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ABSTRACT

Conservation of phenotypically variable taxa sushte European whitefistCoregonus
lavaretug can be particularly challenging. In this thedisis argued that the recent
designation of seven nativ€. lavaretus populations as three endemic speci€s (
clupeoides C. stigmaticusand C. pennantjj by Kottelat & Freyhof (2007) are incorrect
and cannot be substantiated with the results pregehere. However, evidence for
important infra-specific variation between popwas has been found. Two native Scottish
populations ofC. lavaretusshow considerable variation in morphology, tropéaology

and life history.

The variation in these populations warrants pratactone conservation action becoming
more commonly utilised in Britain is conservatiganslocation. It was found that there
were significant differences between source andgesfpopulations in Scotland. The
wisdom of using this conservation measure on a gypically plastic organism is

discussed. Nevertheless the establishment of furdfege populations are considered to

be a viable conservation action.

Sub-structuring within the largest native Scotfisipulation ofC. lavaretusvas not found.
However, evidence of residence within certain msinLoch Lomond was found through
significant differences in muscle stable isotopgnatures. Investigation was also made
into the trophic ecology of other fish in Loch Lontb It was found that brown trout
(Salmo trutta in Loch Lomond have a non-typical migration pattand invasive ruffe

(Gymnocephalus cernuusow form an important part of the trophic ecolag this site.

In Britain several whitefish populations have beevaded by ruffe, a species native to
Britain, but not to these sites. An experimentasducted into the protective ability against
ruffe predation orC. lavaretusova of substrates typical on spawning groundsak found

that pebbles and gravel form the best spawningtsaibs The impact this mortality may

have on the life history of Loch Lomorl lavaretuss discussed.

Using information gathered in this study, recomnaiwhs for the management of
Coregonus sppare summerised. There is the potential for thesemmendations to apply
to other phenotypically plastic species that vastween sites such as Arctic charr
(Salvelinus alpindsand brown trout.
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Figure A4.4 Lt and319N of muscle tissue from powan from Loch Lomond, hdeck,
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Figure A5.1 Static life table for Loch Lomond powan, caughhter 2005/06. Upper
rectangles: age-group (x) and number of individdedsn 1000 at age group 0-1
(italics show back calculated numbers for ages&ié below; bold numbers are

those calculated from this series of netting). Loveetangles: next age group (X +
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1). Ovals: mean fork length at age (italics showaméork length taken from
Brownet al. (1991). Diamonds: number of ova produced, caledldtom Brownet

al. (1991) for ages 3-4 and below). Age groups 0-1&2dlo not reproduce.....148
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Chapter 1 GENERAL INTRODUCTION

1.1 TAXONOMY AND CONSERVATION

Biological conservation is the act of protectingthiand habitats from loss or extinction.
This can take several forms including legal protegtn situ management such as habitat
improvement, orex situ management such as translocations. Translocasorthe
movement of individuals to another area, for inséato supplement another population,
reintroduction to a site of previous occurrencenovement to a new area, in conservation
often termed a ‘refuge’ site (Griffitat al., 1989; Stockwelkt al., 1996). This is becoming
an increasingly common conservation measure, arsli@s guidelines for translocations
have been set out by various authorities (e.g. HHEN Position Statement on
Translocation of Living Organisms, 1987; the IUCNii@lines for Re-introductions,
1995; JNCC Policy for Conservation TranslocatiohSgecies in Britain, 2003). However,
in order to effectively conserve and manage biadig the groups that are to be

conserved must be identified.

Taxonomy is concerned with the identification oblbgical groups (taxa), and their
relationships to one another based on common agcésgstematics). Nomenclature
simply deals with the correct naming of taxa, hogrevsince a species name says
something about its evolutionary history and relaghip to other organisms, it can also be
important. Ideally a known taxonomy should be argmaisite for the planning of

conservation and management of any organism (Rt§@2; Samper, 2004).

The most widely used biological unit is the spedi€een, 2005; Mace, 2004). This
taxonomic grouping is recognised politically, igilation and by both scientists and non-
scientists. Moreover for many biota it is a cleaecimanism for biological grouping. A
‘good’ species can be defined as one that is sotislisgt reproductively isolated from other
species (Coyne & Orr, 2004). Despite the heavyamel on the species as a pragmatic
conservation tool there are some theoretical aadtijoal difficulties associated with its
use. There are many species concepts, and at 2@aslifferent definitions of what
constitutes a species in current use (Mayden, 188Zms & Maitland, 2007), but not all
species concepts are easily applicable. For ‘diltfidiota, there continues to be significant
theoretical difficulty in achieving a conceptuahsensus of exactly what defines a species
(Mayden, 1997; Coyne & Orr, 2004).
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Only relatively recently have molecular methods dme applicable to understanding
evolutionary relationships (see Teletchea, 2009 dorecent review). Traditionally,
taxonomy was (and often still is) based only onngltgpic traits. The phenotype is all
aspects of an organism, other than its genotypes(\eerhard, 1989). Traits may be
similar due to a shared ancestor (homology) in Wwidase they are useful in systematic
taxonomy, or due to convergent evolution in a compl@ environment (homoplasy).
Distinguishing between the two can be a problemntiqudarly in closely related taxa at
small taxonomic scales. There is the added posgilmf phenotypic plasticity in these
traits. This is plasticity in aspects of the phgpetas a response to environmental (biotic
or abiotic) pressures (West-Eberhard, 1989). Thenetypic variation in organisms can
be due to expressed variation in the genotype, amaton in the environment.
Distinguishing these in nature can be difficult,wever, if phenotypically different
populations are raised in a common environment@ganmon garden’) and the phenotypic
differences are not eroded, these are due to genkffierences. Usually however,

phenotypic variation is a complex mix of the two.

1.2 PROCESSES INFLUENCING VARIATION BETWEEN AND WITHIN
POPULATIONS
Variation between or within populations is somesnfleut not always, Magurran, 1998) a
precursor to speciation, the process that expthierigination of species. There are two
main scenarios as to how speciation can occur.péthic speciation in which gene flow
between populations is interrupted by a physicariéa e.g. geographical isolation.
Populations diverge in isolation and at some poamroductive isolation is developed
(Jordan, 1905; Dobzhansky, 1937; Mayr, 1963). Aterahtive scenario is sympatric
speciation in which speciation occurs within intedding populations without any
physical barrier to gene flow (Darwin, 1859; Jomsb Gullberg, 1998; Dieckmann &
Doebeli, 1999). Speciation in sympatry is lessitive than that in allopatry, may be less
common (Futuyma & Mayer, 1980; Coyne & Price, 2080) faces greater restrictions
(i.e. through recombination) (Coyne, 2007). Neveldghs this has been demonstrated, for
instance in plants (Otto & Whitton, 2000; Savolairet al., 2006), and some fish e.g.
cichlids (Schliewenet al., 1994; Kirkpatrick, 2000; Barluengeat al., 2006). Variation
within and between populations may also be dueh# ibtrogression of allopatrically
developed groups that have not acquired full repctde isolation. It has been suggested
that this is responsible for the large amount otrmtypic variation in some taxa
(Svardson, 1970; Dowling & Secor, 1997; Salzbuegeal.,2002), although introgression
and sympatric speciation may be hard to disting(@yne, 2007).
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Phenotypic variation due to genetic differences tmaynfluenced firstly by effects that are
random with respect to local selection pressureh as founder effects: the initial genetic
variation contained within a founding populatiom, genetic drift: the loss of rare, non-
selective alleles through random fluctuation oklall frequencies between generations,
particularly in small populations (Net al, 1975; Allendorf, 1986). Secondly by selective
effects i.e. natural selection or sexual selectiddaptation is the sorting of heritable
phenotypic variation by natural selection. If alelal is associated with a fitness increase in
the phenotype, then the allele will spread throupgh population over subsequent
generations (Taylor, 1991). In sympatry, this manvoive diversification through
disruptive selection resulting in simultaneous raklgive phenotypes often with
morphological differences (these are often calledlymporphisms or alternative
morphotypes). Selection acts in different direcsiomhere those individuals that are
specialised have an advantage over intermediateopypes (Rueffleet al., 2006). This
might involve specialisations for two or more eowments or resources that produce a
fitness benefit in one environment, but a fitnesadvantage in others (Schluter, 1995;
Dewitt et al., 2000). Heritable variation can also be sorted éxual selection (lwasa &
Pomiankowski, 1995; Irwin & Price, 1999). This magcur alongside natural selection, for
instance through assortive mate choice i.e. withnales choosing males more like
themselves (Lande & Kirkpatrick, 1988; Rundle & kitér, 1998; Higashet al., 1999).
How this might emerge has been demonstrated byuBarBaz (2009) in experiments

involving three-spined sticklebackS4sterosteus aculeafus

However, phenotypic variation between and withitessican also be due to phenotypic
plasticity, the different expression of the samexajgpe, usually as a response to
environmental cues (West-Eberhard, 1989). Thiswallca fast response to a new
environment or change in environmental conditiomsl ahe exploitation of novel
resources. This also allows simultaneous altereatierphotypes to be maintained without
reduction of gene flow between phenotypes, as aglthrough disruptive selection. In
theory, phenotypic plasticity would seem to preelutle opportunity for speciation and
genetic variation since individuals would always mear a fithess optima. However,
moderate plasticity can actually facilitate genetiange (West-Eberhard, 1989; Agrawal,
2001; Priceet al.,2003).

Firstly, phenotypic plasticity can confer a sigcdfint advantage. In novel or heterogeneous

environments, phenotypic plasticity expands thdoggoal range of a species, and as such
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plasticity to varying extents is extremely comma®his allows taxa to invade and prosper
in new environments, where other processes mayt riesdiversification from the donor

population over time (Agrawal, 2001).

Secondly, the magnitude of plastic response mayemodifferent directions in different
environments. While conferring advantages undesmagceconditions, phenotypic plasticity
can result in costs (Agrawal, 2001), for instaneguced growth (Van Buskirk & Relyea,
1998). There may also be disadvantages to plasiicitertain circumstances, for instance
directly where there are ontogenetic changes intdtabr resource use, since a plastic
response in an early life stage may have an effeca later life stage (e.g. Orizaola &
Laurila, 2009). In an extremely variable or unpctable environment a plastic response
may be disadvantageous over a longer term duetitmealag (DeWittet al., 1998), or
possibly over generations if there is a materraicef

Finally, the direction and degree of a plastic cese, the reaction norm, to environmental
factors is genetically variable, thus geneticaléyiable individuals will not show exactly
the same plastic response to the same environriéest{Eberhard, 1989). Plasticity is
therefore itself a trait that can be selected fod #he range of plastic responses may
change due to selection, in this way selectionfesaur the accumulation of functionally
useful (and potentially novel) plastic responsesegtEberhard, 2005; Parsons &
Robinson, 2006). An environment in which one or endistinct plastic responses are
strongly favoured can result in the genetic assitimh or fixing of phenotypes in a
population so that it is expressed even when thginat environmental stimulus is
removed (Waddington, 1953; Adams & Huntingford, £20PBigliucci et al., 2006). Thus
plasticity can play a role in increasing differemtetween and within populations and thus

potentially in speciation.

1.3 ECOLOGICAL CAUSES OF PHENOTYPIC VARIATION

There are a range of factors that can produce ti@ridetween and within sites either
through selection or plasticity. The presence (mseace) of other species can have an
effect on the phenotype of an organism. There everal examples of predator-mediated
phenotype differences, for instance defensive aswhpe-response morphology in fish
(Doucetteet al., 2004; Langerhanet al., 2004), shape and thickness of gastropod shells
(DeWitt et al.,2000; Trussell & Smith, 2000), and timing of habtghas a response to egg
predation (Warkentin, 1995; Jones$ al, 2003; Kusch & Chivers, 2004). Ecological

character displacement can occur in the presenaecofnpetitor species (Crowder, 1984;
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Pfenniget al.,2007). Character release can occur when compsfiaegies are absent; due
to availability of resource opportunities and irsgecific competition this may result in

simultaneous morphotypes (Robinson & Wilson, 19dbhinsonret al.,2000).

Physical aspects of the habitat such as temper@aah, 2006), habitat type/complexity
(Kostylev et al., 1997; Goodmaret al., 2008), oxygen concentration (Langerhatsal.,
2007) and moisture (Johnson & Black, 1998; BrownSkine, 2006) can also have a
profound effect on the phenotype of an organisnerélis also evidence of climate change
influenced phenotypic changes in a variety of t@astet al., 1997; Galeotiet al., 2009;
Wolf et al.,2009).

The exact factors influencing a phenotype can Hedlt to unravel, even closely related
taxa may respond differently to the same environmPakkasmaa & Piironen (2000)
found phenotypically plastic differences in bodyighe and fin size between Atlantic
salmon Salmo salay and brown troutRalmo truttd juveniles raised in fast or slow water
flow. While each responded plastically to the dife habitats, the responses between the
species were not the same with salmon juvenilesrbgry more robust and trout juveniles
becoming more streamlined in fast flowing water.rdtiver, different factors may have a
similar effect on the phenotype. In fish, a deepedy shape is indicative of increased
manoeuvrability and has been noted in species #rchative phenotypes that inhabit
complex habitats (Webb, 1984), a deeper body candieative of feeding on benthic prey
(Anderssonet al., 2006), and can also be a response to the pres#ngape-limited
predators (Jastrebski & Robinson, 2004; Domegtiail.,2008).

However, when a certain set of characters is ast®uticonsistently with a specific habitat
or feeding mode over many distinct taxa, this igally indicative of a shared response to
that environment, rather than any kind of evolugignconstraint. One of the most well-
known of these are the differences are alterndéeding ecology between freshwater fish
specialising in exploiting limnetic or benthic resces (Smith & Skulason, 1996;
Robinson & Parsons, 2002; Parsons & Robinson, 200&)se differences are associated
with trophic specialisations in morphology that @afunctional significance for prey
detection, capture and handling. This can result simultaneous limnetic/benthic
phenotypes in one population (Smith & Skulason,6)98ince, aquatic environments can
be divided vertically and horizontally, some populias can have several simultaneous

morphotypes which partition the available resouraed specialise accordingly. Some
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European whitefishGoregonus lavaretyspopulations can support up to five sympatric
morphs (Svardson 1979; Bergstrand, 1982).

Limnetic fish of virtually all taxa converge on asiform body shape that is
hydrodynamically efficient (Webb, 1984). These témdbe plankton feeders which usually
have a large number of closely spaced gill rakiersedéey, 1981; Lavin & McPhail, 1985,
1986; Schluter & McPhail, 1993). The mouth is ot&ed terminally in pelagic feeders,
while in benthic feeders mouths are orientated deavds (Lindsey, 1981; Keast & Webb,
1966). Fish that exploit hard-bodied benthic pregvéh robust heads with increased
musculature (Werner & Hall, 1979; Wainwright, 199These patterns are often (but not
only e.g. Ruzzantet al.,2008) seen in variable fish species that inhabnarthern post-
glacial lakes. Typical highly variable postglaciith species include three-spined
sticklebacks (e.g. Bakest al., 2005) and salmonids such as brown trout (e.g.USery
2004), Arctic charr $alvelinus alpinus(e.g. Jonsson & Jonsson, 2001) and European
whitefish (e.g. Amundsen, 1988; Naesjeal.,2004; Ostbyeet al., 2005a; Kahilainen &
Ostbye, 2006). This phenotypic variation often laaplastic element, but can also be
associated with genetic differentiation betweenuiameous alternative morphotypes.

1.4 THE MANAGEMENT AND CONSERVATION OF PHENOTYPICALLY VARIABLE
SPECIES: POSTGLACIAL FISHES

The phenotypic divergence between and within pduia of post glacial fish species
have often developed in relatively short time ssasg indicated by relatively low levels of
genetic divergence among species (Schluter, 1986)d8chez & Wilson, 1998). These
inhabit areas influenced by climatic changes assediwith the Pleistocene, a time of
repeated glacial episodes which created variabtalitons favouring rapid phenotypic
divergence among northern postglacial fishes (Behea & Wilson, 1998; Hewitt, 2004).
This has led to a confused taxonomy in these aheéragbhenotypically variable fish

species.

Alternative morphotypes can occur with and withgenetic divergence. There can, for
example, be a continuum of variation in allopatnyd asympatry from almost no-
differentiation, to phenotypic polymorphisms thaayrbe intermediate stages in speciation,
to almost total reproductive isolation (Smith & $kan, 1996; Schluter, 2001). This
undelimited continuum can make identifying spedes conservation or management
purposes particularly unclear in plastic taxa. €haservation of simultaneous alternative

phenotypes can be a particular problem, since tAgmnomic status is usually unclear
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(Taylor, 1999). Increasingly however, divergent plagions are being recognised as
appropriate for conservation, regardless of themohomic status. Sub-species, while in
theory being a systematic unit, are controversied t the finding that some sub-species
are not evolutionary distinct and the historicaadouracy with which this term is often
associated (Lidicker, 1962; Zink, 2004). The euolary significant unit (ESU) is a
commonly used infra-species unit for conservatmg.(Leggeet al 1996; Stockwelet al.,
1998; Holycross & Douglas, 2007). The ESU was psedoby Ryder (1986) as a
population ‘bossessing genetic attributes significant for pnésend future generatioils
This purely genetic definition has been modifiedeglhere to also include discrete
phenotypic characters and restricted gene flow @uia & Saitoh, 2007 for review of

its use).

Hundreds of years of research on classifying thie&tran within some of these groups has
resulted in taxonomic confusion, typified by théacr problem’ (Nordeng, 1983; Behnke,
1989; Nyman, 1989) and the ‘coregonid problem’ (88éan, 1949, 1950; Stott & Todd,
2007). At one point at least 40 different ‘specie$’ three-spined sticklebacks were
identified (Bell & Foster, 1994), while over 200tri&specific forms ofC. lavaretushave
been formally described in Europe (Reshetnikov4200

Coregonusspecies show phenotypic and genotypic variationéen populations and
between genetic sub-populations and simultaneotsrnative morphotypes within
populations due to a variety of processes (Bereatehal., 1999). In coregonids similar
patterns in morphology are often seen between atidnwsites. For example, gill raker
number is often used to differentiate between syrnigophenotypes (limast & Sterligova,
2002; Kahilaineret al., 2003). These have a high hereditary componentsartave also
been used as a character to identify species (Sward957). However, coregonids display
homoplasy in a variety of traits, including gillkex number, associated with repeated
divergence to exploit similar resources usually nbuin postglacial lakes and into
alternative phenotypes utilising distinct resouricea single site. As with many postglacial
fishes this often revolves around the littoral/tenipolymorphism (Ostbyet al., 2005b).
Gill rakers also have a plastic component (LindsE381). Plastic responses are well
known in Coregonusspecies, for instance in response to commercidl experimental
translocations (Svéardson, 1950, 1979). The infecss differences between some
populations of species such as the European wdhtehat are commercially exploited

have not been appreciated until recently. This leaddin some cases to management
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practices that have involved mixing various popals to the detriment of conservation

and study of adaptive divergence and species fawméDouglas & Brunner, 2002).

Coregonus sppin Europe are listed under Appendix iii of therBé&onvention and are
considered to be either endangered or vulnerabéetduhreats such as eutrophication,
acidification, over fishing or species introductofielek, 1987; Winfield, 1992; Winfield
et al., 1996, 1998; Winfield & Durie, 2004). The introdiget, by accident or design, of
alien species into a site is one of the principedats to fish conservation (Cambrey, 2003;
Coppet al., 2005; Casal, 2006). Once a new species is estatlis may be difficult or
impossible to remove. It can have detrimental ¢$fean other species directly though
competition (Saleet al.,2007) or predation (Letniet al.,2008), or indirectly through the
associated introduction of disease (Pineleal., 2005) or modification of the environment
(Matsuzaki et al., 2009). However, invasive species can also offesights into
evolutionary and plastic responses in both invadipgcies and native species (Carroll,
2007; Prentiset al., 2008) to novel environments and changing specigsdctions. The
effect of stressors and conservation actions mag fraportant implications for the future
of coregonids. Responses to stresses, such addit®a of alien species, eutrophication,
or long term climate change might involve changehi@ phenotype and/or genotype, or
cause the loss of a stable polymorphism and thesteh situ management. Furthermore,
ex situconservation actions such as the creation of eefagpulations involve deliberate
translocation of species that have the potentialfést phenotypic change to a novel

environment.

1.5 COREGONUS SPP. IN THE UK

There are four species &@oregonus spp(whitefish) currently recognised as recently
occurring in the Britain and Ireland. The houti@gregonus oxyrinchuk., Arctic cisco
(pollan) Coregonus autumnali¥hompson, vendac€oregonus albulal. and European
whitefish (powan, schelly or gwynia€). lavaretus.. These populations @éoregonusare
thought to have originated from anadromous anceshat migrated into freshwaters after
the last glaciation, some 10,000 years ago (Maltld®70; Wheeler, 1977). Most (but not

all) of these stocks lost their migratory habitd ane now found only in fresh water lakes.

The houting C. oxyrinchu¥ was the only anadromous whitefish in Britain whérwas

found only in the coastal areas of the southwedtrgjland (Maitland, 2004a). It is now
believed to be locally extinct due to pollution time rivers in which houting spawned
(Maitland & Lyle, 1991a; Freyhof & Schoeter, 200B8Jthough this is considered to be a
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separate species, recent genetic work by Hagtseh, (2008), has suggested that European

populations of houting may in fact be conspecifithvC. lavaretus

Pollan C. autumnali} is the only coregonid species found in Irelancburing in Loughs
Neagh, Erne, Fee and Derg. Historically, pollanem&garded as conspecific with one of
the other UK coregonids. (Svardson, 1957; Dottrdr®h9; Maitland, 1972a; Wheeler,
1969; 1977, but see Yarrell, 1836), while Tate Red@®06; 1908) considered there to be
more than one species of pollan in Ireland. Genatialyses (e.g. Ferguson, 1974,
Fergusonet al, 1978) have demonstrated this not to be the cCHseseC. autumnalis
populations are far to the south of the usual rasfgarctic cisco, and show atypical life
histories (Harrocet al.,2001) though there is some evidence of the anaoliertendencies
usually found in this species (Welch, 1927; Twon356; Wilson, 1984). There is a long
history of exploitation of these populations, partarly those of Lough Neagh (Hamilton,
1843; Thompson, 1856), which is also home to thl ather known population of
resident river lampreyL@mpetra fluviatili3 outside Loch Lomond (Goodwigt al.,2006).
There are a number of threats to these populatiorgrticular the pollan loughs are now
dominated by introduced cyprinids and percids (@@yig Flannery 1996; Harroét al.,
2001), as well as affected by eutrophication. Therelectrophoretic evidence of the
presence in Lough Neagh of several sub-populatidrmllan which are to some extent
reproductively isolated (Ferguson, 1975 and cuweark by Bradleyet al.,Pers. Comm.),
though this has not been associated with altermatnenotypes.

Vendace C. albulg is the rarest freshwater fish in Britain. Onlyufopopulations were
known to have been located in Britain. Two of théSastle Loch and Mill Loch) were
located in Lochmaben, Scotland, and have beenaéxtince the 1960s. Here it was a
particularly celebrated fish, where some traditiand curious opinions existed regarding it
(Jardine, 1830; Yarrell, 1836). Local legends haaeously asserted that vendace was
introduced to Lochmaben by Mary Queen of ScotsyoRbbert the Bruce (Jardine, 1830;
Richardson, 1836; Yarrell 1836; Day 1884). Eutrophlion and fish introductions have
been suggested as the principal reasons for tkiircdon at these sites (Maitland, 1970;
Maitland, 1966; Winfieldet al., 1996). Until recently two English populations wéoend

in Bassenthwaite and Derwent Water in the Englislkel District. Tate Regan (1906)
believed these Scottish and English populationbeadwo different species. Whilst the
Derwent Water population of vendace is still extghe Bassenthwaite population has
been extirpated, due to eutrophication and fistoductions (Mubamba, 1989; Winfiekt

al., 2004), which are becoming a problem in the Denwi@ater population. Conservation
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action, however, has resulted in several refugailaipns having been established from
both the Bassenthwaite and Derwent Water populatibfaitiand & Lyle, 1990; Maitland
et al., 2003). Overall the BritisiC. albula populations are less well-studied than Ge
autumnalisandC. lavaretuspopulations (but see Tate Regan, 1906, 1908, 19aitland
1966, 1970, 1979; and Ferguson, 1974).

