural land 

favours invertebrates. For example, sludge has been found to increase the abundance of 

Collembola (Lübben 1989; Holler-land 1959), Carabidae (Larsen et al. 1996), 

earthworms (Cuendet & Ducommun 1990), soil nematodes (Laiink et al. 1990) and soil 

mites (Glockemann & Laiink 1989). The application of sludge can benefit invertebrate 

species in several ways. For instance, it can increase the food availability both directly i
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and indirectly (through increased plant growth), increase the vegetation height (hence 

making the micro-climate more stable), and improve the physical stmcture of the soil 

(Pimentel & Wameke 1989; Marshall 1977; Curry 1994). However, sewage sludge 

often has the drawback of containing heavy metals which can accumulate in areas of 

long-term sludge application (Aitken et al. 1994).

As heavy metals are persistent, long-term sludge application can lead to their 

accumulation in the soil to levels that may potentially be toxic to livestock and 

invertebrates. At present, sludge application is controlled by regulations governing the 

safe metal loading of soils (CEC 1986; CEC 1991), however, more research is required 

to substantiate that maximum metal levels are safe for all invertebrate species.

Heavy metals such as copper, zinc, cadmium and lead, enter sewage works from 

domestic waste, industrial waste and road run-off (Smith 1996). The levels of metals 

entering sewage works from industrial sources has declined over the past thirty years.

This decline is predominately a consequence of more stringent controls on effluent
''0'

metal loadings, and the subsequent adoption of cleaner manufacturing technologies s
'■

(Smith 1996). Domestic waste now accounts for the largest proportion of certain metals

including copper and zinc (Critchely & Agg 1986). Domestic sources include 

medicated shampoo (which contains zinc) and washing up liquid (which contains 

nickel: Smith 1996). However, the principal contamination source of domestic effluent
y

is thought to be the corrosion of plumbing systems (Comber & Gunn 1994; Critcliley &

Agg 1986). Metal inputs from domestic sources are much harder to control than 

industrial inputs, and it is likely that they will continue to be problematic.

Larsen et al. (1996) found no adverse effects of heavy metals in sewage sludge for the 

density and diversity of Carabidae. However, Carabidae appear to have an efficient 

excretory system for heavy metals, and several studies found their body burdens of 

metals to be lower than in other invertebrates in polluted areas (Janssen & Hogervorst 

1993; Van Straalen & Van Wensem 1986). Land application of heavy metal 

contaminated sewage sludge has been found to result in increased body burdens of 

metals in earthworms and spiders (Benninger-Truax & Taylor 1993), suggesting that the

I
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metals are present in bioavailable foims. Furthermore, green peach aphids (Appelia 

schwartzi Borner) feeding on plants grown on contaminated sludge were found to have a 

lower fitness (decreased fecundity and longevity) than those feeding on plants grown on 

uncontaminated sludge (Pimentel & Wameke 1989).

Field studies indicate that heavy metal contaminated sludge does not affect the 

abundance of gasmid mites (Glockemann & Larink 1989) or Collembola (Lübben

1989), but can affect their population structure. Some species (e.g. F. Candida and B. 

hortensis) were found to prefer contaminated plots, while other species (e.g. I. notabilis 

and S. aureus) preferred uncontaminated plots. It therefore appears that species specific 

differences in metal susceptibility exist. Sminthurinus aureus, being detritivorous 

(Curry 1994), may ingest high levels of metals through directly consuming sewage 

sludge. Species that can digest fungal cell walls, where heavy metals are frequently 

concentrated (Gast et al. 1988), are also thought to be more susceptible to heavy metal 

poisoning (Siepel 1994).

Siepel (1995) suggested that while asexual species may be favoured in ai*eas of long- 

tenn metal contamination, they may be adversely affected by the application of 

fertilisers. The application of metal-rich sewage sludge may therefore favoui* sexual 

species in the short-terai, but favoui* asexual species in the long-term (once the metals 

have accumulated through repeated application). It would therefore appear, at least for 

Collembola and Acarina, that the effects of heavy metals in sewage sludge are subtle, 

altering the species composition rather than the overall abundance.

Changes in the collembolan community structure ai’e likely to affect the rate of 

decomposition. Retarded decomposition and mineralisation rates have been observed in 

heavily polluted sites where the collembolan diversity was depleted (Strojan 1978b; 

Rühling & Tyler 1973; Hagvar & Abrahamsen 1990). As organic matter decomposes, 

the microarthropod community often progresses through a series of successional phases 

(Anderson 1975). It is possible that through retarding decomposition, high metal levels 

will also slow down the succession of microartlrropods within the decomposing 

material.
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This chapter aims to look at the effects that different types of sewage sludges have on: 

the abundance and diversity of euedaphic and hemiedaphic Collembola; the abundance 

of sexual and asexual species; and the rate of decomposition and succession.

4.2 Sampling euedaphic and hemiedaphic Collembola

In previous studies, soil Collembola have mainly been sampled in two ways. Soil corers 

were the first method to be widely used (e.g. Milne 1962; Lübben 1989;) while the 

second, more recent method, is the litterbag (Bolger 1985; Siepel 1990). When buried 

in the soil litterbags act as underground baited traps which attract Collembola. For the 

purpose of this research, litterbags were chosen to monitor the euedaphic/hemiedaphic 

Collembola for two main reasons: they do not involve removing soil from the 

experimental area (and as the study sites were part of larger scale experiments, minimal 

disruption was necessary) and behavioural extraction methods yielded a higher 

percentage of total Collembola (and in particular Onychiuridae spp.) from litterbags than 

soil cores.

Onychiuridae have been previously shown to have a relatively poor behavioural 

extraction efficiency as a consequence of their low mobility (Mai'shall 1972). The lower 

extraction efficiency of Collembola in soil cores may have been the result of the soil at 

the experimental sites having a relatively high organic content. It has been observed 

that in soils with high organic contents Collembola get trapped within the soil cores 

during behavioural extraction (Southwood 1971). In agreement with Crossley & 

Hoglund (1962), extraction appeal's more efficient for litterbags, with both immature 

individuals and poorly mobile Onychiuridae being well represented.

.■i*

Litterbags were made from 15 cm x 15 cm squares of nylon mesh with a mesh size of 1

mm (see Figure 4.1 below). These were then filled with freshly fallen sycamore (Acer

pseudoplatanus) or oak (Quercus rohur) leaves collected at SAC Auchincruive. Leaves

were washed to remove soil particles and dried in a diying cabinet at 60°C for 24 hours

(or until no further weight loss was observed). Into each bag 2.50 grams of dried leaves

were inserted. The litterbags were then rehydrated for an hour before they were buried

at a depth of 2-5 cm. After a predetermined period of time (e.g. one month) the bags

were removed and the Collembola extracted (see below).
■
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Figure 4.1 The litterbag

Problems of sampling Collembola using litterbags

Within a given area, differences have been found between samples of microarthropods 

derived from litterbags and those derived from soil cores. It is consequently thought 

that litterbags do not accurately reflect the true soil population (Crossley & Hoglund 

1962; Siepel 1990). Collembola in litterbags are influenced by several factors the most 

important of which is probably the successional stage of the leaf litter. Litterbags may 

also provide a more stable micro-climate and have a higher moisture content than the 

surrounding soil (Witkamp & Olson 1963; Crossely & Hoglund 1962). The artificial 

confinement of the litter can alter the fungal community (Seastedt 1984) and exclude 

predators too large to enter the bags. All these factors may influence the collembolan 

community within the litterbag.

Comparison between samples derived from litterbags and soil cores have found 

macrophytophagous (e.g. algae eating species) to be under represented in the litterbags, 

while fungivorous species were over represented (Siepel 1990). Extraction efficiency 

may, however, be greater in litterbags than soil cores especially in soil with a high 

organic content (Crossley & Hoglund 1962) and additional information on
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microarthl'opod succession may be obtained. Litterbags were tiierefore considered to be 

the most efficient method of sampling Collembola in our experimental plots.

Extraction

Collembola were extracted using modified Tullgi-en funnels (see Figure 4.2) similar to 

MacFadyen’s high gradient cylinder extractor (MacFadyen 1961). Haarlov (1947) 

found that during extraction animals can become trapped in condensed water on the 

sides of the funnels. In this study, tliis problem was eliminated by omitting the funnel. 

MacFadyen (1961) used a water bath to maximise the extraction gradient, but in this 

study extraction was improved by placing the collection vessel on an ice bag (which was 

renewed daily). This is likely to have increased the extraction efficiency not only by 

increasing the temperature gradient, but also by preventing the alcohol from 

evaporating. It has been found that alcohol can repel animals, and hence reduce the 

extraction efficiency of behavioural methods in confined spaces (MacFadyen 1961). 

Figure 4.2 The modified Tullgren funnel

L i g h t  B u l b  
( 2 0  W at t )
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C o l l e c t i n g  Jar

C o l l e c t i n g  F l u i d  ( 7 0  % A l c o h o l )  

I c e  b a g
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Treatment of Collembola following extraction

Collembola were collected in 70% alcohol and immediately after collection they were 

heated in the alcohol on a hot plate, for about four hours, until they ceased to float. This 

prevented the Collembola from dehydrating which makes them more difficult to identify 

(Fjellberg 1980). Onychiuridae were boiled in alcohol for a further four hours before 

mounting to dissolve their high lipid content. This makes the pseudocelli (one of the 

main identification features) easier to see (Fjellberg personal communication). 

Collembola were identified to species level primarily following Fjellberg (1980) and 

Gisin (1960), Further information on the identification of Collembola can be found in 

Chapter 3.

4.3 Methods

Trial site and treatments

The euedaphic and hemiedaphic Collembola were investigated at the SAC Auchincruive 

site (see Chapter 3). For the purpose of this study, four different sludge treatments were 

investigated, together with a no sludge control. The four sludge treatments were 

digested, zinc-rich (digested), undigested and copper-rich (undigested: see Table 4.1 & 

Appendix II for sludge properties). The metal-rich sludges were obtained from sewage 

treatment works which had high inputs of the respective metals.

Table 4.1 Treatments

Treatment
no.

Treatment Mean metal 
concentration

Sewage
treatment works

1 Control Background levels (see 
Appendix III)

2A Digested
uncontaminated sludge

Low levels (see 
Appendices II & III)

Banbury

3 Undigested
uncontaminated sludge

Low levels (see 
Appendices II & III)

Carterton

7 Zinc-rich digested 
sludge

5,238 mg Zn kg"̂  sludge 
180 mg Zn kg'^ soil 1995 
288.5 kg Zn ha'^ year'^

Coleshill

11 Copper-rich undigested 
sludge

4,331 mg Cu kg'^ sludge 
69 mg Cu kg'^ soil 1995 
67.9 kg Cu ha'^ year'^

Selkirk
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(30 weeks)

(20 weeks) .

(10 weeks)  (10 weeks) ^

6/12/94 14/2/95 25/4/95 16/5/95 3/7/95 22/7/95

Date of burial/lifting litterbags

Figure 4.4 The above figure shows the dates litterbags were buried/lifted, with the number o f weeks the 
litterbags were buried for in brackets.

47

iFor this experiment, the highest metal loadings were investigated for the zinc-rich and 

copper-rich sludge. The five treatments studied were located randomly within each of 

three blocks and are marked with an asterix on Figure 4.3.

Sampling euedanhic/liemiedanhic Collembola

15 litterbags (see page 44), of 15 cm x 15 cm squares (mesh size 1 mm), were buried at 

a depth of 2-5 cm in the selected plots on 6 December 1994. Each bag contained 2.50 g 

of oven dried oak leaves which were re-hydrated before burial. Five litterbags from 

each plot were lifted after 10, 20 and 30 weeks. A further five litterbags were buried in 

each plot on 16 May 1995, and these were lifted after 10 weeks (see Figure 4.4). The 

experiment was designed to provide information on succession (by comparing the 10, 20 

and 30 week litterbags) and season (by comparing the two sets of litterbags lifted after 

10 weeks). Collembola were extracted with modified Tullgren funnels over a period of 

six days (see page 45). Collembola were extracted in alcohol, prepared and mounted 

(see page 46 & Chapter 3).

Figure 4.4 Burial and lifting times for litterbags

Measuring the rate of decomposition 

Decomposition rates were assessed using litterbags identical to those used to sample 

Collembola. The 1 mm mesh excluded the macrofauna (earthworms, Diploda, Isopoda 

etc.) and therefore gave an estimate of decomposition by the mesofauna (Acari, 

Collembola, echytraeid worms etc.) and the soil microbes (Anderson 1975). To study 

decomposition, sycamore leaves were used instead of oak leaves because they
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decomposed faster than oak leaves and would therefore maximise any differences in the 

decomposition rates between treatments in the limited time available. In accordance 

with other studies, the litterbags were not rehydrated before burial as this can influence 

the decomposition rate (Suffling & Smith 1974). Thirteen litterbags were buried 

randomly on the selected plots (see Figure 4.3) on 24 May 1995, and were lifted after 

ten weeks on 2 August 1995.

After collection, all the leaves were carefully removed from the litterbags and oven 

dried at 60°C for about 24 hours (or rmtil no further weight loss was observed) to obtain 

the diy weight. The dry weight included both the inorganic (infiltrated soil) and organic 

fractions (leaves) of the litterbags. The dried material was therefore ground and ignited 

at 500°C overnight to determine the ash-ffee dry weight (i.e. weight of soil). The 

organic matter lost from the litterbags could then be calculated from the following 

equation (where 2.50 g is the initial dry weight of sycamore leaves per litterbag).

Organic matter lost = 2.50 g - (dry weight - ash weight)
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4.4 Statistical analysis

The five samples collected from a plot on a particular sampling date were pooled to 

obtain an indication of collembolan community structure for each plot bn each sampling 

date. The pooled data were utilised in the following statistical analyses.

Species composition

The pooled data were square-root transformed to normalise the distribution and to 

homogenise the variances. Three-way analyses of variance (ANOVAs) were performed 

to test for date/succession, block and treatment effects. ANOVAs were performed on 

the number of; total Collembola; the most frequently occurring species (i.e. those 

occurring in over 50% of samples); euedaphic individuals; hemiedaphic individuals; 

sexual individuals and parthenogenetic individuals. The Tukey multiple comparison 

test was applied to locate significant differences found by ANOVA (Zar 1984). It was 

found that although transformation normalised the data for most species, variances still 

differed significantly between treatments for some species (F-test). When utilising 

ANOVAs and Tukey tests, heterogeneous variances can increase the likelihood of a type

I
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one error (i.e. wrongly rejecting the null hypothesis) and therefore can increase the

Diversity

The following four measures of diversity were calculated; S (number of species) to 

measure species richness, d (Berger-Parker’s dominance index; Berger & Parker 1970) 

to measure evenness and N2 (the reciprocal of Simpson’s index: Hill 1973) and a  

(Fisher’s log series parameter: Fisher et al. 1943) to measure overall diversity. A 

combination of diversity indices was used to provide the most accurate information on 

the diversity of the community (MaguiTan 1988). See pages 30-32 for information on 

diversity indices and Appendix I for equations for diversity indices.

Decomposition

Decomposition rates were compared between plots using a 2-way ANOVA (followed by

probability of finding significant effects when they are not present (Day & Quinn 1989). 

To counteract this, the significance level was set at 0.01 (rather than 0.05: Day & Quinn

1989).

Detrended Correspondence Analysis

Detrended Correspondence Analyses (DCA’s) were perfonued on the species relative 

abundance (without downweighting of raie species) using the software DECORANA 

(Hill 1979). The samples and species scores for axes 1 and 2 were plotted to obtain 

sample and species ordinations respectively. DCA was chosen as it provided a method 

of looking simultaneously at the effects of treatment, succession and season on the 

overall collembolan community structure.

I;

Repeated measures of diversity are usually normally distributed (MaguiTan 1988), and 

therefore conventional statistics can be used to test for significant differences in 

diversity (Magurran 1988; Rappelle et a l 1995). This was not, however, the case in 

this study and the square root transfonnation was required to normalise the data (see 

page 36). Three-way ANOVAs (followed by Tukey multiple comparison tests) were 

therefore conducted to test for effects of treatment, block and date, on the diversity 

indices.

2 ,
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the Tukey multiple comparison test) to test for treatment, block and interaction effects.

As the data were normally distributed and the variances homogenous (F-test), 

transformation was not necessary.

4.5 Results

General information

dependant on the successional stage of the leaf litter (i.e. the length of time the litterbags 

were buried). Isotomurus palustris was significantly more abundant in the litterbags 

from 25 April and 3 July (buried for 20 and 30 weeks, respectively) than those from 14 

February or 22 July (both buried 10 weeks: see Figure 4.7 & Table 4.2). The lower 

abundance of I. palustris in 22 July litterbags compared to 3 July litterbags, indicates 

that the abundance of I. palustris was primarily dependant on succession rather

51

A total of 14,829 individuals, from 26 species, were collected in the litterbags between 

14 February and 22 July 1995 (a species list can be found in Appendix IV).

■
Species composition and date

Both L  cyaneus and Heteromurus nitidis (Templeton) appeared to show a seasonal 

effect and increased as the summer progressed (see Figure 4.5 & Table 4.2). For 

example, both species were significantly more abimdant in 3 and 22 July samples than 

February or April ones, and they were also more abundant in 22 July samples than 3 

July samples. Changes in the abundance of these two species were more likely a 

consequence of season rather than succession, since the two sets of litterbags buried for 

10 weeks (specifically February and 22 July) differed most with respect to the 

abundance of these species. Both L. cyaneus and H. nitidis are sexually reproducing 

species, and it is therefore not suiprising that the number of sexual individuals followed 

a similar pattern (see Figure 4.6 & Table 4.2). The asexual Mesaphorura spp. 

(consisting of M. macrochaeta Rusek and M  hylophila Rusek) also followed a similar 

pattern to L. cyaneus and H. nitidis^ with the highest abundance found in litterbags 

collected on 22 July (see Figui'e 4.5 & Table 4.2).

Some species do not, however, show a seasonal pattern but instead appear to be
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than season. The abundance of total Collembola, I. notabilis and asexual individuals 

(principally I. notabilis) followed the opposite pattern (see Figures 4.6 & 4.8 & Table

4.2), and were more abundant in litterbags buiied for 10 weeks (February and 22 July) 

than in litterbags buried for 30 weeks (3 July).

CT
22/
6d
d

30 1 

25 

20 -  

15 - 

10 

5 

0

Î

I
t;cr

d
d

I

Figure 4.5 Effect of date on abundance oiH . nitidis, L. cyaneus 
and Mesaphorura spp. irrespective of treatment

■H. nitidis
- - ® - - Mesaphorura spp. 
—^— L. cyaneus

20 4

15

10 -

5 -

14/02/1995 25/04/1995 03/07/1995 22/07/1995
(10 weeks) (20 weeks) (30 weeks) (10 weeks)

Figure 4.6 Effect of date on abundance of sexual & asexual 
individuals irrespective of treatment

' - Sexual 
— Asexual

P

14/02/1995 
(10 weeks)

25/04/1995 
(20 weeks)

Date

03/07/1995 
(30 weeks)

22/07/1995
(10 weeks)

Figure 4.5 & 4.6 The above graphs show the effects o f  date/burial time on the species composition and 
number o f  sexual and asexual individuals in litterbags. EiTor bars show standard deviations and burial 
time is given in brackets below date.
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The abundance of I. anglicana appeared to be dependant on both season and succession. 

This species had a higher abundance in April litterbags (20 weeks) than February 

litterbags (10 weeks), and also had a higher abundance in 3 July litterbags (30 weeks) 

than April litterbags (20 weeks: see Figure 4.7 & Table 4.2). Like /. palustris, this 

species was less abundant in litterbags from 22 July (10 weeks) than 3 July (30 weeks), 

but unlike I  palustris, the abundance on 22 July was greater than in February or April, 

suggesting that changes in the abundance of this species were not just the consequence 

of succession but also of season.

Figure 4.7 Effect of date on abundance of I. anglicana and I.

g
.2
a
2
L,C"

1
fi
2

12 palustris irrespective of treatment

10
-♦— /. anglicana 

— /. palustris
8

6

4

2

0
14/02/1995 
(10 weeks)

25/04/1995 
(20 weeks)

03/07/1995 
Date (30 weeks)

22/07/1995
(10 weeks)

Figure 4.7 The above graph shows the effects o f date/burial time on the species composition in litterbags. 
Error bars show standard deviations and burial time is given in brackets below date.

The number of hemiedaphic species appeared to follow a successional pattern with a 

significantly greater abimdance in the 22 July litterbags (10 weeks) than April (20 

weeks) or 3 July litterbags (30 weeks: see Figure 4.9 & Table 4.2). The number of 

euedaphic species, however, appeared to follow a seasonal pattern with the biggest 

difference in abundance occurring between the February and 22 July litterbags, both of 

which were buried for 10 weeks (see Figure 4.9 & Table 4.2). Ceratophysella 

denticulata did not follow either a successional or seasonal pattern but instead, with the 

exception of the April litterbags having a significantly lower abundance than the 

February or 22 July litterbags, the population remained relatively constant (see Figure 

4.8 & Table 4.2).
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Figure 4.8 Effect of date on abundance of total Collembola, I.
notabilis and C. denticulata irrespective of treatment

— ♦— I. notabilis 
- - - - C. denticulata
—11—  Total Collembola

XJ

% 10

14/02/1995 
(10 weeks)

25/04/1995 
(20 weeks)

03/07/1995 
Date (30 weeks)

22/07/1995 
(10 weeks)

uI
kcr

d
C
2

25

20

15

10

5 -

Figure 4.9 Effect of date on ecomorphology irrespective of
treatment

— •—  Hemiedaphic 
-■ -A-- Euedaphic

-£

14/02/1995 
(10 weeks)

25/04/1995 
(20 weeks) Date

03/07/1995 
(30 weeks)

22/07/1995
(10 weeks)

Figure 4.8 & 4.9 The above graphs show the effects o f date/burial time on species composition and 
ecomorphology. EiTor bars show standard deviations and burial time is given in brackets below date.

Species composition and treatment

No treatment effect was found for the number of total Collembola, however, a treatment 

effect was found for Neelus minimus, Mesaphorura spp. and /. anglicana (see Table 4.2 

and Figure 4.10). Isotoma anglicana was more abundant in the zinc and copper-rich 

plots than the undigested, digested or control plots. Mesaphorura spp. showed the
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opposite trend, being less abundant in both the zinc and copper-rich plots than the 

undigested, digested or control plots (see Figure 4.10 & Table 4.2). Neelus minimus had 

a higher abundance in the copper-rich plots but a lower abundance in the zinc-rich plots, 

when compared to the undigested and digested plots (see Figme 4.10 & Table 4.2). The 

abundance of N  minimus was also lower in the digested sludge plots than the control 

suggesting that this species was adversely affected by the addition of digested sludge 

(see Figure 4.10 & Table 4.2).

These results must, however, be treated with caution as the variances were 

heterogeneous, which can increase the probability of finding an effect of treatment when 

none is present (Day & Quinn 1989). However, although the probability was only 0.05 

for the ANOVAs, differences were found to be significant to 0.01 in the Tukey tests, 

hence suggesting that treatment effects were real.

25

20 -

Figure 4.10 Effect of treatment on collembolan composition 
irrespective of date

■  Total 
MN. minimus 
□  /. anglicana 

Mesaphoruraspp.

Control D igested U ndigested

Treatment
Zinc Copper

-a
I

I

:

1

«

Figure 4.10 The above graph shows the effects o f treatment on species composition o f  litterbags. Error 
bars show standard deviations.

Diversity

Four measures of diversity were calculated for each plot on the four sampling dates. 

These were S to measure richness, d to measure evenness, and a  and N2 to measure 

diversity (see pages 30-32 for information on diversity indices). The calculated diversity

I:
!■

Ï

56

ÎÎ



values can be seen in Appendix V. Three-way ANOVAs were conducted on these 

indices (square root transformed) to test for effects of treatment, block and date. No 

treatment effect was found for any of the four diversity indices. A date effect was, 

however, found for all diversity measurements (see Table 4.3) and a block effect was 

found for species richness (see Table 4.4).

Species richness (S) tended to show a seasonal effect, with the summer samples (7 and 

22 July) having significantly more species than the February or April samples (see Table

4.3). This is more likely to be the result of season rather than succession because the 

largest difference in species richness occurred between 14 February and 22 July 

samples, both of which were bmied for 10 weeks. The other measm'es of diversity did 

not, however, follow the same pattern. Both overall diversity measures (a  and N%) were 

significantly higher in litterbags from 3 July (30 weeks) than those from February (10 

weeks), April (20 weeks) or 22 July (10 weeks), suggesting a successional effect rather 

than a seasonal one (see Table 4.3). This was probably the consequence of the

dominance (here measiued by d) being significantly less (indicating a more even 

community) on 3 July (30 weeks) than in February (10 weeks) or April (20 weeks: see

Table 4.3). There was also an effect of season, with the 22 July samples having a higher 

overall diversity than the February samples (see Table 4.3). It would therefore appear* 

that the evenness and overall diversity of Collembola in the litterbags was primarily 

dependant season and succession, whereas, the species richness was primarily dependant 

only on season.

ij'An effect of block was apparent for species richness (S), with block one having a 

significantly lower richness than block three (see Table 4.4). It was found that previous 

to sludge application, block three had the highest clay and organic content and the 

lowest sand content (see Appendix VI). Since the water holding capacity of a soil is 

positively correlated to its clay content (Smith 1996), it is possible that block three also 

had the highest moisture content.
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Table 4.4 Effect of block on collembolan diversity

Table 4.4 This Table shows the results o f  the 3-way ANOVAs performed on the following four measures 
of diversity; d, S, N% and a .  Effects o f  date can be found in Table 4.3, It also shows the mean diversity 
value (square root transformed) found for each block (± standard deviations shown below) and the results 
of the Tukey test (P < 0.05).

Detrended Correspondence Analysis (DCA)

The initial DCA indicated that plot 11 in block one had a consistently different 

collembolan composition from the other plots. Wlien the species composition of this 

plot was examined it was found that I. notabilis was under represented. Isotoma 

notabilis was either absent (February, April and 3 July) or represented by only one 

individual (22 July) in this plot, whereas, in all other plots /. notabilis was one of the 

dominant species.

It is unknown what caused the elimination of this species in plot 11 block one and an 

investigation of the initial soil analysis (prior to sludge application) found that Rhizobia 

numbers, biomass carbon and soil respiration rates were of the same magnitude as other 

plots (see Appendix VII). Furthermore, the grass yields were also of the same 

magnitude (see Appendix VIII). The available data on this plot did not therefore show 

any cleai* difference between this plot and the other plots. A possible explanation may 

be that the plot had more emigration and immigration with the soil suiTOunding the 

experimental area than the other plots as a consequence of it being at the edge of the 

experimental trial.