Table 1.1 Authors of different species designatis for the Scottish, English and Welsh populationef

C. lavaretus.
British Lomond Eck Brotherswater Haweswater Red Tarn Ullswater Tegid
whitefish
Coregonus
acronius Schindler, 1957 (from
Maitland, 1970)
cepedii Valenciennes,
1848
clupeoides LaCepede, 1803| Tate, 1911, Guther, 1866; Day, 1884 Guther, 1866; Guther, 1866;
Gunther, 1866; | Kottelat & Day, 1884; Tate, Day, 1884; Tate,| Day, 1884; Tate,
Day, 1884; Tate,| Freyhof, 2007 1908 1908 1908
1908; Kottelat &
Freyhof, 2007
fera Yarrell, 1836
lacepedei Parnell, 1838
lavaretus Linnaeus, 1757; Pennant,| Jardine, 1830; Maitland, 2004a| Maitland, 2004 Maitland, 2004a  tlad, 2004a | Jardine, 1830; | Gasowka, 1965;
1776; Turton, 1807; Svardson, 1957; Maitland, 2004a | Maitland, 2004a
Fleming, 1828;,Jenyns, Gasowka, 1965;
1835; Steinmann, 1950 Maitland, 2004a
macrophthalmus Drottrens, 1959 Drottrens, 195
microcephalus Parell, 1838
oxyrhynchus Svardson, 1957 Svardson, 195§ Svardson, 19457
pennantii Valenciennes,
1848; Tate,
1911; Kottelat &
Freyhof, 2007
stigmaticus Kottelat & Tate, 1911; Tate, 1911; Tate, 1911;
Freyhof, 2007 Kottelat & Kottelat & Kottelat &
Freyhof, 2007 Freyhof, 2007 Freyhof, 2007
wartmanni Yarrell, 1836; Drottrens, 1959 Drottrens, 195p

The seven European whitefis@.(lavaretu$ populations are variously known as powan
(Scotland), schelly (England) and gwyniad (Walé@d)e taxonomy of these populations
has been the subject of considerable debate agc#we been designated a great number
of different species names by various authoritiegble 1.). Powan are found in Loch
Lomond and Loch Eck, in west-central Scotland. 8¢hare found in Brotherswater,
Haweswater, Red Tarn and Ullswater in the LakerBistGwyniad are found in Llyn
Tegid in North Wales. The location and physicalralteristics of these study sites are
described in Appendix IC. lavaretushave also been reported, but never confirmed, in
Loch Morar (Murray & Pullar, 1910) in Scotland, Goamgham Mere, Pemble Mere (Day,
1884) and Loweswater (Ellison, 1966a) in Englandwiver, since there has been no
confirmation of the existence of coregonids at ¢heges they will not be considered
further in this thesis.
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Loch Lomond powan have been commented on exteysmed are the best studied
population ofC. lavaretusn the UK (e.g. Monipenny, 1612; Sibbald, 1694 c&air, 1799;
Lamond, 1931; Gervers, 1954; Slack, 1955, 1957;tintad, 1969; Robertst al., 1970;
Fuller et al., 1974; Brown & Scott, 1987; Browat al., 1991; Pomeroy, 1994; Dorucu,
2000). However, little is known about the earlyelihistory of powan as 0+ fish are
difficult to catch in the wild, the only large catof juvenile powan in Loch Lomond (>
200) was made in July 1969 (Slastkal.,1957; Brown & Scott, 1994).

Loch Lomond powan feed intensively on zooplanktmmf May to September showing

inter- and intra-specific size-selectivity of zoapkton prey (Pomeroy, 1991, 1994).
However, in the winter feeding rate is reduced Hrey take small quantities of benthic

prey. Diel migration relating to low light intengi$ occurs: powan migrate to the surface
layers and inshore during the evening twilight areturn to deeper water at dawn
(O’Connell, 1984)

Loch Lomond has the widest variety of indigenoud artroduced fish species found in
any freshwater body in Scotland (Maitland, 1972lglaths 1994; Etheridge & Adams,
2008). It is thought that an introduced species,rtiffe Gymnocephalus cernuyshad a
detrimental effect on powan through egg predatiddafms & Tippet, 1991; Maitland,
1995; Adams & Maitland, 1998L. lavaretusbroadcast spawn on shallow littoral areas or
off-shore banks and thus provide no protectionttieir eggs unlike many salmonids that
build nests or ‘redds’ (e.g. Sargesit al, 1987). In Loch Lomond powan eggs spend
between 60 and 70 degree days incubating on thenspg grounds before they hatch,
during which there is a high mortality (Slaekal., 1957; Brownet al., 1991; Winfieldet

al., 1996). Change in the growth patterns and lifeolysbf Loch Lomond powan might be
expected if ruffe predation were altering numbegnificantly, although this does not

currently appear to be the case (Appendix 5).

Until recently, the total number of powan in Lochrhond was believed to be numerous
(Slacket al.,1957; Brown & Scott, 1994); Wood (1947) descrilggeat shoals of powan’.
However, recent hydroacoustic monitoring at Lochmiomd has indicated (alongside
Chapter 3 in this thesis) that there has been linden powan at this site (Winfieldt al.,
2005, 2008a). In hydroacoustic surveys and assacgitl netting in 2004 as part of site
condition monitoring by Winfieldet al (2006a), population density of powan was
calculated to be 6.3 fish hid95 % confidence intervals (ClI): 3.5 fishrhand 11.6 fish ha

1), small individuals were calculated as making W8 of the population (Cls: 14 % and



CHAPTER 1. GENERAL INTRODUCTION 27

60 %). These surveys were repeated in 2007 (Wehéehl, 2008a), population density of
powan was calculated to be 1.8 fishth#Cls: 0.8 fish ha and 4.4 fish h&, small
individuals were calculated as making up 51 % ef population (Cls: 29 % and 73 %).
This can be compared to a netting survey in Locim&wod by Bean (1996) which
calculated a powan population density of 13.1 hah (from Winfield et al, 2006a). This
indicates a low abundance of powan at this sité Witv numbers of small fish (0+/1+
years) suggestive of low recruitment (Winfiedd al, 2006a), althouglC. lavaretusis
characterised by variable recruitment (Winfigt al, 1994). According to monitoring
protocols a population made up of 90 % small irdliails is in favourable condition (Bean,
2003).

Due to concerns about the long-term status of poiwabhoch Lomond following the
introduction of ruffe, powan from the Loch Lomondpulation were translocated to form
two refuge populations in Loch Sloy and Carron ®alReservoir Powan between 1988
and 1991 (Maitland & Lyle, 1992; 1995). Relativdiyle is known about powan from the
refuge sites. However, hydroacoustic surveys wadedaken at both refuge sites in 2007
as part of site condition monitoring by Winfielet al (2008b). In Loch Sloy, the
population density of powan was calculated to Hefi8h hat (Cls: 2.6 fish ha and 16.0
fish hat), small individuals were calculated as making a@8 of the population (Cls: 25
% and 137 %). Thus while there was low abundandhistsite, there was evidence of
recent recruitment. The only other species thatafgpto occur alongside powan at this
site is brown trout. Carron Valley Reservoir israut fishery, a study on growth and
feeding of brown trout by Deverill (2000) also rked in information on the Carron
Valley Reservoir powan. These powan have a fastevty rate that those from other sites
and appear to feed on a mixture of planktonic amthoc prey (Deverill, 2000). In Carron
Valley Reservoir, the population density of powaasvealculated to be 17.2 fish-héCl:

5.6 fish ha and 52.7 fish h8), small individuals were calculated as making 6@ of the
population (Cls: -14 % and 64 %). Thus at this Hitere was low abundance at this site
and little evidence of recent recruitment (Winfiekdal, 2008b)

Despite being a protected feature within a Sit€pécial Scientific Interest (SSSI), powan
in Loch Eck have been less well studied than thom® Loch Lomond. However, some
studies (e.g. Pomeroy, 1991; Brown & Scott, 1920 )ehshown that Loch Eck fish differ
from Loch Lomond powan in diet and life history ganeters. In Loch Eck, powan feed on
benthic material throughout the year as well asesaboplankton (Pomeroy, 1991). Loch

Eck powan are shorter at a given age than Lomaind ffiut the weight at a given length of
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Loch Eck fish is consistently greater than Loch lomah fish (Brown & Scott, 1994). Loch
Eck fish also mature at a younger age; have adigharasite load (Dolezel & Crompton,
2000) and spawn slightly later in the year thaniLaomond powan (Brown & Scott,
1994). Despite these differences, some studies Rsaggested there is no genetic
difference between powan from Loch Lomond and Ldetk (Hartley, 1995). In
hydroacoustic surveys and associated gill nettimg2005 as part of site condition
monitoring in Loch Eck by Winfieldet al (2006b), population density of powan was
calculated to be 135.8 fish-h&Cls: 60.4 fish hd and 305.5 fish h§. These surveys were
repeated in 2007 (Winfieldt al, 2008a), population density of powan was calcdlabebe
203.9 fish ha, (Cls: 137.4 fish hadand 302.7 fish hg, small individuals were calculated
as making up 98 % of the population (Cls: 77 % ahé %). This population therefore

appears to be very health, with good recent reueurit.

The presence of schelly in Brotherswater was cowtr only relatively recently. Its
presence at Brotherswater was indicated by Ell{§¢®86a), but it was not until 1992 that
the fish community of this site was surveyed (Waidiet al.,1993) andC. lavaretuswere
verified as being extant at this site. Howevers gurvey also revealed that this population
of schelly was dominated by old individuals sugmesipoor recruitment at the time of
survey. It also demonstrated low oxygen conditiantimes in deep water and intimated

that this might be a significant issue for theintoued survival (Winfielcet al., 1993).

Schelly populations are monitored by the Environinggency (EA), Centre of Ecology
and Hydrology (CEH) and United Utilities in Englandhis is particularly true of
Haweswater which is the most extensively monitomddthe English C. lavaretus
populations (i.e. Winfieldet al, 2006c). Information on the status of schelly in
Haweswater reservoir is obtained from routine g#t and hydroacoustic surveys and
augmented from data relating to the entrainmentfiglfi in trash screens at water
abstraction points. This has enabled the discowdrya decline in the Haweswater
populations and modelling of the population in tiela to the effect of reservoir operations
(e.g. fluctuating water levels) and predation beeently established colony of cormorants
Phalocrocorax carbdWinfield et al., 1998, 2003, 2004). This is the only other popalati
in Britain apart from Loch Eck, in which whitefisnd Arctic charr exist in sympatry. A
comparative study between the two populations fotlmat Haweswater schelly were
slower growing than Ullswater schelly (Bagenal, @@ Haweswater schelly feed near the
bottom of the loch, but also shoal on the surfac@ght and so may also feed on plankton

(Swynnerton & Worthington, 1940; Dunn, 1954). Camceegarding the continued
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survival of the schelly at this site has led to #stablishment of two refuge populations
using parental stock from Haweswater at Blea Wated Small Water respectively
(Winfield et al.,2002).

In Red Tarn, schelly were confirmed to be extantMaitland et al. (1990) though there
were various accounts of its existence at this(&tison, 1966a). Red Tarn schelly were
found to feed on plankton and the growth of schilhyn this population is much slower
than that of any other population of Briti€h lavaretus There have been suggestions that
the populations of schelly in Red Tarn originatezhf human introductions (Macpherson,
1892), however, both Day (1884) and Maitlaetdal. (1990) considered this unlikely due
to the remote nature and difficulty of accessinig 8ite, in conjunction with the lack of
value of this fish for anglers. Red Tarn schellyfedi genetically from other schelly
possibly due to a small founding population, oresgbn due to the high altitude of this
lake (Beaumongt al.,1995).

Ullswater schelly are mainly planktivorous, butcalfeed on benthos (Bagenal, 1966).
They spawn in shallow areas and, around spawning, tare sometimes washed ashore in
mass strandings down-wind of the spawning siteg€Bal, 1966; Ellison, 1966b). Some

Ullswater schelly display a supernumery pelvic fBagenal, 1970). While there is no

current fishery for schelly in any of the Engligtkés, according to Mubamba (1989), local
fishermen claimed that the population in Ullswaters exploited as recently as the early
1920’s.

Llyn Tegid holds the only Welsh population Gf lavaretusthough, according to Day
(1884), a gwyniad was recorded in one instancem@&wnstream of the lake, within the
River Dee. It has been suggested that there is thareone whitefish type in Llyn Tegid
(Dottrens, 1959, but see Gasowka, 1965; Haram,)196& parasitology of Llyn Tegid
fish has been relatively well studied (e.g. Chub®62, 1963), including that of gwyniad
(Nicholas & Jones, 1959; Chubb, 1963; Daniels, 19&wyniad are primarily bottom
feeders, although there is some evidence that arferms an important part of the diet
during the summer months (Haram, 1968). There neawarb ontogenetic change in diet
with larger fish switching to a plankton dominattidt (Dunn, 1954). Early echo sounding
surveys by Haram (1968) revealed complex diurnall aeasonal changes in fish
distribution within Llyn Tegid. More recent hydraacstic surveys have attempted to
establish the current status of gwyniad at this ag part of a wider programme of Site

Condition Monitoring by country conservancy ageadie.g. Winfieldet al, 2007a). In
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general however, there has been very little reeentogical work on gwyniad, possibly
due to restrictions on netting. However, attem@gehbeen made to establish one refuge

population at Llyn Arenig Fawr (Winfieldt al.,2008c).

In the UK all members of the gen@oregonusare Biodiversity Action Plan (UKBAP)
priority species and are protected under Scheduéthe Wildlife and Countryside Act
1981. Alien or locally non-native fish introduct®mto most British whitefish sites have
already occurred (Winfield & Durie, 2004; Winfiekt al., 2007b; Etheridge & Adams,
2008). The effect of these introductions, and tiieoduction of non-native plants (such as
New Zealand pygmywee@rassula helmsjion whitefish populations are hard to quantify
but for the most part are considered to be negatevg. Adams & Tippet, 1991).
Eutrophication and the associated siltation of spagy grounds (Ventling-Schwank &
Livingstone, 1994) has been a problem in some ,sitesulting (alongside species
introductions) in the extinction of vendace in 3aot (Maitland, 1966; Winfielcet al.,
1996). Whitefish are cold adapted (Slaakal, 1957; Bagenal, 1966, 1970) and climate
change may be a particular problem in future yedaxgeased temperatures have already
been noted aoregonus sppsites where this is being monitored (KrokowsKiQ2) along
with other climate change indicators (Salagtaal., 2007). Unless a site has a thermal
refuge (i.e. depth, high altitude), whitefish mag ladversely affected by warmer
temperatures (Graham & Harrod, 2009). Warmer teaips¥s may also facilitate further
invasions by non-native species or alter the sohleompetitive or predatory interaction
within formerly stable ecosystems. How these phgroally plastic fish might respond to
these pressures remains to be seen. Thus theigatest into aspects of the conservation
of British C. lavaretusat this time is opportune and studies into thegmifations may also

inform conservation and management of similar sggeci

1.6  THESIS AIMS

The main focus of this study is to investigate ¢baservation status @. lavaretusin the
UK. In addition, this study will elucidate the efts of the variation commonly found
within and between populations of this fish on ngemaent options for UKC. lavaretus
using the relatively well-studied Loch Lomond pagiidn as a case study. This thesis aims
to deliver definite management proposals basedhenfindings of the following six

studies:

1. A recent review of the species status of Europeashfvater fishes has been

completed by Kottelat & Freyhof (2007). Chapterighsato investigate whether
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resulting revisions in the species statu€ofavaretusn the UK can be justified at

this time.

2. Variation betweerC. lavaretuspopulations would effect whether populations can
be treated as one widespread management unit.réhffes between the native
Scottish populations are investigated in Chaptewith a view to producing

management advice on their status as ESUSs.

3. In the UK, the creation of refuge populationsGafregonus spps becoming more
common. The implications of translocation of a pitgpically plastic species into
a novel environment for conservation purposes rarestigated in Chapter 4 using

donor and refuge populations ©f lavaretusn Scotland.

4. Within population variation in simultaneous pheny or genetic sub-populations
of C. lavaretuscan have important implications for conservatiotice in situ and
ex situ Since a historical report by Parnell (1838) ideed two morphologically
distinct powan ‘species’ in Loch Lomond, sub-stuiittg in this population is

investigated in Chapter 5.

5. In the UK, invasive ruffe have been introduced &vesal sites containing.
lavaretus In Loch Lomond these fish are known to feedGnavaretuseggs. In
Chapter 6 the protective ability of substrates tbwon C. lavaretusspawning

grounds against ruffe foraging is tested experiadgnt

6. Another phenotypically plastic species found in l.dcomond is brown trout.
These typically follow discrete life histories @sidence or anadromy that result in
alternative phenotypes. In Loch Lomond it was obsgrthat many brown trout
appear to have an intermediate phenotype not obliatonsistent with one or
other life-choice. Thus phenotypic plasticity witha population is investigated in
Chapter 7 using stable isotope analysis.

Appendices contain general information about thedyssites and populations that were not
substantial enough to form chapters. Nevertheldsset hold information that is
illuminating in a discussion of the six main stugdi@ppendix 1 gives a general description
of the study sites. Appendix 2 describes the catohposition of gill netting at the two

native Scottish populations @f. lavaretus Loch Lomond and Loch Eck. Appendix 3 gives
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an account of the muscle tissue stable isotopeysiralValues of Loch Lomond fish.
Appendix 4 describes the muscle tissue stablepsoémalysis values of native and refuge
populations ofC. lavaretusrom Scotland. Appendix 5 describes a statictatde for Loch

LomondC. lavaretus

The results of the preceding chapters and additimsalts presented in appendices are
discussed in chapter 8. This also contains sugmestor management and conservation of
C. lavaretusan the UK, and additional work that should be ctéetgd in light of the results
presented in this thesis.
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Chapter 2 AN EVALUATION OF THE EVIDENCE FOR SPECIATION OF UK
WHITEFISH.

2.1 ABSTRACT

Whitefish are amongst the most threatened vertebrat the UK and as such require
effective conservation and legal protection. Thare serious potential implications of
species name changes affecting different aspectheoinanagement, conservation and
protection of whitefish populations. The systenmtmf whitefish are relatively well
studied, but there is little agreement at speaesll Kottelat & Freyhof (2007) iThe
Handbook of European Freshwater FisheRim to have cleared up much of the
uncertainty. This designates URoregonus lavaretugpopulations into three putative
species by geograpity. clupeoidegScotland)C. stigmaticug§England) andC. pennantii
(Wales). The keys used to split UK populationsiavestigated. Moreover, the success of
splitting populations using the characters provigethe key by multivariate techniques is
investigated. The success rate of the key is vew (19%) and the evidence for the
splitting of these populations into three specgesanflicting. This is discussed in relation
to previous work on the systematics of UK whitefiBlue to the lack of evidence for these
putative species, it is suggested that further wisrkneeded before they can become
accepted. Moreover, until evidence is provided sz, these should remain as
individually managed populations & lavaretuswhich are legally protected within the
UK.

2.2 INTRODUCTION

The definition of which species and populationsathal do not comprise a species is an
important biological concept with significant cogsences. Definition of species allows
diversity to be catalogued and managed. The spdei@stion is particularly important as
a political and conservation concept, as it is gahespecies that are protected by law,
discussed in the media or recognised by the germrblic. It is also essential for
information exchange. How to define a species, wvewes not completely clear. There
are at least 22 different definitions of what cansts a species in current use (Mayden,
1997; Adams & Maitland, 2007). This is a particiyaignificant issue for groups that can
show great variation between and within sites. 8g#\eeshwater fish living in postglacial
lakes in particular show significant variation, $bkeinclude three-spined sticklebacks
(Gasterosteus aculeatugCampbell, 1985; Jonest al., 2006), Arctic charr $alvelinus
alpinug (Hartley et al., 1992; Adamset al., 2007) and whitefish Goregonusspp)
(Bergstrand, 1982; Amundsen, 1988; Kahilaie¢al, 2003, 2004). However, the detailed
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discussion of species concepts in comparison terstis out-with the remit of the current
work and is discussed in detail elsewhere (Turb@99; Coyne & Orr, 2004).

Coregonine fishes are found throughout the co@egions of the northern hemisphere, and
are renowned for the level of phenotypic variatdisplayed both between and within
populations, resulting in long and marked debatganding the allocation and definition of
species (Berg, 1962; Wheeler, 1969; McPhail & L&yds1970). Phenotypic plasticity
(Lindsey, 1981; Svardson, 1949), different poss#éelutionary scenarios (i.e. allopatric
vs. sympatric speciation) (Bernatchez & Dodson,0193ouglaset al., 1999, 2005), and
introgression (Svardson, 1957), have all been ifieditas being responsible for the
existence of different coregonine forms (or morphd)-species) and complicates the use
of morphological and anatomical characters in tih@xonomy. Traditionally, whitefish
have been segregated into forms by counts of nwedkaracteristics, such as gill rakers,
which have a high heritable component (Svardsob0;19951). However in fish, some
meristic characters can be affected by interactioiis other species (Lindsey, 1981), or
contrasting environmental conditions (Svardson,119%ndsey, 1962; Swain & Lindsey,
1986). The radiation of extant coregonine specessdtcurred comparatively recently; the
relatively low levels of genetic variation contmstith the high level of morphological
differentiation observed among coregonines (Beheet al.,1991). It has therefore been
suggested that genetic analyses are better at lireyephylogenetic patterns, while
morphological patterns are better indicators of ptigla processes in these species
(Lindsey, 1981; Bernatchex al.,1991).

In recent times three species of coregonids haea becognised as occurring naturally in
the UK and lIreland; the Irish polla€oregonus autumnaligPallas), the vendace
Coregonus albuld.. and the European whitefisboregonus lavaretuk. locally referred

to as powan (Scotland), schelly (England) or gwyni@ales) respectively. The British
populations ofCoregonusare thought to have originated from anadromougstocs that
migrated from a refuge after the last glaciatimme 10,000 years ago, extant populations
are now landlocked and are purely fresh water cuoence (Maitland, 1970). The houting
(Coregonus oxyrinchyiswas the only anadromous whitefish in Britain iasvrarely
recorded but is considered to be absent from thefalka (Maitland & Lyle, 1991a;
Freyhof & Schoeter, 2005).

In Britain, C. lavaretusand C. albulaare afforded legal protection due their rarity.orw

populations of powan occur in Scotland in Loch Lowh@nd Loch Eck, and two refuge
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populations have been established using paremek $tom Loch Lomond, in Loch Sloy
and Carron Valley Reservoir (Maitland & Lyle, 1996pur populations of schelly occur
in the Lake District, England, in Brotherswater,wéswater, Red Tarn, and Ullswater.
Two refuge populations have been established throlg transfer of parental stock from
Haweswater to Blea Water and Small Water (Winfietdal., 2002). One population of
gwyniad occurs in Wales in Llyn Tegid and one refypgpulation has been established in
Llyn Arenig Fawr (Winfieldet al., 2008c). Vendace have a more limited range tGan
lavaretus From the four known populations, Castle Loch &l Loch (Scotland), and
Bassenthwaite Lake and Derwent Water (Englandy @drwent Water remains extant
(Winfield et al.,2004). One refuge population has been successathblished, at Loch
Skeen, using parental stock from Bassenthwaite .Lakee success of two other
translocations using parental stock from DerwenttdVdao Daer Reservoir, and to
Sprinkling Tarn, have yet to be evaluated (Maitlabal 2003). The conservation interest
in these taxa makes the understanding of speciet thversity in Britain particularly

crucial.

The generally accepted view of coregonid taxonadnay tlominates the current thinking of
many fish biologists has been challenged by Kat&l&reyhof (2007), who claim to have
clarified much of the uncertainty in the systemat€ the Coregonidae. Kottelat & Freyhof
(2007) recognise 59 separd&eregonusspecies across Europe and suggest that there are
many more likely to be accepted in future yearsthii the UK, the seven native
populations ofC. lavaretus(C. lavaretuswill be used as a general name describing all
powan, schelly and gwyniad populations) have bdentified as different endemic species
by Kottelat & Freyhof (2007). According to thesdlars, both Scottish populations ©f
lavaretus (powan) are endemic putativ@. clupeoides(LaCepede), all four English
populations ofC. lavaretus(schelly) are endemic putativ@. stigmaticus(Tate Regan),
and the single Welsh population @. lavaretus (gwyniad) is endemic putative.
pennantii (Valenciennes). All UK vendace are considered & dmdemic putativeC.
vandesiugRichardson).

This paper focuses on coregonids in the U.K. thalhé current literature are considered to
be populations o€. lavaretus(i.e. seven native populations and two refuge faimns).

The aim is to critically examine Kottelat & Freyh@007) descriptions of this taxon in the
UK. The historical division of these geographicadlgparated populations into different
species is described, to examine how these diftan fthis most recent examination of

coregonid systematics, alongside more recent méogloal and genetic data on these
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populations. In order to test the accuracy of themse designations, the keys provided by
Kottelat & Freyhof (2007) for the discrimination tifese putative species are tested. The
null hypothesis was that there was no significaffiectnce between the identified putative

and actual species. All definitions used hencefaréhdefined in Table 2.1.

Table 2.1 Glossary explaining name and characteéerms used in this chapter.

Definition

Names

Putativespp

Proposed species name by Kottelat & Frehoff (2007).

Putative
C. clupeoideq

Whitefish from Loch Lomond, Loch Eck, Loch Sloy and
Carron Valley Reservoir in Scotland

Putative
C. stigmaticus

Whitefish from Brotherswater, Haweswater, Red Tard
Ullswater in England

Putative

Whitefish from Llyn Tegid in Wales

C. pennantii

C. clupeoideq

Outcome of UK Coregonids Key in Kottelat & Freyhof

C. stigmaticus (2007) The Handbook of European Freshwater Fishes.

C. pennantii

British
whitefish

Characters
EDxSL

Populations of putativ€. clupeoidesC. stigmaticusndC.
pennantii

Eye diameter times in snout length: the numbeinoés the
eye diameter can fit in the snout length

GR
Spots
I0DxHL

Number of gill rakers on first gill arch

Presence or absence of ‘small blackish spots’

Interorbital distance times in head length: the nermds
times the interorbital distance can fit in the heauyth.

Number of scale rows between the lateral line aed t
pelvic fin base

ScLP

ScC
AFR

Number of circumpeduncular scale rows

Number of branched fin rays on the anal fin

2.3 METHODS

2.3.1 Sites

Four study sites are situated in west central SndtlLoch Lomond and Loch Eck (natural
populations), Loch Sloy and Carron Valley Reserogfuge populations). Four study
sites are located in North England in the Lake fRistBrotherswater, Haweswater which
is a reservoir, Red Tarn in the Ullswater catchmamid Ullswater. One study site is
located in Wales at LIyn Tegid (for additional dstgee Appendix 1 & Table 2.2.).

2.3.2 Fish Collection
British coregonids were collected from various dapans ofC. lavaretus(Table. 2.2.)
Multi-panel Nordic-pattern benthic gill nets, whicomprise 12 panels, ranging from 5 to
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55 mm, knot-to-knot mesh, were set in each of ftes £xcept Haweswater where fish
were caught in water abstraction. Nordic nets areselective for coregonids over the

modal size range 78 mm to 613 mm fork lengtf) (Ilensen, 1986).