Diversity Index F-value Probability 
d f = 2 , 2 4  
n = 20

Block 1 Block 2 Block 3 Location of 
difference 
df = 24 
A = 3

Species Riclmess (S) 8.11 <0.01 2J9 2.77 3.00 Row 3 >
±0.51 ±0.53 ±0.44 Row 1

Berger-Parker (d) 0.46 N.S. 0.78 0.81 0.80 -

±0.14 ±0.15 ±0.13
Hill's (Nz) 0.12 N.S. 1.54 1.51 1.55 -

±0.37 ±0.46 ±0.43
Fisher's (a) 1.20 N.S. 1.30 1.40 1.42 -

±0.31 ±0.44 ±0.32
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The only way of coping with such outliers in DCA is to remove them from the analysis 

(Hill & Gauch 1980). It was therefore decided to omit this plot from the data set and 

repeat the DCA analysis (without the downweighting of rai-e species). The resultant 

sample ordination can be seen in Figure 4.11 below, and the species ordination is 

presented in Figure 4,12. The DCA produced eigenvalues of 0.356, 0.266, 0.196 and 

0.097 for axes 1-4 respectively. These values indicate that the amoimt of between-piot 

variation in collembolan assemblages accounted for by axes 1-4 was 39%, 29%, 21% 

and 11% respectively. As axes 3 and 4 collectively accounted for less than 40% of this 

variation, they were not considered further.

From Figure 4.11 it can be seen that the main factor separating samples along axis 1 is 

season, with the summer samples (3 and 22 July) being well separated in the middle of 

axis one, while the winter/spring samples (14 February and 25 April) are clumped and to 

the left. There is also a separation between the two summer sampling dates along axes 1 

and 2. This is probably a consequence of successional and/or seasonal changes in 

species composition.

Figure 4.11 Sample DCA ordination for litterbags (relative abundance)

140

120

100 -

i
8 0 -

60

40

20

0 -

O February
T April
O Early July
# Late July

o o

o o

o

0 20 40 60 80 100 120 140 160 180 200 220

Axis I
Figure 4.11 Sample ordination (species relative abundance). Each point represents one plot.

60

■f



#

From the species ordination (Figure 4.12) it can be seen that species found to be early 

colonisers of leaf litter, namely I. notabilis (Bolger 1985 and above) and Ceratophysella 

spp. (Siepel 1990), lie to the left of axis 1, whereas, species that colonise later (/. 

palus tris and J. anglicana: see above) lie to the right. The species ordination also 

suggests that there is a seasonal effect, with species that appear late in the summer 

occurring to the bottom right hand comer of the axes (L. cyaneiis, H. nitidis and 

Mesaphorura spp; see above). It would therefore appear that the main driving forces 

separating samples along axes 1 and 2 were succession and season.

Figure 4.12 Species DCA ordination for litterbags (relative abundance)

300-
►Fols fime

Fols cand 
Cera succ •

200 -

100 -

Onyc circ

Isot viri*
Frie clav

Smin pumi 
Isot palu f  •  ,m Isot angl

Isot nota •^•A nur pygm 
Cera dent •Smin aure

Mesa hylo*

Sten deni 
# Isot tigr Neel mini 

e
Fois firo

Isot prod
Hete niti

•Lepi cyan 
Pseu deci# «Mesa macr

Smin cleg

- 20 0 -

-300

Prot cane

Lepi lign

Axis I

Figure 4.12 Species ordination (relative abundance). Species codes can be found in Appendix IX.

The axes scores for the summer samples were re-drawn showing the 3 and 22 July 

samples separately. This was done to enable treatment effects to be observed more 

easily (see Figures 4.13 & 4.14 for 3 and 22 July, respectively). From Figures 4.13 and 

4.14 it can be seen that although the majority of the variation in collembolan community 

structure can be accounted for by season/succession, there is also some variation 

between treatments. In particular, for both dates in July the zinc plots lie distinct from 

the digested sludge plots and the control plots. Copper plots are also separate from the 

control plots on both sampling dates.
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Figure 4.13 DCA ordination for 3/7/95 showing treatment split.

□ Control
# D igested
o U ndigested
T Zinc
A Copper

20 40 60 80 100 120 140

Axis I

180 200 220

F igu re 4 .14  D C A  ord in ation  for 22 /7 /95  sh ow ing trea tm en t split.

□ Control
e D igested
o U ndigested
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160 

140 

1 2 0 - 

100 

80- 

60- 

40 

2 0 -

0 -] I I I I i I r
0 20 40 60 80 100 120 140 160 180 200 220

Axis I
Figures 4.13 & 4.14 DCA ordination for Aucliincruive 3 and 22 July 1995 respectively. Each point 
represents one plot.

The separation of treatments is clearest on 22 July, however, even on this date there are 

large differences between replicas of a treatment. Closer examination of the ordinations 

found that block two differed most between the three replicas of a treatment. The DCA
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sample ordination therefore indicates that although block did not affect the abundance of 

any dominant species (see above), it affected the community as a whole. The pH and 

conductivity of block two was found to be lower than the other blocks prior to sludge 

application and this may have contributed to the observed separation of block two (see 

Appendix VI).

The species ordination indicates that moisture may be involved in the division of 

samples along axis 2 (see Figure 4.12). While I. viridis and I. palustris (Joosse 1970) 

prefer damp conditions and occur towards the top of the ordination, L. cyaneus and 

Isotomodes productus (Axelson) prefer diy conditions (Joosel970; Fjellberg 1980) and 

occur towards the bottom of the ordination. However, there is insufficient infoimation 

on the humidity preferences of the species present to draw definite conclusions.

Decomposition

Decomposition rate was estimated from the loss of organic matter from the litterbags. 

Treatment and block effects were tested for using a 2-way ANOVA (on untransformed 

data), followed by the Tukey multiple comparison test. Results of these tests can be 

seen in Table 4.5 below.

Table 4.5 The effect of treatment and block on decomposition

Treatment Mean O.M. 
lost (g)

Control 0,29 (±0.08)
Digested 0.31 (±0.10)
Undigested 0.32 (±0.06) T reatment Block
Zinc 0.29 (±0.09) F-

value
Prob 

d f = 4 , 18 0  
n = 39

Where
difference

lies
df=180

/ t - 5

F-
valne

Prob 
df =2,180  

n = 65

Where
difference

lies
df=180

k ~  3
Copper 0.36 (±0.07) 5.09 <0.001 C u > C &

Zn
5.11 <0.01 Block 3 > 

Block 1
Table 4.5 This table shows the mean decomposition rate for each o f the five treatments (standard 
deviations are given below in brackets). It also shows the F and probability values (for treatment and 
block) obtained by 2-way ANOVA and the results o f the Tukey test (P<0.05). The following codes are 
used O.M. - organic matter, Cu - copper-rich sludge, C - control and Zn - zinc-rich sludge.

No interaction was found between block and treatment effect (F=2.13 at df 8, 180). The 

addition of digested, zinc-rich and undigested sludge did not significantly affect the
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decomposition rate. However, plots receiving the copper-rich sludge had significantly 

higher decomposition rates than the control plots. It would therefore appear that copper- 

rich sludge was indirectly beneficial to soil fertility through increasing the 

decomposition rate. A block effect was also apparent, with block one having a 

significantly lower decomposition rate than block three. A similar block effect was 

found for species richness which increased from block one to three. It is therefore 

possible that the greater number of species in block three increased the decomposition 

rate or that a third, unknown factor, affected both decomposition and species richness.

4.6 Discussion

Effect of date on species composition

Date and succession were the main factors that determined the collembolan abundance 

and species composition in the litterbags, while treatment was less important. It would 

appear that with respect to sampling date, collembolan species fall into three main 

categories: species that are dependant on season (e.g. L  cyaneus, H. nitidis and

Mesaphorura spp.); species that are dependant on the successional stage of the leaf litter 

(e.g. 1. notabilis and /. palustris); and species that are unaffected by season and 

succession (e.g. F. fimetaroides, F. fimentaria and N, minimus). Other litterbag studies 

have also found both seasonal and successional effects on populations of Acari and 

Collembola (Anderson 1975; Bolger 1985).

Seasonal effects on collembolan abundance ai*e dependant on species, year and 

geographical location (Christiansen 1964). In the UK there is a tendency for population 

peaks to occin in winter and summer (Cliristiansen 1964; Bardgett et a l  1993). Niijima 

(1975) found that Entomobryidae (the family in which both H. nitidis and L  cyaneus 

belong) peaked in abundance during summer in a temperate forest in Japan, and 

Brussaard et al. (1990) found Mesaphorura krausbaueri increased from April to July in 

agricultural land in the Netherlands. Joosse (1969) found that L. cyaneus was more 

abundant in the Netherlands during summer. Through examining the size classes of L. 

cyaneus, Joosse (1969) concluded that this species over-winters as half-grown 

individuals emerging in spring and laying eggs shortly afterwards. In the present study,

64



L  cyaneus may therefore have been present in February, but as they were immobile they 

were not sampled by the litterbags until emerging sometime between 24 April and 3 July 

1995. The similar seasonal pattern in H. nitidis suggests that it had a similar life- 

history.

Isotoma notabilis was the dominant collembolan species in the litterbags during the 

early stages of decomposition, and became less abundant as the leaf litter decomposed. 

This species was also dominant in the early successional stages of litterbags in a study

by Bolger (1985). Odum (1969; 1985) suggested that r-selected species are more likely 

to be early colonisers, and as I. notabilis is asexual it can be considered to be relatively 

r-selected. Isotoma notabilis may also prefer to feed on primary saprophytes abundant 

in the early stages of decomposition. Both I  palustris and I  anglicana colonised the 

bags in the latter stages of succession suggesting that they may prefer to feed on 

secondary saprophytes. More work is therefore required to examine if feeding 

preferences play a role in the succession of these collembolan species in leaf litter.

Care must, however, be taken in interpreting these results as it is possible that other 

environmental changes occurred between 3 and 22 July that could have resulted in the 

observed change in species composition. For example, the grass was cut on 17 July and 

consequently the grass height was much lower on 22 July than 3 July. The decrease in 

grass height would result in changes in the micro-climate of the soil, with fluctuations in 

temperature and humidity being more pronounced. However, as the grass height was

not measured, no conclusion can be drawn concerning its effect on the collembolan 

community.

Effect of sewage sludge on Collembola

The addition of sewage sludge has generally been found to increase the abundance of 

Collembola (Lübben 1989; Holler-Land 1959), and this is thought to be primarily the 

result of increases in food (Pimentel & Warneke 1989). In this study, both the digested 

and undigested sewage sludge had higher numbers of Collembola than the control or 

metal-rich sludges, however, as a consequence of the large variation between replicas 

within treatments, this increase was not significant. It is also notable that the sludge
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treatments did not affect the collembolan diversity, evenness or species richness. 

Diversity may have been expected to be reduced by the addition of metal-rich sludge, as 

heavy metals have previously been found to adversely affect diversity (Bengtsson et al 

1985a).

Neelus minimus and Mesaphorura spp. were adversely affected by zinc-rich sludge and 

Mesaphorura spp. were also adversely affected by copper-rich sludge. The 

susceptibility of Mesaphorura spp. to metal-rich sludge is surprising as M. krausbaueri 

was found to be favoured in areas where copper levels are high as a result of the 

intensive use of copper containing fungicides (Filser et a l 1995). Furthermore, 

Mesaphorura spp. occurred in their highest abundance in plots treated with metal-rich 

sludge (spiked with metal salts) in a study by Lübben (1989). The discrepancies 

between these results and the Auchincruive results may be the consequence of species 

specific differences in metal susceptibility existing within the genus Mesaphorura. It is 

well documented that species differ in their susceptibility to metal pollution (Filser et al 

1995; Tranvik & Eijsackers 1989; Posthuma & Van Straalen 1993).

Metals can be directly toxic to Collembola tlirough decreasing their growth rate, 

reproduction and/or survival (Bengtsson et a l 1983; Joosse & Verhoef 1983; Posthuma 

et al 1993). Metals may also be indirectly toxic thiough their action on fungi and 

habitat stmcture (Tranvik & Eijsackers 1989; Bengtsson et a l 1985a; Posthuma et al

1993). For example, Tranvik & Eijsackers (1989) found that the metal tolerant species 

F. Jimetarioides had a higher preference for metal tolerant fungi than the metal sensitive 

species I. minor.
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As heavy metals decrease with soil depth (Bengtsson & Rundgren 1988), it is possible 

that Mesaphorura spp. and N. minimus did not actually decrease in abundance, but 

instead migrated down the soil profile to avoid the metals. There is evidence that 

euedaphic species migrate to greater soil depths (up to a depth of 10 cm) in metal 

polluted areas (Bengtsson & Rundgren 1988), and the migration of soil Collembola

down the soil profile to avoid adverse weather conditions is well documented (Hale 

1967; Marshall 1974). However, as the sewage sludges (and therefore the heavy metals)

3



were incorporated into the soil to a depth of up to 25 cm, it is unlikely that the 

Collembola would be able to follow a concentration gradient to less polluted areas.

Isotoma anglicana was promoted by the addition of copper-rich and zinc-rich sludge, 

while N. minimus was promoted by the addition of copper-rich sludge. Other studies 

have also found some species of Collembola to be promoted by metals while others are 

adversely affected (Filser et al. 1995; Tranvik & Eijsackers 1989; Lübben 1989). Zinc 

and copper are essential micro-nutrients (Hopkin 1989) which are required in trace 

quantities by Collembola (Bengtsson et al. 1983). It is possible that I  anglicana and N. 

minimus were deficient in these metals prior to sludge application and were therefore 

favoured when metal levels increased following application. Low levels of copper have 

been found to increase the growth rate of O. armatus in the laboratory (Bengtsson et al.

1983), and the collembolan density in the vicinity of Gusum brass mill was higher at 

low levels of copper and zinc pollution than at unpolluted areas (Bengtsson & Rundgren

1988). The increase in abundance at low metal levels may also be the consequence of 

these species possessing metal-sensitive gut parasites (Bengtsson & Rundgren 1988), or 

of predators and/or competitors being more susceptible to zinc and copper. Isotoma 

viridis, which is closely related to I  anglicana, has previously been found to be 

sensitive to the presence of zinc-rich sewage sludge (Bruce et al. 1997).

It is important to note that as a consequence of the sludges arising from different sewage 

treatment works, other differences between sludges existed that may have affected the 

collembolan community. For example, the copper-rich sludge and the zinc-rich sludge 

had higher levels of nickel, lead, chromium and iron than the uncontaminated sludges 

(see Appendix II). It is also possible that the metal-rich sludges, being derived from 

more industrial areas, had higher levels of organic pollutants such as polynuclear 

aromatic hydrocarbons (PAH’s) and polychlorinated biphenyls (PCB’s). To determine 

which component or components were responsible for the observed changes in species 

composition it would be necessary to use a wider range of sludges which would be very 

time consuming. Alternatively, by artifrcially contaminating sludge with metal salts the 

effects of individual metals could be studied. Although this method is less time 

consuming, it is likely that the metal availability of artificially contaminated sewage
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sludge would differ from sludges which have been derived from treatment works with 

high metal inputs. Artificially contaminated sludge would not necessarily accurately 

reflect the influences of natui-ally contaminated sludge.

Diversitv and succession

Goulden (1969) proposed that as leaf material decomposes, the organisms involved in 

decomposition progress through a series of developmental phases. In the first phase, the 

colonisation phase, species diversity increases as species rapidly immigrate into the 

newly established habitat. In the second phase, the common species become less 

common and the rai'e species less rare (the evenness of the community increases). In the 

third phase, rare species continue to colonise the habitat until it is fully saturated, and 

finally, in the fourth phase the diversity is degraded to a few abundant species adapted to 

the more unfavourable environment of the humus. Field studies using litterbags have, in 

general, supported Goulden's theory (Anderson 1975; Bolger 1985; Siepel 1990).

In this study, Collembola rapidly colonised litterbags within the first ten weeks of burial 

and this rapid colonisation was as predicted from phase one of Goulden's (1969) 

developmental phases. There was also a clear change in the evenness of the commimity 

with respect to succession. As the succession of leaf litter in the litterbags progressed, 

the evenness of the community increased which is indicative of Goulden’s phase two of 

succession. However, as the species richness was predominately determined by the 

season, it was difficult to determine if developmental phase three had occurred and there 

is no evidence of phase four being reached.

Decomposition

Decomposition was measured as the organic matter lost from the litterbag and was 

therefore defined in its broadest sense for in addition to losses due to respiration and 

leaching, losses due to fragmentation, faeces production, faunal death and emigration 

were also included (Seastedt 1984). It was found that the addition of copper-rich sludge 

elevated the decomposition rate above that of the control. Chaney et al. (1978) found 

that low concentrations of the metal cadmium increased the activity of decomposers 

(measured by CO2 efflux). This was thought to be a consequence of cadmium-sensitive



species being replaced by more tolerant species which respired at a faster rate (Hopkin 

1989). The change in species composition in the copper-rich plots may have similarly 

altered the decomposition rate, especially if I. anglicana and N. minimus respire faster 

than Mesaphorura spp. A faster respiration rate of I. anglicana than Mesaphorura spp. 

may be expected as hemiedaphic species are thought to have a higher level of activity 

and metabolic rate than euedaphic species (Van Straalen 1989). This can be supported 

by the fact that I. anglicana has longer legs than Mesaphorura spp. and well developed 

furca (jumping organ), suggesting it has a more active life.
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Cadmium is generally considered as a non-essential element in invertebrates, whereas, 

copper is a micro-nutrient that is required in small concentrations (Hopkin 1989; 

Pokarzhevskii & Van Straalen 1996). It is therefore possible that previous to its 

addition copper was the limiting element to decomposition, and through adding copper 

this deficiency was eliminated and the rate of decomposition was increased. The 

essential levels of micro-nutrients in invertebrates is relatively understudied (Hopkin

1989), and it is therefore difficult to determine if the original soil concentration was 

limiting. However, current evidence indicates that copper deficiency in livestock may 

be widespread in Scotland (Smith 1996).

There ai*e several drawbacks in using litterbags to study the decomposition rate. Firstly,

the artificial confinement of leaf-litter may adversely affect the fungal productivity and

hence would also affect the contribution of Collembola to decomposition (Seastedt

1984). Confinement has been found to imderestimate the true decomposition rate

(Witkamp & Olson 1963). Despite the adverse effects of artificial confinement, the 
.ability to exclude macrofauna without the use of chemicals and in near normal 

conditions in the field makes litterbags the most popular method of studying 

decomposition (Seastedt 1984).

4.7 Main findings

1: Date and season were the main factors influencing the collembolan community with 

effects of treatment being less pronounced.



3: Isotoma anglicana and I  palustris were late colonisers of decomposing oalc leaves, 

while I  notabilis was an early coloniser. The evenness of the community increased as 

succession progressed and this resulted in an increase in overall diversity.

5: The decomposition rate was highest in the copper-rich plots. This may be the 

consequence of copper previously being the limiting element to decomposition, or it 

may be the result of changes in the community structure of decomposers.

70

a

2; Mesaphorura spp., H. nitidis and L. cyaneus increased as the summer progressed as 

did the species richness. 3

■a:;;

4: Isotoma anglicana was favoured by the addition of copper-rich and zinc-rich sludge, 

while Mesaphorura spp. were adversely affected. Neelus minimus was favoured by the 

addition of copper-rich sludge, but adversely affected by the addition of zinc-rich 

sludge.

6: Block effects were apparent for the species richness and decomposition rate, with 

block three having a higher richness and decomposition rate than block one. It is 

possible that the higher decomposition rate was the consequence of the higher species 7

richness. Alternatively, it is possible that a third unknown factor (e.g. soil moisture) 

affected both the decomposition rate and the species richness.
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5.1 Introduction
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CHAPTER 5. Effects of sludge on hemiedaphic and epigeal Collembola as 

indicated by suction sampling

Epigeal Collembola are an important food source for predators such as staphylinid 

beetles, carabid beetles and hai*vestmen (Hopkin 1997). As a consequence of this, they 

help to maintain healthy populations of polyphagous predators which are important in 

the control of agricultural pests. Furthermore, because they ai*e larger than euedaphic 

Collembola, they are easier to work with and to identify. The majority of studies that 

look at the effects of agricultural practices on Collembola use soil cores as a method of 

sampling. As soil cores are inefficient at sampling epigeal Collembola (trapping on 

average less than one epigeal individual per soil core: Frampton et al 1992), these 

species am frequently left imstudied.

The suction sampler provides a non-destructive method of sampling arthi'opods and is 

particularly useful for sampling small arthropods, such as Collembola, which cannot 

realistically be collected by the laborious and inefficient method of ground searching 

(Duffey 1974). Suction sampling is a more accurate sampling method than sweeping 

which is liable to large personnel errors (Johnson et al 1957). It also provides a more 

accurate measurement of population densities than pitfall traps which are dependant not 

only on the abundance of species present, but also on the activity level of each species.
'

Suction sampling provides good quantitative data on collembolan population densities 

and Jolmson et a l (1957) found a sampling efficiency of 99.3 % for Arthropleona and 

100 % for Symphypleona with the Wolf Portable Electric Blower. Suction samplers 

have successfully been used to monitor the effects of insecticides (Frampton 1988), 

herbicides (Sotherton et a l 1987), fungicides (Frampton 1988), grazing (Purvis & Cuiry 

1978), vegetation type (Curry & Cunningham 1978) and management intensity (Moreby 

et a l 1994) on epigeal and hemiedaphic Collembola.

Suction samplers do, however, have some limitations. For examples they are only 

applicable for sampling invertebrates on the surface or in the more accessible crevices of
I
I
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plants and the soil (Johnston et al. 1957). Furthermore, the sampling of small 

arthropods may be inefficient in damp habitats or wet weather because they can get 

stuck to the inside of the flexible hose in some suction samplers (Jolinston et al. 1957). 

A further problem of suction sampling arises from the fact that animals in their natural 

habitats are commonly patchily distributed. This is problematic because suction 

sampling generally samples only a small area at one time (Southwood 1971). However, 

suction sampling is more effective than sweeping and as sweeping only samples epigeal 

specimens, suction is also a more complete method (Berbiers et al. 1989)

Samples derived from suctioning often contain leaves, grass and other debris and, as a 

consequence of this, hand sorting is laborious and time consuming (Marshall et al.

1994). Hand sorting is also prone to personnel enor, especially when dealing with small 

arthropods (Johnston et al. 1957). This problem can, however, be overcome by 

floatation to extract inorganic soil followed by sieving to remove the larger debris 

(Frampton 1988).

The Dietrick vacuum insect sampler (Dietrick et al. 1959) and related designs (e.g. the 

Thornhill vacuum sampler) have become standard sampling techniques in agricultural 

research (MacLeod et al. 1994). However, these suction samplers are heavy and can 

become uncomfortable with prolonged use (MacLeod et al. 1994). The Ryobi 

RSV3100E sweeper-vac (as modified by MacLeod et al. 1994) is a cheaper, lighter and 

less noisy alternative to original suction samplers (Harwood 1994). Furthermore, the 

Ryobi sweeper vac has been found to be more efficient than conventional samplers in 

sampling several insect species (MacLeod et al. 1994). Since the insects are taken 

straight into the collecting bag, the problem of insects getting trapped inside the suction 

hose is also eliminated.

In this Chapter Ryobi suction samplers are used to determine the effects of different 

sewage sludges on the epigeal and hemiedaphic collembolan populations, while in 

Chapter 6  pitfall trapping will be used. A comparison will then be made between these 

two methods in Chapter 7.

I
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5.2 Methods

Trial sites and treatments

The epigeal and hemiedaphic Collembola were sampled in 1995 and 1996 at the SAC 

Auchincruive site, and in 1996 at the Hartwood site (both trial sites are described in 

Chapter 3). The sludge treatments investigated can be seen in Table 5.1, together with 

the year in which they were studied. A detailed analysis of the sludges is given in 

Appendix II for the 1994 sludge application and Appendix X for the 1995 sludge 

application. The plots studied are marked with an asterix in Figure 5.1 (Auchincruive) 

and Figure 5.2 (Hartwood). The effects of six different sludge treatments were studied 

in 1995 and four were studied in 1996. In 1996, the undigested uncontaminated and the 

undigested copper-rich treatments were omitted to enable a more detailed investigation 

of the remaining four treatments. The digested treatments represent a more common 

situation because digested sludge is used more frequently as an agricultural fertiliser. 

Furthermore, the digested treatments provided information on an essential micro­

nutrient (zinc) and non-essential metal (cadmium).

Table 5.1 Treatments

Treatment
number

Treatment Mean metal
concentration/application
rate

Sewage
treatment
works

Year
sampled

1 Control Background levels 
(see Appendix XI)

- 1995 &
1996

2A Digested
uncontaminated
sludge

Low levels
(see Appendices II, III, X & 
XI)

Banbury 1995 &
1996

3 Undigested
uncontaminated
sludge

Low levels
(see Appendices II, III)

Carterton 1995

7 Zinc-rich digested 
sludge

7,036 mg Zn kg'* sludge 
288.5 kg Zn ha'* year'* 
180 mg Zn kg'* soil 1995 
270 mg Zn kg'* soil 1996

Coleshill 1995 &
1996

1 1 Copper-rich 
undigested sludge

3,394 mg Cu kg'* sludge 
67.9 kg Cu ha'* year'*
69 mg Cu kg'* soil 1995

Selkirk 1995

15 Cadmium-rich 
digested sludge

48.9 mg Cd kg'* sludge 
4.3 kg Cd ha'* year'*
1 . 2  mg Cd kg'* soil 1995
2 . 2  mgCdkg* soil 1996

Perry
Oaks

1995 &
1996

Ï
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Initial findings from 1995 suggested that cadmium was particularly toxic to some 

species. It was therefore decided to sample all foui' cadmium concentrations on 4 

August 1996 to investigate the effects of a range of concentrations on the epigeal and 

hemiedaphic Collembola. The plots sampled only on 4 August are marked with a cross 

on Figure 5.1. The concentrations of cadmium in the sludge and plots can be seen in 

Table 5.2. The ranges of cadmium concentrations were obtained by mixing the PeiTy 

Oaks cadmium-rich sludge with the Banbury digested sludge. Mean weight of the 

Banbury and Periy Oaks sludge applied to each plot can be seen in Table 5.2. This 

enabled the cadmium concentration to be altered without changing the organic input. 

Table 5.2 Cadmium treatments sampled on 4 August 1996

Treatment number 
and treatment

Mean metal 
concentration 1996

Mean weight 
of Perry Oaks 
sludge applied

Mean weight of 
Banbury 
sludge applied

12 Low cadmium 14.7 mg Cd kg'* sludge 
1.0 kg Cd ha'* year'*
0.7 Cd kg'* soil

19 t ds ha '* 6 8  t ds ha '*

13 Medium cadmium 25.3 mg Cd kg^ sludge
2.1 kg Cd ha'* year'*
1.2 mg Cd kg'* soil

42 t ds ha '* 45 t ds ha '*

14 High cadmium 35.8 mg Cd kg'* sludge 
3.2 kg Cd ha'* year’*
1.7 mg Cd kg'* soil

65 t ds ha 2 2  t ds ha '*

15 Very high 
cadmium

48.9 mg Cd kg'* sludge 
4.3 kg Cd ha'* year'*
2.2 mg Cd kg'* soil

87 t ds ha '* 0

Sampling method

The Ryobi RSV3100E sweeper-vac (as modified by MacLeod et al. 1994) was used to 

sample Collembola. The Ryobi, which was originally designed to collect leaf litter and 

light-weight garden debris, is readily available from retail outlets tliroughout the UK 

for about £200. This machine is powered by a 31 cc air cooled engine operating at 

6,800 - 7,000 rpm (manufacturer’s data) and this generates a mean air speed of 16 m s‘‘ 

(MacLeod et al. 1994). Fine weave (< 0.5 mm) nylon/cotton mix voile bags were used 

to collect the samples and the bags were renewed after each sample was collected.

76

«

I
:#

Ï
Ï

:



During 1995, suction samples were taken at the Auchincruive site on 12 and 25 July. In 

1996, suction samples were taken at the Auchincruive site on 30 April, 31 May, 22 June 

and 4 August and at the Hartwood site on 12 August.

77

Each suction sample covered an area of 706 cm^ which was sucked for 60 seconds. On 

each sampling date, five such samples were taken at random from each plot. No 

samples were taken within a distance of one metre from the edge of the plot to eliminate 

any edge effect (Gill 1969). To standardise across sampling dates, all suction samples 

were taken on sunny days when the grass was dry and between 1 0 . 0 0  - 17.00 hours.

Immediately after return to the laboratory, suction samples were placed in a freezer and 

left until a later date when they could be processed fully. The organic matter was 

extracted from the inorganic soil particles by repeated flotation in a saturated salt 

solution. The resultant organic matter (including Collembola) was then passed through 

two graded sieves (15 ram and 45 pm). These separated the debris (mainly blades of 

grass) from the Collembola. Collembola were then heated in alcohol to prevent 

desiccation and identified primarily following the keys of Fjellberg (1980) and Gisin 

(1960). See Chapter 3 for further infoimation on identifying Collembola.

5.3 Statistical analysis

The data from the five samples collected from a plot on a particular sampling date were 

pooled to obtain an indication of collembolan community structure for each plot on each 

sampling date. The pooled data were utilised in statistical analyses. In all analyses, the 

1995 and the 1996 data sets were investigated separately.

Species composition Auchincruive

Tliree-way analyses of variance (ANOVAs) were performed (on the square root 

transformed data) to test for date, block and treatment effects. ANOVAs were 

performed on the number of total Collembola and of the most frequently occurring 

species (i.e. occuning in over 50% of samples). To find the location of differences 

detected by ANOVA, Tukey multiple comparison tests were applied (Zar 1984). 

Although the square-root transformation normalised the data, in some species the
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variances still differed considerably between replicas of a treatment (F-test). To prevent 

wrongly rejecting the null hypothesis the significance level was set at 0 . 0 1  (rather than

0.05: Day & Quinn 1989).

Species composition Hartwood

As suction samples were only taken on one occasion at Hartwood, it was not possible to 

look for an effect of date. Two-way ANOVAs were therefore performed on the square- 

root transformed values to test for block and treatment effects. Tukey multiple 

comparison tests were then applied to find the location of differences found by 

ANOVA. As the variances were heterogeneous the probability value was set at 0.01.

Detrended Con’espondence Analvsis

DCA’s were performed on the species relative abundance (without downweighting of 

rare species) using DECORANA (Hill 1979). DCA’s were performed separately for the 

1995 and 1996 data sets, and for the Hartwood and Auchincruive data sets. The species 

and sample scores for axes one and two were plotted to obtain species and sample 

ordinations respectively. DCA provides a method of looking simultaneously at the 

effects of treatment, plot and season on the overall collembolan structure.

CoiTelation analvses

A product moment correlation was calculated to investigate the relationship between 

grass height and the abundance of the most frequently occuning species at Auchincruive 

in 1996. The total number of each species (square root transformed) on a particulai* plot 

and sampling date was correlated against the mean grass height on that plot and 

sampling date. This conelation was performed on all plots sampled in 1996 (with the 

exception of the cadmium plots sampled only on 4 August) and all sampling dates.

:
-

I

In order to investigate the relationship between the abundance of the most frequently 

occurring species and the concentration of cadmium, a Spearman’s rank correlation was 

calculated for the cadmium plots sampled at Auchincruive on 4 August 1996 (see Table 

5.2). The digested plots were also sampled on this date to give a background cadmium 

level. It was decided to use the Spearman’s instead of the product moment correlation

78



Results of ANOVAs

79

because of the low number of observations and, as the cadmium concentration was not 

directly measured in all plots, an ordinal scale was used for cadmium concentrations.

5.4 Results

General information

■'iir

At Auchincruive a total of 17,765 individuals from 15 species were identified in 1995, 

and 122,323 individuals from 22 species were identified in 1996 (see Appendix XII for 

species lists). In 1996 almost all samples taken at Auchincruive had a higher number of 

Collembola present than in 1995. At Hailwood a total of 22,082 individuals from 17 

species were identified (see Appendix XIII for species list).

I

At Auchincruive the effects of date, block and treatment were investigated using 3-way 

ANOVAs on 1995 and 1996 data separately. Effects of treatment and block were 

investigated at Hartwood using a 2-way ANOVA.

Species composition and block
■

Although differences in soil parameters were found between blocks (see Appendix VI), 

no block effect was shown for any of the species investigated at either site. It would 

therefore appear that while date and treatment influenced species composition, block did 

not.

#■

8
Species composition and date: Auchincruive 

In 1995, the number of total Collembola, L  cyaneus, S. elegans, S. aureus, H  nitidis, I. 

palustris, I  anglicana and L notabilis were more abundant in suction samples taken on 

25 July than 12 July (see Table 5.3). This may have been the consequence of 

environmental conditions (e.g. humidity and temperature) being more favourable for 

these species on 25 July. As the grass was cut on 17 July, the higher abimdance of these 

species on 25 July could also have been the result of an increase in their sampling 

efficiency in the shorter grass. Only one species was found to be more abundant on 12
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July than 25 July, namely S. viridis (see Table 5.3). It is possible that environmental 

conditions were less favourable for this species on 25 July, or that it was adversely 

affected by grass cutting.

1

In 1996, the abundance of total Collembola, Isotomurus/Isotoma ]\xvQm\Qs, I. palustris, 

S. aureus and I. maculatus increased from April to May, reaching their highest 

abundance in the May samples and then decreased again in the August samples (see 

Table 5.4 and Figui’es 5.3-5.4). This indicates that environmental conditions were more 

favourable for these species in May. In addition, as the grass was cut in May, these 

species could also have been sampled more efficiently in the shorter grass. The 

decrease in abundance of these species from June to August was therefore unlikely to be 

a consequence of grass cutting (especially since the abundance of total Collembola, S. 

aureus and I. palustris increased following grass cutting in 1995) and was therefore 

probably the consequence of environmental conditions being less favourable in August.

kcr

70

60

Figure 5,3 Effect of date on abundance of total Collembola and 
I. palustris (1996) irrespective of treatment

40 4

30o a
aa
^  2 0

—♦—Total 
— Z palustris

C ut l Cut 2

1 0

30/04/96 31/05/96
Date

22/06/96 04/08/96

Figure 5.3 The above graph shows the effect o f date on species abundance caught by suction sampling at 
Auchincruive in 1996. Error bars show standard deviations.
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Figure 5.4 Effect of date on abundance of /. maculatus, S.
aureus and Isotoma/Isotomurus juveniles (1996) irrespective of

25

^ 2 0

c
2

cr
1 0

treatment

Cut 1 Cut 2maculatus 
# —I. juvenile 
TÉT—5. aureus

30/04/96 31/05/96 Date 22/06/96 04/08/96

Figure 5.4 The above graph shows the effect o f date on species abundance caught by suction sampling at 
Auchincruive in 1996. Error bars show standard deviations.

The abundance of /. anglicana also peaked in May 1996 and decreased again in June 

but, unlike the above species, this species was more abundant in August than June and 

occurred in its lowest abundance in June (Table 5.4 & Figure 5.5). Isotoma notabilis 

was also present in its lowest abundance in June when the grass was longest (Table 5.4, 

Figure 5.5 & Appendix VIII). Both these species increased after grass cutting in 1995 

also. This suggests that they were either favoured in short grass, or more efficiently 

sampled in short grass. The abundance of S. viridis, on the other hand, was highest in 

June when the grass was longest (see Table 5.4, Figure 5.5 & Appendix VIII). This is 

in agreement with the 1995 samples where S, viridis was found to be more abundant 

before grass cutting. It would therefore appear that S. viridis was either favoured in long 

grass or adversely affected by grass cutting.

In 1996, several species tended to increase as the summer progressed and were found in 

their highest abundance in August (see Table 5.4 & Figure 5.6). For example, T. 

longicornis was more abundant in August than in April or May; L. cyaneus was more
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abundant in August than April; and H. nitidis and I. viridis were more abundant in 

August than on any other sampling date (see Table 5.4 & Figure 5.6). This suggests that 

conditions in August were more favourable for these species. Their increased 

abundance in August could also partly be a consequence of the suction sampler being 

more efficient at sampling these species in the shorter grass. In 1995, L. cyaneus, /. 

viridis and H. nitidis increased in late July following grass cutting. This further suggests 

that conditions became more favourable for these species as the summer progressed and 

that sampling was more efficient in shorter grass.

Figure 5.5 Effect of date on abundance of /. anglicana, L

■H

■f
T
%s
I

- .1 4  H 
2

Ë 12

I  10

k,crCO

6  

4

2  4 

0

-El-
I. notabilis 

■I anglicana
■é: - - S. viridis

30/04/96

Cut 2Cut 1

31/05/96 22/06/96
Date

04/08/96

Figure 5.5 The above graph shows the effect o f date on species abundance caught by suction sampling at 
Auchincruive in 1996. Error bars show standard deviations.

Ceratophysella denticulata was more abundant in April and May than in June or August 

and S. malmgreni occuiTed almost exclusively in the April samples (see Table 5.4 & 

Figure 5.7). It would therefore appear that these species were favoured by the cooler 

damper conditions in spring. ■
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Figure 5.6 Effect of date on abundance of T. longicornis, L.
cyaneiis, L viridis and H. nitidis (1996) irrespective of

— — — ------- — — —, treatment
— L. cyaneus 
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Figure 5.7 Effect of date on abundance of C. denticulata and 
*9. malmgreni (1996) irrespective of treatment
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Figure 5.6 & 5.7 The above graphs show the effect o f date on species abundance caught by suction 
sampling at Auchincruive in 1996. Error bars show standard deviations.
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Species composition and treatment at Auchincruive

In 1995, the abundance of total Collembola was unaffected by the sludge treatments (see 

Table 5.3). Treatment effects were, however, apparent at the species level. Isotoma 

notabilis was more abundant in the undigested plots than in any other plots (see Table

5.3 & Figure 5.8). Isotoma anglicana was more abundant in the copper-rich, cadmium- 

rich and undigested plots than the control plots, and was also more abundant in the 

cadmium-rich plots than the digested plots (see Table 5.3 & Figure 5.8). Isotoma 

anglicana therefore appeared to be promoted by the addition of cadmium-rich, copper- 

rich and undigested sludge, but not by digested or zinc-rich sludge. Isotomurus 

palustris also showed a tendency to be more abundant on cadmium-rich than control 

plots, suggesting that this species was favoured by cadmium-rich sludge but not by any 

of the other sludge treatments (see Table 5.3 & Figure 5.8).

25
Figure 5.8 Effect of treatment on Collembola (1995) irrespective

of date
M l palustris 
■  7. anglicana 
□  7 notabilis

«15 “

Control Digested Undigested Zinc

T reatment
Copper Cadmium

Figure 5.8 The above graph shows the effect o f  treatment on the species abundance caught by suction in 
1995 at Auchincruive. Error bars show standard deviations.

The probability that the cadmium-rich and control plots were different with respect to 

the abundance of 7 palustris, was found to be < 0.05 (see Table 5.3). As the variances 

were heterogeneous (F-test), the likelihood of a Type one error was increased (Day & 

Quinn 1989) and the results should therefore be treated with caution. The Tukey test,
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however, found that the probability of the cadmium-rich and control plots differing was 

< 0 .0 1 , hence suggesting that effects were real.

In 1996, the addition of digested sludge increased the abundance of H, nitidis, I. 

maculatus and total Collembola above that of the control plots (see Table 5.4 & Figure

5.9). When the sludge was contaminated with zinc or cadmium these species did not 

significantly increase, hence suggesting adverse effects of these metals.

70 1

"Q 60 -

g

i
50

t  40 
o'

30

2 0

1 0

0

Figure 5.9 Effect of treatment on abundance of total 
Collembola, H. nitidis and /. maculatus (1996) irrespective of

date
S  Total 
■  H  nitidis 
□  /. maculatus

Control Digested Zinc
Treatment

Cadmium

Figure 5.9 The above graph shows the effect o f treatment on the species abundance caught by suction in 
1996 at Auchincruive. EiTor bai’s show standard deviations.

The species L  cyaneus and /. viridis were clearly shown to be adversely affected by the 

addition of cadmium-rich sludge, with the abundance of these species in the cadmium- 

rich plots being lower than the abundance in all other plots (see Table 5.4 & Figure

5.10). Isotomurus palustris, on the other hand, was actually favoured by the addition of 

metal contaminated sludge, and the abundance of this species on the zinc and cadmium- 

rich plots (but not the digested plots) was significantly higher than the control plots (see 

Figure 5.11 and Table 5.4). The abundance of /. palustris in the cadmium-rich plots 

was higher than the control plots in 1995 also (see Table 5.3). This further indicates that
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/. palustris was favoured by the addition of metal-rich sludge. Ceratophysella 

denticulata was significantly more abundant in the zinc-rich plots than the control plots 

(see Figui-e 5.11 and Table 5.4), suggesting that this species was favoured by zinc-rich 

sludge.

Figure 5.10 Effect of treatment on abundance o f/, viridis and 

L. cyaneus (1996) irrespective of date

MI. viridis 
ML. cyaneus

"O 35

Control Digested Zinc Cadmium
Treatment

Figure 5.10 The above graph shows the effect o f treatment on the species abundance caught by suction in 
1996 at Auchincruive. En'or bars show standard deviations.

Isotoma anglicana appeared to be tolerant to the presence of heavy metals in sewage 

sludge. The abundance of this species was higher in all plots receiving sludge, 

irrespective of metal contamination (see Figure 5.11 & Table 5.4). In 1995, the 

abundance of I  anglicana was higher on the cadmium-rich plots than control plots (see 

Table 5.3), suggesting that this species may be particularly favoured by cadmium-rich 

sludge.

Sminthurus viridis was the only species to occur in its highest abundance on the control 

plots, and was also more abundant on the cadmium-rich plots than the digested or zinc- 

rich plots (see Table 5.4 & Figure 5.12). This may be a result of this species being

8 8
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favoured by the cadmium-rich sludge, or it may be a consequence of higher sampling 

efficiency in the shorter grass of the control and cadmium-rich plots (see Appendix 

VIII).

Figure 5.11 Effect of treatment on abundance of I. 
anglicana and /. palustris (1996) irrespective of date

■  /. anglicana
1 1 /. palustris

Control Digested Zinc
Treatment

Cadmium

i
«

Î

Figure 5.12 Effect of treatment on abundance of C. 
denticulata and S, viridis (1996) irrespective of date

S, viridis 
C. denticulata

Control Digested Zinc
Treatment

Cadmium

Figure 5.11 & 5.12 The above graphs show the effect o f treatment on the species abundance cauglit by 
suction in 1996 at Auchincruive. Error bars show standard deviations.
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I
Species composition and treatment at Hartwood

At Hartwood only S. viridis and Isotoma/Isotomurus juveniles were influenced by 

treatment (see Figure 5.13). The abundance of S. viridis was significantly higher in 

control plots than zinc-rich or digested plots (F=14.44 at df = 3, 6 : P < 0.01: see figure 

5.13). The abundance of Isotoma/Isotomurus juveniles was significantly lower in the 

cadmium-rich plots than in the other plots, suggesting that reproduction was adversely 

affected by cadmium-rich sludge (F==13.34 at df = 3, 6 : P < 0.01: see Figure 5.13). The 

abundance of juveniles was also higher in the control and zinc-rich plots than the 

digested plots, suggesting that the addition of digested sludge (but not zinc-rich sludge) 

adversely affected reproduction of Isotoma!Isotomurus species (see Figure 5.13).

II
kcr

1 2

1 0

Figure 5.13 Effect of treatment on species composition at 
Hartwood irrespective of date

viridis 
■  I. juvenile

6  -

4 H

A

Control Digested Zinc
Treatment

Cadmium

Figure 5.13 The above graph shows the effect o f  treatment on the species abundance caught by suction in 
1996 at Hartwood. Error bars show standard deviations.

DCA Auchincruive 1995

DCA’s were performed on the species relative abundance (without downweighting of 

rare species) for the Auchincruive and Hartwood data sets separately, and for the 1995 

and 1996 data sets separately. The 1995 DCA produced eigenvalues of 0.336,0.084,
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0.023 and 0.016 for axes 1-4 respectively. These values indicate that the amount of 

between-plot variation in collembolan assemblages accounted for by axes 1-4 was 

73.2%, 18.3%, 5.0% and 3.5% respectively. As axes 3 and 4 accomited for so little of 

this variation they were not considered further. The samples and species scores were 

plotted to obtain sample and species ordinations respectively (see Figures 5.14 and 

5.15).

Figure 5.14 DCA sample ordination for suction samples: Auchincruive 1995

120 140

Axis I

Figure 5.14 DCA sample ordination for the 1995 data set (based on species relative abundance). Each 
point represents one plot.

From Figure 5.14 it can be seen that sampling date was the main factor dividing samples 

along axes one, with 25 July samples lying to the right of 12 July samples. The species 

ordination indicates that the samples taken on 25 July had a higher occurrence of /. 

anglicana, S. aureus and L. cyaneus than those taken on 12 July. This is supported by 

the ANOVAs (see above). The species ordination therefore also suggests that date was 

the main factor influencing the division of samples along axes one.

The axes scores derived from the ordination were re-drawn showing digested and 

undigested treatments separately. This was done to enable treatment effects to be 

observed more easily. The digested treatment ordination indicates that on both sampling
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dates in 1995, the digested, zinc-rich and control plots lie distinct from the cadmium- 

rich plots. This suggests that the cadmium-rich plots had a different collembolan 

species composition from the other plots (see Figure 5.16). On 25 July, all digested 

treatments lie distinct (see Figure 5.16), hence suggesting that differences in 

collembolan composition between treatments were more pronounced in late July 

following grass cutting.

Figure 5.15 DCA species ordination for suction samples: Auchincruive 1995
400-

3 0 0 -

200 -

100 -
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-2 0 0 -

-3 0 0 -
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Smin eleg
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•  Smin viri
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Figure 5.15 DCA species ordination for the 1995 data set (based on species relative abundance). Species 
codes can be seen in Appendix IX.

The undigested treatment ordination shows that on both sampling dates, the control and 

copper-rich plots differed most with respect to collembolan composition (see Figure 

5.17). As was found for the digested treatments, differences between undigested 

treatments were more pronounced on 25 July (see Figure 5.17).

With the exception of the cadmium plots on 25 July, there were considerable differences 

between replicas within a treatment. Even on 25 July, when all treatments were 

separated, the variation between replicas within a treatment was as great, if not greater 

than, the variation between treatments. Closer examination of the ordinations found that
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Figure 5.16 DCA ordination for suction samples 1995: digested treatments
120-

100 -

8 0 -

6 0 -

4 0 -
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0 -É h
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Figure 5.17 DCA ordination for suction samples 1995: undigested treatments
120 -

100 -
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0-1
2 0 40 60 80 100 
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Figure 5.16 & 5.17 DCA ordination for the digested and undigested ti'eatments at Auchincruive 
respectively (based on species relative abundance). Each point represents one plot.
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for most treatments (on both sampling dates) block two differed most between the three 

replicas. The litterbag ordination also found that block two differed most between the 

three replicas in 1995 (see Chapter 4). It would therefore appear that while no 

individual species was affected by block (see above), the collembolan composition as a 

whole was.

i.

The available data on soil properties indicated that pH and conductivity of block two 

was lower than the other blocks prior to sludge application (see Appendix VI). Several 

studies have found that Collembola show species specific preferences to pH (Hâgvar 

1990; Hâgvar & Abrahamsen 1980; Hâgvar & Kjondal, 1981). The species ordination 

places the acidophilic species A, pygmea to the right of the species ordination and the 

calciophilic species I. notabilis to the left (see Figure 5.15: Hâgvai* & Abrahamsen 

1980). It would therefore appear that soil pH may have influenced the species 

composition which could have contributed to the observed separation of block two.

T

#

DCA Auchincruive 1996

The 1996 DCA produced eigenvalues of 0.351, 0.088, 0.054 and 0.014 for axes 1-4

respectively. The between-plot variation in collembolan community structure accounted
.

for by axes 1-4 was therefore 69.2%, 17.4%, 10.7% and 2.8% respectively. As axes 3 

and 4 accounted for so little of the observed variation, they were not considered further.

The species and sample scores for axes 1 and 2 were plotted to obtain species and 

sample ordinations respectively (see Figures 5.18 & 5.19).

In 1996, the August samples tended to lie above and to the left of the other sampling 

dates (see Figure 5.18). The species ordination (see Figure 5.19) indicates that the 

samples taken in August had the highest occurrence of T. longicornis, H. nitidis and I. 

viridis and this is supported by the ANOVAs (see above). Date did not, however, solely 

account for the division of samples, and there was considerable variation between 

samples collected on the same date (see Figure 5.18).
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Figure 5.18 DCA sample ordination for Auchincruive suction samples 1996
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Figure 5.19 DCA species ordination for Auchincruive suction samples 1996
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Figures 5.18 & 5.19 DCA sample and species ordination respectively (based on species relative 
abundance). Each point represents one plot. Species codes can be seen in Appendix IX.
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To enable treatment effects to be observed more easily, the axes scores derived from the 

ordination were re-drawn showing each sampling date separately (see Figures 5.20-

5.23). For all sampling dates, the biggest difference in collembolan commimity 

structure was found between the cadmium-rich and the digested plots, with the 

cadmium-rich plots consistently lying to the right of the digested (see Figures 5.20-

5.23). The species ordination also indicates that treatment was important in separating 

the samples, with cadmium-sensitive species (e.g. L  cyaneus and I. viridis: see above) 

lying to the left of the species ordination, while tolerant species (e.g. I. palustris and /. 

anglicana: see above) lie to the right (see Figure 5.19). On all sampling dates, the 

separation between the cadmium-rich and digested treatments was substantially larger
" '

than differences between the replicas of these treatments (see Figures 5.20-5.23).

":3

Large differences between replicas, however, occurred for the zinc-rich and the control 

treatments. In the case of the control treatments, the block two replica was consistently 

separated to the right of the other replicas for all sampling dates. This block was also 

separated h'om the other blocks in 1995. In 1996, however, block two did not differ 

greatly from the other replicas in the cadmium-rich or digested plots. It would therefore 

appear that in 1996 the separation of block two in the control treatment was the result of 

differences in this individual plot rather than the entire block. Examination of the 

available soil data for this plot in 1996 indicated that biomass carbon was higher, while 

pH and grass yield were lower in this replica than the other two control replicas (see 

Appendices VIII & XI).

For the zinc-rich plots, block two occurred towards the left of the ordination and block 

one towards the top. In the April and May ordinations, block two differed most between 

the tliree replicas of the zinc-rich plots, while in June and August block one differed 

most. Examination of the soil data did not show any variable that differed consistently 

between these plots (see Appendices VII, VIII & XI). However, as the three blocks 

appeared in the same position relative to each other (i.e. block two always to the left of 

blocks one and tliree) on different sampling dates, it is likely that the separation of 

blocks was a true effect.
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3%

For both the zinc-rich and control plots, replica differences appeared to be consistent 

between dates, indicating that this variation was not simply a sampling error, but a real 

difference between the plots. It would therefore appear that date, treatment and other 

unknown soil parameters (e.g. pH and soil moisture) influenced the collembolan species 

composition in 1995 and 1996.

DCA Hartwood 1996

The Hartwood DCA produced eigenvalues of 0.115, 0.02, 0.006 and 0.003 for axes 1-4 

respectively. Tliis indicates that the amount of between-plot variation in collembolan 

community structure accounted for by axes 1-4 was 79.9%, 13.9%, 4.2% and 2.1% 

respectively. It can be seen that the control treatments lie distinct from all three sludge 

treatments, hence indicating the collembolan composition differed most between the 

control and sludge treatments (see Figure 5.24). The Hartwood DCA indicates that 

differences between replicas within a treatment were generally as large as difference 

between treatments.

Figure 5.24 DCA sample ordination for Hartwood 1996 (relative abundance)
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Figures 5.24 DCA sample ordination (relative abimdance). Each point represents one plot.
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Figure 5.25 DCA species ordination for Hartwood 1996 (relative abundance)
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DCA species ordination respectively (relative abundance). Species codes can be found in

There was evidence of a block effect, with the block one replicas tending to lie to the 

right of the block two and three replicas. This may be a result of block one being 

situated close to a row of trees, or of other unloiown parameters (e.g. soil pH or 

moisture content). The Hartwood species ordination suggests that humidity may have 

influenced the division of samples; species which prefer damp conditions occurred 

towards the bottom of the ordination (e.g. I. palustris, S. malmgreni and T. minor. 

Joosse 1970; Fjellberg 1980), while those which prefer drier conditions occurred 

towards the top (Z. cyaneus: Joosse 1970: see Figure 5.25).

Relationship between grass height and species abundance at Auchincruive 

A product moment correlation was calculated to investigate the relationship between 

grass height and the abundance of frequently occurring species (i.e. the species shown in 

Table 5.4). Species which were found to be con'elated with grass height are presented in 

Table 5.5. The abundance of /. viridis and I. anglicana showed a negative correlation 

with grass height thus indicating their abundance decreased as grass height increased
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or they were sampled more efficiently in short grass. The abundance of L anglicana and 

/. viridis was also found to increase in August 1996 after grass cutting (see Table 5.4), 

and this fui’ther suggests that these species may be sampled more efficiently in shorter 

grass. It is, however, difficult to draw any definite conclusions as grass height may have 

been confounded with sampling date.

Table 5.5 Relationship between grass height and species abundance

Species Product moment 
correlation coefficient

t-value Probability 
df = 46, n = 48

I. anglicana -0.50 -3.93 < 0 . 0 1

I  viridis -0.30 -2.14 <0.05

Relationship between cadmium concentration and species abundance at Auchincruive 

A Spearman’s rank correlation was carried out to investigate the relationship between 

the abundance of frequently occurring species (caught by suction on 4 August) and 

cadmium concentration. The species I. viridis, L. cyaneus and H, nitidis were 

negatively correlated with cadmium concentration, and therefore decreased in 

abundance as the cadmium concentration increased (see Table 5.6). Lepidocyrtus 

cyaneus and I. viridis were less abundant in plots receiving cadmium-rich sludge than in 

other plots, further suggesting that they were adversely affected by cadmium (see Table

5.3 & Table 5.4).