Table 2.2 Study site and fish capture informationSA = surface area, MD = maximum depth, ASL =
height above sea level. GN = number of gill netstseN = number of C. lavaretus captured, Abst =

abstraction

Site data Netting data
Area Lat. Long. SA MD ASL | Population Dates GN N
(km2) (m) (m) Status
Loch Lomond Scotland | 56°05'N, 4°36'W 71.0 190 8 natural 09 Nov05—-24Jan 0§ 75 118
15 May 08 — 23 Jul 0§ 13 10
Loch Eck Scotland | 56°06'N, 4°59'W 4.6 42 9 natural 09Jan 06 6 223
29 Jul 08 3 40
Loch Sloy Scotland | 56°16'N, 4°47'W 1.0 Ca.40 | 287 refuge 21 Dec05-28Dec0b 7 76
28Jul 08| 4 40
Carron Valley Scotland | 56°02'N, 4°06'W 3.0 Ca.1l0 | 223 refuge 03Jan 06 —05 Jan 06 10 58
Reservoir 31Jul08| 2 9
Brotherswater England | 54°30'N, 2°55'W 0.19 16 173 natural 04 Jul 08| 2 19
Haweswater England | 54°03'N, 2°48'W 3.9 57 246 natural Winter 07/08( Abst | 11
Red Tarn England | 54°31'N, 3°31'W | 0.098 25 718 natural 15Aug 08 &05Sepl 5 22
08
Ullswater England | 54°34'N, 2°54'W 8.9 63 145 natural 04 Jul 08 — 12 Sept 08 18 29
Llyn Tegid Wales 52°54'N, 3°37'W 4.14 42 170 natural 15Dec 08| 3 46

PutativeC. clupeoidesvere sampled from Loch Lomond, Loch Eck, Loch Siag Carron
Valley Reservoir, over the winter of 2005/06. Dgrihis period, a total of 475 putati@
clupeoidesvere caught, and in the summer of 2008 duringpérsod a total of 99 putative
C. clupeoidesvere caught. Putativ@. stigmaticusvere sampled from Brotherswater, Red
Tarn and Ullswater in the summer of 2008, Hawesmwigdd were entrapped in reservoir
operations over winter 2007/08. During this peradbtal of 81 putativeC. stigmaticus
were caught. Putativ€. pennantiiwere sampled from Llyn Tegid in winter 2008 and
during this period a total of 46 putati@ pennantiiwere caught. All fish were processed

or frozen within four hours of capture.

2.3.3 Laboratory examination

In the laboratory, fish were thawed if necessany fnk length (k) (to 1 mm) and weight
(W) (to 0.01 g) were measured. Measurements (tar0rl) and meristic counts that are
featured in the UK Coregonid key were taken from fish (Table 2.3.). The first gill on
the left branchial arch was removed and storedifo/ethanol; the gill-rakers were then
counted (Kahilainen & Ostbye, 2006). The adiposewas removed and stored in 100%
ethanol for genetic analysis (reported on by Thamges al, 2008).
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Table 2.3 Characters defining UK whitefish taxagxtracted from Kottelat & Freyhof (2007).

Key C. pollan C. oxyrinchus | C. stigmaticus | C. clupeoides C. pennantii
dichotomy
1 terminal mouth sub-terminal mouth
Anadromous
2 Lacustrine
Snout about 2
times eye Snout <2 times eye diameter
diameter
29-41 gill rakers
36-44 gill
rakers
3 Spots present Spots absent
Head length | Head length about 3.3-3.7 timgs
about 3.0-3.3 interorbital distance
times
interorbital
distance
4 7.5-8.5 scale 8-10 scale
rows between| rows between
lateral line and| lateral line and
pelvic fin base| pelvic fin base
20-21 circum-| 22-24 circum-
peduncular peduncular
scale rows scale rows
9-11.5 anal fin| 11-13.5 anal
rays fin rays

2.3.4 Museum Specimens

38

Museum specimens were also examined. These provadietitional specimens for
examination, as only limited netting for fresh dpgns was possible. Secondly, the fish
caught in this study were usually required for salveurposes which would be
compromised by preserving the intact fish as recemdrad by Kottelat & Freyhof (2007).
Fish examined in the Natural History Museum, Lonaeere preserved in formalin and
stored in alcohol. In total 56 specimens were eraati putativeC. clupeoidegrom Loch
11) and Loch Eck (n =

14), Ullswater (n =
Llyn Tegid (n = 21). Measurements and counts

Lomond (n = 3), specimenspofative C. stigmaticusfrom

Haweswater (n = 4), syntypesuoknown origin (n = 3), and
specimens of putativ€. pennantiifrom

were recorded as described previously.
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2.3.5 Data analysis

Individuals of British whitefish from Loch Lomondloch Eck, Loch Sloy, Carron Valley
Reservoir (putativeC. clupeoides Brotherswater, Haweswater, Red Tarn, Ullswater
(putativeC. stigmaticusand Llyn Tegid (putativ€. pennant) were separated using the
identification key provided by Kottelat & Freyho2q07) (Table 2.3). It was found that
there was some overlap between separating chasacttdre key; moreover measurements
were sometimes outside the range of the chargoteifeed, with a relatively small number
of fish being able to be identified without ambityu(Table 2.4.). Therefore, a set of
standard rules to identify the fish was establisliethe two outcomes of a dichotomy are
A and B, each character within the dichotomy camtditegorised as: a, b, x (overlap), a+,
b+ (outside range), or missing. Values outsideréimge of the character are included in the
category closest to the value (e.g. at+ = a). In @iojlotomy, a missing or overlapping
value accompanied by at least one value within tagcaly is classed as that category
outcome (e.g. a + x = A). If two values are fronpoging categories (e.g. a + b), the fish is
classed as unknown and is moved to the next diahotdhis provides maximum scope
for the identification of individual fish. The penstages of no identification possible,
correct identification and incorrect identificatiarere examined. The error rate of key and
storage method was tested wjgh A General Linear Model (GLM) was used to identify
what factors from putative species, population egkstithin putative species and storage
method (fresh, frozen, preserved) best explainedvriation observed in identification

Success.

Table 2.4 The percentages of putativeC. clupeoides, C. stigmaticus and C. pennantii that show

characters found in dichotomies 3 and 4 which defimthese species

putative putative putative
C. stigmaticus C. clupeoides C. pennantii

(N =98) (N = 384) (N =62)

Dichotomy 3 | spots present only 95.9 % 97.9 % 95 %
C. stigmaticus

characterd I0DxHL 3.0 - 3.3 only 224 % 40.4 % 65 %

all characters 20.4 % 39.1% 61 %

Dichotomy 4 | ScLP 7.5-8.5 only 64.3 % 21.9 % 29 %
C. clupeoides

characterd ScC 20-21 only 13.3% 31.8% 36 %

AFR 9-11.5 only 39.8% 39.6 % 21 %

two characters 38.8% 28.9 % 18 %

all characters 1.0% 3.4% 0%
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A Kruskal-Wallis test was used to check for diffeces in the examined characters
between putativeC. clupeoidesC. stigmaticusand C. pennantii Mann-Whitney U and
Fisher's exact tests were used to further examifierences between populations of the
same and different putative species. In order ferilmow populations were grouped,
hierarchical cluster analysis was performed onnti@an values of the characters used to

separate putativ€. clupeoidesC. stigmaticusandC. pennantiifor each population.

Principal Components Analysis (PCA) was used to lmam all the characters used to
separate putativ€. clupeoidesputativeC. stigmaticusand putativeC. pennantiiand the
differences in PCA scores at a putative speciepapdlation level were examined using a
GLM. Discriminant Function Analysis (DFA) was uséa examine the differences in
discriminant function (DF) scores at both putatsgecies and population level when all
characters used to separate putafivelupeoidesputativeC. stigmaticusand putativeC.

pennantiiwere combined. All statistical analyses were pented using SPSS v. 13.

2.4 RESULTS

Separation 1C. pollanfrom remaining British whitefish

All of the individuals in the populations examinkdd sub-terminal mouths (Table. 2.3.)
and none were classified &s pollan therefore there was no error for separation @, an
there was no difference between populations. Niviegial could be confidently identified
asC. pollan thus 544 of 544 individuals were categorisedodiser British whitefish’ and

were moved to the next level of separation.

Separation 2C. oxyrinchusfrom remaining British whitefish

C. oxyrinchusare separated from the remaining British whitefs three criteria:
lacustrine/anadromous, eye diameter times in stength (EDxSL), gill raker number
(GR) (Table. 2.3.). In this study 100 % the indivats examined were lacustrine, and 99.8
% (1 missing data) of the individuals had a EDx8&slthan 2, therefore of 544 fish, 543
could not be assigned . oxyrinchusbased on these two characters. However, for GR
there was allocation overlap, individuals couldpmentially assigned to three categories:
1) in or aboutC. oxyrinchusor 2) in or about remaining British whitefish, 8y into the
overlap which could fall into either category. Frantotal of 396 fish for which GR counts
were available, 0.5 % were assignedQo oxyrinchus 39.4 % were assigned to the
overlapping GR count, and 60.1 % were assignedetoaming British whitefish. No
individual could be confidently identified &. oxyrinchus thus 544 of 544 individuals
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were categorised as ‘other British whitefish’ aneérev moved to the next level of

separation.

Separation 3C stigmaticugrom remaining British whitefish

C stigmatics are separated from the remaining British whike@ia two criteria: presence
of spots and interorbital distance times in heagtle (IODxHL) (Table. 2.3.). In this study
most of the individuals examined had small blacksgots on the flank; using this
character, individuals could be potentially assthteetwo categories: 1J. stigmatics or

2) remaining British whitefish. From a total of 544h, 97.2 % were assigned @.
stigmaticis and 2.8 % were assigned to remaining British efisih. There was not a
significant difference in the presence of spotsveen putativeC. stigmaticusand the
remaining British whitefish (Fisher’s exact tesf, & 1, p = 0.33). For IODxHL there was
a small allocation overlap, where individuals coh#l potentially assigned to one of three
categories: 1) in or abo@. stigmaticg or 2) in or about remaining British whitefish,3)r
into the overlap which could fall into either categ From a total of 544 fish, 46.5 % were
assigned toC. stigmatics, 12.7 % were assigned to the overlapping IODxHL
measurement and 40.8 % were assigned to remainiitighBwhitefish. There was a
significant difference in IODxHL between putati¥@ stigmaticusand the remaining
British whitefish (Mann-Whitney U test, d.f. = 1,9 0.0001). Of 544 individuals, 311
could be confidently identified &S. stigmatics, thus 233 individuals were categorised as

‘other British whitefish’ and were moved to the h&wvel of separation.

Separation 4C. clupeoidesrom C. pennantii

C. clupeoidesare separated fror@. pennantiiby three criteria: scale rows between the
lateral line and pelvic fin base (ScLP), circumpacidar scale rows (ScC) and number of
branched rays on the anal fin (AFR) (Table. 2.3y. 6cLP there was a small allocation
overlap, individuals could be potentially assigriedthree categories: 1) in or abodt
clupeoidesor 2) in or abou€C. pennantii or 3) into the overlap which could fall into esth
category. From a total of 219 fish for which thsale count was available, none were
assigned teC. clupeoides25.1 % were assigned to the overlapping ScLP tc@ml 74.9
% were assigned t€. pennantii There was no significant difference in the numbgr
ScLP between putative. clupeoidesnd putativeC. pennantiiMann Whitney-U, d.f. = 1,

p = 0.06). Using ScC individuals could be potehtialssigned to two categories: 1) in or
aboutC. clupeoidesr 2) in or abouC. pennantii From a total of 228 fish for which this
scale count were available, 32.5 % were assigne@.tclupeoidesand 67.5 % were

assigned tcC. pennantii There was a significant difference in ScC betwpatativeC.
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clupeoidesand putativeC. pennantii (Mann Whitney-U, d.f. = 1, p < 0.05). Using AFR
there was a small allocation overlap, individuatgild be potentially assigned to three
categories: 1. clupeoide®r 2) C. pennantiiwith certainty, or 3) into the overlap which
could fall into either category. From a total of028sh for which AFR counts were
available, 6.1 % were assignedQo clupeoides35.2 % were assigned to the overlapping
AFR, and 58.7 % were assigneddopennantii There was a significant difference in AFR
between putativ€. clupeoidesand putativeC. pennantiiiMann Whitney-U, d.f. =1, p <
0.001). Of 233 individuals, two could be confidgntlentified asC. clupeoidesand 138
could be confidently identified a8. pennantii thus 93 individuals were categorised as
‘unidentified British whitefish’.

Table 2.5 The percentages of putativ€. clupeoides, C. stigmaticus and C. pennantii from nine UK
populations assigned to categories: unidentified, gwvan, schelly and gwyniad. Shaded areas show

correct allocations. Bold values indicate which spes fish are most commonly identified as

putative putative putative
C. clupeoides C. stigmaticus C. pennantii

Key
assignment Lomond Eck Sloy Carron Valle: Brotherswatpr  HaweswdteRecTarn | Ullswater LlyrTegid
C. clupeoides 0% 0.7 % 1.4 % 0% 0% 0% 0 % 0 % 0%
C. stigmaticug 55.0 % 25.7% | 42.0% 66.1 % 100 % 92.0 % 100 % 93.9 % 77.4 %
C. pennantii 300% | 419% 27.5% 23.7% 0% 8.0% 0% 3.0% 14.5%
Unidentified 15.0 % 31.6 %9 29.0 % 10.2% 0% 0% 09 3.0% 8.1 %

Of 544 individual fish analysed using the classifion criteria of Kottelat & Freyhof
(2007), only 105 were identified correctly, whild@were identified incorrectly and 93
were classified as unidentified British whitefiSivhile putativeC. clupeoideq76.8 %)
and putativeC. pennantii(77.4 %) were most often identified incorrectlytative C.
stigmaticus(95.9 %) were most often identified correctly. Tdés a significant difference
between the accuracy of identification between tugaC. clupeoides putative C.
stigmaticusand putativeC. pennantii(y?, d.f. = 4, p<0.0001). Fish from all populations
were most often identified &. stigmaticusapart from putative€. clupeoidesrom Loch
Eck which were most often identified & pennantii(Table 2.5). The key was the least
successful for the examined individuals of puta@eclupeoidegTable 2.5). The effect of
storage method on the result (unidentified, corr@otorrect) was tested within each
putative species. There was no significant diffeeem number allocated to each result
depending on the storage method (fresh, frozenhalg for putativeC. clupeoidegy?, d.f.
=4, p = 0.55), putativ€. stigmaticugy?, d.f. = 4, p = 0.25), and putati€e pennantii(y2,
d.f. = 2, p = 0.86). A GLM was used to identify whactors best explained the variation
observed in identification success, populationeustithin putative species {E;;= 3.3, p
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< 0.005) and putative species, (k; = 293.3, p < 0.0001) could significantly explairet

variation, however, storage method could ngt¢k= 1.6, p = 0.21).

Significant differences were found between puta@velupeoidesputativeC. stigmaticus
and putativeC. pennantiifor most of the characters examined: eye dianmgtess in snout
length (Kruskal-Wallis, d.f. = 2, p < 0.0001) (F®&1.), gill raker number (Kruskal-Wallis,
d.f. =2, p <0.0001) (Fig. 2.2.), interorbital @isce times in head length (Kruskal-Wallis,
d.f. = 2, p < 0.0001) (Fig. 2.4.), scale rows froine lateral line to the pelvic fin base
(Kruskal-Wallis, d.f. = 2, p < 0.0001) (Fig. 2.5grcumpeduncular scale rows (Kruskal-
Wallis, d.f. = 2, p < 0.0001) (Fig. 2.6.), and afial rays (Kruskal-Wallis, d.f. = 2, p <
0.01) (Fig. 2.7.), but not for spotg(d.f. = 2 p = 0.32) (Fig. 2.3.).

2.2 ].C. oxyrinchus
24 -
1.8
1.6 1 X other British
(7') X X X X whitefish
5 1.4 X
L

X X X X X
0.8 - X
X
0.6 . . . . . .
LL =
4 4 9 5 % % o % -
Site

Figure 2.1  Median eye diameter times in snout ipopulations if British whitefish. LL = Loch
Lomond, LE = Loch Eck, LS = Loch Sloy, CR = CarronValley Reservoir, BW = Brotherswater, HW =
Haweswater, RT = Red Tarn, UW = Ullswater, LT = Llyn Tegid. Black markers: putative C.
clupeoides, white markers: putative C. stigmaticus, grey marker: putative C. pennantii; lower bars
indicate 25 % percentile, upper bars indicate 75 %percentile; X indicates range. Range of value for

species in key indicated.
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Figure 2.2 Median gill raker number in populations of British whitefish
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Figure 2.3 Proportionate frequency of individualswith presence of spots in populations of putative.
clupeoides, C. stigmaticus and C. pennantii.
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Figure 2.4 Median interorbital distance x in headength in populations of British whitefish
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Figure 2.5 Median scale rows from the lateral lia to the pelvic fin base in populations of British
whitefish
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Figure 2.6 Median circumpeduncular scale rows ipopulations of British whitefish
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Figure 2.7 Median anal fin rays in populations of Bitish whitefish.
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In comparisons of characters examined between ptpas$ of different putative species in
the relevant separations only 40.4 % were founbetsignificantly different (Bonferroni
corrected, p < 0.001) (shaded areas, Table 2.6.zo@parisons between populations of
the same putative species in the relevant sepasat®3.3 % were also significantly
different (Bonferroni corrected, p < 0.002) (shadedas, Table 2.7.). In the examined
characters, the two most similar populations of siane putative species were Loch
Lomond and Carron Valley Reservoir (the most ngmificant in Table 2.7, and most
similar in Fig. 2.8), which are source and refuggylation respectively, while the most
different were Loch Lomond and Loch Eck.

Table 2.6 p values calculated in a comparison ohedian values between populations of different
putative species (Mann-Whitney U, d.f. = 1). Bonfepni corrected, significance indicated by p < 0.001
LL = Loch Lomond, LE = Loch Eck, LS = Loch Sloy, CR = Carron Valley Reservoir, BW =
Brotherswater, HW = Haweswater, RT = Red Tarn, UW =Ullswater, LT = Llyn Tegid. A = putative C.
clupeoides and C. stigmaticus, B = putative C. clupeoides and C. pennantii, C = putative C. stigmaticus
and C. pennantii; bold type indicates no significant difference; saded regions indicate comparisons

between these putative species in the key (dichotgr and 4).

Spots IODxHL ScLP ScC AFR
Population comparison
LL BW NS < 0.0001 < 0.0002 NS NS
LL HW NS < 0.0001 <0.001 NS NS
LL RT NS < 0.0001 NS NS NS
LL uw NS < 0.0001 <0.001 < 0.0002 NS
LE BW NS < 0.0001 < 0.0001 <0.001 NS
LE HW NS < 0.0001 < 0.0001 <0.001 NS
LE RT NS < 0.0001 <0.001 NS < 0.0001
LE Uw NS < 0.0001 < 0.0001 < 0.0001 NS
< LS BW NS < 0.0001 < 0.0001 < 0.0001 NS
LS HW NS < 0.0001 <0.0001 | <0.0002 NS
LS RT NS < 0.0001 NS NS NS
LS Uw NS < 0.0001 <0.0001 | <0.0001 NS
CR BW NS < 0.0001 < 0.0001 NS NS
CR HW NS < 0.0001 < 0.0002 NS < 0.001
CR RT NS < 0.0001 NS NS NS
CR uw NS < 0.0001 < 0.0002 < 0.0001 NS
LL LT NS NS NS NS NS
m LE LT NS < 0.0001 < 0.001 NS < 0.0001
LS LT NS < 0.0001 NS NS NS
CR LT NS NS NS NS NS
BW LT NS NS < 0.0002 < 0.0001 NS
HW LT NS < 0.0001 <0.001 <0.0001] < 0.0004
© RT LT NS < 0.0001 NS NS NS
UW LT NS < 0.0001 < 0.001 < 0.0001 NS
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Table 2.7 p values calculated in a comparison ahedian values between populations of the same
putative species (Mann-Whitney U, d.f. = 1). Bonfepni corrected, significance indicated by p < 0.002
Bold type indicates a significant difference; shadiregions indicate comparisons between populations

between source and founded, or between founded pdptions from same source population.

Spots IODxHL ScLP ScC AFR
Population comparison
LL LE NS <0.0001 <0.0001 NS < 0.0001
LL LS NS NS NS NS NS
LL CR NS NS NS NS NS
< LE LS NS NS NS NS < 0.0001
LE CR NS < 0.0001 NS NS <0.0001
LS CR NS NS NS NS NS
BW HW NS NS NS NS NS
BW RT NS NS NS NS NS
m BW Uw NS < 0.0001 NS NS NS
HW RT NS NS NS NS <0.002
HW uw NS < 0.0001 NS NS NS
RT uw NS < 0.0001 NS < 0.0003 NS
Rescaled Distance
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Figure 2.8 Hierarchical cluster analysis dendrogam using Average Linkage (Between Groups),
derived from population means of characters in dichtomy 3 and 4 of the key that separate putative.

clupeoides, C. stigmaticus and C. pennantii

Using hierarchical cluster analysis on the meamattar values for each population it was
found that populations did not cluster accordindg<titelat & Freyhof’s putative species.
When two clusters were formed these were dividéa 1% Loch Lomond, Loch Eck, Loch
Sloy, Carron Valley Reservoir (putatige clupeoides Red Tarn (putativ€. stigmaticus
and Llyn Tegid putative C. pennanjii and 2) Brotherswater, Haweswater and Ullswater
(putativeC. stigmaticus When three clusters were formed these were @lividto 1) Loch

Lomond, Loch Sloy, Carron Valley Reservoir (putat@. clupeoides Red Tarn (putative
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C. stigmaticus and Llyn Tegid putative C. pennandi 2) Loch Eck (putativeC.
clupeoide} and 3) Brotherswater, Haweswater and Ullswapertative C. stigmaticup
(Fig. 2.8.). The source population Loch Lomond dhne refuge populations of Carron

Valley Reservoir clustered together.

Principal component scores were extracted fromathihe characters used in separations 3
and 4 in the key. PC1 explained 25.1 % of the tesaiation in the examined characters.
Individuals with an extreme positive PC1 score wigpefied by a high IODxHL, a high
ScLP and a low presence of spots. PC2 explaine® %l of the total variation in the
examined characters. Individuals with an extremsitpe PC2 score were typified by a
high ScC, a high AFR, and a low IODxHL (Fig. 2.92&10.).

GLM analysis of principal component scores of ches that separaté. clupeoidesC.
stigmaticus and C. pennantii using the factors putative species and putative
species(population), indicated that while most lo¢ tvariation observed (Partial Eta

squared = 0.24) was explained by putative speéigg{= 79.6, p < 0.0001), a significant

though lesser amount (Partial Eta squared = 0.18) @xplained by population nested
within species (F365= 11.9, p < 0.0001).

putative C. clupeoides
A putative C. gigmaticus
o putative C. pennantii

S PC2

Figure 2.9 PCA scores derived from characters idichotomy 3 and 4 of the key that separate putative
C. clupeoides, C. stigmaticus and C. pennantii. Limit of each putative species indicated by an troken

or dotted line
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Figure 2.10 Population PCA scores derived from @racters in dichotomy 3 and 4 of the key that
separate putativeC. clupeoides, C. stigmaticus and C. pennantii. Different markers indicate different

UK populations, limit of each population indicatedby an unbroken or dotted line

Discriminant analysis of putative species revealea discriminant functions (DFs). The
first explained 94.3 % of the variance (canonicakR.52), the second explained 5.7 % of
the variance (canonical?R 0.06). Together these two DFs significantly eliéntiated the
populations ;¢ = 390.5, d.f. = 10, p < 0.0001). The correlatitvesween characters and
DFs indicated that IODxHL (r = 0.83) had the masportant contribution to DF1 which
separated putativ€. clupeoidesand putativeC. pennantiifrom putativeC. stigmaticus
AFR (r = 0.65) had the most important contributionDF2 which separated putatize
pennantiifrom putativeC. stigmaticusand putativeC. clupeoidesClassification results
were good for putativ€. clupeoidesand putativeC. stigmaticusvith 94.2 % and 81.3 %
allocated to the correct group respectively, howerdy 3.4 % of putativeC. pennantii
were allocated to the correct group, with most 18%) allocated to th&. clupeoides
group (Fig. 2.11.).
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- =-== ® putativeC. clupeoides
=== A putativeE. stigmaticus
© putativeC. pennantii

Figure 2.11 DF scores derived from characters idichotomy 3 and 4 of the key that separate putative

C. clupeoides, C. stigmaticus and C. pennantii. Limit of each putative species indicated by a li&

A discriminant analysis of different UK whitefisfopulations revealed five discriminant
functions (DFs). The first explained 86.9 % of teriance (canonical R= 0.63), the

second explained 8.8 % of the variance (canoniéa & 15), the third explained 3.0 % of
the variance (canonical?R= 0.06). Together these DFs significantly différated the

populations 2 = 603.3, d.f. = 40, p < 0.0001). The correlatidmetween characters and
DFs indicated that IODxHL (r = 0.75) had the masportant contribution to DF1 which
separated Loch Eck, Loch Sloy, Loch Lomond, Caivailey Reservoir and Llyn Tegid

fish from Ullswater, Haweswater, Red Tarn and Beoglvater fish. AFR (r = 0.89) had the
most important contribution to DF2 which separdtbah Tegid, Red Tarn, Carron Valley
Reservoir, Loch Sloy and Loch Lomond fish from Hawater, Loch Eck, Brotherswater,
and Ullswater, fish. IODxHL (r = 0.66) had the mosportant contribution to DF3 which
separated Brotherswater Carron Valley Reservoichlioomond Haweswater Loch Sloy
fish from Red Tarn, Ullswater, Llyn Tegid and LoEkk fish. Classification results were
best for Loch Lomond (63.6 %), Loch Eck (76.0 %gdRTarn (52.4 %) and Ullswater
(72.7 %) in which most individuals were allocatedtie correct group. However for Loch
Sloy only 4.5 % were allocated correctly and 51.5v&%e allocated to Loch Lomond; for
Carron Valley Reservoir none were allocated colyeantd 73.1 % were allocated to Loch
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Lomond; for Brotherswater none were allocated atlyeand 36.8 % were allocated to
Loch Lomond; for Haweswater only 17.4 % were altedacorrectly and 39.1 % were
allocated to Ullswater, and for LIyn Tegid only 226 were allocated correctly and 42.4 %

were allocated to Loch Lomond (Fig. 2.12.).

Figure 2.12 DF scores derived from characters idichotomy 3 and 4 of the key that separate putative
C. clupeoides, C. stigmaticus and C. pennantii. Different markers indicate different UK populations,

limit of each population indicated by a line

2.5 DISCUSSION

The dichotomous key defining putative whitefish gps (Kottelat & Freyhof, 2007)
performed poorly. This indicated that the key hisitel power to discriminate individual
British whitefish to putative species defined byttetat & Freyhof (2007), with an over all
success rate of only 19 %. While dichotomies 1 &hdesulted in no incorrect
identification, these dichotomies separated fisit #re currently recognised as different
species in Britain from others in the genus. Diohot 3, theoretically separatingG.
stigmaticusfrom other British whitefish, was unsuccessful.efidn were 98 putative.
stigmaticus 311 C. stigmaticusvere identified, of these 94 were correct. Dichogat was
also unsuccessful. There were 384 putafivelupeoides2 C. clupeoidesvere identified,
of these 2 were correct, and there were 62 put&ivpennantii 138 C. pennantiiwere
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identified, of these 9 were correct. Putative speaillocation error was not due to storage

method.

Regardless of the statistical analysis employed,tbe whitefish populations could not be
separated into the three putative species as dasdyrby Kottelat & Freyhof (2007).
Cluster analysis of populations into three groufb ribt result in a split into the three
putative species. Conversely one cluster was coetpas a mixture of putativeC.
clupeoidesC. stigmaticusandC. pennantiipopulations, a second was composed solely of
Loch Eck putativeC. clupeoides whilst a third was composed of three putat®e
stigmaticuspopulations. This latter result suggests that éatt& Freyhof's key had some
discriminatory capacity to separate putativestigmaticugrom the other putative species.
The GLM analysis suggests the populations canngeparated with great confidence into
these putative species: this was supported byaite loverlap between putative species
and populations in these characters. While a great@unt of variation was explained by
putative species (24 %), the variation between [ajoms excluding that explained by
putative species was also highly significant (13. %dking DFA, the most reliable
separation was for putative. clupeoidesconversely this putative species was the least
well differentiated by the key. However, the sefiarawas not complete and there was
very significant overlap between individuals of piltative species. The population level
DFA also showed overlap between all populationsamnanalysis that maximises the
differentiation between groups this was not indieabf well-differentiated species.

In addition, it was found that putativ@. clupeoideriginating from Loch Lomond, but
transferred to refuge sites were very similar tcheather and Loch Lomond fish, but were
not identical. Carron Valley Reservoir fish clusi@rwith Loch Lomond in a cluster
analysis, and in the population level DFA were aisvallocated as Loch Lomond fish.
However, in the cluster analysis Loch Sloy putati/eclupeoidedended to cluster with
Llyn Tegid putativeC. pennantii There were also significant differences betweechL
Lomond and Loch Sloy fish in PC1 of the PCA, antiyeen Loch Sloy and Loch Lomond
and between Loch Sloy and Carron Valley Reservisin in the DFA. PutativeC.
clupeoidesrom Loch Lomond and Loch Eck, which are belietechave been separated
for thousands of years, were the most differenivagbopulations of the same putative

species.

When characters between populations of differentatpue species were compared,

unexpectedly no significant differences were fouimd some characters. IODxHL
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performed well in separating putativ€. stigmaticuspopulations from putativeC.
clupeoidesand C. pennantii populations, however, the presence or absencepaifs s
performed badly in the same comparison. The cheraaised to separate putati€e
clupeoidesand putativeC. pennantii populations typically displayed no significant
differences between populations e.g. ScC did néferdisignificantly between these
populations. When characters between populationth@fsame putative species were
compared, unexpectedly significant differences wertend between some characters. In
this analysis, the character spots performed weth no significant differences between
putative C. stigmaticuspopulations, however, IODxHL was significant inlthaf all
comparisons. ScC performed best in terms of comparbetween putative€. clupeoides
populations with no evidence for significant diffaces, but AFR differed in half the
comparisons. This reveals an overall poor perfooedny those characters selected by
Kottelat & Freyhof (2007) since a reliable definidgaracter should discriminate between

populations of different species but not betwegoutattions of the same species.

There are three possible reasons for the inahdityhe key published by Kottelat &
Freyhof (2007) to discriminate putative Coregonmeaes: 1) incorrect use of the key
(human error), 2) poor characters used to sep#rate putative species (possibly due to
plasticity, homology or few descriptive specimer®)Kottelat & Freyhof's three putative
species are not robust species as suggested.ifcth@ use of the key is possible; however
it is thought to be unlikely. Firstly counts and asarements were taken as instructed by
Kottelat & Freyhof (2007) and secondly, as muclwiag as possible was given to allow
identification of specimens. Human error on its ogamnot therefore justify such a low
success rate, a species key should be usable ybifiogists, not just by taxonomic
specialists and as such the other two optionsiaceissed.

Many postglacial fishes are phenotypically plagBkulason & Smith, 1995) and whitefish
species are known to exhibit homoplasy for morpbickl traits (Bernatcheet al., 1996;
Douglas et al., 2005; Ostbyeet al., 2005a, 2006; Hansegt al., 2008). Thus some
characters may either reflect differences betwgmetiss, or a response to abiotic and
biotic pressures spatially and temporally (Svardsb®51; Lindsey, 1981; Swain &
Lindsey, 1986). Characters in postglacial fishesovkm to respond plastically to
environmental pressures include those with highctional significance such as head
features that involve the capture and handlingoodf(Gardufio-Paz, 2009). This ability
for plastic change in British whitefish has beemdastrated in a study comparing source

and refuge populations of putativ@ clupeoidegChapter 4). Certainly the differences
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found between Loch Lomond putati@ clupeoidesand Loch Sloy putativ€. clupeoides
(originating from Loch Lomond) suggest that at tememe of the characters used in the

key are plastic.

In addition, the choice of taxonomic characters Wased on few individuals in historical
species descriptions. For these populations Kot&ldreyhof (2007) have apparently
followed Tate Regan (1911) though not for putativevandesiusor putativeC. pollan
which were each divided into two species by TateadRe Many historical species
descriptions rely on only a few specimens e.g. aCépede (1803F. clupeoidesnas
described from a second-hand account of “severa€hLLomond whitefish; Tate Regan
(1908, 1911) described. stigmaticusrom 13 specimens from unknown location(s). It has
been suggested that many more specimens (50 +¢@ueed in order be confident that a
few individuals that share one character statenatelrawn from populations that actually

consist of more than one morphotype (Walsh, 2000).

The other possible reason for the poor performarfidéottelat & Freyhof's key was that
the three putative species recognised by Kottel&ré&yhof (2007) are not ‘good’ species:
groups that show substantial reproductive isolatiom other such groups (Coyne & Orr,
2004). There is clearly variation amongst and witopulations. This could be explained,
as Kottelat & Freyhof (2007) suggest, by multipleeses that show little variation,
however, if the key was considered to be correcstrpopulations contain more than one
putative species. Though this does not follow thatéat & Freyhof (2007) putative
species classification, this could be due to imgegion after secondary contact. In Loch
Lomond however, no genetic sub-structuring has eend and this appears to be a
monomorphic population of whitefish (Thompsetal.,2008; Chapter 5). It appears more
likely that these differences reflect natural viaia in populations and the variation seen is

due to one highly variable species.

There have been some taxonomic and genetic exaarinadf the systematics of UK
whitefish populations. Biochemical studies haveultesl in a range of conflicting results
from no differentiation between populations (Femusl1974), to differentiation between
putative C. stigmaticus populations and other populations (Hartley, 199&hd
differentiation between putativeC. pennantii from other populations (Bridges &
Yoshikami, 1970; Beaumort al.,1995). Reciprocal crossing experiments between Loch
Lomond putativeC. clupeoidesand putativeC. pennantiipoint to some incompatibility

(Haram, 1968). Recent preliminary genetic work ¢atiés the evolutionary relationship of
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Loch Lomond putativeC. clupeoidedo putativeC. pennantiiis closer than either is to
putative C.vandesiugThompsonet al., 2008). It is hoped that in the future additional
more detailed taxonomic and genetic work will benpteted on all of the UK populations.
However, from the results presented here, it isagg that there is currently little support
for the definition of three putative species among& populations ofC. lavaretus
suggested by Kottelat & Freyhof (2007). The higlgrde of variation between and within
populations is not clearly apportioned into thrésac species, but is more likely the result
of a single highly variable species where variapiis the result of plasticity, founder
effects and adaptation.

Conservation biologists are some of the main ustigpecies level taxa, but participate
relatively little in the debate over conservatiomplications of taxonomic changes (Rojas,
1992; but see Agapoet al.,2004; Minaet al.,2006). It should be noted that the IUCN
website (IUCN, 2009) already recognises KottelaF&yhof's putative species and has
done so without any discussion or agreement amadsigdish biologists or conservation
agencies. This unilateral acceptance of a new tamgnis likely to result in significant
shifts in how fishes are recognised, especially nopn-experts (e.g. funding bodies,
conservation pressure groups). It is unlikely tlepeated changing of names without
verification is useful and may actually impinge oonservation actions. At prese@t
lavaretusis protected under Schedule 5 of the Wildlife &wlintryside Act (1981) and
features as a priority species in the UK Biodiugrgiction Plan (UKBAP);C. clupeoides
C. stigmaticusand C. pennantiido not. With ambiguity in their species designation
theory, these populations currently have no legategation. While an increase in the
conservation status of UK whitefish (i.e. to endespecies, c.f. rare British populations of
a pan-European species) is to be welcomed, whetherwould translate into more
resources is arguable with the addition of many emendemic British fish species
according to Kottelat & Freyhof (2007), e.g. ArctibarrSalvelinus alpinusvhich shifts
from one species to 11 putative species. It is exgreith Kottelat & Freyhof that
conservation should be focussed on the populaftemshey are clearly different) but there
is little statistical support for these ‘specieSurrent management in the UK effectively
treats each whitefish population as a separateugonbry significant unit (ESU). As such
this allows the populations to be conserved anduregs allocated depending on

phenotypic, ecological and genetic distinctiveness.

Kottelat & Freyhof (2007) made several wide-rangai@nges to the systematics of the

UK and European ichthyofauna. They recognisedithabme cases, the keys presented in
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their Handbook of European Freshwater Fisheay be incorrect; it is clear that in this
case of the UK European whitefish, | must agreee @Hocation of British whitefish
populations into three species as proposed by kbigeFreyhof (2007) is not supported
by evidence available to date. The view that thasgeulations remain as the single but
variable specie<. lavaretus (which importantly retains existing legal protect) is
strongly supported, until and unless more detadednomic evidence supports a different
view. It is also recommended that other ‘speciégutd receive similar levels of scrutiny

before any changes are made to the currently aatéf species list.
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Chapter 3  DISCONTINUOUS INFRA-SPECIFIC VARIATION IN ECOLOGICAL AND
MORPHOLOGICAL  TRAITS HAVE  CONSEQUENCES  FOR
CONSERVATION OF POWAN (COREGONUS LAVARETUS) IN
SCOTLAND'

3.1 ABSTRACT

In the UK, legislation concerning wildlife mainlyffards protection at species level
excluding a few sub-species of birds and hybridplahts. However, this does not take
into account conservation of biodiversity at arrardpecies level. Different populations of
the same species in some cases are ecologicalfjemetically distinct and thus have
different conservation needs. These may need tméeaged separately as opposed to
different populations of a species being managezhtidally. This is illustrated by
examining two populations of powa@dregonus lavaretydound in Scotland. Significant
morphological and ecological differences were folbetween these two populations,
suggesting that they are not ecologically exchabpigeand form evolutionary significant
units (ESUs). In order for this to be accepteddglines that recognise infra-specific level

protection and management need to be implemented.

3.2 INTRODUCTION

The conservation and management of organisms inwilte necessitates a concept of
identifiable units which require monitoring, conggion, management or protection.
Without this, it is impossible to define consereatineed, develop management strategies,
legislate, determine management outcomes, devellpypr demonstrate change. By far
the most important and widely used biological umitonservation is the “species” (Mace,
2004; Green, 2005). For many biota, the speciascisar and distinct biological grouping.
It is superficially an easily understood unit, bettiitically and amongst the general public
(Diamond, 1966) and it forms the basis of the wagjority of conservation legislation in
the UK, Europe and elsewhere. For example, of (¥ &urrent taxon designations in the
Global Red List, CITES, Bonn Convention, Berne Gamtion, EU Habitats and Species
Directive, EU Wild Birds Directive, UK Wildlife andCountryside Act 1981 and UK
Biodiversity Action Plan list, 98.2% are speciesigaations, with the remainder at infra-

species level (mostly sub-species but some plargs dasignated for hybrids). No

! This chapter has been submitted as a manuscriu\tances in Limnologgs part of a special publication
for the International Coregonid Symposium 2008.
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mammals, fish, amphibians or reptiles are curremtbsignated at an infra-species

taxonomic level.

Despite the heavy reliance on the species as &o@i®n unit there are some theoretical
and practical difficulties associated with its @sea pragmatic conservation tool. Firstly,
there continues to be significant theoretical diffty in achieving a conceptual consensus
of exactly what defines a species (Mayden, 199%n€d& Orr, 2004). For many species,
alternative species concepts deliver the same m#&cdowever for more “difficult”
species, differing conceptual frameworks for speaan result in significant practical
consequences for legislation and policy (Kottel®98; Agapowet al, 2004). Secondly,
conservation of a whole species may not be reglistispecially if management
intervention is required, given that resources aseially constrained. In this case
conservation at a level lower than whole specieghimbe more appropriate (DeGuia &
Saitoh, 2007). Thirdly, for some species, there im@pome significant structuring within
the species that can have conservation importafoce.many species, the population
(defined as a group of randomly interbreeding imtlials of the same species) and the
species may be functionally identical. Howeverdome species, populations may be quite

distinct from each other; this can be significatgrotection and conservation.

There have been a number of attempts to theorgtdafine units for conservation below
that of species. Ryder (1986) proposed the corafgpe “Evolutionarily Significant Unit”
(ESU) as a populationpbssessing genetic attributes significant for pnésend future
generation& This purely genetic definition has been modifielsewhere to also include
discrete phenotypic characters and restricted fleme(see DeGuia & Saitoh, 2007 for
review of its use). Radest al. (2005) suggest that one method to define an ESWJ is
estimate “ecological exchangeability” between papahs. When populations demonstrate
statistical differences in morphological, behavalutife-history and genetic traits under
selection, or occupy different habitats, ecologieathangeability would be rejected and

populations would become important conservatiomsuni

The conservation status of infra-specific unitseisognised in legislation outwith Europe.
The US Endangered Species Act 1978, for exampleudes provision for listing
“population segments”. Similarly the Canadian Seeat Risk Act 2002 and Australian
Environment Protection and Biodiversity Conservatidct 1999, allow for the
consideration of distinct ‘populations’ for listinglowever, in the UK, neither the Wildlife

and Countryside Act (1981), which in Scotland, spgemented by the Nature
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Conservation (Scotland) Act (2004), make specifiovgsions for infra-species level
protection for vertebrates. The Global Red Listsdbewever, list a significant number of
sub-species particularly for birds. However subedffze taxonomic levels are not fully

recognised in other international or European-leoelservation legislation.

Habitats that promote infra-specific structuring drequently fragmented; in Scotland
postglacial freshwater systems represent a goothgeaof such a habitat. European
whitefish Coregonus lavaretysknown as powan in Scotland, is a species thaibés
significant variation between populations to théeaekthat there has been much discussion
about its taxonomic status (Kottelat & Freyhof, 2D0This species is of conservation
interest in the UK due to the small number of pafiahs present. In the UIG. lavaretus

is fragmented into seven discrete native lake-dmagelpopulations, one in Wales, four in
north-west England and two in Scotland (Loch Lomasmad Loch Eck). All UK
populations inhabit postglacial systems thoughh&awe been recolonised by sea routes
from ca. 10,000 years ago (Maitland, 1970; Mait|et2b4).

The general aim of this paper is to determine Wwg@o might benefit from management at
infra-species population level in Scotland. To Hs ttwo key biological hypotheses are
posed related to the nature of the two native mmrs in Scotland. If a common
management strategy for both Lomond and Eck padpukis to be effective, it would be
expected that the following null hypotheses to hold

1) There are no significant morphological differemdetween populations; and 2) There
are no significant ecological differences betweepypations.

These are tested here.

3.3 METHODS

3.3.1 Sites

Loch Lomond and Loch Eck are located in differeaticbments in west central Scotland
(for additional details see Appendix 1). They difie size and bathymetry, but are only 22
km apart and their catchments are geologically emdatically similar. Loch Lomond
(56°5'N, 4°36’W) has the largest surface area of filashwater body in Scotland (ca. 71
km2); it has a maximum depth of 190 m, and is 8 m als®a level. It has three basins, the
north basin is deep and narrow, while the southnbaswide and shallow and these are
divided by an intermediate mid basin (Tippettal, 1974; Tippett, 1994). Loch Lomond
supports a diverse native fish fauna and has aea bolonised by a number of invasive
fish species (Adams, 1994; Etheridge & Adams, 2008¢h Eck (56°6’N, 4°59'W) has a
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surface area of ca. 4.6Khas a maximum depth of 42 m, is 9m above se4 lane has a
much simpler bathymetry than Loch Lomond. Loch BaRports a less diverse fish fauna,
all of which are native, but receives conservapostection because of the unusual mixture

of species found there, which includes Arctic cl{8alvelinus alpinus

3.3.2 Fish collection
Multi-panel Nordic-pattern gill nets, which comig2 panels, ranging from 5 to 55 mm,
knot-to-knot mesh, were set in the two lochs ower winter of 2005/06. Nordic nets are

not selective for coregonids over the modal sizgea78 mm to 613 mm fork length L

(Jensen, 1986). In total, 75 gill nets were setmigét in sites in the north, mid and south
basins of Loch Lomond (from 9 November 2005 to 2duary 2006), six gill nets were set
overnight in Loch Eck (from 9 January 2006 to 1@uiy 2006). The nets were set
immediately prior to and during spawning time, arown or presumed spawning grounds.
During this period a total of 341 powan were caydiotch Lomond n = 118 and Loch Eck

n = 223). Fish were frozen within four hours of wap (for additional details see

Appendix 2).

3.3.3 Catch data

Fish catch rate was calculated as CPUE (catch4pieetfort), determined as the number
of powan caught per 12 hours per net. Nets setittutive month when the most powan
were caught (between 30/12/05 and 24/1/06) werédueéed. Nets set at sites where no
powan were ever caught were excluded. The CPUEceagared between lochs using
ANOVA.

3.3.4 Head morphology

The fish were laid out on 2 mm graph paper. Digitadtographs of the left side of the fish
were taken using a Nikon Coolpix digital camera@acied to a copy stand with sufficient
lighting. Thin Plate Spline (TPS) is a landmarkdxhsgeometric technique for the
determination of shape. The method provides a poWwanalysis of shape independent of
size (Rohlf, 1990, 2002; Bookstein, 1991). Fordhalysis of morphology (morphometrics

software was downloaded from http://life.bio.sungslu/morph, images of 40 individuals

from each site were chosen that gave good det#lleohead. A total of 14 landmarks (Fig.
3.1.) were identified on the head and digitisedctmrdinates using the programme
“TpsDig”. Procrustes superimposition in the prognaen“Coordgen6”, with landmarks 1

and 2 as baseline end-points, was used to rotateslate and scale procrustes coordinates.
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Based on the obtained procrustes coordinates, hapesvariables, partial warp scores are
calculated in the programme “PCAGen”. These nevabées capture spatial variation in a
sample and can be used in statistical analysis pah&l warps were reduced by principal
components analysis (PCA) and MANOVA was perfornoedthe resulting component
scores to test the effect of loch of origin.

Landmark Description

1 Snout

2 Most posterior point of operculum
3-6 Eye

7 Base of pectoral fin

8,12, 14 | Anterior side of operculum; dorsal,
mid and ventral points

9, 10 Posterior side of operculum; dorsal
and ventral points
11 Edge of maxillary
13 Depth of lower jaw under maxillary

Figure 3.1 The 16 landmarks chosen to describe &be of the head of powan

3.3.5 Determination of size and age
Fork length (I (to 1 mm) and weight (W) (to 0.01 g) were meadurScales were

removed from the flank below the dorsal fin for aggtermination. The clearest three
scales were selected and impressed onto plasfcojaction microscope was then used to
determine age, and the median age (determinedtfioege scales) was taken as the age of
the individual in order to minimise any impact @&ading errors. The specimens were
dissected and sex was determined by the visual ieation of gonads. The outer surface
of the stomach and gut was examined for cysts @ptrasitDiphyllobothrium spp.and
scored for the number of cysts of each individisd &s follows: 0 =0, 1 = 1-9, 2 = 10-19,
3 = 20-50, 4 = 50+. The adipose fin was removed stoced in 100% ethanol. Genetic
work on this tissue took place in the FisherieseResh Services laboratory in Pitlochry
and has been reported on by Thompsbal. (2008).

3.4 RESULTS
The catch rate of powan was significantly differbatween populations (ANOVA, kg =

78.7, p < 0.001) (Fig. 3.2.). The first three phoat components (PC) of a PCA of partial
warp scores derived from TPS analysis each exmlamere than 10 % of the variance
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found in head shape. There was a significant diffee between powan from Loch
Lomond and Loch Eck across all three PCs (MANOVA;y¢= 6.0, p < 0.001). PC1
explained 11.4 % of the total variation in the [@nivarp scores. However, there was no
significant difference in PC1 between the two pagohs (ANOVA, R ;5= 1.1, p = 0.31).
PC2 explained 11.0 % of the total variation in plagtial warp scores and was significantly
different between populations (ANOVA,; fz = 8.1, p < 0.01). A high PC2 score
corresponds with a deeper head, the eye being amszior and the snout and mouth
shorter. A low PC2 score corresponds with a shatdwead, the eye being more posterior
and the snout and mouth longer (Fig. 3.3.). PC3agxgd 10.4 % of the total variation in
the partial warp scores and was significantly défe between populations (ANOVA; iz

= 7.1, p < 0.01). A high PC3 score corresponds whth pectoral fin being in a more
anterior and ventral position and the eye beingenpasterior and dorsal. A low PC3 score
corresponds with the pectoral fin being more pastemd dorsal, and the eye being more

anterior and slightly more ventral (Fig. 3.3.).

30 -

S -

20 1
L
2 15-
@)
10 A
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. |
Lomond Eck
Loch

Figure 3.2 Mean (x S.E.) CPUE (powan caught per2lhours per net) of powan from Loch Lomond
(2.0 £0.41), and Loch Eck (21.1 +4.9).
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Figure 3.3 Mean (= S.E.) PC2 and PC3 describindp¢ head of powan from Loch Lomond (PC2, -0.30
+ 0.17; PC3, 0.29 * 0.17) and Loch Eck (PC2, 0.300t14; PC3, -0.29 + 0.13). Head shape extremes
(exaggeration 1.5) are shown to illustrate landmarknovement at high and low PC2 and PC3
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Figure 3.4 Mean (+ S.E.) kL and weight. Loch Lomond powan had a mean £315mm * 3.1. Loch Eck
powan had a mean kL 217mm * 2.1. Loch Lomond powan had a mean weighD8.71g + 9.8. Loch Eck

powan had a mean weight 137.36g + 3.3
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Figure 3.5 loggL;and log;yWeight of powan from Loch Lomond and Loch Eck. Thee is a significant

linear correlation between logglL¢ and log;Weight for each site: Loch Lomond (y = 3.1x — 5.1and

Loch Eck (y =2.7x — 4.2).

The difference in L(ANOVA, Fy346= 740.1, p < 0.0001) and weight (ANOVA; fz6 =
975.0, p < 0.0001) between Loch Lomond and Loch figmkan is significant. There was a

significant linear correlation between lgg; and logyWeight for each site: Loch Lomond
(R2 = 0.91; ANOVA, F 1,3 = 1305.9, p < 0.0001); and Loch Eck?(R 0.92; ANOVA,
F1201=2396.1, p < 0.0001). Loch Lomond powan were érand heavier than Loch Eck
powan (Fig. 3.4.). However, the relationship betwaead log,Weight and logyL; is not
significantly different (ANCOVA, Fk345= 0.52, p = 0.47) between sites (Fig. 3.5.).

There was no significant difference between thenrege of powan from Loch Lomond
and Loch Eck (ANOVA, E34,= 3.2, p = 0.07). Lat age of powan from Loch Lomond and

Loch Eck were best described by quadratic relatigss Loch Lomond (R= 0.77;
ANOVA, F, 1,0=199.1, p < 0.0001) and Loch Eck’(R0.81; ANOVA, F; .= 452.5, p
< 0.0001) (Fig. 3.6.). These differed significantfrtest, 34, = 1011.1, p < 0.0001), with

Loch Lomond powan having the greatesat.all ages.