Table 5.6 Relationship between cadmium concentration and species abundance

Species Spearman’s rank 
correlation coefficient

Probability 
n = 15

I. palustris 0.14 N.S.
/. maculatus 0.14 N.S.
I. notabilis 0.03 N.S.
L juvenile 0.33 N.S.
I. viridis -0.70 < 0 . 0 1

I. anglicana 0.43 0 . 1

T. longicornis 0 . 1 2 N.S.
H  nitidis -0.68 < 0 . 0 1

L. cyaneus -0.52 0.05
S. viridis 0.29 N.S.

The species /. anglicana tended to show a positive relationship with cadmium 

concentration, increasing in abundance with cadmium concentration (see Table 5.6). 

This is in agreement with the 1995 Auchincruive results, which found I. anglicana to be 

more abundant in cadmium-rich plots than digested or control plots (see Table 5.3).
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5.5 Discussion

Effect of date on collembolan composition at Auchincruive

In 1996, almost all samples taken at Auchincruive had a higher number of Collembola 

present than samples taken in 1995. This was thought to be primarily a consequence of 

the 1995 summer being particularly dry. Purvis & Curry (1978) also foimd that 

excessively dry summers adversely affected Collembola, and they concluded that this
.

was the result of a reduction in microbial activity and hence food for Collembola.

The DCA ordinations indicated that in 1995 date was the main factor influencing 

collembolan composition, while in 1996 both date and treatment had large influences. 

Some species reached their maximum population density in April (e.g. C. denticulata 

and S. malmgreni), others May (e.g. I. palustris, I. maculatus and Isotoma/Isotomurus 

juveniles), others in June (e.g. S. viridis) and others in August (e.g. H. nitidis, T. 

longicornis, I. viridis and L. cyaneus). Other authors have also fomid that different 

collembolan species respond to seasonal changes in different ways (Joosse 1969; 

Brussaard et al. 1990). By only presenting seasonal fluctuations for the abundance of 

total Collembola, and omitting data on individual species, much information is therefore 

lost (Joosse 1969; Christiansen 1964).
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A
Joosse (1969) found that species with maximum population densities in spring were 

more hydrophilic than species which had population maximums in summer. 

Sminthurides malmgreni and I  palustris which peaked in April and May respectively.

:’-3sare known to prefer humid habitats (Fjellberg 1980; Joosse 1970), while L  cyaneus 

which pealced in abundance in late summer, is known to prefer drier areas (Joosse 

1970). However, the species /. viridis and T. longicornis, which were found in their 

highest abundance in late summer, prefer humid habitats (Joosse 1970; Fjellberg 1980). 

It would therefore appear that while the seasonal abundance of some species can be 

related to their humidity preference, this does not follow for all species.

Both Hale (1965) and Joosse (1969) found a maximum oviposition rate in April/May for 

several species of Collembola including /. viridis and I  palustris. In agreement with



these authors, the number of Isotoma!Isotomurus juveniles was higher in May at 

Auchincruive therefore indicating that oviposition primarily occurred in April/May. It is 

also interesting to note that the abundance of juveniles sharply decreased from May to 

June. As this decrease did not correspond to an increase in Isotoma/Isotomurus adults, it 

is suggested that juvenile mortality was high. This is in agreement with Van Straalen 

(1985) who found that predation pressure was higher in juvenile Collembola than for 

adults or eggs. The decrease in abimdance of juveniles in June may, however, simply be 

the result of a lower sampling efficiency in long grass. The abundance of /. anglicana,

I. palustris, I  notabilis and I. maculatus decreased from May to June. This may be a 

consequence of a decrease in sampling efficiency in long grass, or alternatively it may 

be the result of an increase in adult mortality following egg laying. Egg-laying has 

previously been found to increase adult mortality in the species /. viridis (Joosse 1969),

The abundance of 7. anglicana, I  notabilis, I  palustris and I  maculatus pealced in May, 

while that of 7. cyaneus, 7 viridis, T. longicornis and H. nitidis peaked in August. Both 

these sampling dates followed grass cutting. This would appear to contradict the results 

of Ciiny & Tuohy (1978) who found cutting to be detrimental to epigeal and 

hemiedaphic Collembola. However, these authors used a different sampling method 

and it is possible that suction sampling is more efficient in short grass (Harwood 1994). 

Furthermore, the abundances of 7 viridis and 7 anglicana were negatively correlated 

with grass height, fuither indicating an increased sampling efficiency in shorter grass.

The epigeal species S. viridis, appeared to be adversely affected by grass cutting in 1995 

and 1996. As S. viridis climbs grass stems (Frampton 1994), it was probably as 

efficiently sampled in long grass as short grass. The lower numbers of S. viridis after 

grass cutting was therefore considered to be a real effect, and was thought to be related 

to its habit of climbing stems making it more susceptible to cutting. By sampling 

immediately before and after grass cutting, it would be possible to determine if this 

species was adversely affected by the cut.
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3
Effect of treatment on species composition

It has been well documented that the addition of sewage sludge can promote Collembola 

(Lübben 1989; Pimentel & Wameke 1989; Holler-Land 1959), and at Auchincruive the 

addition of digested sludge increased the abundance of Collembola in 1996. Although 

the abundance in digested plots was greater than control plots in 1995 at Auchincruive

and in 1996 at Hartwood, this difference was not significant as a result of the large 

variation between replicas. It is likely that if sampling had occurred over a longer 

period of time, significant effects would have become apparent.

.

At the species level, it was found that while some species appeared to be adversely 

affected by the cadmium-rich sludge (e.g. /. viridis, H. nitidis and L. cyaneus), others 

were not (e.g. I. palustris, and /. anglicana). Species specific differences in metal 

susceptibility are well documented (Bengtsson & Rundgren 1988; Hagvar & 

Abrahamsen 1990; Posthuma & Van Straalen 1993; Filser et a l 1995), and this again 

exemplifies the importance of taking the individual species approach rather than looking 

at the group Collembola as a whole.

Cadmium may be directly toxic to Collembola through decreasing their growth rate.

reproduction or survival (Bengtsson et al. 1983 Tranvik et al. 1993; Posthuma et al.

1993; Joosse & Verhoef 1983), and there was evidence of a decrease in

Isotoma/Isotomurus juveniles in the cadmium-rich plots at Hartwood. This was not, 

however, the case at Auchincruive. Differences between sites were probably the result 

of a bigger proportion of the juveniles at Hartwood consisting of metal sensitive species 

(e.g. I  viridis) than at Auchincruive.

The cadmium-rich sludge may have also affected Collembola indirectly through 

affecting their habitat structure and the soil microbial commimity (Posthuma et al. 

1993). It was found that the grass height in the cadmium-rich plots was lower than the 

digested sludge plots (see Appendix VIII), and this decrease in plant cover may have 

resulted in a less favourable microclimate (Pimentel & Warneke 1989). None of the 

species adversely affected by the cadmium-rich sludge showed a positive correlation 

with grass height, hence suggesting that the decrease in grass height did not adversely
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affect any species. Furthermore, I. viridis showed a negative correlation suggesting that 

it was actually favoured shorter grass. It is therefore unlikely that the lower abundance 

in the cadmium-rich plots was a consequence of grass height.

Collembola may be predisposed to poisoning if their preferred fungal species are

sensitive to cadmium, or if  they are unable to avoid polluted food. Furthermore, if these

species are able to digest fungal cell walls, where heavy metals are fr'equently

accumulated, they will be exposed to metal concentrations far in excess of those found A
.in the soil (Siepel 1994). Lepidocyrtus cyaneus was found to have a higher metal T

concentration than O. cincta in a study by Van Straalen & Van Wensem (1986). This 

suggests that metals were more available, or that excretion was less efficient, in L. 

cyaneus than O. cincta. However, as no data is available on the accumulation of metals 

in the other species found at Hartwood and Auchincruive, no conclusions can be drawn 

concerning differences in metal accumulation. I 
.

Despite levels of zinc being higher than cadmium, toxic effects of zinc were not found.

The threshold concentration at which deleterious effects occur is usually higher for 

essential micro-nutrients (e.g. copper, zinc and iron) than for nonessential ecological 

impurities (e.g. cadmium and mercury: Pokarzhevskii & Van Straalen 1996; Hopkin 

1989). Essential elements are also regulated more efficiently than nonessential elements 

(Janssen & Hogervorst 1993). A less toxic effect of zinc may therefore be expected, as 

it is a micro-nutrient which is required in trace quantities while cadmium has no known

positive function. Furthermore, cadmium is a very toxic element with a higher
y

concentration factor (Hopkin 1989; Janssen & Hogerworst 1993), and lower solubility 

than zinc (Rühling & Tyler 1973).

Isotomurus palustris and I  anglicana were promoted by the addition of contaminated T

sludge. These species may have a more efficient detoxification mechanism than metal 

sensitive species such as L. cyaneus. The detoxification of metals in Collembola is 

thought to be primarily under the control of metal binding granules in the gut wall which I

are lost when the gut is exfoliated (Humbert 1978; Van Straalen et al. 1987). 

Isotomurus palustris would be more efficient at excreting heavy metals if it possessed
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these granules, while metal sensitive species did not. The abundance of this species is 

not, however, greater in the metal-contaminated plots than the digested plots. This 

suggests that although it was able to maintain high populations in the metal-rich plots, it 

did not benefit from the decrease in abundance of sensitive species.

Sminthiirimis aureus has been found to be less abundant on metal enriched sludge plots 

than on uncontaminated sludge plots (Lübben 1989), and therefore appears to be 

susceptible to metal poisoning. Sminthurimis aureus may consume sewage sludge 

directly and would therefore be paiticularly susceptible to poisoning from metal 

contaminated sludge (Curry 1994). In this study, no adverse affects of metal rich sludge 

were found for this species. While the sludge used by Lübben (1989) was artificially 

contaminated with metal salts, the sludges in this investigation were derived from 

sewage treatment works that had naturally high inputs of specific metals. It is possible 

that the metals were less available in the naturally rich sludges used in the present study, 

or that other metals were present in Lübben’s sludge (e.g. nickel, chromium or lead) that 

were more toxic to this species.

At both the Hartwood and Auchincruive sites the abundance of S. viridis was higher in 

control plots than sludged plots, suggesting adverse effects of sludge. The abundance of 

S. viridis was also higher in cadmium-rich plots than digested or zinc-rich plots at 

Auchincruive. It is possible that this species was adversely affected by the higher grass 

yield in the zinc-rich and digested plots. However, as the abundance of this species 

showed no coiTelation with grass height, and it was found in its highest abundance when 

the grass was longest, this is unlikely to be the case. It is therefore suggested that S, 

viridis, being phytophageous, did not benefit from the increase in micro-organisms 

occurring in the sludged plots. Sminthurus viridis may actually have been adversely |

affected by the addition of sludge if the abundance of predators had increased. The

abundance of carabid beetles has been found to increase following sludge application
.î;

(Larsen a/. 1996). As this species consumes living plant tissue, which generally has 

lower concentrations of heavy metals than fungi (Curiy 1994), it may also have had a 

competitive advantage over mycophagous Collembola in the cadmium-rich plots.
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It was found that Collembola were heterogeneously distributed within the study areas, 

and consequently there were large differences between the five suction samples in a 

plot. Pooling the five samples helped to overcome the problem of spatial heterogeneity 

and square root transformation normalised the data for most species (see Chapter 3). 

However, as the variances for some species were still heterogeneous, it was necessary to 

set the probability value at 0.01 to avoid Type one en'ors (Day & Quinn 1989). In this 

study, each suction sample covered an area of 706 cm^. The problem of spatial 

heterogeneity may have been reduced if the area of a suction sample had been 

decreased, and the number of samples taken increased.

5.6 Main findings

1: The lower abundance of Collembola formd in 1995 when compared to 1996, was 

thought to be primarily due to the summer of 1995 being exceptionally dry.

4: Suction sampling of some species (e.g. I  anglicana and /. viridis) appeared to be 

more efficient in shorter grass. The species S. viridis, on the other hand, was found to 

be less abundant following cutting, and this was thought to be a consequence of this 

species being particularly sensitive to cutting.

5: The addition of sludge increased the abundance of total Collembola and of several 

species (e.g. I. maculatus and L palustris).

106

■I

2; Species specific differences were found with respect to season which could only 

partly be attributed to humidity preferences.

3: The Isotoma/Isotomurus oviposition rate pealced in May, and this was followed by an 

increased mortality of adults.

■I

%

6: Only S. viridis was adversely affected by sludge application. This was thought to be s

a consequence of this species being phytophageous and therefore was not able to benefit 

from the increase in micro-organisms which accompanied sludge application.
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8: Cadmium was more toxic than zinc, and this was thought to be related to zinc being 

more efficiently regulated than cadmium.
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i
7: Species specific differences were found with respect to cadmium sensitivity.

Sensitive species included L  cyaneiis, I. viridis and H. nitidis, while tolerant species 

included I. anglicana and /. palus tris.
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Pitfall traps are, however, influenced by several factors the most important of which is 

the activity of the individual species, with the most mobile species being consistently 

over-represented in catches (Greenslade 1964). Other factors that can influence the 

efficiency of pitfalls include the vegetation, weather, type of preservative and even the 

material the pitfall is made from (Greenslade 1964; Joosse 1965; Berbiers et al. 1989). 

Joosse (1965) found that the abundance of Entombrya nivalis (Linné) in pitfall traps was 

negatively coiTelated with temperature, while that of O. cincta was positively correlated 

with temperature. Rainfall was found to lower the abundance of E. nivalis in pitfall 

catches, while it actually increased the abundance of L. cyaneus (Joosse 1965).

108

CHAPTER 6. Effects of sewage sludge on hemiedaphic and epigeal Collerabola 

sampled by pitfall trapping

I-

6.1 Introduction

Pitfall traps provide a cheap method of sampling surface active invertebrates (Luff 

1975) and Collembola are often the most frequently caught arfliropods in the traps 

(Boyd 1995; Duffield & Aebischer 1994). Although pitfalls have seldom been used to
ia

sample Collembola in the past (Joosse 1965, Berbiers et al. 1989), they are now 

becoming more popular (Duffield & Aebischer 1994; Mebes & Filser 1997; Badejo &

Olaifa 1996; Winklehner gf rz/. 1997). j;

Pitfall traps have a number of advantages over suction sampling. For example, the 

labour involved in placing and collecting pitfall traps (once they are established) is less
■S

than that involved in suction sampling. In addition, nocturnal species (such as O. cincta 

and T. minor: Joosse 1965) tend to be under-represented in suction samples (since they
;

are almost always taken during the day), while pitfall traps efficiently sample both 

nocturnal and diurnal species. Pitfall trapping may also help overcome problems of 

spatial heterogeneity that arise from Collembola aggregating in their natural habitat. A 

further advantage pitfall trapping has over suction sampling is that it gives an indication 

of the activity of the individuals, and therefore pitfall traps have the potential to be used #

to measure sub-lethal effects of chemicals (Frampton 1994).



It has been found for some collembolan species (e.g. Tomocerus minor (Lubbock) and L 

viridis) that a higher proportion of individuals are caught within the first two days of 

placing pitfall traps than on subsequent days (Joosse & Kapteijn 1968). This has been 

termed the ‘digging in’ effect (Joosse 1965). The digging in effect is unlikely to be 

caused by any mechanical disturbance that occurs when placing the traps (i.e. walking in 

the field) as such disturbances last for less than an hour (Joosse & Kapteijn 1968). The 

increased abundance may instead be caused by the increased CO2 production that occurs
if-

when soil is disturbed (Joosse & Kapteijn 1968). CO2 has been found to attract and 

stimulate collembolan activity in the laboratory (Joosse & Kapteijn 1968; Ruppel 1953). 

The proportionally higher catches of Collembola in the first two days may therefore be 

the consequence of Collembola being attracted to, or stimulated by, the elevated CO2 

that results from soil disturbance when inserting the pitfall traps.

It would therefore appear that both suction samples and pitfall traps have their downfalls 

and strong points, and a comparison between these two sampling methodologies will be 

made in Chapter 7. It is likely that the most effective sampling regime would included 

both these sampling methods (Frampton 1994; Berbiers et a l 1989). In tliis chapter, 

pitfall traps were used to investigate the effects of different types of sewage sludge on 

surface active Collembola.

6.2 Methods

Trial site and treatments

a

The Auchincruive trial site (described in Chapter 3) was used for this experiment. The 

following six treatments were investigated; control, digested, undigested, zinc-rich, 

copper-rich and cadmium-rich. The treatments are presented in Table 6.1 alongside the 

year in which they were studied (plots studied are marked with an asterix in Figure 6.1). 

The chemical properties of the five sludges are presented in Appendices II and X.
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Table 6.1 Treatments

Treatment
number

Treatment Mean metal concentration Sewage
treatment

works

Year
sampled

1 Control Background levels 
(see Appendices III & XI)

1995 &
1996

2A Digested
uncontaminated
sludge

Low levels
(see Appendices II, III, X & 
XI)

Banbury 1995 &
1996

3 Undigested
uncontaminated
sludge

Low levels
(see Appendices II & III)

Carterton 1995

7 Zinc-rich 
digested sludge ,

7,036 mg Zn kg’  ̂ sludge 
288.5 kg Zn ha'^ year"^
180 mg Zn kg'* soil 1995 
270 mg Zn kg'^ soil 1996

Coleshill 1995 <&
1996

11 Copper-rich
undigested
sludge

3,394 mg Cu kg"̂  sludge 
67.9 kg Cu ha"̂  yeaf^
69 mg Cu kg'^ soil 1995

Selkirk 1995

15 Cadmium-rich 
digested sludge

48.9 mg Cd kg'^ sludge 
4.3 kg Cd ha'^ yeai*"̂
1.2 mg Cd kg'^ soil 1995
2.2 mg Cd kg'^ soil 1996

PeiTy Oaks 1995 &
1996

Sampling by pitfall traps

Pitfall traps consisted of plastic beakers of 150 ml volume, and a diameter of 6 cm. 

These were buried in the grormd so that their rims were flush with the soil surface. The 

mouth of the traps were covered by a wide mesh gauze (mesh size 1.5 cm) which was 

secured by a metal staple. This gauze prevented small mammals and amphibians from 

entering the traps. Pitfall traps contained 20 ml of ethylene glycol which acted as a 

preservative. On each sampling date (see below) five pitfall traps were inserted 

randomly in each plot, and retained in situ for a period of seven days. Pitfall traps were 

not established within 1 m of the edge of each plot to avoid any edge effect (Gill 1969).

I

i

‘S

j

I

Î

I

Ï
' i l

As with the suction samples, pitfalls were also studied over a period of two yeai's (1995 

- 1996). During 1995, pitfalls were inserted in all six treatments described in Table 6,1 

(total of 18 plots) on 26 June and again on 24 July. This provided initial information on 

these treatments. It was then decided (as with the suction samples) to concentrate on 

the digested sludge treatments in 1996, namely the control, digested, zinc-rich and 

cadmium-rich sludges. During 1996, pitfalls were inserted on 24 April, 27 May, 20
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I
June and 1 August. For each year, on subsequent sampling dates, pitfalls were inserted 

into the same holes as the first pitfalls (26 June 1995 and 24 April 1996) to avoid the 

‘digging in’ effect on subsequent dates. Pitfall traps were therefore established in the 

same location for all sampling dates in 1995 and 1996.

After collection, the pitfall samples were rinsed with alcohol to remove the preservative 

and heated in alcohol until the Collembola ceased to float (to prevent dehydration). 

Samples were then stored in a cold room (5°C) until they could be sorted and the 

Collembola identified (see Chapter 3).

Bodv-lengths

Measurements were taken for the body lengths of all specimens of I. palustris collected 

from all pitfall traps established during the week commencing 1 August 1996. These 

measurements were taken to investigate sub-lethal effects on growth and reproduction. 

Body lengths (minus the head) were measured under the dissecting microscope using a 

stage mounted graticule (accurate to 0.1 mm).

6.3 Statistical analysis

As in Chapters 4 and 5, the five samples collected from a plot on a particular sampling 

date were pooled to obtain an indication of collembolan community structure for each 

plot. The pooled data were utilised in statistical analyses. For all analyses, the 1995 and 

the 1996 data sets were investigated separately.

Species composition

Tliree-way analyses of variance (ANOVAs) were performed (on the square root 

transfoimed data) to test for date, block and treatment effects. The Tukey multiple 

comparison test was applied to locate differences found by ANOVA (Zar 1984). 

ANOVAs were performed on the number of total Collembola and the most frequently 

occurring species. Although the square-root transformation normalised the data for 

most species, in some species the variances still differed considerably between replicas 

of a treatment (F-test). To prevent wrongly rejecting the null hypothesis the significance 

level was set at 0.01 (rather than 0.05; Day & Quirm 1989).



Correlation analyses

To investigate the relationship between grass height and species abundance, a product

113

Detrended Correspondence Analysis

DCA’s were performed on the species relative abundance (without downweighting of 

rare species) using DECORANA (Hill 1979). DCA was chosen as it provided a method 

of looking simultaneously at the effects of treatment, block and season on the overall 

collembolan population structure.

■#

moment con'elation was calculated. The total number of each species caught by pitfall 

trapping (square root transformed) on a particular plot and sampling date was correlated 

against the mean grass height on that plot and sampling date. This coirelation was 

performed on all plots sampled in 1996 and all sampling dates.

6.4 Results

General information 
.A total of 11,153 individuals from 16 species were identified in 1995, while in 1996 

44,745 individuals from 20 species were identified (see Appendix XIV for species lists). 

As was found in the suction samples (see Chapter 5), more Collembola were collected 

in almost all samples in 1996 compared to 1995.

Results of ANOVAs

To test for effects of date, block and treatment, 3-way ANOVAs were perfoimed on the 

1995 and 1996 data separately. The results of these tests can be seen in Table 6.2 (for 

the 1995 data) and Table 6.3 (for the 1996 data) and Figures 6.2-6.9 below.

Species composition and date 

In 1995, the numbers of total Collembola and the species I. viridis, I. anglicana, S. 

aureus and C. denticuiata were more abundant on 24 July than 26 June (see Table 6.2). 

This may indicate an increase in abundance or activity as the summer progressed. 

However, as the grass was cut on 17 July, pitfall catches of the above species may be 

greater on 24 July as a consequence of an increased sampling efficiency in shorter grass.



c \

cu

cu

"O

"E,
s
«1

«
a
0

1

I
T3
aca
daCS13
O

W
(S
\6
—
Z
«

H

tt-i
o
co

<ui
s i

\o

o

73 13

cs if)
(w
1 3

\o

fS
o  «

§ g 

1 1

3)-5

a)331-3

<50
I ;

<u
z73
I

(U
'33<u
cu

(73

OQ
z

(N

I
H - j

A
2 ?
3

MO
<3N ^’—' S'!

Tt —' ■+•!

8
o
V

v n
CN

H

Û
V
1 3
u

V I
o
<d>
V

o
m

I
A

<N <3

-b

O
o
V

o
O J
o d

I

C73
Z

o o

i
J— j

A
ZT"
3

CN

+1

8
o
V

m
'O

s

1

GO

z:

r -
o o
o

(N
<N
+1

as ^  
o  ^
r - H  y .|

GO

Z:

s
o

-S

Q
V
3

CJ

3

o
o

V3
CO

s o
CN

'O

+1

CO

z:

N -
O O

CN

I

CO

z:

!>-
OO

O

CO
"-l'

+1

r -

4-1

CO

Z

8

I
c d

CO

z:

E
3

I—)
A
Z '

3

Os
cS
-41

so V - ,

' b

O
O
o
V

VI
G O

\ o

<3
C d

CO

Z

■If
o o

o

Gq
"-y
4-1

GO

Z:

o o
o

I
Cd

CN

S O
'i'l

Ü

114

U

I

2  S

i

I,

:

I
jg:'



s oes
a s

eu
2

eu

7 3
za
"E
Scay)

g

ao
4-*
§
S
§

13
a
«
da
a13

w
ro
s ô

da
Z

H

Tf
II

QO
13
E

a

.2
3uo
J

è l  c» 
a  M

I 7 V
o <4-1 ts

à : ^

<u
Z
Z

;

c
t T

5
II

z
«4M

o o o '
t-H

a II
o <4-4

e s

s
o

7 3

d a
c a

Q

J

s  ^  CN

1 7 “
I -

I
Cuco

T3
U

A
Q

13
O
A
Q

U
A
Û

U
A

<

13
C J

43
CJ
A
Q

O
A

<

U
A
Q
43
CJ

CJ
A
Q

13
CJ
A

N

o
o
V

o
o
o
V

o
o
V

o
o
V

o
o
o
V

§
o
V

8
O
V

co
z

co
z

o
o
V

s6
CN
m

f-"
O s I f

en
CN
e n
s6

V3 CN
CN

CN
m

o
•u-

NÛVI
U-'

El
<
A

<

C
A!

cul
<
A

I3
<
43

I
A

I
A

A

<

Ou
<
A

43 43

I
A

<
43

f
A

El
<
A
'Sî
&

<

n
A
t/5

I
<

I
<
A

§
I
A

I
43

<
AI

S
O
V

o o
VI

O
O
o
V

CN

oo
o
V

I I-Q
S
o
%

O
o
o
V

m
CN

S

I

o
o
o
V

8
O
V

o o
U

o
o
o
V

CN e n
o o

.5

l I

O
o
o
V

v-i
NO
U

i
s:

h;

CN
e n
o

•ü

i
Z

§
c>
V

<N
C~-
rn
<N

S

I
Cd

8
o
V

lo
CN
rC

1
%)

Z

%Cul
Gd

fî
1 1
Z  S

ilII 11 
< a  
5 f
o  4> 

Où
_  '*S
o I

^ Q
l o ­

ti
t o

<3

I

II
£2 -i=
I I

.â- S

P

ii
ïi
m S 
<u o

00
Z

CN

S

CJ

03
I

_  -  
M .S3

iS<t> '

H

g

115



In 1996, the abundance of total Collembola and of I. palustris in pitfall traps was 

significantly lower in April than on any other sampling date (see Table 6.3 and Figure 

6.2). This suggests that Collembola in general, and the species I. palustris, were less 

abundant, or active, in April than on any other sampling date. Isotoma viridis, S. 

pumilis, H. nitidis and L. cyaneus, on the other hand, occurred in their highest 

abundance in August pitfalls (see Table 6.3 & Figure 6.3). Isotoma viridis was also 

found in its highest abundance in late summer 1995 after grass cutting. These species 

may be more abundant, or active, in late summer or, as the grass was cut prior to the 

August sampling, they may be sampled more efficiently in short grass.