Loch Lomond powan had a significantly higher paradoad of Diphyllobothrium spp.
than those from Loch Eck (Mann-Whitney U, p < 0.0PQFig. 3.7.). There was also a

significant difference between the frequency okatéd powan between Loch Lomond
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(infection occurrence 99 %) and Loch Eck (infectamturrence 89 %){ = 11.3, d.f. = 1,
p <0.01).
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Figure 3.6 L at age of powan from Loch Lomond and Loch Eck. Thes is a quadratic relationship

between age and Lfor both populations: Loch Lomond (y = 65.8x — 4.42 + 78.0); and Loch Eck (y =
39.8x — 1.8% + 55.0).
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Figure 3.7 Parasite scores (mean + S.E.) of pow&lom Loch Lomond (2.6 + 0.10), and Loch Eck (1.5
+0.06). Score: 0=0,1=1-9, 2 =10-19, 3 = 289; 4 = 50+.
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3.5 DISCUSSION

Isolated populations of the same species are paligrexposed to differing evolutionary
pressures, which can result in between-populatiminaispecies divergence. If such
evolutionary pressures result in significant betwvpepulation divergence in phenotype,
ecology or behaviour, it is likely that differentogulations may require different
management strategies formulated on populationfgpecharacteristics. Here two
hypotheses designed to examine the degree to where is infra-specific structuring

within powan in Scotland are tested.

The null hypothesis that there are no significantghological differences between powan
populations in Scotland is rejected. Here it hasnbshown that there is a significant
difference in the head shape between powan ofwbegbpulations. Compared with Loch

Eck powan, Loch Lomond powan had a shallower he#tuaionger snout and mouth, the
mouth placed more dorsally, the eye placed moréedody and dorsally, and the pectoral
fin closer to the head. While in comparison to Lagdmond powan, Loch Eck powan had
a deeper head with a shorter snout and mouth, thehrplaced more ventrally, the eye
placed anteriorly and more ventrally, the pectéraplaced more posteriorly. The shape of
the head has a high level of functional signifieabeing critical in the detection, capture
and consumption of prey items. Head shape has iemmn to correlate strongly with diet

(Gardneret al, 1988; Adams & Huntingford, 2002; Wintzer & Mot2005).

The null hypothesis that there are no significarl@gical differences between powan
populations in Scotland is also rejected. Herevehshown that powan in Loch Eck are
smaller, have a lower growth rate, and a lovphyllobothrium spp.parasite load
compared with powan from Loch Lomond. These difieas are consistent with earlier
studies (Brown & Scott, 1990; 1994) which showedybsize and growth differences and
with those of Dolezel & Crompton (2000) which shaldifferent parasitic loads between
populations. Thus many of the ecological differenaeported here are persistent
characteristic differences between the populat{ees also Pomeroy, 1991).

Literature on powan ecology is population-biasethwio studies focusing solely on Loch
Eck powan. Almost all studies on this species intlaad have concentrated on the Loch
Lomond powan (e.g. Gervers, 1954; Slack, 1955; &tzdt, 1969; Fulleet al, 1974, 1976;
Brown et al, 1991; Dorucu, 2000), or have compared only Loomand powan with other

populations of whitefish outside Scotland (e.g. tBarts, 1959; Bridges & Yoshikami,
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1970; Ferguson, 1974; Fergusenh al 1978). However, the few comparative studies
between Scottish powan which are available havewvshadditional disparities exist
between these populations. Differences identifiedvipusly in powan of these two
populations include: age at maturity, timing of wpang (Brown & Scott, 1994),
gonodosomatic indexes, somatic condition factorso® & Scott, 1990) and more
planktonic/benthic feeding behaviour (Pomeroy, 399%olezel & Crompton (2000)
suggested different levels of parasite infestatiargowan in Loch Lomond and Loch Eck
could be a reflection of their different feedingttpens, since this infection is attained
through feeding on zooplankton. Although therevsrtap in diet, and the infection rates
of the planktons are not known, previous studiegeelfaund that Loch Lomond powan
feed primarily on plankton, while Loch Eck powaredeprimarily on benthos (Brown &
Scott, 1990; Pomeroy, 1991), though sometimes ankpbn (Slacket al 1957).
Furthermore, recent genetic work by Thompstnal (2008) on UK coregonids using
microsatellites and mtDNA describes the existen€esignificant genetic differences

between these powan from Loch Lomond and Loch Eck.

Additional dissimilarities between these populasi@re indicated by the CPUE of powan
and the catch composition of these nettings, wHatther highlights the need to
differentiate management plans. The low CPUE ofgow Loch Lomond in comparison
to Loch Eck suggests that the heavier utilisatiod thhe introduction of invasive species, in
particular ruffe Gymnocephalus cernuua known predator of powan eggs (Sterligova &
Pavlovskiy, 1985; Adams & Tippet, 1991) and the mosmerous fish in the Loch
Lomond net catches (Appendix 2), has taken itsablihis site. Powan have previously
been described as being the most numerous fisbhéh Lomond by Slackt al (1957) and
as ‘very numerous’ by Brown & Scott (1994). Thesg¢adtherefore suggest that there has
been a recent decline in the numbers of Loch Lonpmwdan; this has also been confirmed
by recent hydroacoustic population work at bothhaise sites (Winfielét al, 2005). The
catch compositions of the net catches at these bighlight another reason for separate
management strategies, in the very different f@immunities. Loch Eck is one of only two
populations in the UK wher€oregonusand Arctic charr coexist; while Loch Lomond is
species-rich and is home to an unusual freshwasident morph of the river lamprey
(Lampetra fluviatili§ that appears to specialise on parasitizing po@aitland, 1980;
Adamset al, 2008).

It is concluded that there is very strong evidetiwd these populations do not represent

‘ecologically exchangeable’ units. There are a neimif consequences that result from
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this conclusion. Firstly powan from Loch Lomond dmth Eck should be considered as
separate ESUs, with different management strate@esondly the structuring within
Scottish powan should be recognised in the naticoaservation designation framework.
A fish conservation framework such as this, wodldast certainly be included within a
Red Data Book for UK fish, and it is a matter ohcern that such an assessment has yet to
be carried out. However, some provision alreadgtexfor the protection of some species
of freshwater fish at the infra-specific level. THK Biodiversity Action Plan (UK BAP)

list guidance for example, advises thadrdinators should help species specialist groups
decide the taxonomic level at which they will wdskib-species, race variety etc.)
(www.ukbap.org.uk/library/brig/shrw/TerrFwSppGuidampd). Similarly, the guidelines

for the selection of Biological Sites of Specialeédtific Interest (SSSIs) clearly state that
“ecotypic or genetically distinctive fish populaton..are worthy of conservation
Although powan is focussed on here, it is sugge#itatl a significant number of other
species may show infra-specific structuring of mgpe and/or genotype such that
conservation management strategies designed ap#uges level are highly inappropriate.
It is suggested that such species are most likelpet found in post-glacial freshwater
systems in species with limited powers of intersystispersal.
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Chapter 4 MORPHOLOGICAL AND ECOLOGICAL RESPONSES TO A
CONSERVATION TRANSLOCATION OF POWAN (COREGONUS
LAVARETUS) IN SCOTLAND?.

4.1 ABSTRACT

The establishment of refuge populations has becantemmon management tool for
threatened fish species in recent years, yet tfectsef of translocation are not fully
understood in a conservation context. Here | testhiypothesis that phenotypic changes
have occurred during the formation of two refugeuations of the nationally rare powan
(a freshwater fish species) which were establisired.och Sloy and Carron Valley
Reservoir. Significant morphological and ecologiddferences between the source (Loch
Lomond) and refuge populations and between the tefuge populations were
demonstrated. These changes are probably dueaimlirtation of founder effects, intense
selection and phenotypic plasticity. These chamg@sundermine the rationale behind the
establishment of refuge populations. The result§ io#o question the usefulness of
translocation as a conservation measure, howelvere tare times when this is the only
viable management option available. The future rahdlocation and the validity of

establishing refuge populations for powan consémadre discussed.

4.2 INTRODUCTION

Despite its extensive use as a tool for consemvaiind management in both plants
(Maunder, 1992; Jusaitis & Polomka, 2008) and alsr(fdcGradyet al, 1994; Hauseet
al., 1995; Denton, 1997; Yamamotet al, 2006; Hochkirchet al, 2007; Kinley &
Newhouse, 2008), the biological implications ofmsication in a conservation context
remain poorly understood (Stockwell al, 1996). Nevertheless, translocation is likely to
become more commonly used as a conservation tatising populations are threatened
in response to impacts such as climate changesdoranerly degraded habitats are
restored (Hendrickson & Brooks, 1991; Maitland &é,y1992).

Translocation has often been used to supplemestimxipopulations either to enhance
gene flow between populations (Yamamaetoal, 2006), or to increase numbers in the
recipient population (Weedeet al, 2005). However, translocations into existing
populations of the same species may encounter ggrsblwhen local populations are
genetically distinct or locally adapted (Gharrett S8noker, 1991; Leargt al. 1995).

% This chapter has been accepted as a papgequiatic Conservation: Marine and Freshwater Ecosyst
(Etheridgeet al, in press).
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Translocation may also be used to form new popariatieither to re-establish the species
where it has become locally extinct, or to formuggf populations in order to form a
numerical buffer to extinction (Hendrickson & Brapkl991; Maitland & Lyle, 1992).
However, there are good theoretical reasons toestighat new populations established
using translocation as a tool may not exactly oapé the features of the donor population.
The movement of effectively small numbers of indiwals has the potential to restrict
genetic variability in the establishing populatidii et al, 1975; Stockwelet al, 1996).

In addition the new environment to which the nevpydation is exposed could potentially
shape the expression of local adaptations not fauttte originating population (Robinson
& Schluter, 2000).

In practice, because of the complexity of the uagiprocesses involved and the potentially
subtle interactions with a new environment, it ificult to predict the eventual outcome
of these processes for any translocation (Maitketnal, 1991; Robinson & Wilson, 1994;
Kirchhofer, 1995; Raitaniemet al, 1999). Whatever the main drivers may be, the
potential for changes in a translocated specié®tt an individual and a population level
may have significant implications for conservatiminthe species concerned. Significant
phenotypic and genetic changes in fish populatfofiswing translocation are relatively
frequently reported in the literature (Loch. 19Muorinen et al, 1991; Shields &
Underhill, 1993; Hauseet al, 1995; Quinnet al., 2001; Weedeet al, 2005; Lema, &
Nevitt, 2006) (but see DeMarais & Minckley, 1993).

The powan Coregonus lavaretysoccurs naturally in only seven lakes within th€. 'wo

of these populations occur in Scotland, in Loch bachand Loch Eck, and are known to
differ in some aspects of their feeding strateggeswth and metabolism (Brown & Scott,
1990; 1994). Loch Lomond supports the largest patpui of powan in Scotland, however,
due to a variety of catchment based anthropogengsspres and in particular the
introduction of many invasive non-native speciesldis & Tippett, 1991; Etheridge &
Adams, 2008), fish from the Loch Lomond populatwere translocated to form two
refuge populations in Loch Sloy and Carron Vallegs&voir Powan between 1988 and
1991 (Maitland & Lyle, 1992; 1995). 12,227 fry a88 adults were introduced into Loch
Sloy and 13,123 fry were introduced into Carron I&alReservoir (Maitland & Lyle,
1991b). The aim of this paper is to determine whetthe establishment of refuge
populations of Lomond powan has resulted in a ptypno change and to critically
examine the impacts that any observed changes may dn the validity of using refuge

populations as a tool for conserving rare endamgpogulations of freshwater fish.
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4.3 METHODS

4.3.1 Sites

The three study sites are situated in west ce8tratland (Appendix 1). They differ in size
and bathymetry, but are located within the samehoaént. Loch Lomond (56°5'N,
004°36'W) has the largest surface area body ohfrvester in Scotland (ca. 71 Rnit has

a maximum depth of 190 m, and is 8 m above sea leves three basins, the north basin
is deep and narrow, while the south basin is wittk shallow and these are divided by an
intermediate mid basin (Tippett al, 1974). Loch Lomond hosts a variety of native and
recently introduced non-native species (Etheridgadams, 2008). Powan are an integral
part of the native community and this is demonsttdiy its ecological relationship with a
unique non-sea migrating population of river lanyp(ddamset al, 2008). Loch Sloy
(56°16’N, 004°47°'W) is a small semi-natural lochttee north-west of Loch Lomond, it
has a surface area of ca. 1%kma maximum depth of ca. 40 m, and is 287 m abeee s
level (Tippettet al, 1974). It is divided into a small shallow nortasin and a larger and
deeper south basin (Murray & Pullar, 1910). The sit located at high altitude and is
shaded by surrounding mountains, surface water deatyres are therefore lower
throughout the year than those observed in eithéhe other sites. This site appears to
host only small brown trouS@lmo truttd and predation risk for adult powan is considered
to be absent. The water supply of Loch Sloy is usagenerate hydroelectric power and as
a consequence to this, the loch margins and patespiawning areas can be exposed
during periods of peak usage. Carron Valley Rese(86°2’'N, 004°6’W) is located to the
east of Loch Lomond. It has a surface area of ¢&a23a maximum depth of ca. 10 m, and
is 223 m above sea level (Tippettal, 1974). As a functional reservoir, the site isjsab

to water level fluctuations but potential spawnswubstrates are rarely exposed. The site
has been utilised as a recreational put-and-tateerfy for several decades and has been
regularly stocked with brown trout, and in recemiass rainbow troutdncorhynchus
myKkis3.

4.3.2 Fish collection

Multi-panel Nordic-pattern gill nets, which comig2 panels, ranging from 5 to 55 mm,
knot-to-knot mesh, were set in the three lochs diwerwinter of 2005/06. Nordic nets are
not selective for coregonids over the modal sizgea78 mm to 613 mm fork length L
(Jensen, 1986). In total, 75 gill nets were setmigét in sites in the north, mid and south

basins of Loch Lomond (between 9 November 20054tdghuary 2006), seven gill nets,
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were set overnight in Loch Sloy (from 21 Decemb@d®2to 28 December 2005) and ten
gill nets were set overnight in Carron Valley Resar (from 3 January 2006 to 5 January
2006). The nets were set immediately prior to andng spawning time, on known or
presumed spawning grounds. During this period @ @it 252 powan were caught (Loch
Lomond n = 118, Loch Sloy n = 76 and Carron VaR®servoir n = 58). Fish were frozen

within four hours of capture.

4.3.3 Catch data

Fish catch rate was calculated as CPUE (catch-péetfort), determined as the number
of powan caught per 12 hours per net. Nets setvdhtthe month when the most powan
were caught (between 28/12/05 and 24/1/06) werduded. Nets set at sites where no
powan were ever caught were excluded. The CPUEceagared between lochs using
ANOVA.

Landmark Description

1 Snout

2 Most posterior point of operculum
3-6 Eye

7 Base of pectoral fin

8,12, 14 Anterior side of operculum; dorsal,
mid and ventral points

9,10 Posterior side of operculum; dorsal
and ventral points
11 Edge of maxillary
13 Depth of lower jaw under maxillary

Figure 4.1 14 landmarks chosen to describe shapéthe head of powan

4.3.4 Head morphology

The fish were laid out on 2 mm graph paper. Digatadtographs of the left side of the fish
were taken using a Nikon Coolpix digital camer&adated to a copy stand with sufficient
lighting. Thin plate spline (TPS) is a landmarkdédsgeometric technique for the
determination of shape (morphometrics software doaded from

http://life.bio.sunysb.edu/morph The method provides a powerful analysis of shape

independent of size (Rohlf, 1990; Bookstein, 1999r the analysis of morphology,
images of 40 individuals from each site were chaban gave good detail of the head. A
total of 14 landmarks (Fig. 4.1.) were identified the head and digitised to coordinates

using the programme “TpsDig”. Procrustes superimtjpos in the programme
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“Coordgen6”, with landmarks 1 and 2 as baseline@ridts, was used to rotate, translate
and scale landmarks and produce procrustes cotedirBased on the obtained procrustes
coordinates, new shape variables, partial warpescarere calculated in the programme
“PCAGen”. These new variables capture spatial tianan a sample and can be used in
statistical analysis. The partial warps were redubg Principal Components Analysis

(PCA) and an ANOVA was performed on the resultinghponent scores to test the effect

of loch of origin.

4.3.5 Life History
Fork length (I (to 1 mm) and weight (W) (to 0.01 g) were meadurScales were

removed from the flank below the dorsal fin for agdgtermination. The clearest three
scales were selected and impressed onto plaspeojaction microscope was then used to
determine age, and the median age (determinedtfioee scales) was taken as the age of
the individual in order to minimise any impact @&ading errors. The specimens were
dissected and sex was determined by the visual iestion of gonads. The outer surface
of the stomach and gut was examined for cysts eptrasitddiphyllobothrium spp.and
scored for the number of cysts of each individisd &s follows: 0 =0, 1 = 1-9, 2 = 10-19,
3 = 20-50, 4 = 50+. The adipose fin was removed stockd in 100 % ethanol. Genetic
work on this tissue has been reported on by Thometal. (2008).

4.4 RESULTS

4.4.1 Catch rate

The catch rate of powan was significantly differbatween sites (ANOVA, Jz,= 12.8, p

< 0.0001). Bonferronpost hoctesting showed that the CPUE was significantly lowe
Loch Lomond compared with Loch Sloy (p < 0.0001d dower in Carron Valley
Reservoir than in Loch Sloy (p < 0.01), but thaswa significant difference in the CPUE
between Loch Lomond and Carron Valley Reservo# (p30) (Fig. 4.2.).

4.4.2 Head morphology

PC1 explained 16.6 % of the total variation in llaadk position. Fish with an extreme
positive PC1 score were typified by a deeper haadore anterior eye and a reduced snout
and mouth, with most landmarks being more dorsaliged, compared with an extreme
negative PC1 score. Differences in PC1 scores legtvtee three populations were
significant (ANOVA, k117 = 9.8, p < 0.001). Bonferroni post hoc testing sadva

significant difference between Loch Lomond and L&tby (p < 0.05) and between Loch
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Sloy and Carron Valley Reservoir (p < 0.0001), thére was no significant difference

between Loch Lomond and Carron Valley Reservoi (p37).
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Figure 4.2 Mean (x S.E.) catch rate of powan pet2 hours of netting per 30 m Nordic gill net, from
Loch Lomond, Loch Sloy and Carron Valley Reservoir. Post-hoc pairwise comparisons: similar

alphanumeric character = no significant differencepther differences at p < 0.01

PC2 explained 13.9 % of the variance seen in lankirpasition. Fish with an extreme
positive PC2 score were typified by a longer anallstver head, a more ventrally placed
pectoral fin, with most landmarks being more pastgr placed, compared with an
extreme negative PC2 score. Differences in PC2sdagtween the three populations were
significant (ANOVA, F ;7= 15.2, p < 0.0001). Bonferromost hoctesting showed a
significant difference between Loch Lomond and Gar¥Valley Reservoir (p < 0.0001)
and between Loch Sloy and Carron Valley Reservoik(0.0001), but there was no
significant difference between Loch Lomond and L&bby (p = 0.99) for PC2 scores.

Compared with Loch Lomond powan, Loch Sloy powad hashallower head, a more
posterior eye, a longer snout, a more dorsallyguagectoral fin and a longer mouth.
Compared with Loch Lomond powan, Carron Valley Resie powan had a shallower

head, a more posterior eye, a longer snout andra amteriorly placed pectoral fin. While,
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compared with Loch Sloy powan, Carron Valley Resgrpowan had a deeper head, a
more anterior and dorsal eye, a shorter snout, 1@ pasterior and ventral pectoral fin, a

shorter mouth with a more ventral mouth edge (¥i8.).
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Figure 4.3 Mean (x S.E.) PC1 and PC2 scores deiting the head of powan from Loch Lomond, Loch

Sloy and Carron Valley Reservoir

4.4.3 Life history
There was a significant difference in fork length) (ANOVA, F, ,55= 123.2, p < 0.0001)
and weight (ANOVA, B2s5 = 195.0, p < 0.0001) between sites. Bonfermpast hoc

testing showed that all between population, pagvesmparisons ofland of weight were
significantly different (p < 0.0001). Lggweight (g) at log, L; (mm) of powan from Loch
Lomond (F ;3= 1318.8, R=0.92, p < 0.0001), Loch Sloy (F; = 69.3, R = 0.48, p <
0.0001) and Carron Valley Reservoir, (5= 904.7, R = 0.94, p < 0.0001) is best

described with a linear model. Carron Valley Resgrgowan were on average the largest
(length and weight) of the three sites, Loch Sloywan the smallest, and Loch Lomond

powan intermediate (Fig. 4.4.). The increase of Jogight with log.L; was lowest for
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Loch Sloy powan, the slope of which is significgrdifferent from that of Loch Lomond
powan (ANCOVA, k195= 8.9, p < 0.01) and from that of Carron ValleysBeoir powan
(ANCOVA, Fy13; = 43.7, p < 0.0001). There was no significantedighce in the length

weight relationship between Loch Lomond and Carrgalley Reservoir powan
(ANCOVA, Fy 180= 3.3, p = 0.57) (Fig. 4.4.).
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Figure 4.4 Log, weight (g) at logg L; (mm) of powan from Loch Lomond (y = 3.1x — 5.1), &ch Sloy

(y = 1.6x — 1.6) and Carron Valley Reservoir (y =.Zx — 4.1) was best described with a linear model

The most frequent age in catches from all populatimas 6+ years, however Loch Sloy

powan had a significantly greater mean age (ANOW4,s, = 4.6, p < 0.05) than Loch
Lomond and Carron Valley Reservoir powan. Lengtf) @t age of powan from Loch
Lomond (F ;0= 199.1, R = 0.77, p < 0.0001), Loch Sloy {F; = 15.9, R = 0.30, p <

0.0001) and Carron Valley Reservoir,(k= 111.8, R = 0.81, p < 0.0001) was best

described with a quadratic model (Fig. 4.5.). Tégutting curves are significantly different
(F2251 = 124.6, p < 0.0001). Carron Valley Reservoir povwand the greatest; lat age,

Loch Sloy powan had the lowestat age, while Loch Lomond powan had an intermediat

L; at age.
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There was a significant difference in the parasitiore between Loch Lomond powan and
those from Loch Sloy (Mann-Whitney U, p < 0.000d8tween Loch Lomond powan and
Carron Valley Reservoir powan (Mann-Whitney U, ©€001) and between Loch Sloy
and Carron Valley Reservoir powan (Mann-Whitneypl; 0.0001). Loch Lomond powan
on average had the greatest parasite score (25 $.H.), Carron Valley Reservoir powan
had the lowest (0.65 + 0.14 S.E.), while Loch Shoyvan had an intermediate score (1.3 +
0.14 S.E.). Additionally there was a significanffelience between the frequency of
infected powan between Loch Lomond (infection opence 99 %), Loch Sloy (infection
occurrence 75%) and Carron Valley Reservoir (indecoccurrence 44 %¥{ = 70.0, d.f.
=2, p <0.0001).
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Figure 4.5 L at age of powan from Loch Lomond (y = 65.8x — 4.2x 78.0), Loch Sloy (y = -4.6x +

1.9x%2 + 248.2) and Carron Valley Reservoir (y = 85.6x 5.4%2 + 64.0) is best described with a quadratic
model

4.5 DISCUSSION
In order to fulfil the function of a conservatioefige population, it is generally accepted
that individuals from the refuge populations shounlat experience reduced survival if

introduced back into the original site, that indivals should retain the potential for
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breeding with the source population and that theyukl preserve the potential phenotypic
and genotypic diversity found within the source glagon (Stockwelkt al, 1996).

Here it is shown that there are significant diffexes in the expressed phenotype between
the powan of Loch Lomond and its conservation refpgpulation in Loch Sloy. Powan
from Loch Sloy were smaller, had a lower weight dogiven length, had a lower growth
rate, a greater mean age and had a ldwghyllobothrium sppparasite load compared
with Loch Lomond powan. This study has also shoigniicant differences in expression
of phenotype between the powan of Loch Lomond &édanservation refuge population
in Carron Valley Reservoir. Powan from Carron VialReservoir were larger, had a higher
growth rate and a lowdiphyllobothrium sppparasite load compared with Loch Lomond
powan. Significant differences in expressed phgmotglso differed between the two
powan conservation refuge populations examined . hBovan from Carron Valley
Reservoir were larger, had a greater weight foivarglength, a higher growth rate, a
lower mean age and a lowRiphyllobothrium sppparasite load compared with Loch Sloy

powan.

There are four possible mechanisms which could heselted in the differences between
refuge populations and donor population describee.hFirstly, differences may be the
result of a founder effect, where only a limitedcamt of the potential genetic variation
was transferred to the refuge populations. Secorgdinetic drift, the loss of rare, non-
selective alleles through random fluctuation oélallfrequencies between generations may
have occurred. Thirdly, there could be differentleston pressures in the new
environments compared to the donor environmernhidfoccurred, then different suites of
local selection pressures could eventually lead significant between population
divergence. Finally phenotypic plasticity, the @pibf a single genome to express multiple
phenotypes, may have modified the expression dktexamined here. It seems unlikely
that any one mechanism would be solely responfiblhe sum of changes found between
these populations; however, some factors may k= liesly to have an influence than
others.

Evidence of founder effects after translocatioriigti species has been described (Hauser
et al, 1995; Quinret al, 2001; Weedeet al, 2005). However, in the populations used in
this study this effect is less likely. Fertiliseggs from powan from a mixed batch of Loch
Lomond fish were used to establish both the Loaby Sind Carron Valley Reservoir

populations. Thus the initial genetic diversity ath populations was probably quite
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similar and as a consequence, founder effects tgmavide a convincing explanation of
the differences observed between the two refugeaulpbpns. Genetic drift is a non-
selective process, therefore it is unlikely thasudficient number of generations (ca. 4
generations, calculated from Browhal, 1991) has passed to allow genetic drift to occur.
Using six microsatellites, Thompsen al. (2008) found mean allelic richness as a measure
of genetic diversity to be 4.8 in Loch Lomond, §19.och Sloy, and 4.2 in Carron Valley
Reservoir, thus suggesting that there has beemyasuall loss of genetic diversity in the
translocated populations. However, this loss dftgh the initial translocation and several
generations in the new environment does not appele as great as might be if founder
effects or genetic drift were the mechanisms caussia majority of phenotypic differences

found between the populations in this study.

Genetic changes in a translocated fish populatiibatable to selection have previously
been demonstrated (Vuorinet al, 1991). There is scope for selection as the cafise
differences between populations. Head shape haghaldével of functional significance
and is critical in the detection, capture and camsiion of prey items. It has been shown to
correlate strongly with diet (Gardnet al, 1988; Adams & Huntingford, 2002). Ecological
and life history factors are likely to have severah-exclusive causes and reflect a series
of tradeoffs from competing traits. Moreover, eathhe sites varies in size, complexity,
depth, altitude, shading, water level fluctuatiansl community structure in comparison to
each other. It has been established (Thompoal, 2008), that there are significant
detectable genetic differences between powan frachlLLomond and Loch Sloy (p <
0.005), Loch Lomond and Carron Valley Reservoik(p.0001) and between Loch Sloy
and Carron Valley Reservoir powan (p < 0.0001), thus study used non-selected
microsatellite markers and cannot be used as estdehselection. Lastly, plastic effects
following translocation of fish species have ofteen described (Loch, 1974; Shields &
Underhill, 1993; Lema & Nevitt, 2006). Phenotypiagicity cannot be ruled out as a
major mechanism causing the differences betweemdpailations in this study. Some
traits shown to vary are known to be highly plaggoowth, maximum size, maturation
size). The individuals that survive after transtoma may be the ones most able to adapt
quickly to a new environment and it is possiblet thewly founded populations might be
‘hyper-plastic’ (Parsons & Robinson, 2006). Selmttiand phenotypic plasticity are
therefore likely to be the main causes of the dkifiees observed between these
populations in this study.
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Additional dissimilarities between these populasiosre indicated by the CPUE. The
possibility of a decline in Loch Lomond powan hasyously been suggested. The low
CPUE in Carron Valley Reservoir may be due to fewwstividuals being present,
alternatively this may have been caused by onlyldhgest mesh sizes being capable of
catching powan or this could simply be due to th#ing in the refuge populations which
was not carried out on or around historical spagngnounds and may not have hit
spawning grounds successfully in Carron Valley Rese The low parasite load in the
refuge populations in comparison to that found iochh. Lomond suggests that the
translocation may have given some release fliphyllobothrium spp.infection. The
higher incidence of infection in Loch Sloy may belkained by the fact that, in contrast to

Carron Valley Reservoir, some adults were introduedengside the newly hatched fry.

The results of this study raise questions aboutvidige of conservation translocations.
Powan in translocated populations in this studydifferent from the donor population in
morphology, ecology, and life history. These défeces are likely to be mainly due to
phenotypic plasticity considering the speed of ¢hasanges, if this is found to be the case
the conservation aims will not be undermined. Hosvevif after a conservation
translocation differential pressures persist ovetetthey could result in significant
between population divergences and thus have ttenta to erode the initial rationale

behind the creation of a refuge population.

These findings do not indicate that refuge popaotatiand conservation translocations have
no place in the management of threatened specibgy Tnerely indicate that the
consequences of translocation for some species lmustknowledged prior to this type of
management option taking place. Firstly, some gseare known to be plastic and the
phenotype may respond quickly to differential puees Secondly, if different
environments are presented, some species showndicsigt genetic response to the
different selection pressures present. It is iitieanpossible to provide an exact replica
of the source environment; therefore, the sametiplas genetic response will not be
replicated in different environments. This respomsdikely to be species- and even
population-specific, the actual impact that themetdrs may have will be hard to predict,
but may be anticipated and possibly mitigated. &lae certain actions that can be taken
to minimise changes between translocated and dpopulations. Effects of a small
founding population such as founder, bottlenecland genetic drift, can be avoided by
introducing a suitably effectively large numberiodlividuals over time, with associated

monitoring (Hendrickson & Brooks, 1991; Stockwetlal. 1996). A translocation site can
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be chosen that as closely as possibly resembladotia site in physical and biotic factors.
The effects of differential selection may then bénimised. These measures do not
currently form part of recent translocation guideb (e.g. the IUCNPosition Statement on
Translocation of Living Organismsl987; the IUCNGuidelines for Re-introductions
1995; JNCC Policy for Conservation Translocations of Speci@s Britain, 2003).
Monitoring for changes after translocation is adudis but attempting to minimise
phenotypic and genetic changes through initialsli@sation planning and practices and
has not yet formed an integral part of these docusndt is important that this becomes

addressed.

In conclusion, while the establishment of refugepyations should not be used in
preference to preservation of native populationgsmgrovement of their habitat, in some
cases they may be the only management option alaild/here high conservation value
or isolated populations of freshwater fish are @keaed in their own environment, refuge
populations become particularly important. In tbése the creation of refuge populations
provides a numerical barrier to extinction anchis best method for conserving life history

and genetic diversity from catastrophic events.



83

Chapter 5 HAS HABITAT HETEROGENEITY PROMOTED PHENOTYPIC AND
ECOLOGICAL SUB-STRUCTURING AMONGST A COREGONUS
LAVARETUS POPULATION IN A LARGE SCOTTISH LAKE?

5.1 ABSTRACT

Sympatric morphotypes are found in many fish liresagparticularly those inhabiting
postglacial lakes. These ‘morphs’ tend to spe@adis a particular food resource or habitat
and so sub-divide available resources. Loch Lommpiesents an apparent candidate
system to support such sub-structuring and at least historical report suggested its
existence. This large Scottish lake is divided tht@e basins, the north is reminiscent of a
highland loch (deep, narrow, oligotrophic), whifeetsouth basin has the characteristics of
a lowland loch (shallow, wide, mesotrophic); these divided by an intermediate mid
basin. Differences in stable isotope values, mdggyand ecology in powarCpregonus
lavaretug were investigated between the three basins. Ekalts are discussed with
reference to a genetic investigation to elucidatg aub-structuring or spawning site
fidelity. Apart from some evidence of maintaineédeng in certain areas of Loch Lomond
indicated byb13C ands!5N values of powan muscle tissue, there appears twhkevidence

of the existence of sympatric morphs or sub-stmirguin the whitefish population. A
previous report of two powan ‘species’ in Loch Lamdoare likely to reflect natural
variation between individuals within a single mixgabulation.

5.2 INTRODUCTION

Sub-structuring in populations of fishes has beeguently recorded, particularly in
postglacial lakes (Skulason & Smith, 1995; SmitlsKulason, 1996). At its most extreme,
this takes the form of sympatric polymorphism, eig. some Arctic charrJalvelinus
alpinug populations morphs can show discrete variationmiarphological, meristic,
behavioural, ecological, and life history traiter{dson & Jonsson, 2001). In lakes, habitats
and feeding resources available to fish are retidiscrete and can be divided
horizontally from the littoral to the pelagic aneértically by depth. Fish such as Arctic
charr frequently show sub-structuring based orhtdgtat and food resources. Commonly
this polymorphism takes the form of two groups alegical specialists, such as a benthic
and a pelagic feeder. Similar sub-structuring pastare also known in other fish taxa such
as pumpkinseed sunfishLgpomis gibbosys (Robinson & Wilson, 1996), percids
(Percichthys truchp (Ruzzanteet al., 1998) and three-spined sticklebackaéterosteus

aculeatu$ (Bakeret al.,2005). More subtle structuring, such as genetitranrphological
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sub-populations can also be found e.g. in Atlasgilenon Salmo salay (Verspoor & Cole,
1989).

Population sub-structuring has also been demoestram the European whitefish
(Coregonus lavaretys(Naesjeet al., 2004; Ostbyeet al., 2005b; Kahilainen & Ostbye,
2006). Some whitefish populations can support ufiie sympatric morphs (Svardsen
1979; Bergstrand, 1982). Apart from habitat andlileg, they most often differ in body
size (small and large body forms), growth andmgiKer number (Bergstrand, 1982; Naesje
et al.,2004). Similar patterns of divergence are founddaparate lineages of whitefish and
in different lakes (see Chapter 1) (Dougtasl., 1999, 2005).

Loch Lomond is the largest body of fresh water mtdin (ca. 71km) and was created by
glacial encroachment from the north. It has marfipows, the largest of which are the
River Falloch in the north and the Endrick Watethe south. Loch Lomond has a single
outflow formed by the River Leven in the south. hdoomond is separated into a north
basin and south basin divided by an intermediaté basin. The north basin has the
characteristics of a typical highland Scottish |ake. it is narrow and deep (max. depth
190 m), is permanently thermally stratified in thanmer months, it is surrounded by hard
and often peat covered metamorphic rocks whicldyittle in the way of soluble nutrients
and the waters of the north are therefore oligdtimp The south basin has the
characteristics of a typical lowland Scottish lalke, it is wide and shallow (max. depth 30
m), has very weak and temporary thermal stratiboain the summer months, it is
surrounded for the most part with soft sedimentacks and fertile soils. The catchment is
dominated by improved farmland and is relativelnsidy populated, therefore the waters
of the southern basin are more mesotrophic. Moredhe south basin with its myriad

islands provides a heterogeneous environment (e metails see Appendix 1).

C. lavaretusis naturally extant in only seven lakes within thi. Despite its rarity when
compared to other species of freshwater fish, ieferred to locally as powan (Scotland),
schelly (England) and gwyniad (Wales). Within Saotl C. lavaretusare found in only
two locations, Loch Lomond and Loch Eck. The lagge of Loch Lomond, with its
multiple basins of very distinct nature and thehhigvel of habitat heterogeneity would
suggest that sub-structuring within populationkighly likely. Previous studies of British
C. lavaretuspopulations suggested the presence of two typepvghiad in Llyn Tegid,
Wales (Dottrens, 1959). Studies of another corefjmpecies, the Irish pollanC(

autumnali$ revealed the existence of genetic sub-structuirintpe pollan population of
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Lough Neagh (Ferguson, 1975 and current work bydByaet al., Pers. Comm.). The
presence of two distinct powan species in Loch Ledhwas first postulated by Parnell
(1838). These early observations suggested thadistimct species, differing primarily in
head morphology: the long nosed pow#&h (acepedgi and the short head powa@.(

microcephaluy existed within the loch. Therefore, there is gaedson to expect sub-

structuring in the Loch Lomond powan.

Population sub-structuring within a single specmeay have a number of important
implications. Firstly, sympatric populations arepontant for the study of speciation.
Secondly, differentiation within the population magomplicate management and
conservation of this protected species. For inganifferent forms may face uneven
susceptibility to pernicious impacts on a particuiabitat, spawning site or food resource.
Finally there is the impact on conservation actiBefuge populations created from the
Loch Lomond powan were based on materials collefitmni a single spawning site. If
multiple powan forms co-exist and they show asgertipawning, there is the possibility
that not all diversity in the Loch Lomond powanepresented in these refuge populations.
In order to examine the existence of multiple formigpowan in Loch Lomond, the null
hypothesis that there are no significant differsngén ecology, life history and

morphology) between powan caught in different asddsoch Lomond is tested.

5.3 METHOD

5.3.1 Fish collection

Multi-panel benthic Nordic-pattern gill nets, whicbomprise 12 panels, ranging from 5 to
55 mm, knot-to-knot mesh, were set in the threénlsasf Loch Lomond over the winter of
2005/06 (for additional site details see Append)x Mordic nets are not selective for

coregonids over the modal size range 78 mm to 6hJark length (k) (Jensen, 1986). In

total, 75 qgill nets were set overnight in sitesthie north, mid and south basins of Loch
Lomond (9 November 2005 to 24 January 2006). The were set immediately prior to

and during spawning time, on known or presumed spaywrounds. During this period a

total of 118 powan were caught (north basin n =r@is, basin n= 47, south basin n = 46).
Fish were frozen (-20 °C) within four hours of aaet (for additional details see Appendix
2).
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5.3.2 Catch data

Data from nets set outside of the month when thetrmpowan were caught (between
30/12/05 and 24/1/06) were excluded from CPUE amalyNets set at sites where no
powan were ever caught were excluded. Fish catehwas calculated as CPUE (catch-
per-unit-effort), determined as the number of powanght per 12 hours per net. The
CPUE was compared between different basins usingk&t-Wallis and Mann Whitney-U

tests. All statistical analysis was performed usiRsS v.13.

5.3.3 Stable isotope analysis

In the laboratory, fish were defrosted, a smaltgief white muscle posterior to the head
and above the lateral line was removed for staddope analysis. Tissue was dried at
constant temperature (50°C for at least 48 hogrsynd to a fine powder using a grinder
(Revel Ltd.) and 0.5 mg of dried ground muscle wasked into pressed 10x10 mm tin
cups and used in simultaneous analysis of stald@d_N isotopes. Stable isotope ratios
were determined by continuous flow isotope raticssnapectrometry at the Max Planck
Institute for Limnology, Germany. Stable isotopdéias are given using th& notation
expressed in units per mil whede(%o.) = [(R sample/R standard)-1] x 1000, and R =
13C2C or 15N/1“N. The reference materials used were secondaryat@ds of known
relation to the international standards of Viennee FDee belemnite for carbon and
atmospheric B for nitrogen. Typical precision for a single arasywas + 0.1 %o fob13C
and = 0.3 %o ford1>N. Comparisons of mean C:N values between basutisated little
need for adjustment @f3C values due to variation in lipid concentratiokdjgnen et al.,
2006).

5.3.4 Head morphology

Digital photographs of the left side of the fishrevdaken using a Nikon Coolpix digital
camera, attached to a copy stand with sufficiggtiting and a suitable scale. Thin Plate
Spline (TPS) is a landmark-based geometric tecleniquthe determination of shape. The
method provides a powerful analysis of shape indeépet of size (Rohlf, 1990, 2002;
Bookstein, 1991) (morphometrics software downloaded from

http://life.bio.sunysb.edu/morphFor the analysis of morphology, images of 14vitiials

from each area were chosen that gave good detaileohead. A total of 14 landmarks
(Fig. 5.1.) were identified on the head and digiigo coordinates using the programme
TpsDig. Procrustes superimposition in the progran@oerdgen6, with landmarks 1 and 2

as baseline end-points, was used to rotate, tterstal scale procrustes coordinates. Based
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on the obtained procrustes coordinates, new shapables, known as partial warp scores
were calculated in the programme PCAGen. Thesevagiables capture spatial variation
in a sample and can be used in statistical analy$is partial warps were reduced by
principal components analysis (PCA) and MANOVA waerformed on the resulting
component scores to examine whether shape diffeeddeen the areas of origin of the
fish.

Landmark Description

1 Snout

2 Most posterior point of operculum
3-6 Eye

7 Base of pectoral fin

8,12, 14 | Anterior side of operculum; dorsal,
mid and ventral points

9,10 Posterior side of operculum; dorsal
and ventral points
11 Edge of maxillary
13 Depth of lower jaw under maxillary

Figure 5.1 14 landmarks used to examine variatiom head shape of powan

5.3.5 Determination of size and age

Fork length (I (to 1 mm) and weight (W) (to 0.01 g) were meadur8cales were

removed from the flank below the dorsal fin for aggtermination. The clearest three
scales were selected and impressed onto plasfcojaction microscope was then used to
determine age, and the median age (determinedthioee scales) was taken as the age of
the individual in order to minimise any impact @&ading errors. The specimens were
dissected and sex was determined by the visual ieaion of gonads. The first gill arch
was dissected out and the gill rakers were courited.outer surface of the stomach and
gut was examined for cysts of the paraBighyllobothrium and scored for the number of
cysts of each individual fish as follows: 0 = 0z 1-9, 2 = 10-19, 3 = 20-50, 4 = 50+. The
adipose fin was removed and stored in 100% eth&@ehetic work on this tissue took
place in the Fisheries Research Services laboratoPjtlochry and has been reported on
by Thompsoret al. (2008).
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5.4 RESULTS

5.4.1 Catch rate

The catch rate of powan was significantly differdrgtween basins of Loch Lomond
(Kruskal Wallis, d.f. = 2, p < 0.01). The CPUE wsignificantly lower in the north
compared with the mid basin (Mann-Whitney U, p €10, but there was no significant
difference in the CPUE between the north and s@Jdtmn-Whitney U, p = 0.09), and the
mid and south basins (Mann-Whitney U, p = 0.12y(Bi2).

CPUE

North Mid South

Figure 5.2 Median Catch per Unit Effort of powanfrom the north, mid and south basins of Loch

Lomond. Lower bars indicate 25 % percentile, uppebars indicate 75 % percentile

5.4.2 Stable isotope analysis
There was a significant difference in mean powarsateu tissuedl3C values between

basins (ANOVA, k,,,= 5.1, p < 0.01) Bonferromost hoccomparisons showed that the

powan from the mid basin were significantly moreldéed in513C than powan from the
south basin (p < 0.05), but there was no significifierence between powan from both
the north and mid basins (p = 0.06) and the namth south basins (p > 0.99). There was
also a significant difference between basins inaleus>N values (ANOVA, B112=17.7,

p < 0.0001). Bonferromost hoccomparisons showed that the powan from the scaginb
were significantly more enriched 85N than powan from both the north (p < 0.0001) and

the mid basins (p < 0.0001), but there was no Bogmt difference between powan from
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the north and mid basins (p = 0.49). These diffegenremained significant when two
outliers were removed (Fig. 5.3.). Across all sitesre was however an almost significant
difference between sexesdfPN of muscle tissue (t-test, t = 2.2, d.f. = 12, .65) with
males having being mofd>N enriched than females, but no significant diffexe between
sexes was found $13C (t-test, t = 0.79, d.f. =12, p = 0.45).

12.57 * North
< Mid
120 ¢ South

11.54 "%

11.01
1051 t

10.0 1

35N (%o)

9.5 ! 1 1
-29.0 -28.0 -27.0 -26.0

3°C (%o)

Figure 5.3 Variation in mean (+ S.E.)p13C and 815N of muscle tissue from powan from the north, mid

and south basins of Loch Lomond

Across all sites there was a significant negatmeatation between age adéPN (Pearson
correlation = - 0.35, p < 0.001) and a significpasitive correlation between age aiteC
(Pearson correlation = 0.44, p < 0.0001). Howevarther examination found that
individually among sites there was only a significaegative correlation between age and
d15N (Pearson correlation = - 0.38, p < 0.05) in thetl basin, and a significant positive
correlation between age aatPC in the mid (Pearson correlation = 0.49, p < 0)0&rid
south basins (Pearson correlation = 0.43, p < 0\Mhen powan less than 4+ years were
removed from the analysis, only the significantifpes correlations between age asidC

in the mid and south basins remained.
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5.4.3 Head morphology

PCL1 of the partial warp scores explained 17.0 ¥hefotal variation in landmark position.
Fish with an extreme positive PC1 score were tgdifdy a more posteriorly placed dorsal
anterior and posterior edge of the operculum, #etgral fin slightly more anterior and the
eye slightly more dorsal, compared with an extramagative PC1 score. Differences in
PC1 scores between the three areas of Loch Lomenel not significant (ANOVA, fzg=
0.35, p = 0.97). PC2 of the partial warp scoredamrpd 13.8 % of the variance seen in
landmark position. Fish with an extreme positive2P&tore were typified by a deeper
head, more posterior pectoral fin and a more amtexye, compared with an extreme
negative PC2 score. Differences in PC2 scores leetywewan from the three basins were
not significant (ANOVA, K 39= 0.63, p = 0.54) (Fig. 5.4.).

| North
[ 8 O South
' | L | {
b D = —>
-0.5 D PCl 0.5
-0.5-

5

Figure 5.4 Variation in mean (x S.E.) PC1 and PCZ2cores describing the head of powan from north,

mid and south basins of Loch Lomond

There was also no significant difference in numitfegill rakers (ANOVA, F ,,=1.8, p =
0.18) between powan from the three basins in Lommand (Fig. 5.5.). However, it was
interesting to note that there was a significaffecence between sexes in PC1 scores (t-
test, t = 3.3, d.f. = 37, p < 0.01) with males Ingva significantly greater PC1 score than
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females. No significant difference between sexes foand in PC2 scores (t-test, t = 0.20,
d.f. =37, p=0.85).
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Figure 5.5 Mean (x S.E.) gill raker numbers of pawan from north, mid and south basins of Loch

Lomond
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Figure 5.6 Relationship between Logyl ; and log; oW of powan from north (y = 2.7x - 4.2), mid (y =
2.7x —4.1) and south (y = 3.2x - 5.3) basins ofdtoLomond
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5.4.4 Life history

There was no significant difference in (Kruskal-Wallis = 1.8, d.f. = 2, p = 0.40) or
weight (Kruskal-Wallis = 1.6, d.f. = 2, p = 0.45tlveen basins. The relationship between
log,L; and log,W could be described with a linear relationshimarth (ANOVA, R =
0.67, K ,; = 46.2, p < 0.0001), mid (ANOVA, R= 0.89, F ,, = 371.7, p < 0.0001) and
south basins (ANOVA, R= 0.94, k,, = 661.6, p < 0.0001) (Fig. 5.6.). There was a
significant difference between linear relationshijgween sites (ANCOVA, R= 0.92,
Fp114= 3.3, p < 0.05), however, when an outlier wasaesd (the smallest fish) there was
no longer a significant difference (ANCOVAZR 0.84, ;3= 2.9, p = 0.06). Powan
samples from the south basin of Loch Lomond haowaet mean age resulting in a near
significant difference in age between basins (Kalkallis = 6.0, d.f. =2, p = 0.05). This
was the only part of Loch Lomond where powan léssi1t4+ yrs of age were caught. If
powan below this age were removed from analysisetiieas no significant difference
between basins (Kruskal-Wallis = 3.1, d.f. = 2, f.21). The most frequent age of powan
in all areas of Loch Lomond was 6+ yearsat.age of powan from the north, (5= 9.8,

R? = 0.47, p < 0.001), mid ¢F,=81.6, R=0.79, p < 0.0001) and south, (5= 124.6, R

= 0.86, p < 0.0001) basins of Loch Lomond were ka#s$cribed with a quadratic
relationship (Fig. 5.7.). The resulting curves weog significantly different (F-test, k4=
2.4, p =0.10).

There was no significant difference in scores fdection intensity ofDiphyllobothrium
spp in powan between basins of Loch Lomond (Kruskall\g/, d.f. = 2, p = 0.18) (Fig.
5.8.). Additionally there was no significant difégrce between the prevalence of infected

powan between the north (prevalence = 100 %), md @6) and south (98 %) of Loch
Lomond (2 = 1.6, d.f. =2, p = 0.45).
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Figure 5.7 Relationship between Lat age of powan from north (y = 67.8x — 4.3x+ 79.6), mid (y =

64.4x — 3.9% + 71.5) and south (y = 68.0x — 4.2x 76.3) basins of Loch Lomond are best described

with a quadratic model
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Figure 5.8 Median parasite scores of powan fromarth, mid and south basins of Loch Lomond.

Lower bars indicate 25% percentile, upper bars indtate 75% percentile
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5.5 DISCUSSION

Morphological, ecological and genetic sub-structgriof fishes in postglacial northern
hemisphere lakes is relatively common. In the Usigmificant number of Arctic charS(
alpinug populations show evidence of sub-structuring he ggene pool, morphology,
ecology and life history (Adamst al., 1998; McCarthyet al.,2004; Wilsonet al, 2004;
Gardufio-Paz, 2009). Where sub-structuring takesfdhra of sympatric morphs, these
often show divergence into pelagic forms foraging plankton with associated
morphological and meristic specialisation and bentbrms specialising in foraging on
macrobenthos (Schluter & McPhail, 1993; Robinsor\&lson, 1994).C. lavaretusis
highly variable across its range. This species staaw genetic structuring between and
within lakes, with multiple sympatric morphs repamtt from many lakes ranging
throughout the distribution of the species (Svandst957; Bergstrand, 1982). The
polymorphism in this species often takes the fofrditberentiation in phenotype, ecology,
life history (Bergstrand, 1982; Amundsen, 1988; ikahen & Ostbye, 2006) and morphs
can represent discrete gene pools (Naesgd.,2004; Ostbyeet al.,2005b). Amongst the
pollan C. autumnalisin Lough Neagh, Northern Ireland, genetic sulietiring has been
shown (Ferguson, 1975 and current work by Braeékegl., Pers. Comm.), though this has
not been associated with any ecological polymorphis

The isotopic turnover of muscle depends on growth, rbut typically is considered to be
ca. 6 months (Perga & Gerdeaux, 2005; Phillips @rilge, 2006). Significant differences
in 813C and 815N of fish sampled from different areas of Loch Lardp indicated
differences in trophic ecology of powan from dif#fat parts of the lochd!3C values
closely reflect the origin of the carbon source dihganism has been assimilating, due to
limited fractionation, trophic enrichment ##3C is typically ca. <1%. (Peterson & Fry,
1987; Hobson, 1999). Enrichét;C values are indicative of atmospheric C, whileleleul
813C values are indicative of endogenous (recycled$o@rces. Small but significant
differences ind13C of powan muscle tissue suggest that powan inrigebasin may be
specialising ord13C enriched prey such as littoral macroinvertebré&eance, 1995; Post,
2002). Alternatively, the different natures of fbeh basins may lead to different isotopic
baselines which in turn are reflected in powan reugssues, for instandg3C values in a
water body can be influenced by riverine input® surface area of a water-body and
eutrophication (Post, 2002; Perga & Gerdeaux, 208dyvever, in Loch Lomond levels of
dissolved organic C are generally greater in thattsdasin (Bass, 2007). Trophic
enrichment ind15N is typically ca. 3-5%o, this allows the long-tetmophic position of
consumers to be estimated (Peterson & Fry, 198%t, R002; Sweetingt al., 2007).
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Significant differences i®15N of powan muscle tissue initially suggest that povirom

the south basin are feeding at a higher trophielleMowever, the small differences
recorded in powai!>N may also reflect isotopic differences at the hbafsthe food webs

in the different basins. For instané&®N values in a water body can be increased by
anthropogenic input of nutrients (Constaretoal., 2001). Certainly15N values of total
dissolved N in Loch Lomond are greatest in the lsowhich was where powan were most
enriched ib15N (Bass, 2007). Therefore it is believed that trstimction ind1°N is due to
between-basin baseline differences rather tharicagrology.