Figure 6.2 Effect of date on abundance of total Collembola and
I. palustris (1996) irrespective of treatment45

40 C u t! Cut 2
35

25
■“ ♦—Total 
— Z palustris^  20

15

10

5

0
24/04/96 27/05/96 20/06/96 01/08/96

Date

The above graph shows the effect o f date on the abundance o f species/total Collembola 
caught by pitfall ti'apping at Auchincruive in 1996. Error bars show standard deviations.

Sminthurinus aureus increased in pitfalls from April to May/June suggesting it 

increased, or became more active, as the summer progressed (see Table 6.3 & Figure 

6.4). It then significantly decreased from June to August. This was unlikely to be the 

consequence of S. aureus being susceptible to grass cutting, as its abundance increased 

following the May cut, and also after cutting in 1995. It is therefore suggested that 

environmental conditions were unsuitable for this species in August 1996.

Isotoma/Isotomurus juveniles peaked in abundance in May pitfalls, before declining to 

reach their lowest abundance in August pitfalls (see Table 6.3 & Figure 6.4). This
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suggests that Isotoma/Isotomurus juveniles predominantly hatch in May, cind may also 

indicate an increased sampling efficiency in shorter grass. Isotoma anglicana also 

showed a peak in abundance in May pitfalls, but for this species the lowest abundance 

was found in April pitfalls (see Table 6.3 & Figure 6.4). It is therefore suggested that 

conditions were more favourable for this species in May, and that it may also be 

sampled more efficiently in shorter grass.

35

30 -

g 25

12 20

O' 15

5 -

g

I

Figure 6.3 Effect of date on abundance of H. nitidis, I. viridis, 
S. pumilis and L. cyaneus (1996) Irrespective of treatment

C u tl — ♦— H. nitidis 
—a — I  viridis 
"  -às ■ - S. pumilis 
— X— L. cyaneus

Cut 2

24/04/96 27/05/96 Date 20/06/96 01/08/96

Figure 6.4 Effect of date on abundance of /. anglicana, 
Isotoma/Isotomurus juveniles and S, aureus (1996) irrespective

16

10

of treatment.

C u tl Cut 2

— 7. anglicana 
—m— I  juvenile 
■ - -àc- - S. aureus

24/04/96 27/05/96 20/06/96
Date

01/08/96

Figures 6.3 & 6.4 The above graphs show the effects o f date on the collembolan composition caught by 
pitfall trapping at Auchincruive in 1996. Error bars show standard deviations.
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Isotoma notabilis was significantly more abundant in April than on any other sampling 

date (see Table 6.3 & Figure 6.5). Isotoma maculatus also tended to decline as the 

season progressed (see Table 6.3 & Figure 6.5). The abimdance of this species was 

significantly higher in May than in June or August, and was also more abundant in April 

than August. It would therefore appear that these two species were favoui^ed by the 

cooler conditions in April and May.

Figure 6.5 Effect of date on abundance of I. notabilis and I.

I
£

I
S.Hcr

0 a 
a

1

maculatus (1996) irrespective of treatment14

C u tl12 Cut 2

10
—Ü— I. notabilis 
• ' i t  • - I  maculatus8

6

4

2

0
24/04/96 27/05/96 20/06/96 01/08/96

Date

Figure 6.5 The above graph shows the effects o f date on the coUembolan composition caught by pitfall 
trapping at Auchincruive in 1996. Error bars show standard deviations.

Species composition and treatment

In 1995, two species were found to be affected by treatment, namely L  cyaneus and L 

viridis (see Table 6.2). Both L. cyaneus and I  viridis were adversely affected by the 

addition of cadmium-rich sludge, and the abimdance of these species in pitfall traps was 

significantly less in cadmium-rich plots than digested plots (see Table 6.2 & Figure 6.6). 

The probability that the cadmium-rich and the digested plots were different with respect 

to the abundance of /. viridis, was significant at a probability of < 0.05 (see Table 6.2). 

As the variances were heterogeneous (F-test), the likelihood of a Type one error was 

increased (Day & Quinn 1989), and this result should therefore be treated with caution. 

The Tukey test, however, found that the probability of the cadmium-rich and digested 

plots differing was <0.01, suggesting that effects were real.
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Figure 6.6 Effect of treatment on species composition (1995)
irrespective of date

ML viridis | 
ML. cyaneus

j ± L
Control Digested Undigested Zinc Copper

T reatm ent
Cadmium

Figure 6.6 The above graph shows the effects o f  treatment (Figure 6.6) on the abundance o f species 
caught by pitfall trapping at Auchincruive in 1995. Error bars show standard deviations.

The cadmium-rich sludge adversely affected /. viridis and L  cyaneus in 1996 also (see 

Table 6.3 & Figure 6.7). The numbers of I. viridis and L. cyaneus caught by pitfall traps 

in the digested plots was higher than in cadmium-rich plots. Furthermore, the 

abundance of L. cyaneus in the cadmium-rich plots was also less than the control plots. 

In this year, the total collembolan abundance was found to be adversely affected by the 

application of cadmium-rich sludge, with the total abundance being lower in pitfalls in 

the cadmium plots than those in digested plots (see Table 6.3 & Figure 6.7).

The abundance of I. maculatus, H. nitidis and /. notabilis was greater in the digested 

sludge plots than the control plots (see Table 6.3 & Figure 6.8). The abundance of these 

species in the zinc and cadmium-rich plots was not significantly different from the 

control plots. This suggests that the presence of zinc and cadmium in sludge prevented 

these species from reaching the abundance found in the digested plots. Furthermore the 

abundance of I. maculatus in the cadmium-rich plots was actually significantly lower 

than the digested plots. Isotoma/Isotomurus and I  palustris had a significantly

higher abundance in all plots receiving sludge than control plots (see Table 6.3 & Figure

6.9). It would therefore appeal- that they were not adversely affected by the presence of 

cadmium or zinc in sludge. Ceratophysella denticuiata was actually more abundant in
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the zinc-rich sludge plots than the cadmium-rich sludge plots (see Table 6.3 & Figure

6.9).

Figure 6.7 Effect of treatment on abundance of total 
Collembola, I. viridis and L. cyaneus (1996) irrespective of date

c3 25

11 Total 
■  /. viridis 
ML. cyaneus

I

Control Digested Zinc
T reatment

Cadmium

Figure 6,8 Effect of treatment on abundance of H. nitidis^ L 
2Q _ notabilis and 7. maculatus (1996) irrespective of date

Î
€a
n

25

20 H

15

10

MH. nitidis 
■  /. notabilis 
□  /. maculatus

r i i

Control Cadmium
I

Figures 6.7 & 6.8 The above graphs show the effects o f  treatment on the abundance o f total Collembola 
and species composition caught by pitfall trapping at Auchincruive in 1996. Error bars show standard 
deviations.
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Figure 6.9 Effect of treatment on abundance of I. juveniles, 7.
18 -| palustris C. denticuiata (1996) irrespective of date

Ml. palustris 
a  I. juveniles 
□  C. denticuiata

12 -

Control Digested Zinc
Treatm ent

Cadmium

Figure 6.9 The above graphs show the effects o f  treatment on collembolan species composition caught by 
pitfall trapping at Auchincruive in 1996. Error bars show standard deviations.

DCA 1995

The 1995 DCA produced eigenvalues of 0.127, 0.057, 0.027 and 0.014 for axes 1-4 

respectively. These values indicate that the amount of between-plot variation in 

collembolan assemblages accounted for by axes 1-4 was 56.4%, 25.3%, 12.0% and 

6.2%, respectively. As axes 3 and 4 accounted for so little of this variation, they were 

not considered fliither. The samples and species scores were plotted to obtain sample 

and species ordinations, respectively (see Figures 6.10 and 6.11).

From Figure 6.10 it can be seen that in 1995 the main factor separating samples along 

axes 1 and 2 was sampling date, with the Jime plots lying above and to the left of the 

July plots. The species ordination indicates that the samples taken on 24 July had a 

higher occurrence of I. viridis, I. anglicana, S. aureus and C. denticuiata (see Figure 

6.11) than those taken on 26 June. This is supported by the ANOVAs (see above). The 

species ordination therefore also indicates that the main driving force influencing the 

division of samples along axes one was season.

121

.1:

j'y"

I

I
I

: ■



Figure 6.10 Sample DCA ordination for pitfalls 1995 (relative abundance)

9 0 -

8 0 -

7 0 -
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Figure 6.11 DCA species ordination for pitfalls 1995 (relative abundance)

400-

3 0 0 -
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• Isot viri •
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Axis I

Figures 6.10 and 6.11 DCA sample and species ordination (respectively) for 1995 (based on species 
relative abondance). Each point represents one plot in sample ordination. Species codes can be found in 
Appendix IX.
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The axes scores derived from the ordination were re-drawn showing undigested and 

digested treatments separately (see Figures 6.12 & 6.13, respectively). This was done to 

enable treatment effects to be obseiwed more easily. For the undigested treatments, on 

both sampling dates, the copper-rich and control plots lie distinct from each other 

suggesting that the collembolan species composition differed most between these plots 

(see Figure 6.12). However, on both sampling dates there were also considerable 

differences between replicas within a treatment, which were as great as the differences 

between treatments.

:!r

For the digested sludge treatments, the cadmium-rich plots lie distinct from the other 

treatments on both sampling dates (see Figure 6.13). This indicates that the collembolan 

composition of cadmium-rich plots differed most from the other treatments. However, 

as was found for the undigested treatments, considerable differences occurred between 

replicas of the digested treatments also.

Figure 6.12 DCA ordination for pitfalls 1995: undigested treatments
100

9 0 -

7 0 -

6 0 -

June

■  Control 
□  Undigested 
A Copper

20

10 -

0 10 20 30 40 50 60 70 80 90 100 110 120

,

f:

i

1

Axis I

Figures 6.12 DCA ordinations for the undigested treatments. Each point represents one plot.
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Figure 6,13 DCA ordination for pitfalls 1995: digested treatments

<

Control 
□  Digested 
T  Zinc 
#  Cadmium

Axis I

Figures 6.13 DCA ordinations for the digested ti'eatments. Each point represents one plot.

Closer examination of the ordinations found that for almost all treatments (on both 

sampling dates), block two replicas differed most between the thi'ee replicas of a 

treatment. It would therefore appear that while no individual species was affected by 

block (see above), the collembolan composition as a whole was. The suction samples 

and litterbags also indicated that in 1995, block two differed most between replicas of a 

treatment (see Chapters 4 & 5 respectively). Since this block appears to be different on 

both sampling dates, irrespective of sampling method, it is suggested that it was a true 

effect and not merely a consequence of sampling en'or.

Closer examination of the available soil data for this block indicated that its pH and 

conductivity was lower than the other blocks prior to sludge application (see Appendix 

VI). It is possible that the observed differences in block two were a consequence of the 

soil being more acidic. The species ordination for the suction data indicated that pH 

may have influenced the separation of plots (see Chapter 5).
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DCA 1996

The 1996 DCA produced eigenvalues of 0.422, 0.154, 0.058 and 0.029 for axes 1-4 

respectively. The between-plot variation in collembolan community structure accounted 

for by axes 1-4 was therefore 63.7%, 23,2%, 8.8% and 4.4%, respectively. As in 1995, 

axes 3 and 4 accounted for little of the obseiwed variation and were not considered 

further. The species and sample scores for axes 1 and 2 were plotted to obtain species 

and sample ordinations (see Figures 6.14 & 6.15 respectively).

Figure 6.14 Sample DCA ordination for pitfalls 1996 (relative abundance)

X<

I8Ü-1

160- T
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 ̂ _ □

0
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e #

0 50 200 250100 150

Axis I

Figures 6.14 DCA sample ordination for the Auchincruive 1996 data. Each point represents one plot.

As was found in 1995, the main factor dividing samples along axes 1 and 2 was 

sampling date (see Figure 6.14). The April samples occurred above the other sampling 

dates, the August samples occurred to the right of axis 1, while the May and June 

samples occurred to the left. The species ordination indicates that the April samples had 

a higher abundance of I. maculatus and /. notabilis (see Figure 6.15) than the other 

sampling dates and this is supported by the ANOVAs (see Table 6.2). The species 

ordination also indicates that L. cyaneus, I. viridis and H. nitidis were more abundant in 

the August samples, while S. aureus, Isotoma/Isotomurus juveniles and I  anglicana 

were more abundant in the May/June samples (see Figure 6.15). This is again supported 

by the ANOVAs (see Table 6.2). The species ordination therefore also indicates that
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date influenced the separation of samples along axes 1 and 2. There was, however, still 

considerable differences between samples on a particular date.

Figure 6.15 DCA species ordination for pitfalls 1996
350-
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Figures 6.15 DCA species ordination for the Auchincruive 1996 data (see Appendix IX for species 
codes).

To enable treatment effects to be seen more easily, the axes scores were re-drawn 

showing each sampling date separately (see Figures 6.16-6.19). For all sampling dates 

the biggest difference in collembolan community structure occurred between the 

cadmium-rich and digested plots (see Figures 6.16-6.19). For all dates the separation 

between these treatments was substantially larger than differences between replicas.

Large differences between replicas, however, occuned for the zinc-rich and control 

plots. In the case of the control plots, the block two replicas were consistently separated 

to the left of the other replicas for all sampling dates. Block two was not considerably 

separated from the block one and thi'ee replicas in the other treatments, hence suggesting 

that the division was the result of this individual plot being different, rather than the 

entire block. Examination of the available soil data for this plot in 1996 indicated
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'I
that biomass carbon was higher, while pH and grass yield were lower in this replica than 

the other two control replicas (see Appendices VIII & XI).

For the zinc-rich treatments, block two occurred towards the right of axis one and block 

one occurred towards the left. In the April and May ordinations, block two differed 

most between the three replicas of the zinc-rich plots, while in June and August block 

one differed most. Examination of the soil data did not, however, show any variable 

that differed consistently between these plots (see Appendix XI).

For both the zinc-rich and control plots, differences between replicas appeared to be 

consistent between sampling dates. This indicates that the variation was not simply a 

consequence of sampling error, but a real difference between the plots. It would 

therefore appear that while treatment was a main factor influencing the collembolan 

composition in the cadmium-rich and digested plots, other environmental parameters 

(e.g. pH and grass height) were also important in the zinc-rich and control plots.

Relationship between grass height and species abimdance

A product moment correlation was calculated to investigate the relationship between 

grass height and the abundance of the most frequently occurring species (i.e. those listed 

in Table 6.3) for the 1996 data set. Results of the correlations can be seen in Table 6.4 

below (only species showing a signifieant correlation are shown). A positive correlation 

was found between grass height and the abundance of S. aureus and Isotoma/Isotomurus 

juveniles, indicating that the abundance of these species increased with grass height. 

The abundance of /. viridis and S, pumilis showed a negative correlation with grass 

height, therefore indicating that the abundance of these species decreased as grass height 

increased. It is, however, possible that grass height was confounded with sampling date, 

and care should therefore be taken in interpreting these results.

Table 6.4 Relationship between grass height and species abundance

Species Product moment 
correlation coefficient

t-value Probability 
df=46 n=48

/. viridis -0.53 -4.19 <0.01
I  juvenile 0.32 2.27 <0.01
S. aureus 0.33 2.39 <0.01
S. pumilis -0.39 -2.91 <0.01

Î
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Effect of treatment on size distribution of I. palustris

For the August pitfall traps (1996), the size of I. palustris was measured, and the
'

distribution plotted as a percentage (see Figui-e 6.20). This was done to detect any sub-

lethal effects of treatment on this metal tolerant species (e.g. changes in growth rate and

6.5 Discussion

by humidity preference and this was supported by the pitfall data. For example, both L.
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reproduction). With the exception of the control, all treatments showed two main peaks

suggesting that two generations were present in August. In 1996, the number of juvenile 

Isotomurus/Isotoma species peaked in abundance in May (see above). It is therefore 

suggested that the second peak in August represents this first generation in May, while 

the first peak represents a second generation that hatched in late July. The second peak 

is larger than the first peak, suggesting that reproduction was highest in May, and this

was in agreement with the results from the ANOVA (see above).
:3
%

When compared to the zinc-rich and digested plots, a greater proportion of /. palustris in 

the cadmium-rich plots were less than 1mm. This may indicate that reproduction was 

greater in the cadmium-rich plots. Alternatively it may indicate that survival of 

juveniles to a size greater than 1mm was lower in the cadmium-rich plots than the

digested and zinc-rich plots. It is therefore possible that while the addition of cadmium- 

rich sludge does not adversely affect reproduction, it may affect growth. The proportion 

of individuals with a size greater than 2.0 mm is greater in the control plots than on the 

sludged plots. This suggests that the growth rate (or survival) of /. palustris was greater 

in the control plots than the sludged plots.

Effect of sampling date on species composition

The DCA ordinations indicated that in both 1995 and 1996, date was the main factor

influencing collembolan composition with treatment being less important. As was

found with the suction data, some species were more abundant in April (e.g. I.

notabilis), others in May (e.g. 7. anglicana and Isotoma/Isotomurus juveniles) and

others in August (e.g. 77 nitidis, 7 viridis and L. cyaneus). Results from the suction data 
.

indicated seasonal differences in species abundance could only partly be accounted for
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cyaneus and L viridis peaked in August despite L. cyaneus preferring dry conditions, 

while I. viridis preferred humid conditions (Joosse 1970). It would therefore appear that 

other environmental variables were involved in determining seasonal peaks.

131

Although I. notabilis was more abundant in April pitfalls, it occurred in its highest 

abundance in May suction samples (see Chapter 5). The higher capture rate of this 

species in the April pitfalls could not therefore be attributed to a higher abundance in 

April. It is possible that either I. notabilis was more active in April than on subsequent 

sampling dates, or that the ‘digging in effect’ lead to its higher abundance. The digging 

in effect is more pronounced for some species (e.g. T. minor), than for other species 

(e.g. E. nivalis: Joosse & Kapteijn 1968). It is therefore possible that /. notabilis was 

stimulated, or attracted, more by CO2 than other species, and was consequently over­

represented in the April pitfalls. It would be interesting to quantify any differences in 

CO2 attraction/stimulation between this species and the other species present. This 

exemplifies how, through using both pitfalls and suction samples, a better understanding 

of collembolan ecology can be achieved.

Berbiers et a l (1989) found that while some species were caught more frequently in 

pitfalls set in long grass (/. viridis and S. pumilis), other species where caught more 

frequently in short grass (e.g. S. aureus and S. elegans). They suggested that differences 

between species were a consequence of differences in locomotory activity in the varying 

grass height. Contrary to the findings of Berbiers et al. (1989), this study found that I. 

viridis and S. pumilis were actually caught more frequently in short grass than long 

grass. In this study, the higher abundance of /. viridis and S. pumilis in short grass was 

thought to be a consequence of an increased sampling efficiency, and the abundance of 

these species in pitfalls was inversely related to grass height. Greenslade (1964) found 

that the abundance of carabid beetles caught in pitfall traps was also inversely related to 

the vegetation cover. The average grass height in Berbiers et al. (1989) study was 14.2 

cm, and less than 6 cm for long and short grass respectively, whereas, in the present 

study it was 35 cm and 10 cm for long and short grass respectively. There were 

therefore considerable differences between the Tong’ grass at the Auchincruive site and 

the ‘long’ grass at Berbiers’s site. It is possible that while the grass at Auchincruive



Species specific differences in metal susceptibility are also well documented (Bengtsson 

& Rundgren 1988; Filser et al. 1995; Hâgvar & Abrahamsen 1990; Posthuma & Van 

Straalen 1993). In this study, the pitfall traps indicated that 1. viridis and L. cyaneus

I
exceeded a threshold height which reduced the sampling efficiency, the grass at : |

Berbiers’s site did not.
■:Ü

I
The abundance of Isotoma/Isotomtirus juveniles peaked in May in both pitfalls and 

suction samples. In agreement with other authors, reproduction for Isotoma and
IIsotomurus species was therefore greatest in April/May (Hale 1965; Joosse 1969). In 

August 1996, the size distribution of I. palustris individuals was bimodai. This 

indicates that on this date two generations of I. palustris were present, and Joosse 

(1969) also found that I. palustris gave rise to two generations per year in the 

Netherlands. It would therefore appear that in addition to egg laying in April/May, egg 

laying also occurred in late July. As /. palustris overwinters as half grown juveniles 

(Joosse 1969), it is suggested that the first generation of juveniles bom in April/May 

were derived fi*om the overwintering population, while the second generation bom in 

late July were derived from the April/May population.

,ï„,.

Effect of treatment on species composition 

It was found that the collembolan community structure differed most between the 

cadmium-rich and digested plots and between the copper-rich and control plots. f

Differences between digested treatments were more pronounced in 1996. However, 

even in 1996, differences in community structure were appai’ent between the replicas of 

a treatment. Differences in replicas were consistent across sampling methods (i.e. 

suction and pitfalls) and sampling dates, indicating that they were not just a result of 

sampling error, but a true effect caused by differences in soil parameters (e.g. pH, 

conductivity and moisture content). Species specific differences in response to changes 

pH are well documented (Hâgvar 1990; Hâgvar & Abrahamsen 1980; Hâgvar &

Kjondal, 1981), and the suction samples species ordination suggested that pH may have 

influenced the separation of samples in the ordinations (see Figure 5.15).

were adversely affected by cadmium-rich sludge, while I. palustris was not. As these
T
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results were also found by suction sampling, they must be related to a change in density 

and not to sub-lethal effects on activity. When sampled by pitfall trapping the 

abundance of total Collembola and Z maculatus were also adversely affected by 

cadmium-rich sludge. This adverse affect was not, however, significant when these 

species were sampled by suction, hence suggesting that these results were not related to 

a change in density. It is therefore possible that the lower capture rate in pitfalls set in 

cadmium-rich plots was a consequence of a decrease in activity. Hopkin (1989) found 

that isopods exposed to high concentrations of metals are moribund, and will only move 

slowly when stimulated. It is therefore possible that metals can have sub-lethal effects 

on collembolan activity, and this will be investigated more thoroughly in Chapter 7.

In this study, I. notabilis and H. nitidis were favoured by the addition of digested sewage 

sludge but not by the addition of metal-rich sludge, suggesting that the presence of 

metals in sludge adversely affected these species. Furtheraiore, the abundance of H. 

nitidis was inversely related to the concentration of cadmium in sewage sludge (see 

Chapter 5). Adverse effects of metals in sewage sludge were also found for Z notabilis 

by Liibben (1989), and this species was rai'e in heavy metal polluted soil close to Gusum 

brass mill (Tranvik et a l 1993). It would therefore appear that the cadmium-rich sludge 

adversely affected this species also. Explanations of why some species are more 

susceptible to metals than others are given in Chapters 4 and 5.

Isotoma/Isotomurus juveniles were found to have a higher abundance on all plots 

receiving sludge. This suggests that their reproduction was promoted by the addition of 

sludge and was not affected by cadmium or zinc. However, as the juveniles were not 

identified to species level, it is possible that metals adversely affected the reproduction 

of some species, while promoting that of others. The different size classes of Z. 

palustris indicated that reproduction in Z. palustris may have been lower in the digested 

and zinc-rich plots than the cadmium-rich plots. It is therefore possible that while 

reproduction in Z palustris was adversely affected by digested and zinc-rich sludge, that 

of other Isotoma/Isotomurus species was promoted, and hence no adverse effects on the 

total abundance of Isotoma/ Isotomurus juveniles was detected. It would be interesting
.Ï
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parasite, and through the addition of zinc this parasite was eliminated favouring C. 

denticulata.
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to identify juveniles to the species level to determine if reproduction was adversely
■ ■

affected by metal-rich sludge.

A higher proportion of I. palustris were larger than 2 mm in the control plots, than on 

the sludged plots. This may indicate a reduced growth rate (possibly as a consequence 

of metal pollution), or a reduced survival in sludged plots. Survival may have been 

reduced due to an increase in predators, and the abundance of carabid beetles has been 

shown to be higher on sludged plots (Larsen et a l 1996). As the total abundance of I. 

palustris was higher on sludged plots than control plots, the influence of density 

dependant factors (e.g. competition and parasitism) would also be greater on these plots.

Ï

Both the suction samples and pitfalls indicated that although some species had a lower 

abundance in zinc-rich than digested plots, this difference was not significant. It would 

therefore appear that zinc was less toxic than cadmium. This result may be expected, as 

zinc is a micro-nutrient which is regulated more efficiently, than nonessential elements 

such as cadmium (see Chapter 5 for more details). One species, C. denticulata, actually 

occurred in its highest abundance in zinc plots. It is possible that prior to sludge 

application this species was deficient in zinc, and through the application of zinc-rich 

sludge this was overcome. It is also possible that C. denticulata had a zinc-sensitive gut

6.6 Main findings

1: There was much agreement with results found by pitfall trapping and suction 

sampling.

2: Effects of date were more pronounced than those of treatment.

3: Isotoma notabilis was more abundant in the April pitfalls which was possibly a 

consequence of the digging in effect being more pronounced for this species.



4: The abundance of I. viridis and S. piimilis was inversely related to grass height, and 

this was thought to be due to a decreased sampling efficiency in long grass.

5: The total collembolan abundance, and the abundance of L  cyaneus, I. viridis and H. 

nitidis, were lower in cadmium-rich plots than digested plots.

6: Isotoma/Isotomurus ]viVQm\Q  ̂ and I  palustris appeared to be tolerant of metal-rich 

sludge, and their abundance was higher on all sludged plots, irrespective of metal 

contamination.

7; There was evidence that reproduction was higher for I  palustris in the cadmium-rich 

plots than the digested or zinc-rich plots suggesting sub-lethal effects of digested and 

zinc-rich sludge on reproduction.

8: There was evidence that all sludges adversely affected the growth rate and/or

survival of I. palustris. This may have been a result of an increase in predators, 

parasites or competition in the sludged plots.

9: As was found for the suction data, cadmium was more toxic than zinc.
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7.1 Introduction

::

CHAPTER 7. A comparison between litterbags, suction samples and pitfall traps

The previous two chapters concentrated on the response of epigeal and hemiedaphic 

Collembola to sludge application. In Chapter 5 suction sampling was used to monitor 

Collembola, while in Chapter 6 pitfall trapping was used. Both methods are considered 

to be effective for sampling epigeal and hemiedaphic species, but not for euedaphic i
species (Berbiers et al. 1989). In Chapter 4, the effects of sludge application on 

euedaphic and hemiedaphic Collembola were investigated using litterbags.

Although soil cores are thought to give the most complete method of sampling 

Collembola (sampling epigeal, hemiedaphic and euedapliic species: Berbiers et al.

1989), they may be inefficient at sampling epigeal species (Frampton 1994). Frampton 

et al. (1992) found that for most epigeal species, less than one individual per soil core 

was recovered. Furthermore, in soils with a high organic content the extraction of 

Collembola from cores can be very time consuming, as flotation techniques are 

generally required. A more practical alternative to soil cores may therefore be achieved 

by combining methods of sampling epigeal/hemiedaphic species with methods of 

sampling euedaphic species.