While the stable isotope values of powan musckuéscan be interpreted as fish feeding
on different prey items, powan in Loch Lomond haween previously described as
specialising on plankton (Pomeroy, 1991) which isppmorted by the high

Diphyllobothriumload of these fish. Therefore, it seems more Yikbht these isotopic

differences reflect the discrete natures of thetm@nd south basins as opposed to
differences in the diet of powan in these areass rhturn suggests that there is foraging
fidelity between basins. While the overlap betwasdividuals suggests that this is not
complete, individuals apparently feed in a givesitbbdor months in order to develop the

spatial differences in stable isotope values iir tmeiscle tissues.

Head morphology is associated with efficiency optaang and processing food and
therefore may reasonably be expected to be diffesdaen individual fish specialise on
particular diets (Gardneet al, 1988; Adams & Huntingford, 2002). There were no
significant differences in head shape between dmight in the different areas of Loch
Lomond. There was however, a significant differemcbead morphology between males
and females. Since only the head was examinedapesdifferences, body shape changes
in females during spawning could not be the cadgshis difference. There was also an
almost significant difference i&'>N enrichment between males and females. However, it
is difficult to draw firm conclusions from this due the small sample size of females (7
females, 32 males, 3 unknown for morphology; 11 des 99 males, 7 unknown for
stable isotope analysis) which due to the behawbdpowan are usually under represented
in catches on spawning grounds (Brown & Scott, J9&ll raker number is also linked
with different diets; a benthic diet is typicallgsociated with low number of gill rakers,
while a pelagic diet is typically associated witlhigh number of gill rakers (Amundsen,
1988; Lehtonen & Kahilainen, 2002). However, thewes no significant difference in gill
raker number between fish caught in the differemtas of Loch Lomond. Particular

parasite infections are also associated with cedigts and elevated infection intensities of
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Diphyllobothriuminfection are associated with zooplankitvory (Ardsen & Klemetsen,
1988; Dolezel & Crompton, 2000). There was no digant difference in parasite load
between fish caught in the different areas of Ldabmond suggesting a similar
dependence on pelagic resources. There was alssigndicant difference in size or
growth between fish caught in the different aredd.@ch Lomond, providing further
evidence for a lack of spatial segregation in tbe/gn population (c.f. with Kahilainest
al., 2003). Taken together, these data strongly sugbestthere is no phenotypic sub-
structuring within powan in Loch Lomond, but thiagte is spatial foraging segregation for
a period of months where powan from each basirgiota a large extent within that basin.

Utilising six microsatellites, Thompsoet al, (2008) used mean allelic richness as a
measure of genetic diversity: they found mean iallethness values of 4.9 in the north
basin, 4.8 in the mid basin and 4.7 in the sousiinbaf Loch Lomond. Using these data |
found no significant difference in genetic diveysietween basins (ANOVA k5= 0.005,

p > 0.99). Thompsoret al (2008) also showed that there are no detectablestp
differences between powan from the north and mid (p76), north and south (p = 0.42)
and mid and south (p = 0.56) basins of Loch LomoHaus, the apparent fidelity in
foraging site is not reflected in any genetic sggt®n and the genetic and morphological
information suggests a panmictic population withspawning site fidelity. An alternative
explanation is that foraging site fidelity does mesult in genetic sub-structuring of the
population because of a high straying rate, wheneirmber of basin-specific individuals

foraging in one basin contribute to spawning intaapobasin.

The significantly lower catch rate in the northibasf Loch Lomond is probably due to the

limited availability of suitable spawning grounds this basin, which is very steep sided
and has few shallow areas (Slack, 1955). Howetieretwas a difference in age structure
between basins, with young fish only being foundhi& south. Since | sampled during the
spawning period, | did not expect to capture immafish. While it is possible that the

south basin is a better habitat for young fisim#y simply be that immature fish are less
likely to be caught on the spawning grounds inrthé and north basins. However, since
this result was influenced by the capture of a \&nall number of young fish, perhaps by
chance, firm conclusions cannot be drawn. Ind#l values there were several outliers
including two fish that appeared to be feedingaprte trophic level above and below the
others. The one fish apparently feeding at the dsgtrophic level was the youngest (1

year), there is a negative correlation between agesl>N suggesting that there is an
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ontogenic shift in feeding. This is common in mdisy species: juveniles are completely
zooplanktivorous, while adults include some benihabe diet. It has been suggested that
these changes are more likely to occur in a monphoipopulation to avoid infraspecific

competition between age classes (Hestat, 1986; Sandlundt al, 1992).

In conclusion, | show no evidence of sub-structyirar trophic polymorphism in Loch
Lomond powan, despite the size and complexity af tlake, often considered a
prerequisite for the formation of sub-structuriddgthough Parnell (1838) described two
distinct powan species in Loch Lomond, his desimiptvas based on only two specimens.
According to Day (1884), Parnell later receivectintediate forms of these fish suggesting
that these fish reflected natural variation betwéedividuals within a single mixed
population. Although Dottrens (1959) similarly poged the existence of multiple forms
of C. lavaretusin the single natural Welsh population in Llyn Tcegheir presence has
never been confirmed, even following considerabdan@nation, and is likely a mistake
(Gasowska, 1965; Haram, 1968). The lack of sulzstring in Loch Lomond may reflect
the species-rich nature of the lake (Adams, 19@/bile powan are likely to have been
amongst the first invaders into Loch Lomond follagithe last glaciation and may
therefore have initially undergone population sttiag, the subsequent invasion of other
fish species filling the available niches probalpisecluded this. Importantly from a
conservation perspective, powan collected fromamea of Loch Lomond are likely to be
representative of the whole population.
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Chapter 6 SUBSTRATE SPECIFIC VULNERABILITY OF POWAN (COREGONUS
LAVARETUS) OVA TO PREDATION BY RUFFE (GYMNOCEPHALUS
CERNUUS).

6.1 ABSTRACT

European whitefishGoregonus lavaretyseggs are vulnerable to a variety of mortalities,
with substrate on spawning grounds providing the quinysical protection. The Loch
Lomond population ofC. lavaretusis believed to be adversely affected by invasiviéer
(Gymnocephalus cernuupredation on eggs. In order to discover the ptote ability of
substrate commonly found on whitefish spawning gads, predation experiments of ruffe
on artificial eggs were conducted. These were pteseto ruffe over different substrates:
sand, gravel, pebbles and cobbles. It was foundthieagreatest protection is provided by
pebbles and gravel. Eggs are exposed on sandréytretected by small gaps between
pebbles and gravel, while in cobbles the gaps lmtweabstrate particles are large enough
to sometimes allow ruffe to foraging within the strite. Using these results, a
comparison between the potential protective abditysubstrates of spawning grounds in

four Scottish whitefish sites was attempted.

6.2 INTRODUCTION

The whitefish Coregonus lavaretuslespite being locally common in some areas of
northwest and central Europe is one of the rarpstiss of freshwater fish in Britain
(Maitland & Lyle, 1991).C. lavaretusis considered to be particularly vulnerable within
Britain and it is protected under Schedule 5 of\Mdllife and Countryside Act 1981 and
is listed as a priority species within the UK Bieelisity Action Plan (UKBAP). There are
only seven extant native populations found in Bmitaof which two are located in
Scotland, in Loch Lomond and Loch Eck. As a corsgowm measure, two refuge
populations of Loch Lomond origin whitefish wereufaed in Loch Sloy and Carron
Reservoir (Maitland & Lyle, 1992). There is evideraf a recent decline in the abundance
of whitefish in Loch Lomond (see Chapter 3) (Wildiet al, 2005, 2008). There is no
evidence of any similar decrease in the only ottagive population of Scottish whitefish
in Loch Eck, a site located 20 km to the west othhd.omond (Winfieldet al, 2006,
2008; Etheridge, 2009). This suggests that therebdeadecline is not due to wide-ranging
climatic factors but more likely due to local, witHake factors.

The key difference between the two sites is theothiction of ruffe Gymnocephalus

cernuus, a pernicious non-native benthic feeding fiskstfrecorded in Loch Lomond in
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1982 (Maitlandet al, 1983). This species has been accidentally intedunto water
bodies, in the USA (Pratt al, 1992), mainland Europe (Rosch & Schmid, 1996) and
Britain (Maitlandet al, 1983; Winfieldet al, 1996). Invasive species such as ruffe can
have important and sometimes unforeseen impactsophic interactions in the invaded
community, i.e. since establishment they have forrae important part of the feeding
regimes of many predatory species in Loch Lomore® (8ppendix 3) (Adams, 1991;
Adams & Mitchell, 1995; McCafferty, 2005). In addi, ruffe have been found to feed
extensively on whitefish eggs (Adams & Tippett, 199

Whitefish eggs have a high rate of mortality. Whilemany fish species, including other
salmonids, eggs may be protected by guarding behawdnd the construction of nests
(Sargentet al, 1987), whitefish eggs are only protected by thiesrate upon which they
fall after broadcast spawning. Sources of mortalityvhitefish eggs include being swept
off spawning grounds into unsuitable habitat, Huoa smothering (particularly by
deposited sediments in eutrophic conditions) (\legéichwank & Livingstone, 1994),
water level change (Winfieldt al, 2004), high temperatures (Slaekal, 1957; Trippekt
al.,, 1991), and predation by both invertebrates (S1a8k5; Fox, 1978) and fish (Adams
& Tippett, 1991; Pomeroy, 1991).

Whitefish spawn in the winter when many fish haepréssed feeding rates which offers
some protection from fish-mediated egg predatiodafAs & Tippett, 1991). However,
ruffe are relatively unaffected by low temperatuaesl their feeding rate remains high in
winter (Bergman, 1987). Within their native rangaffe are known to co-exist with
Coregonusspp and there are many instances where no apparexhipyn on fish eggs can
be demonstrated (Ogle, 1995; Winfieddl al, 1996). Or where fish declines after the
invasion of ruffe can be explained by other fact(Bsonte et al, 1998). There are
however, many laboratory (Sterligova & Pavlovskif§84 DeSorcie & Edsall, 1995) and
field (Pokrovski, 1961; Balagurova, 1963; Titov&®78; Mikkolaet al, 1979; Adams &
Tippett, 1991; Huusko & Sutela, 1992; Rosch & Sahnii996; Selgeby, 1998) studies
which suggest that egg predation by ruffe may havegnificant negative impact on

coregonid populations.

The effects of different substrate types and faorgdiabitat complexity can affect ruffe
foraging efficiency (Mattila, 1992; Fullertcet al, 1998; Dietericket al, 2004). However,
it is not known what level of protection againstfeupredation is afforded to incubating

whitefish ova by differing substrate types. In tisidy, the predation success of ruffe
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foraging on whitefish eggs amongst different swdiss is examined in laboratory
experiments. Experimental data are then used ima&st egg vulnerabilities at known

whitefish spawning sites in four different Scottlakes.

6.3 METHODS

6.3.1 Ruffe capture

Four fyke nets were set in Loch Lomond, two betw8®dune 2008 and 12June 2008
and two betweeniBJune 2008 and 30June 2008. A total of 54 ruffe were captured.
Upon transfer to the laboratory holding facilitieaffe were fed on a mixture of frozen
bloodworm and artificial whitefish eggs (see belpthe proportion of artificial eggs was
increased on a daily basis. They were kept in eiyptior a minimum of five days before

experimentation, by which time they were accustotoddeding wholly on artificial eggs.

6.3.2 Artificial egg manufacture

Due to the high conservation value of whitefish @widlence of a decline in whitefish
numbers, it was decided to use artificial eggs tfex purposes of experimentation as
opposed to taking these from spawning whitefishtifisial eggs were made with

homogenised bloodworm in a gelatine matrix of idEdtsize to real whitefish eggs.

Artificial eggs mimicked size, consistency and tegtof real eggs and were stable for

several hours in water.

6.3.3 Substrate

Sand (defined as 0.0625 - 2.0 mm), gravel (2.0 .0 f@n), pebble (16.0 — 64.0 mm) and
cobble (64.0 — 256.0 mm) (Cummins, 1962; Coyle &, 2008) were collected by
hand from littoral areas of Loch Lomond. Enoughacdubstrate was utilised to cover the
feeding tray (a 335 x 235 mm plastic tray) in oagel. Due to the size of the feeding tray
and experimental tanks, cobbles were<#30 mm in length.

6.3.4 Visible gaps

The space between substrate particles open tatfecs and thus available for eggs to fall
into, will from this point forward be referred tg ¢he ‘visible gap’. A single substrate type
was used to cover a black-coloured floor of a fegdray (described above). The tray was
then photographed. The programme imageJ was uspehtuify the total area of black on

the image, equating to the area of ‘visible gag’,aaproportion of total area. This was
repeated for each substrate type in turn and edu$trate replicated 20 times in different

configurations to calculate an average visible fpapeach substrate type. Differences in
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visible space were compared with Mann Whitney-UsteSince the standard substrate size
categories (sand, gravel, pebble cobble) incregsenentially, in analyses the mid-size of

the category was transformed using.log

6.3.5 Experimental design

Four tanks were arranged identically. One halfhef tank was filled with plastic plants in
identical positions, for cover; ruffe had been fduleed more readily with available
shelter. The other half was an open area in whiehféeding tray could be placed in the
same position in each tank. To avoid visual contmttveen groups, the back and side
walls of the aquaria were masked with black plata. To minimise disturbance to
foraging behaviour, a hide was built that enablbdeovation of the ruffe through during
trials. Dieterichet al. (2004) found that lone ruffe did not feed in expants, thus three
fish were used in each trial. The three ruffe waeteduced into each tank to acclimate for
two days during which they were fed artificial eggsce a day on a feeding tray without
substrate, the artificial eggs were introduced gisire experimental method (see below).

On the third day after introduction to the expenmaétank, the trial for each group began.

During the trial, once per day each group was exgde a randomly assigned substrate
type. This was introduced on the feeding tray, updnch 30 artificial eggs (weighed
before use) were allowed to fall without any failioutside the tray. This was enabled with
the use of a rectangular funnel which fit tighthside the tray. The artificial eggs were
allowed to settle and the ruffe were then alloweckas to the feeding tray. The ruffe were
observed for 30 minutes during which general olet@nus of behaviour were noted. After
this time the sediment tray was removed and thg &gvival’, defined as the number of
eggs remaining, was recorded. Fish were not fedidmitthe experiment leading to the
expectation that all artificial eggs that could dmsumed were consumed. The next day
each experimental ruffe group was exposed simitarlgne of the remaining three of four
substrate types. This was repeated until each empetal ruffe group was exposed to each
substrate type once over a four day period. Theeraxyntal groups of ruffe were not

reused. A total of 18 trial replications were cosaiptl.

If no fish was observed to move onto the tray dyiafi of the four days of the trial, the
replicate was removed from analysis (two replicatese removed). The differences in egg
survival between treatments were tested using@ated measure ANOVA and Bonferroni
post hoctesting. Learning was excluded as a factor bynggor correlation between egg
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survival and day of trial. Differences in artifitiagg size was excluded as a factor by
testing for correlation between egg survival andgivieof the 30 artificial eggs used in the

experiment.

6.3.6 Substrate surveys

Transects perpendicular from the shore on knowwsipeg sites of whitefish in four lakes
in Scotland were competed using a Videoray Remgier&ed Vehicle (ROV). At known
intervals of the transect, percentage cover orake bed of different substrate types and
organic material (i.e. macrophytes, organic dehnsbhe viewing area of the ROV was
recorded, along with depth.

In total 16 transects were completed in the Rosg &aa of Loch Lomond (NGR 368
955). Ten transects were completed from the be&dRoss Bay (2% December 2007),
these were 10 m apart on the shore line and pomegs were completed every 3 m. Four
transects were completed from the east of Rosgt#yand 11" January 2008), and two
transects were completed from the west of Ross(®4y January 2008). These transects
were 20 m apart on the shore line and point survesie completed every 5 m. Four
transects were completed in Loch Eck (NGR 140 946)' February 2008). Transects
were 20 m apart on the shore line and point surveye completed every 3 m. Two
transects were completed in Loch Sloy (NGR 285 ¥18)' February 2008). Transects
were 20 m apart on the shore line and point surveyt® completed every 3 m. Three
transects were completed in Carron Valley ReseBR 715 838) (12 February 2008).

Transects were 20 m apart on the shore line amt poiveys were completed every 3 m.

6.3.7 Estimation of predation risk

Data from the laboratory experiments on substrpéeific predation risk was used as an
index of predation risk. This was combined withuattspawning site substrate data for
four known spawning sites to estimate relative atied risk in the natural environment.
For each percentage cover location, predationfoisk particular substrate was multiplied
by the proportional area covered by that substi@tganic material was excluded). This
was summed to provide a total estimated predaistrat that location.

6.4 RESULTS

6.4.1 Foraging experiments

There was no correlation of egg survival (numbenaming out of 30) of artificial eggs
with day of trial (Pearson correlation, p = 0.72) artificial egg weight (Pearson
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correlation, p = 0.53). This suggested that thees wio learning effect on foraging
efficiency, or any preferential size of egg eff@ft predation. There was a significant
difference between the survival of artificial eggs the different substrates (repeated

measures ANOVA, F,5= 20.3, p < 0.0001). Bonferropost hoctesting found significant

differences in survival of artificial eggs betwessnd and gravel, and sand and pebbles (p
< 0.0001) and between sand and cobbles (p < Ga@8)between pebbles and cobbles (p <
0.05). However, there was no significant differemceegg survival between gravel and
pebbles (p > 0.99), or gravel and cobbles (p =)0.7Be substrate from which the most
artificial eggs survived (number remaining out &) 3vas pebbles (mean 22.7 + se 1.3,
median 24.5), then gravel (mean 20.3 + se 1.6, ane2iD.5), cobbles (mean 16.0 + se 1.8,
median 13.0) and the lowest survival (highest piedaate) from sand (mean 7.1 * se 2.6,

median 0) (Fig. 6.1.). The lggsubstrate mid-size and the artificial egg survivelre

significantly correlated and can be best explaibgd quadratic relationship {R= 0.39,
ANOVA, F, ¢, = 319.6, p < 0.0001).

30 1
25 pebbles

gravel {
20 -

15 {

cobbles

artificial egg survival (N)

Loge Sediment mid-size

Figure 6.1 Mean (+ S.E.) number of eggs removedoim tray containing different sediments after

ruffe foraging
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Figure 6.2 Mean (x S.E.) percentage area of viddbgaps between sediment particles of sand, gravel,

pebbles and cobbles

There was a significant difference in the perceatsgrface area comprising visible gaps
(Kruskal-Wallis,¥2 = 69.5, d.f. = 3, p < 0.0001). Mann-Whitney tefstand significant
differences between all pairwise comparisons (p09@L). Mean percentage visible gaps
were found to be, from the least to the greatestd 0.5 + se 0.1 %), gravel (5.4 + se 0.1
%), cobbles (7.2 £ se 0.3 %), pebbles (9.0 + 0.2™¢ relationship between lognid-size

of substrate and percentage of surface area campugsible gaps can be best explained
by a quadratic relationship fR= 0.95, ANOVA, Eg4, = 309.5, p < 0.0001) (Fig. 6.2.).
There was a greater survival of eggs from substrtat have a greater percentage of
surface area comprising visible gaps. The meaneptage of surface area comprising
visible gaps and the surviving number of artificégjgs can be best explained by a cubic
relationship (R=0.40, ANOVA, F 4= 13.0, p < 0.0001) (Fig. 6.3.).
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Figure 6.3 Mean (= S.E.) percentage area of viddbgaps between sediment particles of sand, gravel,

pebbles and cobbles and mean (= S.E.) number of eggmoved from tank of different sediments

Table 6.1 Summary of transects completed in Lochomond (A = Ross Bay beach, B = right of Ross
Bay beach, C = left of Ross Bay beach), Loch Eckpth Sloy and Carron Valley Reservoir

Lomond Lomond Lomond Eck Sloy Carron
A B C Valley
NGR | NS 368955] NS 369954] NS 367 955] NS 140946 NN 284 NS 715 839
113
N transects 10 4 2 4 2 3
Between 10 20 20 20 20 20
transects (m)
Mean transect 71.7 101.3 57.5 30.5 33 43
distance (m)

N point surveys 239 81 25 40 22 42
Approx. area 6453 6075 1150 915 330 886
covered (ne)

Mean depth 25 5.4 4.0 21 31 2.6
Max depth (m) 5.0 115 9.9 6.0 6.3 45
Commonest | Macrophyte Sand Sand Sand Boulders Sand
material S (44.9 %) (50.9 %) (46.0% ) (68.6 %) (46.8 %) (41.2 %)
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Figure 6.4 Mean percentage cover of sediment, maphytes and other organic material found at
different depths on point surveys in transects in bch Lomond, Loch Eck, Loch Sloy and Carron

Valley Reservoir
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6.4.3 Estimated predation risk on spawning grounds

The substrates found in the transects were samagglgrpebbles, cobbles and boulders,
however, organic material such as macrophytes agdnac detritus (i.e. dead leaves,
wood) were also found as part of the percentagercffig. 6.4). The equation describing
the relationship between substrate size and aalifegg survival was used to calculate a
possible predation risk for larger particle sizearfd on the surveying that could not be
tested in the laboratory i.e. boulders. Extrapolagg survival was 12.9 for small boulders
and (at 256 mm, minimum size of boulders). The drpental data of mean artificial egg
survival and surveys of the substrate compositiorwbitefish spawning grounds at four
sites allowed the calculation of an index of refatpredation risk on whitefish eggs by
ruffe at these sites. The highest predation risk feand to be on areas of 100% sand, this
was considered to be very high risk. Other groupsevderived by dividing the remaining
risk into three equally wide categories. The pemtveys were then partitioned according
to predation risk into low (0.24 — 0.41), medium4®— 0.58), high (0.58 — 0.75) and very
high (0.75+) predation risk categories. It was fbuhat sequentially the highest overall
predation risk (mean = se) was found at Loch E@O & 0.02 (high risk), Loch Lomond
0.66 £ 0.01 (high risk), Carron Valley Reservois®+ 0.04 (medium risk) and Loch Sloy
0.46 = 0.02 (medium risk).

6.5 DISCUSSION

Invasive ruffe are important predators of whitefegiys at spawning time in Loch Lomond,
and have been found in large numbers on whitefistwaing grounds (Etheridge, 2009).
Adams & Tippett (1991) demonstrated that ruffe cone relatively large quantities of
whitefish eggs compared to other native fish at #ite. Whitefish are broadcast spawners
which utilise well-washed gravel of littoral areas offshore banks of standing waters
(Slack et al, 1957). However, unlike many other salmonids.(&grgentet al, 1987),
whitefish do not build a nest or redd to providetpction for their eggs. Therefore, their
eggs are highly vulnerable with the substrate ensipawning grounds providing the only

physical protection.

Whitefish eggs have a high natural mortality dua t@nge of physical and biotic factors.
It was estimated by Slaak al.(1957) that in Loch Lomond, 65 % of eggs are predlan
by trichoptera larvae and 30 % are either infexiledie from fungal attack. The eggs are

also predated on by native fish, including powalag¢et al, 1957; Adams & Tippett,
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1991). Browret al. (1991) compiled a life table for Loch Lomond wiigé that found that
mortality at the egg stage is 99.95 %. Thus eggyiwalr is clearly a bottleneck for
recruitment. If egg predation by ruffe is additibma these sources, this might be very
important as a population regulation mechanism.taidy, Brown and Scott (1994)
concluded that the Loch Lomond whitefish populatieles on the regular recruitment of
large year classes, a few years without which naase significant problems in terms of

population viability.

The protective ability of different substrates coamty found on whitefish spawning
grounds was assessed in ruffe foraging experimentsegg substitutes over these
substrates. It has been shown that substrate s/peportant to egg survivorship and
therefore has the potential to affect whitefishruément and population size. Pebbles
offer the best protection for eggs from ruffe pitemla It was found that protection of
artificial eggs from ruffe predation over pebbles3i2 times greater than over sand, and is
1.4 times greater than over cobbles. There wasargkincrease in the protective ability
of substrate with the area of visible gaps. Howgthez total area of visible gaps between
substrate particles cannot be equated with thestitial space, which is well known to

increase with substrate particle size.

It was found during observation that the ruffe veuickly located and consumed the
majority of the artificial eggs exposed on sandtha larger particle substrates of gravel
and pebbles, if the artificial eggs fell into ailble gap, they were protected from predation.
However, it was found that the gravel particlesev@ometimes moved allowing access to
the artificial eggs, while, the larger and deepapin pebbles seemed to result in slightly
better protection. On cobbles artificial eggs tfedk on the surface of the cobbles were
exposed to predation. While the visible gaps da/jgle some protection the gaps between
cobbles were large enough that the ruffe couldnoéieter them to forage. This effect of
large gaps on foraging efficiency has been repartesther studies of fish predation on
salmonid eggs (Bigat al, 1998; Chotkowski & Marsden, 1999). This factopkans why
cobbles had a low atrtificial egg survival compatedhe area of total visible gaps. It was
also observed during experiments that is was ntesh the largest fish which moved onto
the feeding tray first and most often displayedraggive behaviour to the other fish.
However, the largest fish was not always able terethese gaps, and the smaller fish
could be at an advantage on cobbles.
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The experimental results may also reflect protectibeggs from other fish predators and
physical damage such as being swept off spawnimgingls. However, invertebrate
predation appears to be a significant source oftefieh egg mortality in some areas
(Slack, 1955; Fox, 1978). It is possible that thbstrates that provide the best refuges for
eggs against fish predation may also protect tireggtebrates. This would be part of the
natural mortality of eggs previously measured, ahith whitefish have sustained, rather
than the additional mortality of invasive ruffe. \etheless, this and the interaction of
ruffe-size in accessing certain sizes of visiblp gaay modify the most ideal (protective)
size of whitefish spawning substrate in differateés

In Scotland, spawning areas in two successful eefiigs show higher levels of protection
from ruffe predation than spawning areas in napepulation sites. The results thus
suggest that the refuge populations of whitefishSeotland might be better able to
withstand an invasion of ruffe than the native pgapans. Ruffe are likely to invade Loch

Sloy in the future due to a planned pump-storaghtiad to the Loch Sloy hydroelectric

scheme that will soon bring water from Loch Lomdalteady invaded by ruffe) to Loch

Sloy.