;kAlthough suction sampling and pitfall traps both sample epigeal/hemiedaphic species, 

the sampling efficiency of different species may vary between the two methods. Suction 

sampling gives good quantitative data on collembolan population density (Frampton 

1994; Johnson et al. 1957) but, as they are predominately taken during the day, 

nocturnal species can be poorly represented (Joosse 1965). Pitfall trapping, on the other 

hand, gives poor quantitative data as it is dependant not only on the abundance of each 

species, but also on their activity. Pitfall traps tend to over-represent the most active 

species, while under-representing the least active. Catches are therefore influenced by 

factors which affect the mobility of arthropods (e.g. weather and grass height:

Greenslade 1964; Berbiers et al. 1989). Pitfall traps are, however, generally left in situ 

for a period of several days, and will efficiently sample both diurnal and nocturnal 

species. The most effective sampling regime for epigeal and hemiedaphic Collembola is
;
y
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therefore thought to be a combination of both pitfalls and suction samples (Berbiers et 

al. 1989; Frampton 1994).

=v

■■Î

By combining information derived from suction sampling and pitfall trapping, it is 

possible to estimate the activity level of individuals species. A similar approach has 

been successfully used to investigate the effect of moulting on locomotory activity in the 

field (With & Joosse 1971). It should therefore also be possible to detect sub-lethal 

effects of chemicals on collembolan activity by combing pitfall and suction data 

(Frampton 1994).

In this Chapter, the litterbag, pitfall and suction data sets are compared. Information 

from pitfalls and suction samples is then combined to investigate sub-lethal effects of

cadmium-rich sludge.
-

7.2 Species caught in litterbags, suction samples and pitfalls (1995)

The species collected by litterbags (22 July), suction samples (25 July) and pitfall traps 

(24 July) in late July 1995 were compared in order to investigate which species were 

sampled by each method. The late July dates were selected as this was the only 

sampling period that included all three methods. This enabled seasonal effects on 

species composition to be eliminated. As the cadmium-rich plots were not sampled by 

litterbags, they were omitted from the investigation. A species list and the sampling 

methods which collected each species is presented in Table 7.1 (species present are 

mai'ked with an X).

In the late July samples, a total of 25 species were identified (see Table 7.1). Of these,

21 were collected by litterbags (total of 6,362 individuals), 14 by pitfall traps (total of 

7,055 individuals) and 15 by suction (total of 9,628 individuals). It would therefore 

appear that litterbags sampled more species than pitfalls or suction. As less individuals 

were sampled by litterbags, the greater number of species could not be attributed to 

more individuals being collected. It would tlierefore appear that the euedaphic 

collembolan fauna at this study site was more diverse than the epigeal fauna.

;
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Table 7.1 Comparison between litterbags, suction samples and pitfall traps (July 

1995)

Species Litterbags Pitfalls Suction
Anurida pygmaea X X
Friesea claviseta X
Ceratophysella denticulata X X X
Folsomia Candida X X
Folsomia fimetarioides X
Folsomia fimetaria X
Isotoma anglicana X X X
Isotomurus palustris X X X
Isotomodes productus X
Isotoma tigrina X X
Isotoma notabilis X X X
Isotoma viridis X X
Heteromurus nitidis X X X
Lepidocyrtus cyaneus X X X
Lepidocyrtus lignorum X X
Pseudosinella decipiens X X X
Tomocerus longicornis X
Sminthurinus aureus X X X
Sminthurinus elegans X X X
Sminthurides pumilis X X
Sminthurus viridis X X
Neelus minimus X
Mesaphorura spp. X
Protaphorura cancellata X
Onychiurus circulons X

I.
I
■ -3

i
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i
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Sminthurinus elegans, S. aureus, L  cyaneus, I. palustris, P. decipiens, L notabilis, L 

anglicana, C. denticulata and H. nitidis were collected by all three sampling methods, 

and as expected all these species are hemiedaphic. Likewise, the eight species which 

were only collected by litterbags were all euedaphic (namely N. minimus, Mesaphorura 

spp. P. cancellata, O. circulons, F. claviseta, F. Jîmetarioides, F. fm etaria, L 

productus). The euedaphic species A. pygmea and F. Candida were collected by suction 

sampling and litterbags. The litterbags, however, appeared to be more efficient at 

sampling these species and sampled 21 specimens of F. Candida and 49 specimens o f A. 

pygmea, whereas, only one specimen of each of these species was caught by suction. As
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expected, euedaphic species were sampled more efficiently by litterbags than pitfall 

traps or suction.

Four species were only collected by suction and pitfalls (namely S. viridis, T. 

longicornis, I. viridis and L  lignorum). Of these species T. longicornis and S. viridis 

are strictly epigeal (Frampton 1994; Ellis 1974), and were consequently never collected 

by litterbags (see Appendix IV). Isotoma viridis and L. lignorum are generally 

considered to be hemiedaphic (but /. viridis is known to climb vegetation: Ellis 1974; 

Curry 1994), and although they did not occur in the late July litterbags, they occuned in 

litterbags collected on other dates in 1995 (see Appendix IV). It would therefore appear 

that the species sampled by the three methods under investigation was primarily 

dependant on ecomorphology.

A more detailed investigation was then conducted on the species caught by suction and 

pitfall traps (see Table 7.2). A comparison was made between the samples taken in 

1996, when all suction samples were taken during the week that pitfall traps were in 

situ. From Table 7.2, it can be seen that the majority of species were sampled by both 

suction and pitfall trapping. In 1996, a total of 22 species were collected by suction 

sampling and 20 were collected by pitfall trapping. The suction samplers also collected 

more individual Collembola than pitfall traps (122,323 were collected by suction and 

44,745 by pitfalls). As the number of species collected by any sampling method 

invariably increases with sample size (Magurran 1988), the larger number of species in 

suction samples was expected simply as a consequence of more individuals being 

collected.

In 1996, the species F. fim etarioides, F. Candida, Dicyrtom a ornata  (Nicoleti) and 

Dicyrtom a saundersi (Lubbock) were only caught by suction sampling, while the 

species T. minor and A. pygm ea  were only caught by pitfall trapping. Of these species, 

F. fim etarioides, F. Candida and T. minor were represented by only one individual, and 

it is therefore likely that they were sampled as a consequence of chance.

The species D. ornata  and D. saundersi, on the other hand, occurred in several suction 

samples but were absent from pitfall traps. It would therefore appear that suction was
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more efficient at sampling these species. Species of the genera Dicyrtoma are typically 

herbage dwellers (Curry 1994). As pitfall traps only sample ground active invertebrates, 

they are less efficient, when compared to suction, at sampling epigeal insects (Duffield 

& Aebischer 1994). It is therefore likely that D. ornata and D, saundersi were sampled 

more efficiently by suction as a consequence of their predominately epigeal existence. 

Table 7.2 Species caught by suction samples and pitfalls 1996

Species Pitfalls Suction
Anurida pygmaea X
Ceratophysella denticulata X X
Folsomia Candida X
Folsomia fimetarioides X
Isotoma anglicana X X
Isotomurus palustris X X
Isotomurus maculatus X X
Isotoma tigrina X X
Isotoma notabilis X X
Isotoma viridis X X
Entomobrya nivalis X X
Heteromurus nitidis X X
Lepidocyrtus cyaneus X X
Lepidocyrtus lignorum X X
Pseudosinella decipiens X X
Sminthurinus aureus X X
Sminthurinus elegans X X
Sminthurides pumilis X X
Sminthurides malmgreni X X
Sminthurus viridis X X
Dicyrtoma saundersi X
Dicyrtoma ornata X
Tomocerus longicornis X X
Tomocerus minor X

The species A. pygmea, which occurred in several pitfalls, was absent from suction 

samples. Pitfall traps tend to over-represent the most active species. Anurida pygmea is 

euedaphic, and therefore has morphological adaptations to a subterranean existence 

including reduced fiirca and legs. It is therefore unlikely that A. pygmea is particularly 

mobile, and consequently it was unlikely to be present in the pitfalls as a result of it’s 

high activity level. It is possible that A. pygmea is only present on the surface at night 

and, as the suction samples were taken during the day, it was not collected by suction.
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7.3 Comparison between relative abundance of species caught in suction samples 

and pitfall traps

Wilcoxon’s matched pairs tests were conducted (on the relative abundance for dominant 

species) to investigate if species were caught proportionally more often by suction or 

pitfalls. These tests were performed on the most frequently occurring species (i.e. those 

occuiTing in over half of either suction or pitfall samples) caught by suction and pitfall 

trapping on the sampling period commencing 1 August 1996. It was decided to 

standai'dise across grass height, as this was thought to have a greater influence on 

sampling efficiency than treatment (see Chapters 5 and 6). 1 August was chosen as the 

grass was cut on 26 July and species specific differences in sampling efficiency as a 

consequence of grass height were minimised. This, however, did not correct for some 

plots having a denser vegetation than others (i.e. cadmium-rich plots tended to be less 

dense) which may also have influenced the sampling efficiency. It was necessary to use 

the relative abundance rather than the absolute abundance because the suction samples 

collected more individuals than the pitfalls.

The relative abundance for each species caught by suction sampling and pitfall trapping

was calculated for a specific plot on 1 August. Pitfall traps and suction samples for each 

plot were then paired, and a Wilcoxon matched pairs test conducted. Differences 

between suction and pitfall abundances which equalled zero were ignored and the 

number of observations adjusted appropriately. The results of these tests can be seen in 

Table 7.3 together with the appropriate number of observations and median percentage

per plot.

Tomocerus longicornis, I. palustris, I. anglicana, S. viridis, I. viridis and I. notabilis had 

a higher relative abundance in suction samples than pitfalls (see Table 7.3). Some of 

these species (e.g. Sminthurus viridis and I. viridis) are known to climb grass (Curry 

1994; Frampton 1994). As pitfall traps rely on the species being ground active, epigeal 

species such as I. viridis and S. viridis are likely to be sampled more efficiently by L

suction than pitfalls. Isotoma notabilis is, however, strictly hemiedaphic (Curry 1994) 

and the higher relative abundance of this species in suction samples could not be the 

consequence of an epigeal existence. It is possible that this species is diurnal and, as the 

suction samples were taken during the day, diurnal species were over-represented.

I:



Table 7.3 Comparison of pitfall traps and suction samples with respect to species 

relative abundance

Species Median percentage 
in suction

Median percentage 
in pitfalls

T-value Significance
level

I. palustris 19.76 12.71 7 (n=12) = 0.01
I. maculatus 1.25 1.96 26 (n=12) N.S.
I. viridis 5.78 2.76 7 (n=12) = 0.01
I. anglicana 4.32 1.42 1 (n=12) = 0.001
I. notabilis 3.33 0.50 0 (n=12) <0.001
T. longicornis 0.76 0.08 1 (n -1 2 ) = 0.001
H. nitidis 1.09 1.02 34 (n -1 2 ) N.S.
L. cyaneus 55.14 61.01 49 (n=12) N.S.
S. viridis 2.87 0.60 2 (n ==12) <0.01
S. aureus 0.11 0.98 10 (n=12) <0.05
S. elegans 0.08 0.58 0 (n=9) <0.01
S. pumilis 0.00 0.74 0 ( n = l l ) = 0.001
C. denticulata 0.00 4.15 0 ( n = l l ) = 0.001

The relative abundance of S. aureus, S. elegans, S. pumilis and C. denticulata was 

higher in pitfalls than suction samples (see Table 7.3). This may be the result of these 

species being strictly hemiedaphic, and therefore more active on the soil surface than 

epigeal species. These species would also be caught more frequently in pitfall traps than 

suction samples if they were nocturnal. Orchesella cincta and T. minor are both tliought 

to be predominately nocturnal (Joosse 1965), and this study suggests that this is the case 

for C. denticulata (which was rarely caught by suction, but frequently by pitfalls).

7.4 Effect of cadmium on activity

The number of individuals of a particular species collected by suction is directly related 

to the density of that species, while the number of individuals caught by pitfall trapping 

is related to both its density and activity (Berbiers et al. 1989). It is therefore possible to 

combine information derived fr'om pitfall trapping and suction sampling to obtain an 

indication of the activity level of a species. By dividing the number of individuals 

caught by pitfall trapping by an estimate of the population density (calculated from the 

suction sampling data), an indication of activity level can thus be obtained (With & 

Joosse 1971). The resultant activity level will be most accurate when environmental 

variables which affect sampling efficiency are kept constant. Using this information, it 

is possible to detect sub-lethal effects of chemicals on activity under near normal
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conditions in the field (Frampton 1994). The presence of high body burdens of zinc and 

cadmium (1.5% and 0.5% respectively) in isopods renders them moribund and they will 

only move weakly when stimulated (Hopkin 1989). It may therefore be expected that 

heavy metals also reduce the activity of Collembola.

Using the above approach, sub-lethal effects of the cadmium-rich sludge were 

investigated for the total Collembola, a cadmium sensitive {L. cyaneus) and a cadmium 

tolerant species (/. palustris). The abundance of these species caught by pitfall traps on 

1 August in digested and cadmium-rich plots was divided by the abundance caught by 

suction sampling in the same plot on the same date (the median indices are presented in 

Table 7.4). As grass height can affect the activity of certain species of Collembola 

(Berbiers et al 1989), 1 August was chosen to standardise grass height across 

treatments. Differences in activity level, or sampling efficiency, as a consequence of 

grass height were therefore eliminated.

Table 7.4 Effect of cadmium on activity level

Species Median index for 
digested plots

Median index for 
cadmium-rich plots

Total 0.76 0.60
I. palustris 0.40 0.37
L. cyaneus 0.63 0.09

From Table 7.4 it can be seen that activity level of total Collembola and I. palustris did 

not appear to be affected by cadmium-rich sludge. For L. cyaneus, on the other hand, 

the median value for the pitfall/suction index was substantially higher in the digested 

plots than the cadmium-rich plots. This indicates that cadmium-rich sludge adversely 

affected the activity level of L. cyaneus. However, as too few replicas were available to 

merit statistical analysis, a definite conclusion cannot be drawn.

The detoxification of heavy metals is thought to be energetically costly, and a decrease 

in glycogen reserves after metal exposure has been found for several invertebrate 

species (Richards & Ireland 1978; Reddy & Bhagyalakshmi 1994; Bodar et al 1990). 

The presence of metals may therefore be expected to reduce activity by decreasing the 

energy available. Metals may also directly interfere with the biochemical pathways 

involved in metabolism. Sorensen et a l (1997) observed reduced activity in a metal
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polluted population of the isopod Oniscus asellus (Linné). Laboratory studies have also 

found reduced activity in the Collembola Folsomia fimetaria at high levels of the 

pesticide dimethoate (Fabian & Petersen 1994). Computer-automated video tracking 

may therefore provide a quick and effective method of monitoring pollution (Sorensen 

et al. 1997), and this study suggests that the species L. cyaneus has the potential to act as 

a test organism.

.37.5 Discussion and recommendations for future study

The litterbags collected almost all species found in pitfalls and suction samples, in 

addition to several species which were not sampled by either of these methods (e.g. 

Mesaphorura spp. and N. minimus). It was, however, found that the number of
'S '

hemiedaphic individuals collected by litterbags was generally lower than the number 

collected by suction or pitfall trapping (e.g. in late July 1995, 354 individuals of L  

cyaneus were collected by suction, while only 61 were collected with litterbags). 

Furthermore, strictly epigeal species (e.g. S. viridis) were never found in litterbags. It is L

therefore concluded that to obtain the most complete picture of a collembolan 

community, it is necessary to combine methods which sample euedaphic/hemiedaphic |

species with methods which sample hemiedaphic/epigeal species. The most effective 

sampling regime for Collembola would therefore be accomplished by combining soil 

cores or litterbags with pitfall traps or suction samples.

''.44

When concentrating on the hemiedaphic and epigeal species, the two most effective

sampling methods appear to be pitfall trapping and suction sampling (Frampton 1994). 

Frampton (1994) found more statistically significant effects of fungicides when 

Collembola were sampled by suction than when they were sampled by pitfalls, hence

suggesting that suction was the better sampling method. Plant climbing species such as 

S. viridis are, however, not only sampled more efficiently by suction, but are also likely 

to be more susceptible to pesticide sprays (Frampton 1994). This would explain why 

Frampton (1994) found more significant effects of fungicides with suction. |
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In this study, the suction DCA for 1995 generally showed a better treatment split than 

the pitfall DCA for the same year* (see Chapters 5 and 6 respectively). This suggests that 

suction was better at discriminating between communities. In 1996, however, the pitfall 

and suction DCA showed similar treatment effects, suggesting that with more intensive 

sampling both methods become equally good at detecting changes in community, 

stmcture. For both the pitfall and suction data, three significant treatment effects were 

found in 1995 and 9 were found in 1996. With respect to sludge application, neither 

sampling method indicated more treatment effects. It is, however, important to 

remember that in 1996 almost three times more Collembola were collected by suction. 

This implies that more work was involved in sorting the suction data to achieve the 

same end point (i.e. nine significant differences), hence suggesting that in this study the 

most efficient method may have been pitfall trapping.

Although both sampling methods detected similar treatment effects for several species 

(see Chapter 5 and 6), effects for some species were only detected by suction (e.g. S. 

viridis and I. anglicana) or by pitfalls (e.g. Isotoma/Isotomurus juveniles and /. 

notabilis). The most effective sampling regime for epigeal and hemiedaphic 

Collembola would therefore appear- to be a combination of pitfall traps and suction 

samples (Berbiers et a l 1989; Frampton 1994). As resources are often limiting, tliis 

option may not always be practical and in such cases only one method can be selected. 

Wlien selecting a sampling method, the efficiency of each method in collecting specific 

groups of species should be considered and the influence of treatment on these groups 

talcen into account. For example if a treatment predominantly affects epigeal species 

(e.g. some pesticides), suction sampling would be the preferred method because it is 

more efficient at sampling such species.

I

This investigation also suggests that metals may have sub-lethal effects on activity, 

particularly in metal sensitive species. By combining information derived from suction 

samples and pitfalls the detection of such effects are possible, hence indicating a further 

advantage in using both methods. It is also possible to collect individuals that have been 

exposed to a certain chemical in the field, and use computer-automated video tracking in
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the laboratory to determine sub-lethal effects (Sorensen et al. 1997). It is suggested that 

such behavioural analysis is less time and resource consuming than conventional 

toxicity tests with end points such as growth, survival and reproductive output 

(Sorensen a/. 1997).
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CHAPTER 8, Effects of pharmaceutical waste on euedaphic and hemiedaphic

Pharmaceutical wastes generally have large BOD (biochemical oxygen demand) and 

COD (chemical oxygen demand) levels, that exceed the maximum for disposal of 

effluents in water. Activated sludge treatment, although expensive, will significantly 

decrease the BOD and the treated sludge can sometimes be discharged into a stream 

(Lederman et al. 1975). Alternative methods of disposing of pharmaceutical waste 

include incineration, landfill (both problematic due to environmental impact: Wright 

1978), livestock feeding supplement and fertiliser. When added as a dietary supplement 

for livestock, the growth rate has been found to increase due to an unidentified growth 

factor (Lederman et al 1975). This practice is now, however, no longer advised (Aitken 

1994).
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8.1 Pharmaceutical wastes

The pharmaceutical industry produces organic acids, steroids and antibiotics using a 

variety of fermentation processes that involve micro-organisms (Volz & Heichel 1979). 

The fermentation products are generally produced in large vats containing a carbon 

source (such as molasses to act as food for the micro-organisms), lime (to maintain the 

pH) and in some cases zinc (to control growth rates). When fermentation is complete, 

the fermentation product is extracted by distillation, filtration and/or precipitation. The 

large quantities of waste that remains contain cellular material from the fermentation 

micro-organisms, unused substrate and filter aids (e.g. perlite), and is therefore 

considered to be non-toxic (Larsen et a l 1991). Disposal, however, poses a problem 

since the high levels of organically degradable material can cause eutrophication if the 

waste enters aquatic environments (Larsen et a l 1991).
i..

Pharmaceutical sludge can contain high concentrations of nitrogen, phosphorus and 

potassium (plant macro-nutrients), and lower concentrations of micro-nutrients such as 

zinc, magnesium and calcium (Larsen et al. 1991). Com (De Roo 1975) and soybeans 

(Volz & Heichel 1979) have been found to achieve significantly higher yields when 

fertilised with pharmaceutical waste compared to inorganic fertiliser. Some
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pharmaceutical sludges can also improve the structure of sandy soils as a consequence 

of their high organic matter content (Larsen et al. 1991). In addition, the heavy metal 

content has been foimd to be lower in pharmaceutical sludge than in sewage sludge 

(Larsen et al. 1991). Pharmaceutical sludge would therefore appear to comply with the 

Waste Management Licensing Regulations 1994, which state that sludges from 

biological treatment plants may be used as agricultural fertiliser if they benefit 

agriculture and promote ecological improvement without causing pollution.

ÎI

I

Pharmaceutical sludge can, however, contain a number of compounds that have the 

potential to be sources of pollution, e.g. zinc, high salt concentrations and/or antibiotic 

residues (De Roo 1975). Tomatoes were found to be particularly sensitive to high salt 

concentrations and showed symptoms indicating nitrogen deficiency when fertilised by 

pharmaceutical sludge (De Roo 1975). The high salt concentration in the sludge was 

thought to suppress nitrification in the substrate, uptake of nitrogen by the plants, and 

nitrogen metabolism in the plant (De Roo 1975).

Only a few studies have looked at the effects of land application of pharmaceutical 

waste (Aitken 1994) and, with the exception of nematodes (De Roo 1975) and 

earthworms (Aitken 1993), there is little information concerning the effects on 

invertebrates. Such studies are necessary if their usage as fertilisers is to be promoted. 

At SAC Auchincruive, two small plot trials were instigated in 1993 and 1994 to 

investigate the fertilising potential of pharmaceutical wastes. Advantage was taken of 

the presence of these trials to gather some information on the effects of these wastes on 

Collembola.

8.2 Pharmaceutical Trial 1 - Introduction  

The SmithKline and Beecham phaimaceutical plant situated near Iiwine, produces large 

quantities of aerobically treated sludge (ATS) as a by-product of antibiotic production 

(Aitken 1994). ATS has significant quantities of nitrogen, phosphorus and potassium 

and the dry solids content for these elements is similar to other organic wastes (e.g. 

sewage sludge: Aitken 1994). Aitken (1994) found that plots receiving ATS waste had



ATS has low levels of heavy metals and organic contaminants, and has a neutral pH 

(Aitken 1994). These factors indicate that ATS does not therefore pose a thi'eat to the 

environment. Furthermore, because the waste has been aerobically treated, the BOD 

level has been significantly reduced from 5,850 mg 1'̂  to 220 mg f^ (Aitken 1994). 

There is therefore less threat, in comparison to undigested waste, of pollution to nearby 

water courses. A possible source of pollution, however, is the residual antibiotics 

(namely penicillin) which are present in this waste (Aitken 1994). Bewick (1978) found 

that high levels of antibiotic waste (4 tonnes ha'^) decreased the soil microbial activity. 

Through adversely affecting the soil microbes, the decomposition rate and hence the 

recycling of plant nutrients, ai'e likely to be retarded (Bewick 1978). Furthermore, the 

antibiotic streptomycin, was found to decrease soil nitrate-N levels suggesting nitrifying 

bacteria are particularly susceptible to streptomycin (Ingham & Coleman 1984).

8.3 Pharmaceutical Trial 1 - Methods

ATS waste
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grass yields 66% higher than unfertilised plots, indicating ATS has fertilising potential 

However, this increase was significantly less than the increase of 245% which was 

achieved in inorganically fertilised plots, suggesting macro-nutrients are less available 

in ATS (Aitken 1994). Current legislation allows ATS to be used as an agricultural 

fertiliser providing land application does not result in pollution (Aitken 1994).

:,3

Aitken (1994) found that the microbial biomass of ATS treated plots was reduced by 

about 20% when compared to inorganically fertilised plots. The microbial biomass 

levels in ATS plots were, however, within levels commonly found for grassland. It is 

unknown if biomass differences were the result of antibiotic residue in the waste, or a 

decrease in material available for microbial breakdown (Aitken 1994). It is likely that 

any adverse affects on microbial biomass would also adversely affect the Collembola 

that feed on the soil micro-flora (Seastedt 1984).

Sludge analysis was conducted at SAC Auchincruive (Aitken 1994). Analysis of the 

ATS waste confirmed that heavy metals (Cu, Zn, Cd, Cr, Ni and Pb) were at low



Plot Number Treatment
2 & 6 Control (no fertiliser)
1 & 5 Ammonium nitrate (160 kg ha'^ N), triple superphosphate (130 kg 

ha*̂  P2O5) and muriate of potash (40 kg ha'^ K 2O ).

3 & 4 ATS (100 m' ha )̂

' 40 

■

concentrations (see Appendix XV). The ATS waste had a neutral pH and a BOD value 

of 220 mg r \  The levels of nitrogen, phosphorus and potassium in the waste were 

0.8 g k g '\ 0.3 g kg"̂  and 0.5 g kg'^ fresh weight sludge, respectively. Low levels of 

residual antibiotic were present in this waste (Aitken 1994).

Inorganic fertiliser (TSIPK)

Three different inorganic fertilisers provided similar levels of plant macro-nutrients 

(specifically nitrogen, phosphorus and potassium) to the ATS waste. The fertilisers 

chosen were ammonium nitrate, triple superphosphate and muriate of potash.

Trial site

The trial site was situated at Holms Field, SAC Auchincruive. The soil was a sandy 

loam of satisfactoiy drainage and the test crop was Timothy grass {Phleum bertolonii).

The plots (1.5 m X 3 m) ran continuously in two blocks of three (see Figure 8.1).

Experimental design

Three treatments were studied and each treatment was replicated giving a total of six 

plots (see Figure 8.1 and Table 8.1). ATS was applied using calibrated watering cans, 

while NPK was applied by hand. Application occurred on 28 April 1994.

Table 8.1 Treatments studied

i:

Sampling technique

Seven litterbags (seepage 44) of 15 cm x 15 cm squares (mesh size 1 mm), were 

buried at a depth of 2-5 cm. Each bag contained 2.50 g of dried sycamore leaves and 

were re-hydrated before burial. Litterbags were buried on 27 April 1994 and, after 15 

weeks, the bags were removed and the Collembola extracted by modified Tullgren 

funnels (see page 45) over a period of six days. They were extracted into alcohol, 

prepared and identified primarily following Fjellberg (1980) and Gisin (1960). See 

Chapter 3 for further information on identification techniques.
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Figure 8.1 Layout of trial site
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\1 /

Plot 4 P lots Plot 6

ATS NPK Control

P lo tl Plot 2 Plot 3

NPK Control ATS

Replica 1

Replica 2

^  1.5 m

Statistical analysis

Ail samples within a plot were pooled (total of seven samples) to obtain an overall 

indication of collembolan community stmctui’e for each plot. Chi-squared tests were 

performed on the pooled data to test for treatment effects on: total collembolan 

abundance; the frequency of dominant species (i.e. those occurring in over 50% of 

samples); the relative frequencies of dominant species; euedaphic and hemiedaphic 

frequencies; and sexual and asexual frequencies. A DCA (Hill 1979) was also 

performed on the pooled data (using the relative abundance and without down- 

weighting) to provide a visual impression of the relationship between plots. 

Collembolan diversity was compared between the plots using the following measures of 

diversity: S (number of species), d (Berger-Parker), N2 (Hill’s) and a  (Fisher’s log 

series index). See pages 30-32 for information on diversity indices.

8.4 Pharmaceutical Trial 1 - Results

I

I

■ 4

. . .4

‘
Î■Ai4
•I

I

1

Abundance

A total of 1,905 individuals were collected belonging to 19 species (see Appendix XVI 

for species list). Between-plot difference in the total number of Collembola and the 

number of frequently occurring species were tested for using chi-squared tests for
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?
homogenous frequencies (Fowler & Cohen 1992). Results of these tests, the number of |

total Collembola, and the number of frequently occurring species can be seen in Table.

8 .2 .
■I

The frequency of total Collembola and the frequencies of dominant species were not 

evenly distributed between plots (see Table 8.2). The total collembolan abundance was 

lower than expected in both ATS replicas, and higher than expected in both control 

replicas (see Table 8.2). In addition, 1. notabilis, F. Candida, A. pygmea, C. denticulata 

and Mesaphorura spp. (a combination of M, macrochaeta and M  hylophila) were less 

abundant in both ATS replicas, (see Table 8.2). This suggests that ATS adversely
■■i

affected the collembolan abundance and, with the exception of L. cyaneus, the 

abundance of the frequently occurring species (see Table 8.2).

4
- f -

Lepidocyrtus cyaneus and A. pygmea were favoured in plots fertilised by NPK, but not 

those fertilised by ATS (see Table 8.2). However, the NPK plots were similar to the |

control plots with respect to these two species. Ceratophysella denticulata was more 

abimdant on NPK plots than control plots (see Table 8.2). The disproportionately large 

number of C. denticulata on replica two, however, gave a higher expected value than 

would otherwise have been attained and, as a consequence, the frequency in NPK 

replica one was only marginally greater than the expected (see Table 8.2). A A

disproportionately high number of Mesaphorura spp. in replica two of the control also 

caused higher expected values than would otherwise have been achieved (see Table 

8.2).

It must also be noted that replicas of a treatment were different. In particular, for the 

NPK plots replica one had more total Collembola and /. notabilis than expected, 

whereas, replica two had less. Furthermore, replica two of the control was found to 

have more Mesaphorura spp. than expected while replica one had less. The DCA 

ordination indicates that differences between replicas were as large, if not larger than, 

differences between treatments and this is clearly seen in the DCA ordination (see 

Figure 8.2). Ideally, if more replicas had been available or if samples had been taken on 

several sampling dates, this variation may have been reduced.
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Figure 8.2 DCA Ordination for pharmaceutical trial 1

<

♦  NPK 
ATS

#  Control

A x is  I

Figure 8.2: DCA ordination performed on species relative abundance. Each point represents one plot. 

Relative frequencies

The relative frequencies of the dominant species were compared using a 6 x 6 

contingency table (25 degrees of freedom). The result of the contingency table, and the 

observed and expected abundance of each species, are presented in Table 8.3. The 

relative frequencies of dominant species were found to be dependant on plot (P < 

0.001). The disproportionately higher abundance of Mesaphorura spp. in replica two of 

the control, and of C. denticulata in replica two of the NPK plots, were the main 

contributors to the value (see Table 8.3). This again illustrates that there were 

differences between replicas. It was, however, interesting to note that the proportion of 

C. denticulata was less in the control plots than in the ATS and NPK plots. This 

suggests that this species was favoured by fertilisation.

a
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Diversity

The following measures of diversity were calculated for each of the six plots: S to 

measure richness, d to measure evenness, and a  and N2 to measure diversity (see pages 

30-32 for information on diversity indices).

Table 8.4 Comparing the diversity between plots

Diversity Index Control
R1

ATS
R1

NPK
R1

Control
R2

ATS
R2

NPK
R2

S (no. species) 11 8 14 14 12 10
N2 (Hill’s) 1.33 2.88 3.28 2.66 1.86 3.96
d (Berger-Parker) 0.866 0.549 0.505 0.527 0.726 0.377
a  (Fisher’s) 2.11 2.66 2.64 2.66 3.1 2.02

From Table 8.4 it can be seen that the number of species (S) recorded was independent 

of treatment. Hill’s N2 found the NPK plots to be most diverse and Berger-Pai'ker’s d 

found these plots to be most even (indicated by the low value of d). It would therefore 

appeal- that NPK increased diversity.

Sexual and asexual

The relative frequencies of sexual and asexual individuals were compared between plots 

using a 2 X 6 contingency table (5 degrees freedom). The results are presented in Table

8.5 below. A significant difference was found in the frequencies of asexual and sexual 

individuals between treatments (P < 0.001). The control plots had a higher number of 

asexually reproducing individuals than expected, while the NPK plots had a higher 

number of sexually reproducing individuals (see Table 8.5). This is in agi'eement with 

Siepel’s (1995) predictions that fertilisation increases the number of sexual species. 

However, fertilisation by ATS waste did not have the same effect, and instead the 

frequencies of sexual and asexual individuals were as expected.

Table 8.5 Comparing the relative frequencies of sexual and asexual individuals

Reproduction Control
R1

ATS
R1

NPK
R1

Control
R2

ATS
R2

NPK
R2

Sexual 33.0
706.4

18.0
14.0

191.0
145.2

76.0
73&Z

35.0
39.9

168.0 
76. P

Asexual 356.0
2^2.6

33.0
37.1

340.0 431.0
36&3

111.0
106.1

113.0
204.2 279.8

Table 8.5 This table shows the observed and expected (shown below in italics) frequencies o f asexually 
and sexually reproducing Collembola found in each plot. It also shows the value (5 d.f.) obtained
when the relative fi-equencies o f sexual and asexual individuals were compared.
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Euedat>hic and hemiedaphic

The relative frequencies of euedaphic and hemiedaphic species were compared between 

treatments again using a 2 x 6 contingency table (5 degrees of freedom). The results are 

presented in Table 8.6.

Table 8.6 Comparing the frequencies of euedaphic and hemiedaphic individuals

Table 8.6 This table shows the observed and expected (shown below in italics) frequencies o f euedaphic 
and hemiedaphic Collembola found in each plot. It also shows the value (5 d.f.) obtained when the 
relative frequencies o f sexual and asexual individuals were compared.

The relative frequencies of euedaphic and hemiedaphic individuals were dependent on 

plot (P < 0.001). There were more hemiedaphic and less euedaphic species than 

expected in both replicas of the ATS treatments. However, in replica one the difference 

was only marginal and did not contribute significantly to the chi-squared value (see 

Table 8.6). Differences between the control and NPK treatments were not consistent 

between replicas (although they contributed most to the clii-squared value), and 

therefore no conclusions could be drawn concerning the effects of these treatments on 

ecomorphology.

8.5 Pharmaceutical Trial 1 - Discussion

It has generally been found that inorganic fertilisers increase the collembolan abundance 

(Marshall 1977, Siepel & Van de Bund 1988). No increase was found in this study, and 

the collembolan abundance was similar in the inorganically fertilised plots (NPK) and 

the control plots. This may have been the result of an increase in salt concentration or 

impurities in the fertiliser (e.g. copper or chlorine: Mai’shall 1977). Although the 

density of Collembola was similar in the NPK and control plots, the species 

composition was different. Ceratophysella denticulata, A. pygmea, and L. cyaneus 

were favoined by inorganic fertiliser. Gunhold (1957) also found that L  cyaneus 

favoured fertilised plots and it has been called a manure-loving species (Marshall 1977).

157

Ecomorphology Control
R1

ATS
R1

NPK
R1

Control
R2

ATS
R2

NPK
R2 1

Hemiedaphic 354.0 39.0 321.0 309.0 134.0 212.0
M 7 381.6 104.9 201.9

Euedaphic 35.0 . 12.0 210.0 198.0 12.0 69.0
109.5 14.4 149.4 742 7 41.1 79.1 165.5
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Ceratophysella denticulata was more abundant under conventional management (with
.increased fertiliser) than under integrated farming (with reduced fertiliser: Brussaard et 

a l 1990).

Siepel (1995) predicted that because fertilisation decreases the predictability of an 

environment, asexual species, being less adapted to cope with fluctuating environments, 

will be more susceptible to fertilisation than sexual species. The results for this trial 

agree with SiepeTs prediction, in that the control had a higher number of asexually 

reproducing individuals, while the NPK treatment had a higher number of sexually 

reproducing individuals.

Aerobically treated sludge (ATS) plots had a significantly lower density of total 

Collembola, and the majority of collembolan species, than the inorganically fertilised 

and control plots. The lower grass yield in the ATS plots when compared to the NPK 

plots (Aitken 1994), would probably be accompanied by a decrease in the litter layer and 

an increase in environmental fluctuations in the soil. This in turn would be likely to 

affect Collembola. While the abundance of Collembola was lower in the ATS plots 

than the control plots, the grass yield in ATS plots was actually greater than control 

plots (Aitken 1994). This suggests that effects of ATS on Collembola could not be 

entirely attributed to changes in the vegetation height.

I

The soil microbial biomass was found to be lower in the ATS plots than the NPK plots 

suggesting that ATS adversely affected the microbial community (Aitken 1994). This 

may have been a direct effect of antibiotic residues in the waste, or an indirect effect of a 

lower root yield in the ATS plots resulting in less available material for microbial 

breakdown (Aitken 1994). Bewick (1978) also found a decrease in soil microbial 

activity in plots receiving antibiotic waste. It is likely that through adversely affecting 

the microbial community of the soil, the Collembola, which live in close association 

with the soil micro-flora and fauna, would also be adversely affected. These results 

indicate that the application of ATS waste to agricultui*al land may, at least in the short­

term, be deleterious to soil collembolan and microbial communities. Through adversely
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Adverse effects of SAS on eaithworm abundance were apparent even at the lowest 

application rate, and their abundance did not attain pre-treatment levels after a period of 

nine months (Aitken & Kirkland 1993). Clover was also found to be adversely affected 

by SAS waste, with scorching of leaves apparent 11 days after application (Aitken 

1993). The adverse affects on both earthworms and clover were thought to be caused by 

the high salt concentration (Aitken & Kirkland 1993). Changes in salt and pH levels as 

a consequence of applying SAS waste, were generally restricted to the top 10 cm of the 

soil (Aitken & Kirkland 1993). Since this is where the majority of euedaphic and 

hemiedaphic collembolan activity occurs, it was also possible that these chemical
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affecting these communities, it is likely that a retardation in the decomposition rate 

would also occur counteracting the fertilising potential of ATS.

8.6 Pharmaceutical Trial 2 - Introduction

A large quantity of liquid sodium ammonium sulphate (SAS) solution is also produced 

by the SmithKline and Beecham pharmaceutical plant, Irvine. SAS has the potential to 

’fertilise or beneficially condition the land' as it contains high concentrations of nitrogen, 

sodium and sulphui*, all of which are important plant nutrients. SAS application has 

already been shown to increase the herbage yield by up to 46% (Aitken & Kirkland 

1993). However, before SAS . can be used as an agricultural fertiliser, it must be 

demonstrated that there are no adverse environmental effects resulting from its 

application. If no pollution occurs, current legislation permits such wastes to be applied 

as fertilisers without a licence (Aitken & Kirkland 1993).

Ï

Potential problems for utilising SAS waste as a fertiliser may arise from i f  s low 

concentration of the salt sodium thiogllycollate (Aitken & Kirkland 1993). This salt is 

an ‘oxygen scavenger’ and partly accounts for the high BOD of the sludge. The sludge 

could therefore be environmentally harmful if it entered an aquatic environment (e.g. 

through ‘run-off: Aitken & Kirkland 1993). High levels of SAS waste (250 kg ha'^) 

were foimd to reduce the pH value of the soil at a depth of 0-10 cm, from pH 5.63 to 

5.32 (Aitken & Kirkland 1993). In addition, high application rates elevated the salinity 

at a depth of 0-10 cm, from 0.34 ms cm'* to 0.88 ms cm'* (Aitken & Kirkland 1993).



changes could adversely affect Collembola, This experiment aimed to investigate the 

effect of land application of SAS waste on: the total collembolan abundance; individual 

species abundance; relative frequencies of dominant species; diversity of Collembola; 

proportion of sexual and asexual individuals; and the proportion of euedaphic and 

hemiedaphic individuals.

8.7 Pharm aceutical T rial 2 - Methods

SAS waste

Analysis of SAS was conducted at SAC Auchincruive (Aitken 1993). Analysis 

confirmed that heavy metals (Cd, Ni, Cr, Pb, Cu and Zn) were at low levels (see 

Appendix XV). Furthermore, no bacteria (salmonella, coliforms or closridia) were 

present. The dry matter content was low (380 g N) and the BOD was high (2,340 mg N). 

The waste was acidic (pH 4.3) with a high salt content (1.27 g cm^). The sludge 

contained significant amounts of nitrogen and sodium (51.5 g N nitrogen and 73.8 g V 

sodium).

Ammonium nitrate

The inorganic fertiliser ammonium nitrate (AN) was used to evaluate the fertilising 

potential of SAS waste.

Trial site

This investigation was part of a lai’ger experiment conducted at Holms Field, 

Auchincruive, during 1993. A total of 46 plots, consisting of recently reseeded late 

perennial ryegrass {Lolium pernne) and a moderately high content of clover were 

established. A dressing of phosphorus and potassium was applied to all plots (50 kg 

ha ' P^O  ̂and 90 kg ha"' K^O). The soil type was a sandy loam of satisfactory drainage. 

The plots, each 1.5 m x 3 m, ran contiguously in 2 blocks of 23 (see Figure 8.3). Within 

this larger experiment four application rates of AN and SAS were examined, in addition 

to a no treatment control. The fertilisers were either applied early (2 April 1993) or late 

(28 April 1993).
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Experimental design

The highest application levels of AN and SAS were chosen for this study (plots are 

marked with an asterix on Figure 8.3). The early fertilised plots were studied and hence 

AN and SAS were applied on 2 April 1993, the former by hand and the latter using 

calibrated watering cans. Each treatment was replicated, and occuiTed randomly within 

block one. The treatments studied can be seen in Table 8.7. - A

Table 8.7 Treatments studied

Plot Number T reatraent
9 & 1 4 Control
5 &2 1 Early maximum AN (250 Kg/ha N)
10& 17 Early maximum SAS (250 Kg/ha N)

Sampling technique

Seven litterbags (see page 44), of 15 cm x 15 cm squares (mesh size 1 mm), were buried 

at a depth of 2-5 cm in the selected plots. Each bag contained 2.50 g of dried sycamore i |

leaves and were re-hydrated before burial. Litterbags were buried almost a year after 

fertiliser application, on 22 March 1994. After 12 weeks the bags were removed and the 

Collembola extracted by modified Tullgren funnels (see page 45) over a period of six 

days. They were extracted into alcohol, prepared and identified primarily following 

Fjellberg (1980) and Gisin (1960: see Chapter 3 for further details on identification 

techniques).

Statistical analysis
•Ï

All samples within a plot were pooled (total of seven samples) to obtain an overall 

indication of collembolan community structure for each plot. Chi-squared tests were 

conducted on the pooled data to test for treatment effects on: total collembolan
.'tabundance; abundance of individual species; relative frequencies of dominant species;

.
proportion of sexual and asexual individuals; and proportion of euedaphic and f

.
hemiedaphic individuals. A DCA was performed on the species relative abundance 

(without downweighting: Hill 1979). Foui* measures of diversity were also examined 

specifically; S (number of species), d (Berger-Parker), Nz (Hill’s) and a  (Fisher’s log 

series index). See pages 30-32 for infomiation on diversity indices.
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8.8 Pharmaceutical Trial 2 - Results

Abundance

163

Sixteen species of Collembola (a total of 1,943 individuals) were collected by the 

litterbags (see Appendix XVII for species list). Differences in the number of total 

Collembola, and the number of the most frequently occuiTing species, were compared 

between the six plots using chi-squared tests for homogenous frequencies (Fowler & 

Cohen 1992). Results of the chi-squared tests, and abundance of total Collembola and 

dominant species, can be seen in Table 8.8.

The abundance of total Collembola and, with the exception of /. viridis and P. 

decipiens, the abundance of the dominant species were not evenly distributed between 

plots (see Table 8.8). There was significantly more total Collembola in the SAS plots 

than expected and less in the control plots (see Table 8.8). The results for AN plots are 

inconclusive, with only replica one having more Collembola than expected. It can, 

however, be see that both the AN plots had a higher abundance of total Collembola than 

the control plots (see Table 8.8). Folsomia Candida and Mesaphorura spp. (composed 

of M macrochaeta and M  hylophila) occurred more frequently in SAS plots than

à

expected and less frequently in control plots (see Table 8.8). It is interesting to note that 

no species occurred more frequently in the control, suggesting that in the long-term no 

species was adversely affected by either of the fertilisers (see Table 8.8).
i

Differences in the frequencies of F. fimetarioides, I  palustris and /. tigrina could not be 

attributed to treatment. Isotoma tigrina showed marked differences between AN 

replicas, with replica one having less than expected and replica 2 having more (see 

Table 8.8). For I. palustris, all the treatments had lower abimdances in replica 2, hence 

indicating there was a significant replica effect for I. palustris (see Table 8.8). Although 

the numbers of C denticulata tended to be lower in the control replicas than the SAS 

and AN replicas, the chi-squared test did not show this difference (see Table 8.8). The 

disproportionately small number of C. denticulata in replica 2 of the control gave a 

lower expected value than would otherwise have been attained. As a consequence of 

this, the numbers on control replica one were not lower than the expected. The DCA
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ordination (see Figure 8.4) indicates that differences in collembolan composition 

between replicas were as great, if not greater than, the differences between treatments.

Relative frequencies

The relative frequencies of the dominant species were compared using a 8 x 6 

contingency table (35 degrees of freedom). The result of the contingency table, and the 

observed and expected abundance of each species, are presented in Table 8.9. The 

relative frequencies of dominant species were found to be dependant on plot (P < 

0.001). The main contributors to the value were found to be the higher proportion of 

Mesaphorura  spp. in SAS replica 2, and of F. Candida in SAS replica one (see Table 

8.9). It is possible that this was the result of F. Candida having a competitive advantage 

in SAS replica one, whereas, the M esaphorura  spp. had the advantage in replica two. 

This again illustrates that there were differences between replicas. Folsomia Candida 

was, however, found to have lower relative frequencies in the AN replicas than 

expected, indicating that it was adversely affected by AN (see Table 8.9).

Figure 8.4 DCA ordination for pharmaceutical trial 2
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Diversity

Although no individual species was adversely affected by SAS, it is possible the 

diversity of the community was. Diversity values were therefore calculated for the six 

plots (see Table 8.10).

Table 8.10 Comparing the diversity between treatments

Diversity Index Control
R1

AN
R1

SAS
R1

Control
R2

AN
R2

SAS
R2

S (no. species) 10 13 12 9 11 10
N2 (Hill’s) 2.2 2.4 T05 274 2.41 3.07
a  (Fisher’s) 2.11 2.6 2.2 2.19 2.26 1.88
d (Berger-Parker) 0.658 0.629 0.483 0.580 0.625 0.521

The plots receiving AN fertiliser were more diverse when measure by a (Fisher’s). 

However, when diversity was measured by (Hill’s), the SAS plots had the higher 

diversity. This is likely to be a consequence of a  being unaffected by the dominance of 

single species, whereas, N2 is sensitive to single species dominance (Magurran 1988). 

As may be expected from comparing and a, the SAS plots had a lower d (Berger- 

Parker) value than the AN (or control) plots. This indicates that the evenness of the 

SAS plots was greater which would contribute to the higher N2 value. It is interesting to 

note that no diversity index ranked the control plots as the most diverse, and hence it 

would appear that fertilisation increased the diversity of the collembolan community 

within this trial.

Sexual and asexual

The numbers of Collembola with asexual and sexual reproduction were compared 

between treatments using a 6 x 2 contingency table (5 degrees of freedom). The results 

are presented in Table 8.11.

Table 8.11 Comparing the frequencies of sexual and asexual individuals

Reproduction Control
R1

SAS
R1

AN
R1

Control
R2

SAS
R2

AN
R2

Sexual 206 313 310 101 261 237
176.4 37P.2 27P.3 273. P

Asexual 34 203 75 30 119 54
63.6 73&a 102.1 34V 100.7 77.7 87.0

Table 8.11 This table shows the observed and expected (shown below in italics) frequencies o f  asexually 
and sexually reproducing Collembola found in each plot. It also shows the value (5 d.f.) obtained
when the relative frequencies o f sexual and asexual individuals were compared.
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From Table 8.11 it can be seen that there was a significant difference in the frequencies 

of sexual and asexual individuals between treatments (P < 0.01). In particular, the 

control plots and AN plots had a higher frequency of sexual species and a lower 

frequency of asexual species than expected, whereas, the SAS plots had a higher 

frequency of asexual species and a lower frequency of sexual species. This does not 

support SiepeTs (1995) hypothesis that fertilisation favours sexual individuals over the 

asexual individuals.

Euedaphic and hemiedaphic

The numbers of euedaphic and hemiedaphic individuals were compared between the 

treatments in order to test for a difference in ecomoiphology. Again a 6 x 2 contingency 

table (5 d.f.) was used to test for differences. The results are presented in Table 8.12. 

Table 8.12 Comparing the frequencies of euedaphic and hemiedaphic individuals

Ecomorphology Control
R1

SAS
R1

AN
R1

Control
R2

SAS
R2

AN
R2

Hemiedaphic 207 309 286 100 241 233
170.0 365.4 2727 925 2627 206.1

Euedaphic 33 207 99 31 139 58
70.0 75&6 7724 36! 2 110.9 64.9 83.8

Table 8.12 This table shows the observed and expected (shown below in italics) frequencies o f euedaphic 
and hemiedaphic Collembola found in each plot. It also shows the X  value (5 d.f.) obtained when the 
relative frequencies o f sexual and asexual individuals were compared.

A significant difference in the frequency of euedaphic and hemiedaphic individuals 

between plots was found (P < 0.01). Euedaphic individuals were over-represented in 

the SAS plots and under-represented in the AN and the control plots.

8.9 Pharmaceutical Trial 2 - Discussion

Both fertilisers were found to increase the abundance and diversity of Collembola over 

the unfertilised control a year after treatment. Several studies have found organic waste 

and inorganic waste to increase the abundance of Collembola (Liibben 1989; Siepel & 

Van de Bund 1988: for organic and inorganic, respectively). This is thought to be 

principally the result of enhanced macro and micro-floral communities, which increases 

the food and cover for Collembola.
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As found in other studies, fertilisation altered the species composition (Marshall 1977). 

Folsomia Candida and M esaphorura  spp. were favoured by SAS, while the fonner 

species was adversely affected by AN. Folsomia Candida and M esaphorura  spp. were 

also favoured by heavy metal contaminated sludge (Liibben 1989) and F. Candida 

occurs more frequent in intensely managed plots (higher fertiliser, pesticide and 

ploughing) than less intensely managed plots (Brussaard et al. 1990). It would appear 

that F. Candida and M esaphorura  spp. benefit most from fertilisation under conditions 

that other species find adverse (e.g. the presence of heavy metals and pesticides). 

However, in Chapter 4 M esaphorura  spp. were found to be adversely affected by the 

addition of metal-rich sludge.

The earthworm abundance was adversely affected by SAS for at least nine months 

following application, and this was thought to be the consequence of the high salt 

concentration of SAS (Aitken 1993). Collembola have been shown to be adversely 

affected by salinity in the laboratory (Hutson 1978). However, if the high salinity of the 

SAS waste adversely affected Collembola, they appeared to be short-lived and the 

abundance and diversity were enhanced by SAS in the long-teim.

Siepel & Van de Bund (1988) predicted that fertilisation would favour hemiedaphic 

individuals over euedaphic. Contrary to this prediction, euedaphic individuals were 

actually favoured by SAS. Furthermore, the SAS waste had a lower occurrence of 

sexual individuals and a higher occuirence of asexual individuals than the AN or the 

control. This is again contrary to SiepeTs (1995) predictions that fertilisation increases 

sexual species. It is likely that the increase in asexual species and in euedaphic species 

in the SAS plots resulted from the increase in F. Candida and Mesaphorura spp. in this 

treatment, as these species aî e both euedaphic and asexual.

It would therefore appear that the application of SAS did not adversely affect the 

collembolan abundance or diversity in the long-term. The species composition was, 

however, changed with F. Candida and Mesaphorura spp. being promoted by SAS. 

This change in community structure affected the soil ecosystem which in turn could 

affect decomposition and mineralisation.
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8.10 General discussion

For both pharmaceutical trials treatment and plot effects were apparent. Aerobically 

treated sludge (ATS) significantly reduced the abundance of Collembola, and the 

detrimental effects were non-specific, with almost all investigated species being 

adversely affected. Both the inorganic fertilisers (AN and NPK) had a higher diversity 

when measured by Hill’s Nj, suggesting that inorganic fertilisers promote diversity both 

in the long-term and the short-term. Furthermore, sodium ammonium sulphate (SAS) 

was found to increase the diversity and the total abundance of Collembola in the long­

term, and Folsomia Candida and Mesaphorura spp. particularly benefited from SAS 

application. Although the collembolan community was promoted by SAS in the long­

term, adverse effects were noted following application for clover and earthworms, and 

may also have occun'ed for Collembola (Aitken & Kirkland 1993).

These results must, however, be analysed with caution as differences between replicas 

were sometimes as great, if  not greater than, differences between treatments. 

Exceptionally high numbers of certain species (e.g. C. denticulata) were still found in 

some plots, and this caused a higher expected value than would of otherwise been 

reached. Ideally, if  more replicas had been available, the problem of aggregation could 

have been minimised and stronger statistical tests applied.

Both pharmaceutical trials were part of a larger scale study, and it was therefore 

necessary to sample Collembola using minimal disturbance techniques. Because 

litterbags cause minimum disruption, these were chosen instead of soil cores. It is 

important to note that litterbags do not give a true indication of the soil fauna because 

Collembola in the litterbags are not solely determined by the external soil fauna, but also 

by colonisation and successional effects (see page 44). Furthermore, as litterbags 

provide a food source and exclude larger predators, the number of Collembola in 

litterbags are frequently higher than the abundance in the external soil (Crossley & 

Hoglund 1962).

clover (and possibly Collembola) were adversely affected directly following application

Although SAS promoted collembolan communities in the long-term, earthworms and
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(Aitken 1993). Furtheimore, the application of ATS was found to adversely affect 

Collembola for at least a period of three months following application. It is likely that 

wastes from different processes will affect the soil community differently, and therefore 

the use of pharmaceutical waste should be more carefully regulated than current 

legislation demands.
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CHAPTER 9. General Conclusions

9.1 The influences of metal-rich sludges on Collembola

At the Auchincruive site a total of 24 species were caught by pitfall trapping and suction 

sampling in 1995 and 1996. Of these, 16 species occurred frequently enough for 

statistical tests to be applied. Adverse effects of zinc and copper-rich sludge were not 

found for any of these species. It is however, important to note that only initial work 

was conducted on the copper-rich plots, and it is possible that a more detailed 

investigation would have shown effects. Lepidocyrtus cyaneus, I. viridis, I. macidatus 

and H. nitidis, on the other hand, were foimd to be sensitive to the application of 

cadmium-rich sludge. Four out of a possible 16 (or 25%) epigeal/hemiedaphic species 

(sampled by suction and pitfalls) were adversely affected by the application of 

cadmium-rich sludge.

A total of 26 species were sampled by litterbags at Auchincmive in 1995 and of these,

10 species occurred frequently enough for statistical tests to be applied. Neelus minimus 

and Mesaphorura spp. were found to be adversely affected by the application of zinc- 

rich sludge, and Mesaphorura spp. were also adversely affected by copper-rich sludge.

It would therefore appear that at Auchincruive euedaphic Collenibola were more 

susceptible to the zinc and copper-rich sludges than hemiedaphic/epigeal Collembola.

As the cadmium-rich plots were not sampled by litterbags, no conclusions can be drawn 

concerning the effects of cadmium-rich sludge on euedaphic Collembola. It is possible 

to combine information derived from the three sampling methods to determine what 

percentage of Collembola were adversely affected by the copper-rich and zinc-rich 

sludges. Through doing this, it can be concluded that 2 out of 20 (or 10%) species were 

adversely affected by zinc-rich sludge, while 1 out of 14 (or 7%) were adversely affected 

by copper-rich sludge.

To assess the ecological risks of applying metal-rich sludge to agricultural land, it is 

necessary to relate the above percentages to a more meaningful term. Van Straalen 

(1993) suggests that since it is rarely possible to protect 100% of species, one should 

aim to protect 95%. All three metal-rich sludges were found to adversely affect over 5%

I
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of the species studied, hence suggesting they were not safe for land application (at least 

with respect to Collembola).

.The 95% protection level does, however, have its problems, principally the implication 

that 5% of species are ‘expendable’, irrespective of what these species are (Hopkin 

1993). It is possible that ‘expendable’ species aie vital for ecosystem functioning, or 

that they are Red Data Book species (Hopkin 1993). The 95% protection level value, 

although being a useful concept, should therefore not be treated as a ‘holy graiT 

(Hopkin 1993).

The CEC Directive 86/278/EEC concerns the control of heavy metal accumulation in 

the soil, and provides recommended maximum values for soil, sludge and rates of 

addition (CEC 1986). This Directive stipulates that all Member states must observe the 

maximum soil metal concentrations, and that soil levels must be monitored. In addition 

to setting maximums for soil metal levels, the Directive also stipulates that Member 

states must control the rate of addition of heavy metals to the soil (Smith 1996). This 

may be achieved by either controlling the concentration of metals present in the sludge, 

or by limiting the amount of heavy metals added annually (CEC 1986). This latter 

approach has been adopted by the UK.

The maximum sludge concentrations, soil levels and application rates set by the CEC 

(1986) are shown in Table 9.1, alongside the levels present at Auchincruive. From this 

table it can be seen that the soil concentrations of all tlrree metals were below the 

maximum permissible levels set under the CEC Directive (1986). This study suggests 

that Collembola exhibited adverse affects to copper, zinc and particularly cadmium, at 

soil concentrations deemed safe by current UK legislation. Furthermore, because the 

UK did not adopt the safe metal loadings for sludge (Smith 1996), sludges with metal 

concentrations in excess of those used at SAC may be applied to agricultural land in the 

UK.

Instead of setting a maximum metal concentration in sludge, the UK adopted the 

approach of limiting the annual application rate of metals. At Auchincruive, the 

application rates of cadmium, zinc and copper were far in excess (five times in the case



of copper to 25 times in the case of cadmium) of application rates permissible by UK 

legislation (see Table 9.1). At safe metal application rates it would take over 50 years 

for the soil metal concentrations to build up to the maximum permissible levels (Aitken 

personnel communication). It was therefore necessaiy to use high application rates to 

enable the maximum soil concentrations to be achieved within a realistic number of 

years. Furthermore, by raising the soil levels quickly genetic adaptation, which may 

obscure real effects, was less likely to occur.

Table 9.1 Maximum metal concentrations set by CEC (1986) and concentrations at 

SAC

Metal Soil concentration Sludge concentration Annual application rate

Cadmium SAC 2.2 mg kg'' 

Maximum 3 mg kg''

SAC 48.9 mg k g ' 

Maximum 40 mg kg''

SAC 4.3 kgha 'yr '

Maximum 0.15 kg ha ' yi'"'

Zinc SAC 270 mg kg ' 

Maximum 300 mg kg''

SAC 7,036 mg kg ' 

Maximum 4,000 mg kg '

SAC 288.5 kg ha'' yr'' 

Maximum 30 kg ha*' yr''

Copper SAC 69 mg kg ' 

Maximum 140 mg kg''

SAC 3,394 mg kg ' 

Maximum 1,750 mg kg '

SAC 67.9 kg ha-'yr '

Maximum 12 kg ha'' y r '

Table 9.1 This table shows the maximum soil concentrations set by the CEC Dii’ective 86/278/EEC 
(1986). It shows the mean cadmium and zinc concentrations in 1996 and the mean copper concentiation 
in 1995 for the SAC Auchincruive trial site. It also shows the mean sludge concentrations and application 
rates at SAC.

It would therefore appear that Collembola were adversely affected by soil concentrations 

of copper, zinc and cadmium below the maximum permissible levels set by Directive 

86/278/EEC (CEC 1986). Furthermore, as the UK does not place any restrictions on 

maximum metal concentrations in sludge (the approach adopted by most European 

countries: Smith 1996), adverse effects were found at sludge concentrations permissible 

for land application in the UK. Caution must, however, be taken as the annual 

application rates were up to 25 times higher than the maximum acceptable levels.

As sensitivity depends on the metal in question, it is important to monitor which metals 

are present in sludge. Cadmium-rich sludge was found to be particularly toxic to 

Collembola and it is therefore suggested that levels of cadmium should be carefully 

controlled. The levels of cadmium in sewage effluent from industrial sources have 

declined markedly in the last decade, and consequently most sludges currently spread on
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agricultural land contain background levels of cadmium (Smith 1996). It is also 

possible to include metal removal stages (e.g. acid extraction techniques) in sludge 

treatment to ensure that sludges spread on agricultural land are safe.

9.2 Recommendations for future studies

As found by several authors, Collembola were heterogeneously distributed in the study 

areas (Hughes 1962; Krogh 1991; Heungens & Van Daele 1984; Winter et al. 1990; 

Frampton 1988). Frampton (1994) concluded that to obtain an accumte estimation of 

Collembola populations, an impracticably high number of suction or pitfall samples

Identification of Collembola is labour intensive and requires taxonomic expertise. It 

would therefore be convenient to be able to classify Collembola at a level other than

1
:::S

S:
1

;
.; :

:

2 
5

(over 200) would have to be taken, except at times of peak abundance. In this study, the 

five samples (litterbag, suction or pitfall) taken on a plot on a specific sampling date

were combined to help overcome problems of spatial heterogeneity and to give an

indication of overall community structure per plot (see Chapter 3). The abundances

were then square root transformed to normalise the data and the probability was also set 
.

at 0.01 to avoid Type one errors (i.e. wrongly rejecting the null hypothesis: Day &
g :..

Quinn 1989). By taking these precautions it could be safely concluded that results were 

real and not just a consequence of sampling error.

In this study, pitfall trapping and suction sampling was conducted from April to August. 

As species specific differences in seasonality are well documented (Joosse 1969; 

Niijima 1975, Brussaard et a l 1990), it is possible that winter species were omitted by 

this sampling regime. Sampling by litterbags was, however, conducted during the 

winter of 1995, and no hemiedaphic species was sampled exclusively by winter 

litterbags. It is therefore probable that, at least for hemiedaphic Collembola, species 

present in winter were also present in summer. It would appear that sampling from 

April to August included most (if not all) species, and minimised problems associated 

with sampling in wet weather (e.g. pitfall traps filling with rain). An increased sampling 

efficiency in shorter grass was found for several species sampled by pitfalls or suction. 

It is therefore suggested that the best time to sample hemiedaphic and epigeal species is 

when the grass is short.

!
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species. As a consequence of species specific differences in metal sensitivity within 

genera (e.g. F. quadrioculata has been described as a metal sensitive species: Filser et 

al. 1995, while F. Candida is described as tolerant: Liibben 1989), effects of metals may 

not be detected at the genus level and identification just to this level should be avoided. 

The ecological classification of Collembola into epigeal, euedaphic and hemiedaphic 

individuals is reasonably straight forward requiring little expertise (see Chapter 2), and 

could therefore provide an alternative to species identification. Differences in 

susceptibility of euedaphic and hemiedaphic Collembola have been found for pesticides, 

with hemiedaphic species being more susceptible as a result of the pesticide 

concentrating in the litter layer. (Krogh 1991). In this study no treatment effect was 

foimd when the total Collembola were grouped in euedaphic and hemiedaphic 

individuals, hence suggesting that neither ecomoiphology was more susceptible (see 

Chapter 4). The application of SAS (but not ATS) pharmaceutical waste was found to 

promote euedaphic species at the cost of hemiedaphic species (see Chapter 8). It would 

therefore appear that the classification of Collembola into hemiedaphic and euedaphic 

individuals is of little use when looking at the effects of metal-rich sludge, but may be of 

use when looking at other agiicultui*al practices.

While the copper and zinc-rich sludges did not affect epigeal and hemiedaphic species, 

adverse effects were found for euedaphic species, hence suggesting that these species 

were more susceptible to metal-rich sludge. However, the manipulation and 

identification of epigeal species is generally easier than euedaphic species as they tend 

to be larger. Furthermore, adverse effects of cadmium-rich sludge were found for 

several hemiedaphic and epigeal species. By combining methods which sample 

euedaphic species (e.g. litterbags and soil cores) with methods which sample epigeal 

species (e.g. suction samples and pitfalls), the most effective sampling regime for 

studying metal-rich sludge is achieved.

The species F. Candida is the subject of numerous toxicity tests (Gestel & Hensbergen 

1997; Crommentuijn et a l  1993). Folsomia Candida is an ideal organism for 

conducting laboratory experiments as cultures are easily maintained and they have a

short reproductive cycle at 20°C (Hopkin 1997). The International Standardisation
.

Organisation (ISO) has now produced guidelines for a standard toxicity test using F.
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4
Candida as a test organism (International Standardisation Organisation 1994). It is 

therefore likely that F. Candida will become a routine organism for ecotoxicology 

testing. Liibben (1989) found that F. Candida was actually favoured by the addition of 

metal-rich sludge. It would therefore appear that metal levels deemed safe for this 

species are likely to adversely affect more sensitive species. Cai'e must therefore be 

taken in extrapolating results from laboratoiy experiments on F. Candida to other 

species of Collembola in the field. In this study the species H. nitidis, which is also 

relatively easy to culture, was found to be negatively correlated with cadmium 

concentration (see Chapter 5). It is therefore possible that this species is more sensitive 

to metals than the relatively insensitive F. Candida and may therefore be a useful 

organism for ecotoxicology testing.

Under conditions currently deemed safe by CEC legislation it would take many years for 

the soil metal levels to reach the levels present in this experiment. As metals are 

persistent and accumulate with prolonged sludge application, it is likely that adverse 

affects on invertebrates would not become apparent until several years of repeated 

application. It is therefore suggested that monitoring programs should be conducted on 

a long-term basis, and should investigate sub-lethal effects on activity and reproduction 

to enable earlier detection of ecosystem disturbance.

The phyto-availability of heavy metals in sludge is dependant on several factors 

including soil structure, pH and cation exchange capacity (Smith 1996). Further work is 

therefore required to investigate how these factors influence the availability of metals to 

invertebrates. Soil pH is thought to have the greatest influence on metal availability, 

and ecosystem recovery may be promoted by elevating the pH (through the addition of 

lime) to render heavy metals less available (Benninger-Traux & Taylor 1993). Since 

Collembola are influenced by both metals and pH, it would be interesting to determine 

how liming contaminated land influences their community.

Microarthropods which possess the enzyme chitinase, are able to ingest fungal cell walls

where heavy metals are frequently concentrated (Siepel 1994; Siepel & Ruiter-Dijkman

1993). It is therefore likely that such feeding guilds will be particularly susceptible to 
.

heavy metals (Siepel 1994). By testing for the presence of chitinase, it may be possible
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to determine if I. viridis and L. cyaneus were sensitive to cadmium as a consequence of 

their feeding guild. It would also be interesting to use acid digestion techniques to 

deteimine if sensitive species had higher body burdens of metals than tolerant species 

(Van Straalen & Van Wensem 1986). This would help determine if metals were directly 

or indirectly toxic.

if

Previous studies have found Collembola to be effective indicators of pesticide use 

(Frampton 1994), and the findings of this research suggests that they can also be used as 

effective monitors of heavy metal pollution. The identification of Collembola is 

assumed to be a difficult task, and this may be considered a drawback in using them as 

indicators. However, with some expertise the majority of species can be identified with 

relative ease, and although a current British key is lacking, good continental keys are 

available (Gisin 1960; Fjellberg 1980). Collembola also have the advantage over most 

arthropods that several species are present in a recognisable form throughout the yeai*. 

Furthermore, as a consequence of their small size, they are particularly useful for small 

plot trials where the use of larger invertebrates would be inappropriate. They are also
■V :

equally useful for field scale studies. As a consequence of their more direct association 

with contaminants, Collembola may give an earlier indication of pollution. Finally,

Collembola are an interesting and diverse group and, because they are relatively 

understudied, there is still plenty to discover about their behaviour and ecology.

rS
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APPENDIX I. Equations for Diversity Indices

a) Nz - reciprocal of Simpson’s index (Hill 1973)

= (i = l,2,3,...,S), 0 < ; Nz < S

Where S = Number of species and pi = Percentage of the i-th species

b) a  - Fisher’s log series index 

a =  [N(l-x)]

203
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Where N -  Sum of Collembola and x is estimated from the iterative solution of

^  =[(l-x)/x][-ln(l-x)]
N

c) d - Berger-Parker’s dominance index

d = Ninax 0 < d < 1
N
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APPENDIX IV. Species list for litter bags 1995 (Auchincruive contaminated
sewage sludge experiment)

Anurida pygmaea (Borner)
Ceratophysella denticulata (Bagnail)
Ceratophysella succinea Gisin 
Friesea claviseta Axelson 
Folsomia Candida (Willem)
Folsomia fimetaria (Linné)
Folsomia fimetarioides (Axelson)
Isotomodes productus (Axelson) Î
Isotoma anglicana Lubbock 
Isotomiiriis palustris (Müller) 
Isotoma tigrina (Nicolet)
Isotoma notabilis Schaffer 
Isotoma viridis Bourlet 
Heteromurus nitidis (Templeton) 
Lepidocyrtus cyaneus Tullberg 
Lepidocyrtus lignorum (Fabricicus) 
Fseudosinella decipiens Denis 
Sminthurinus aureus (Lubbock) 
Sminthurinus elegans (Fitch) 
Sminthiirides pumilis (Ki'ausbauer) 
Mesaphonira hylophila (Rusek) 
Mesaphorura macrochaeta (Rusek) 
Stenaphorura denisi (Bagnall) 
Onychiurus circulans Gisin 
Protaphorura cancellatus Gisin 
Neelus minimus (Willem)
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APPENDIX VII. Soil Analysis from the Auchincruive Contaminated Sewage
Sludge Experim ent (1994)

Table V II.1 Analysis of plots prior to sludge application

Treatm ent Block Biomass C 
(ugC g  ̂ODsoil)

Rhizobia No. Soil respiration 
(m g C O rC k g ^

Control 1 431.66 93,000 0.49
Control 2 425.11 75,000 0.50
Control 3 475.36 93,000 0.48

Digested 1 435.18 21,000 0.47
Digested 2 462.40 215,000 0.42
Digested 3 430.67 11,000 0.45

Undigested 1 466.13 149,000 0.51
Undigested 2 459.89 23,000 0.47
Undigested 3 432.78 38,000 0.49

Zinc 1 357.82 93,000 0.47
Zinc 2 513.92 4,400 0.45
Zinc 3 384.86 43000 0.53

Copper 1 375.08 23,000 0.48
Copper 2 517.40 20,000 0.46
Copper 3 375.27 75,000 0.42

Cadmium 1 404.78 75,000 0.50
Cadmium 2 449.31 23,000 0.50
Cadmium 3 438.47 5,600 0.46

«
.■i.

5"

209 I



APPENDIX VIII. Grass Yield & Grass Height from the Auchincruive 
Contaminated Sewage Sludge Experiment

Table VIII.l Grass yields for 1995 and 1996
Treatment Block 1995 Cut 1 

(fresh wt. kg)
1995 Cut 2 

(fresh wt. kg)
1996 Cut 1 

(fresh wt. kg)
Control 1 6.9 21.0 16.1
Control 2 5.5 17.0 13.0
Control 3 3.4 20.6 14.0

Digested 1 17.3 20.1 40.8
Digested 2 12.5 21.6 32.5
Digested 3 13.5 22L2 31.8

Undigested 1 16.7 222 35.1
Undigested 2 ,15.0 17.8 34.4
Undigested 3 9.1 24.3 428

Zinc 1 21.0 19.1 33.6
Zinc 2 15.5 28.4 30.1
Zinc 3 12.0 22.6 28.6

Copper 1 17.2 15.9 2R2
Copper 2 18.4 20.2 38.4
Copper 3 1Z8 27.4 37.0

Cd (very low) 1 223 35.7 32A
Cd (very low) 2 20.0 24.8 36.0
Cd (very low) 3 20.0 2X8 33.9
Cd (medium) 1 21.5 39.4 35^
Cd (medium) 2 16.7 32.7 39.1
Cd (medium) 3 17.4 36.5 34.2

Cd (high) 1 17.7 328 38.5
Cd (high) 2 11.9 31.1 37.0
Cd (high) 3 12.1 29.0 34.3

Cd (very high) 1 10.5 223 28.2
Cd (very high) 2 9.2 21.0 27.3
Cd (very high) 3 11.2 27.3 30.5

Table VIII.2 Grass Heig its (in mm) 1996
Treatment Block 30 April 31 May 22 June 4 August

Control 1 133.2 116.6 173.6 90.6
Control 2 121.0 105.8 153.0 84.6
Control 3 135.8 104.1 173.5 99.0

Digested 1 307.7 106.0 442.6 82.5
Digested 2 309.1 110.1 404.2 62.8
Digested 3 327.3 87.5 441.8 77.6

Zinc 1 298.3 100.5 443.7 3.3
Zinc 2 299.0 104.8 405.9 81.4
Zinc 3 324.2 98.7 460.9 76.6

Cadmium 1 271.5 87.3 405.0 78.0
Cadmium 2 277.3 104.3 384.3 97.6
Cadmium 3 264.0 84.1 385.4 79.3
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APPENDIX IX. Codes for DCA species ordination

Anur pygm Anurida pygmaea
Cera dent Ceratophysella denticulata
Cera succ Ceratophysella succinea
Frie clav Friesea claviseta
Fois cand Folsomia Candida
Fois fime Folsomia fimetaria
Fols firo Folsomia fimetarioides
Isot prod Isotomodes productus
Isot juve Isotomurus/Isotoma juvenile
Isot angl Isotoma anglicana
Isot macu Isotomurus maculatus
Isot pain Isotomurus palustris
Isot tigr Isotoma tigrina
Isot nota Isotoma notabilis
Isot viri Isotoma viridis
Ento niva Entomobrya nivalis
Hete niti Heteromurus nitidis
Lepi cyan Lepidocyrtus cyaneus
Lepi lign Lepidocyrtus lignorum
Pseu deci Fseudosinella decipiens
Smin aure Sminthurinus aureus
Smin eleg Sminthurinus elegans
Smin malm Sminthurides malmgreni
Smin pumi Sminthiirides pumilis
Smin viri Sminthurus viridis
Tomo long Tomocerus longicornis
Tomo mino Tomocerus minor
Mesa hylo Mesaphorura hylophila
Mesa macr Mesaphorura macrochaeta
Sten deni Stenaphorura denisi
Onyc circ Onychiurus circulans
Prot canc Protaphorura cancellata
Neel mini Neelus minimus
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APPENDIX XII. Species list for suction samples taken at the Auchincruive

214

contaminated sewage sludge experiment

1995
Anurida pygmaea (Borner)
Ceratophysella denticulata (Bagnall)
Folsomia Candida (Willem)
Isotoma anglicana Lubbock 
Isotomurus palustris (Müller)
Isotoma notabilis Schaffer 
Isotoma viridis Bourlet 
Heteromurus nitidis (Templeton)
Lepidocyrtus cyaneus Tullberg 
Lepidocyrtus lignorum (Fabricicus)
Fseudosinella decipiens Denis 
Sminthurinus aureus (Lubbock)
Sminthurinus elegans (Fitch)
Sminthurus viridis (Linné)
Tomocerus longicornis (Müller)

1996
Ceratophysella denticulata (Bagnall)
Folsomia Candida (Willem)
Folsomia fimetarioides (Axelson)
Isotoma anglicana Lubbock 
Isotomurus palustris (Müller)
Isotomurus maculatus Schaeffer 
Isotoma notabilis Schaffer 
Isotoma viridis Bourlet
Isotoma tigrina (Nicolet) 
Entomobrya nivalis (Linné) 
Heteromurus nitidis (Templeton) 
Lepidocyrtus cyaneus Tullberg 
Lepidocyrtus lignorum (Fabricicus) 
Fseudosinella decipiens Denis 
Sminthurinus aureus (Lubbock) 
Sminthurinus elegans (Fitch) 
Sminthiirides pumilis (Krausbauer) 
Sminthurides malmgreni (Tullberg) 
Sminthurus viridis (Linné) 
Dicyrtoma saundersi (Lubbock) 
Dicyrtoma ornata (Nicoleti) 
Tomocerus longicornis (Müller)
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APPENDIX XIII. Species list for suction samples taken at the Hartwood 

contaminated sewage sludge experiment (1996)

215

Ceratophysella denticulata (Bagnall)
Isotoma anglicana Lubbock 
Isotomurus palustris (Müller)
Isotomurus maculatus Schaeffer 
Isotoma notabilis Schaffer 
Isotoma viridis Bourlet 
Isotoma tigrina (Nicolet)
Heteromurus nitidis (Templeton)
Lepidocyrtus cyaneus Tullberg 
Lepidocyrtus lignorum (Fabricicus)
Fseudosinella decipiens Denis 
Sminthurinus aureus (Lubbock)
Sminthurinus elegans (Fitch)
Sminthurides pumilis (Krausbauer)
Sminthurides malmgreni (Tullberg)
Sminthurus viridis (Limié)
Tomocerus minor (Lubbock)
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APPENDIX XIV. Species list for pitfall traps taken at the Auchincruive 
contaminated sewage sludge experiment

1995
Ceratophysella denticulata (Bagnall)
Isotoma anglicana Lubbock 
Isotomurus palustris (Müller)
Isotoma tigrina (Nicolet)
Isotoma notabilis Schaffer 
Isotoma viridis Bourlet 
Entomobrya nivalis (Linné)
Heteromurus nitidis (Templeton)
Lepidocyrtus cyaneus Tullberg 
Lepidocyrtus lignorum (Fabricicus)
Fseudosinella decipiens Denis 
Sminthurinus aureus (Lubbock)
Sminthurinus elegans (Fitch)
Sminthurides pumilis (Krausbauer)
Sminthurus viridis (Linné)
Tomocerus longicornis (Müller)

1996
Anurida pygmea (Borner)
Ceratophysella denticulata (Bagnall)
Isotoma anglicana Lubbock 
Isotomurus palustris (Müller)
Isotomurus maculatus Schaeffer 
Isotoma notabilis Schaffer 
Isotoma viridis Bourlet 
Isotoma tigrina (Nicolet) 
Entomobrya nivalis (Linné) 
Heteromurus nitidis (Templeton) 
Lepidocyrtus cyaneus Tullberg 
Lepidocyrtus lignorum (Fabricicus) 
Fseudosinella decipiens Denis 
Sminthurinus aureus (Lubbock) 
Sminthurinus elegans (Fitch) 
Sminthurides pumilis (Krausbauer) 
Sminthurides malmgreni (Tullberg) 
Sminthurus viridis (Linné) 
Tomocerus longicornis (Müller) 
Tomocerus minor (Lubbock)
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APPENDIX XV. Analyses of pharmaceutical wastes applied at Holms Field
Auchincruive

Table XV. 1 Metal content of ATS waste 1994

Metal Concentration (mg kg^)
Cadmium <0.01
Nickel 0.04
Chromium 0.15
Lead 0.14
Copper 0.25
Zinc 0.63

Table XV.II Metal content of SAS waste 1993

Metal Concentration (g F)
Cadmium 0.05
Nickel 0.35
Chromium 0.80
Lead 0.05
Copper 0.06
Zinc 18
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APPENDIX XVI. Species present in Litter bags (1995) in ATS experiment Holms
Field Auchincruive

Anurida pygmaea (Borner)
Ceratophysella denticulata (Bagnall)
Folsomia Candida (Willem)
Folsomia quadrioculata (Tullberg)
Folsomia fimetarioides (Axelson)
Isotomodes productus (Axelson)
Isotoma anglicana Lubbock 
Isotomurus palustris (Müller)
Isotoma notabilis Schaffer 
Isotoma viridis Bourlet 
Heteromurus nitidis (Templeton)
Lepidocyrtus cyaneus Tullberg 
Lepidocyrtus lignorum (Fabricicus)
Fseudosinella decipiens Denis 
Sminthurinus aureus (Lubbock)
Sminthurides pumilis (Krausbauer)
Mesaphorura macrochaeta (Rusek)
Stenaphorura denisi (Bagnall)
Onychiurus circulans Gisin

218

1

s
' I
'.S'

i
a

Î
1aï

:

ii

.a'

I

Ï.

:

■a



APPENDIX XVII. Species present in Litterbags (1995) in SAS experiment Holms
Field Auchincruive

UBIiABr

Ï
a
1If:

:Anurida pygmaea (Borner) 
Ceratophysella denticulata (Bagnall) 
Friesea claviseta Axelson 
Folsomia Candida (Willem) 
Folsomia fimetarioides (Axelson) 
Isotomodes productus (Axelson) 
Isotoma anglicana Lubbock 
Isotomurus palustris (Müller) 
Isotoma tigrina (Nicolet)
Isotoma notabilis Schaffer 
Isotoma viridis Bourlet 
Lepidocyrtus cyaneus Tullberg 
Lepidocyrtus lignorum (Fabricicus) 
Fseudosinella decipiens Denis 
Mesaphorura macrochaeta (Rusek) 
Onychiurus circulans Gisin
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