Ruffe are now well established in Loch Lomond and ihighly doubtful that they will
ever be removed or controlled at a low populatiomber successfully. While the addition
of pebbles of spawning grounds with a deficit aeal’ substrate is a possibility, though a
potentially expensive one, it remains to be seem the whitefish population will respond
to the increased predation mortality at this lifage in the longer term. There is a long
history of introduction of non-native species init&in, both by accident and design
(Manchester & Bullock, 2000; Copet al, 2005). It is unfortunate that the long-term
ecological impact of these introductions has garngdly unexamined, and studies which
provide an insight into firstly adaptation in arvading species, and secondly in affected
native species are almost absent. There are examplsituations whereby life-history
responses, such as egg incubation and emergeniog tiesponding to high mortality at
the egg stage (Wedekind, 2002; Joaesl, 2003; Kusch & Chivers, 2004; Wedekind &
Muller, 2005). It remains to be seen if whitefighutd respond to, this increased mortality

due to predation at the egg stage.

It is apparent that egg incubation is an importaoitleneck to recruitment to whitefish.
This study indicates that spawning site substrateritical for the survival of whitefish

eggs from predation. This has significant manageénmeplications for spawning areas of
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rare whitefish where additional mortality at thigedistage has potentially serious

implications for population viability.
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Chapter 7 CONTINUOUS VARIATION IN THE PATTERN OF MARINE VERSUS
FRESHWATER FORAGING IN BROWN TROUT FROM LOCH LOMOND,
SCOTLAND?

7.1 ABSTRACT

The brown trout $almo truttd is conventionally regarded as exhibiting a binaigration
pattern, with individuals either adopting 1) residg, or 2) anadromy. Using carbon stable
isotope analysis to distinguish between marine fiedhwater sources of assimilated
carbon, it is shown that some individual trout egp@ follow an intermediate strategy of
either, repeated movement between fresh water @mishen or estuarine residency. Carbon
stable isotopedf3C) values from Loch Lomond trout muscle tissue esh@rom those
indicative of assimilation of purely freshwaterided carbon to those reflecting
significant utilisation of marine-derived carbonshgle isotope, two source mixing model
indicated that, on average, marine C made a 33 Bfsibation to the muscle tissue C of
Loch Lomond troutd15N but notd13C was correlated with fork length suggesting that
larger fish were feeding at a higher trophic lewel that marine feeding was not indicated
by larger body size. These results are discusséu neference to migration patterns in

other species.

7.2 INTRODUCTION

The brown trout $almo truttal.) is a highly polytypic salmonid, showing phenotypic
variation between and within populations to theeaktthat in the past these have been
considered separate species similarly to otherlainspecies (see Chapter 1). Individual
fish within a population show considerable variatia life history characteristics and are
facultatively anadromous (Elliott, 1994; Klemetssral 2003; Cucherousset al 2005).
Spawning occurs in natal streams; in open syst@mgariable proportion of the total
population, but rarely the whole population, undegya metamorphosis (smolting), that
adapt individuals to life in salt water and themsh fsubsequently migrate to sea to feed.
Other individuals within the population remain iresh water as residents (McDowell,
1988; Jonsson & Jonsson, 1993; Elliott, 1994). &twee, a binary choice of life history
trajectories for individuals is conventionally debed in S. trutta (Eek & Bohlin, 1997,
Bagliniere et al, 2001; Charleset al, 2004); namely 1) freshwater residency, or 2)
anadromy - migration to sea to feed before retgrtonnatal streams to spawn.

® This chapter has been published indbarnal of Fish BiologyEtheridgeet al, 2008)
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Anadromy in salmonids is well studied, particulaiyAtlantic salmon $almo salarL.)
(McDowell, 1988; Fleming, 1996; Garcia-Vazqueizal, 2001). The benefits of migration
to sea include access to more profitable food megsuand so increased growth (Berg &
Jonsson, 1990; Olssat al, 2006), while the costs include increased predéaiyp marine
predators and an energetically costly migrationn{Boet al, 2001; Dieperinlet al, 2002).
Females have a significantly higher energy requemnthan males and thus are more
likely to adopt an anadromous pathway (Elliott, 49Rlemetseret al, 2003). The benefits
of anadromy are thus less obvious for males. Lamngelromous males compete for females
directly, while small resident males can adopt &«eg’ reproductive tactics in which they
do not compete directly for access to the femaleesé ‘sneaking’ males can have
substantial reproductive success, without the costmigration (Myers & Hutchings,
1987; Garcia-Vazqueet al 2001). However, despite the life history diffecea between
them, migrant and resident trout can spawn togethecessfully. The prevalent view,
therefore, is that where resident and anadromaug spawn or occur together they are
freely interbreeding fractions of a single spawnstgck (Elliott, 1994; Klemetseet al,
2003).

A number of laboratory techniques have been usedewtify resident and anadromous
fish, including: carotenoid pigment profiling (Yogsonet al, 1997), measurement of the
strontium content of scales and bony tissue (Kall®®0; Eek & Bohlin, 1997; Veino#t

al, 1999) and analysis of stable isotope ratios (Mtya& Waldron, 2000; Jardinet al,
2005). Stable isotopes of nitrogen and carbon ddelyw used in the study of animal
movements and trophic interactions (Grey 2001; Gaewl 2002; Harrodet al, 2005).
Naturally occurring stable isotopes are assimilabgd animals and fractionation by
biochemical processes causes the heavier isotdpe &ocumulated in animal tisswé&N
(the change in the ratio &N to 14N compared with a standard) is typically enrichgda.
3-5%o, allowing the long-term trophic position ofrsumers to be estimated (Peterson &
Fry, 1987; Post, 2002; Sweetieg)al 2007). In contrast, trophic enrichmentd#3C (the
change in the ratio dBC to 12C compared with a standard) is typically minor (€&%o)
andos13C is used as a robust and consistent indicatdreotarbon source the organism has
been assimilating (Peterson & Fry, 1987; Hobso®9)l®13C has specifically been used
to distinguish between fresh water and marine carbources in a range of mobile
consumers in a number of studies (Hobson, 1999rodaat al, 2005; Guelinckxet al,
2006).613C values are relativelifC depleted (more negative) in freshwater compaved t
marine habitats, with a gradient between the tweeexes that correlates with salinity (Fry
& Sherr, 1984; Riera & Richard, 1996).
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Different tissues vary in the rate at which theiotopic values reflect that of their food
source, with high turnover tissues such as livemgmg quickly and thus responding to a
change in diet rapidly, while low turnover tissigegh as bone changes slowly (Bearbbp
al, 2004). The turnover of muscle depends on groatth, and falls somewhere in between
these two extremes, being measured in months (Rer@erdeaux, 2005; Phillips &
Eldridge, 2006).

A general anecdotal observation from earlier swdiefish in Loch Lomond has been that

many of the trout caught in Loch Lomond were snralize, consistent with fresh water

residency, but also silver in colouration consisteith anadromy. Here, analysis of the

stable isotopes of carbon and nitrogen in musskué is used to test the null hypothesis
thatSalmo truttaexhibit a typical binary sea migration patterroth Lomond, Scotland.

7.3 METHODS

In total 75 multi-panel Nordic-pattern gill netshiwh comprise 12 panels, ranging from 5
to 55 mm, knot-to-knot mesh, were set overnigldiies in the north, mid and south basins
of Loch Lomond (see Appendix 1) over the winte2605/06 (from 9 November 2005 to
24 January 2006) as part of a broader fish suriéyese nets are non-selective for
salmonids within the modal size range 45 to 495 fork-length (Jensen & Hesthagen,
1996). During this period, 44 brown trout were datugrish were frozen within 4 hours of
capture. In the laboratory, fish were defroste@/excwere removed below the dorsal fin
for aging, and a small piece of white muscle pasteo the head and above the lateral line
was removed for stable isotope analysis. Tissuedsiasl at constant temperature (50 °C
for at least 48 hours), ground to a fine powdengig grinder (Revel Ltd.) and 0.5 mg of
dried ground muscle was packed into pressed 10xhOtim weighing pans and used in
simultaneous analysis of stable C and N isotopidl&isotope ratios were determined by
continuous flow isotope ratio mass spectrometrytres Max Planck Institute for
Limnology, Germany. Stable isotope ratios are giusing thed notation expressed in
units per mil wheré (%o) = [(R sample/R standard)-1] x 1000, and RG/12C or15N/14N.
The reference materials used were secondary stidafr known relation to the
international standards of Vienna Pee Dee belenfaitearbon and atmospheric, Nor
nitrogen. Typical precision for a single analysiaswt 0.1 %o fors13C and = 0.3 %o for
SN, All 813C values were subsequently adjusted for lipid cotredon variation
(Kiljunen et al, 2006).
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To determine the relative contribution of energyivd from fresh water and marine
sources, a single isotope, two source mixing meded applied to the trowd!3C data
(Phillips & Gregg, 2001). This approach assumesrtiaine and fresh water represent the
only two sources of available carbon, and that 84& values of the tissue are
representative of the diet of the fish. It was assumed that the trout with the most
depletedd13C values represented individuals assimilating dréghwater derived carbon,
i.e. 100 % fresh water feeding, and the trout with nessicheds13C values were wholly
deriving their energy from marine sourdes 100 % marine feeding. A mean freshwater
013C value was also derived for two freshwater fisbcggs from Loch Lomond, namely
bream(Abramis bramal.) and powan Coregonus lavaretug.). A cross-species mean
marined3C value for 11 North East Atlantic species was alsdved from the literature.
Species included were albacore tdrrauinnus alalunggdBonnaterre), whitindMerlangius
merlangusL., flounderPlatichthys flesu4.., monkfishLophius budegassgspinola), hake
Merluccius merlucciud.., red mulletMullus barbatusL., tope Galeorhinus galeud..,
black-mouth catsharksaleus melastomugRafinesque), starry smooth houMulstelus
asterias (Cloquet), spiny dogfishSqualus acanthiasL. and lesser-spotted dogfish
Scyliorhinus caniculd.. (Daset al, 2000; Pinnegaet al, 2001; Badalamengt al, 2002;
Domi et al, 2005).

7.4 RESULTS

Of the 44 trout sampled in winter 2005/06 from ffregater in Loch Lomond, muscle tissue
013C values ranged between -27.7 %o and -17.8 %.. Thst mepleted (negative)!3C
values recorded were consistent with those deifiad obligate freshwater fishes (powan
and bream), -27.2 £ 0.9 (mean + S.E.). At the othéreme the most enriched (positive)
013C values from trout were consistent with mean (E.BSvalues calculated from North
East Atlantic marine fishes (-17.8 + 0.3). Betwé#agse extremes, the trout showed a wide
range of613C values (Fig. 7.1). The nitrogen isotope analg$igout tissue samples show
signatures ranging from 8.4 %o to 14.4 %.. There wasgeak, but statistically significant
positive relationship betweed3C ands!SN (F, 43= 4.43, Rd)= 0.07,P < 0.05).

A two source linear mixing model was used to debteenthe contribution of freshwater
and marine carbon sources to trout muscle tissllectead in Loch Lomond at this time
using thes13C values adjusted for lipid variation. Fig. 7.208ls the relative frequency

distribution of calculated marine source C contiiflmuin muscle tissue. The modal marine
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contribution to muscle tissue from this sample B8s%, with the lower and upper and

lower interquartiles being 19 % and 42 % respeltive
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Figure 7.1 &13C adjusted for lipid variation and 81N of muscle from brown trout from Loch

Lomond. Mean fresh waterd13C for non-migratory fish from Loch Lomond -27.2 + 0.9 (mean + S.E.)
is shown bye, and mean marine$13C for North East Atlantic species -17.8 + 0.3 (mear S.E.) is
shown bym (Daset al., 2000; Pinnegaret al., 2001; Badalamentiet al., 2002; Domiet al., 2005).

Regression analysis was used to explore any fatbatsmight be affecting the stable

isotope results. Date of capture was not correlatét 513C (F, 47=0.55, Riadj=-0.01,
P=0.46) or with3'5N (F; 43= 0.12, Red) = -0.02,P = 0.73). Log L; was not correlated
with 613C (F, 4,= 1.8, Rad)= 0.02,P = 0.19), however, there was a significant correfati
between L and4*N of Loch Lomond trout (Fig. 7.3.) (G,= 37.6, Redj)= 0.47,P <
0.001). The kand age are not affected by #eC signature of Loch Lomond trout muscle

tissue (MANCOVA, F ,,= 1.1, p = 0.34).
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Figure 7.2 The percentage estimated marine C caitiution to tissue of brown trout from Loch

Lomond calculated using a single isotope, two sowdinear mixing model applied to the data (Phillips
& Gregg, 2001). The simple mixing model assumes tharown trout with the most depleted $13C value
(-27.7 %o) represents a wholly fresh water foragindpistory, and the brown trout with most enriched

513C value (-17.8 %o.) represents a wholly marine foragg history
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Figure 7.3  Fork length and 815N of muscle from brown trout from Loch Lomond. There is a

significant positive correlation (F; 4,= 37.6, R(adj) = 0.47,p < 0.001).
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7.5 DISCUSSION

Stable isotope analysis of muscle tissue of traugbt in Loch Lomond revealed an
unexpectedly broad range of values for b#38C andd!>N. The range 0813C is consistent
with the trout population in Loch Lomond feedingdaassimilating C from both freshwater
and marine systems. The distribution 3fC values is not however consistent with a
dichotomous marine/fresh water foraging strategyene anadromous fish migrate to sea
to feed and residents remain in fresh water feedRagther these data show more
continuous variation between freshwater and sedirfge(and consequently migration

extremes) in this population.

Both 813C ands15N are enriched in marine environments in comparisofresh water
(Mizutani & Wada, 1988; Post, 2002), and this ipmurted in the positive relationship
betweer13C ands!®N from trout in this study. The strong positiveat@nship between;L
ando!®N (Fig. 7.3.) is indicative of larger fish feediaghigher trophic levels than smaller
individuals. The individual with the lowe$t>N value was smaller (200 mm) and had a
depletedé13C value (-24.6 %) indicating freshwater residenoy,comparison to the
individual with the greatesi’>N value which was larger (371 mm) and had an eadch
013C value (-19.2 %o) indicating a more marine signatuidue to the weak relationship
betweerns!3C ands15N, the variation ird!5N is likely due to larger trout feeding at a higher
trophic level, rather than differences in the based’>N values between freshwater and
marine habitats. The MANCOVA results indicate tlggowth does not appear to be
significantly affected by13C value, which suggests there is no growth bemefitigration
for these trout. However, this also reflects thytchance, no larger and older fish were
caught that had a large proportion of marine Cridouniing to muscle tissue; alternatively,
it is possible that these fish may over winter lv@ tmarine environment (Olsest al,
2006).

The results of the linear mixing model show freques of estimated marine C
contribution to musclé13C that are consistent with individuals having Vialeaproportions

of the assimilated diet coming from fresh water aatiwater sources. The mean foraging
strategy of the trout sampled here suggests th&b 88 muscle tissue in winter is derived
from marine sources. The most likely explanatiorthiast many trout in this population
either spend most of their time in fresh water footve into seawater for a short period in

the months previous to capture, or they spend rafgignt proportion of their time in an
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intermediate area between fresh water and oceattiwwader. There are three alternative,
but less probable scenarios. One is that the fllerge resident trout is partially reliant on
small anadromous fish, resulting in partially marisotope values. However, there is no
significant size difference between trout with arenmarines13C values and those with a
more fresh wated13C values suggesting predation would be problematid, trout with
intermediate isotope values are not noticeablyelarghe second is that resident trout have
been feeding primarily 0@d13C enriched invertebrate prey such as freshwateitssoa
other epilithic microalgal scrapers (Finlayal, 1999). Since trout are have been shown to
be opportunistic feeders it seems unlikely they @pecialise enough on prey species of
the same trophic guild to affect the diet to suoheatent. The third is that anadromous
trout are feeding in fresh water on their returrgmraiion and so are diluting the marine
signature of their muscle tissue. If this were ¢hse a correlation between date of capture
and marine C signal would be expected, howeverethegis no evidence for such a
relationship. Furthermore, depressed feeding aodtgrin late autumn and winter leads to
slow tissue turnover rates in winter, and the oiikhe carbon assimilated into muscle

tissues reflects summer feeding (Perga, & Gerdez05).

Movement at sea iB. trutta is known to be more geographically restricted shalrter in
duration tharS. salar (McDowell, 1988). Sub-categories within resident anadromous
trout groups have been previously described. Restdeut may 1a) spend their entire life
in their natal stream; 1b) migrate from their natbam to the parent river, 1c) migrate
from their natal streams to a lake; anadromoud ttan be sub-categorised into 2a) short
distance migrants (estuarine or slob trout) thagrate into estuaries to feed, 2b) long
distance migrants that migrate to coastal watetko{E 1994). Migration can also be
restricted in time. Most anadromous trout spendeast 18 months at sea, but some
returning fish spend only ca. 6 months away froeslir water, these individuals are
commonly referred to as ‘finnock’ in Scotland. Tpr@portion of finnock among returning
fish varies considerably between rivers and ydarsnany populations most finnock are
males, since these are small they follow a sneal@pgpductive strategy (Elliott, 1994).

It is likely that there are benefits to followinglige history intermediate between that of
fully resident or anadromous fish. Estuaries aterotised as nurseries by juvenile marine
fish (Brown, 2006; Guelincket al, 2006) hence the most productive feeding areas for
these trout may be in estuarine areas and notethéEliott, 1986). It is also possible that
some marine predators are avoided if the trout akonmove into coastal waters. Other

advantages of migration may include avoidance thapecific competition (Bult, 1999;
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Landergren, 2004; Olssat al, 2006). It is possible that Loch Lomond trout movey far
enough towards sea to take advantage of the beméfliout undertaking a strenuous and

potentially hazardous migration to fully marine hats.

Individual life history variation have been idermd using stable isotope analysis in a
number of species: white-spotted cha8alfelinus leucomaeniBallas) (Arai & Morita,
2005), pond smeltHypomesus nipponengidcAllister) (Arai et al, 2006), European eel
(Anguilla anguilla L.) (Harrod et al., 2005), and Japanese ed\n{uilla japonica
Temminck & Schlegel) (Tzenet al, 2002, 2003). Moreover, phenotypic plasticity isliw
known in many other species using other methodetogis explored between powan
populations in Chapter 3 and 4. However, this &sfilst time stable isotope analysis has
been used to elucidate complex migration of indigld in a trout population. These
findings suggest that Loch Lomond trout have aiflexmigration strategy with a high
degree of behavioural plasticity with an ability tilise the full range of salinities
available. This pattern is examined in the contd#xbther Loch Lomond fish species in

Appendix 3.
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Chapter 8 GENERAL DISCUSSION

In this thesis six studies (Chapters 2 to 7) aresgmted that have implications for
management of UKCoregonus spmnd for management specifically of Loch Lomonaas
site of significant biological interest.

8.1  PUTATIVE SPECIES IN BRITISH WHITEFISH

As discussed in Chapter 2, a name change althoediaps seemingly superficial, can
have far-reaching implications for conservation digsemination of information between
scientists, and between scientists and the widanuanity. If a population is designated a
different species, any legal protection the popaitaenjoyed prior to the change must be
transferred. However, as discussed in Chaptereldeélsignation and naming of species can
be problematic, what is being described is esdgnamoment in time of a dynamic
process (speciation). Phenotypic differences betwpepulations of phenotypically
variable and plastic organisms may not necessadgote species differences. Here
(Chapter 2) it was demonstrated that there wadfiomunt evidence to warrant the splitting
of Coregonus lavaretugpopulations into three species endemic to Britdihat this
splitting appears to have been accepted withoudtapreby some authorities is worrying. It
is recommended that populations of British whitefere retained a€. lavaretus until

other, statistically robust, evidence is presented.

Other UK and Irish whitefish species have also bdemignated endemic species by
Kottelat & Freyhof (2007) from their currently regised pan-continental species
designations, vendac€ (albulato C. vandesiusand pollan €. autumnaligo C. pollan.

It is urged that these and other new designatibisimpean freshwater fishes (e.g. Arctic

charr) are examined critically before acceptance.

8.2 INTRA-SPECIES DIFFERENCES IN C. LAVARETUS POPULATIONS

However, it is apparent in Chapter 2 that therediiferences between UK. lavaretus
populations. Comparative investigations have bearried out on the two native
populations ofC. lavaretus(powan) in Scotland, in previous studies (BrownS&ott,
1990; Pomeroy, 1991; Brown & Scott, 1994; DolezeC8mpton, 2000) and in this thesis
(Chapter 3). While there are many similarities kesw the sites, it was demonstrated in
this study between Loch Lomond and Loch Eck poweat there were indeed significant
differences in morphology and ecology between these populations. In addition,
provisional stable isotope analysis (SIA) resulté\ppendix 4 of significant differences in
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both 613C andd>N values have indicated long term differences betwdiet in these two
populations. Loch Lomond powan appeared to eatrg sgmilar diet to each other,
indicated in tightly bunched3C values of individuals, while Loch Eck powan
individually appeared to have a more varied dibtaming their C from more than one
source. This is supported by previous work on diferences by Pomeroy (1991) which
demonstrated that Loch Lomond powan feed primamiyplankton while Loch Eck fish
feed on both plankton and benthos. Due to diffiesltin obtaining consistent baseline
indicators, analysis of summer and winter stomaohtents would provide further
grounding for this information in the future. Inder to quantify the uniqueness of British
C. lavaretuspopulations in the context of morphology, ecololifg history and genetics,
comparisons of these should be extended to covepagulations. Until alternative
evidence is presented all British. lavaretuspopulations must be (or continue to be)
managed as evolutionary significant units (ESUSs).

8.3 CONSERVATION OF UK WHITEFISH

Important population differences found between paians that are potentially vulnerable
to impacts such as invasive species and eutroptmcatay require conservation action to
be initiated. The translocation of individuals tonaw site has become a popular
conservation measure for whitefish (Winfiedd al., 2002, 2008c). In Chapter 4 it was
demonstrated that morphological and ecologicaledifices can develop quickly after
conservation translocation to a novel environm8mgnificant differences were found, not
only between the donor and refuge populations, dmitveen the refuge populations,
highlighting the effect that environmental diffeces can have on phenotypically plastic
species. Other differences were indicated by diffees in preliminary SIA results
recorded in Appendix 4 which indicated significahtferences in both13C and 615N
values of powan in all pairwise comparisons aparnf13C values between Loch Lomond
and Loch Sloy powan. Loch Sloy powan appeared W laavery different long term diet,
feeding almost one trophic level, below fish fromyaother site indicated by lowtsN
values, and individuals appeared to obtain thefrath very wide ranging sources. The
differences between these populations were refldayethe cluster analysis in Chapter 2 in
which Loch Sloy powan did not cluster as closelthwioch Lomond powan as those from
Carron Valley Reservoir. Thus, these results empedke fact that fish introduced from a
one site to another may not in effect remain theeséish. Nevertheless, it is thought that
the differences between the populations were maktéy/to plasticity, though in the much
longer term further differences (including genetaifferences) could develop.

Translocation to a new site should be used as @&eceamion measure for isolated
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populations of high conservation value phenotypycallastic species. However, this
should never be used in preference to (or to tistusion of)in situ conservation measures

where these are possible.

8.4 LOCH LOMOND

Another important aspect of conservation translopats the investigation of sub-
structuring within populations. Translocations need encompass as much genetic
diversity as possible, while, fon situ conservation, the differing needs of possible sub-
populations must be taken into account, for ingapecotection of certain spawning
grounds, or discrete food and habitat resourcémdtbecome apparent in the course of this
thesis that Loch Lomond is a site of significardlbgical interest, in particular the feeding
ecology of fish at this site. While there are nd-populations within Loch Lomond
powan, as demonstrated in Chapter 5 despite tle-aisin differences described in
Appendices 1 and 2, there does appear to be fesdedelity in Loch Lomond powan.

A freshwater feeding morph of the river lampréarfipetra fluviatilig is found in Loch
Lomond and appears to feed extensively on powarntl@vid, 1980; Adamet al., 2008)
(Appendix 3). How the potential decline of Loch Lond powan (Chapter 3) will affect
interactions such as this is not clear, but a dech this rare river lamprey morph has been
indicated by Adamst al. (2008). Brown trout$almo truttd in Loch Lomond also appear
to have an interesting trophic ecology. Rather thaving a resident or anadromous life
choice, some trout appear to spend either smaluata®f time at sea, or migrate only part
of the way to sea as indicated by intermediatelstigbtope values of the muscle of some
individuals between purely freshwater and purelyineas3C values (Chapter 7). This
demonstrates the phenotypic plasticity in othdr fipecies that must be taken into account
in ecological and conservation studies. There kasl@en a large effect by invasive ruffe
(Gymnocephalus cernuuen the trophic ecology of Loch Lomond (Adams, 1.98dams

& Mitchell, 1995; McCafferty, 2005). Ruffe have ary varied diet indicated by the large
range of values fo313C indicating C source artd>N indicating trophic level for long term
feeding of individual ruffe (Appendix 3). They thirm a complex and non-discrete part
of the food web of Loch Lomond. As discussed (Claf), interactions between species
such as predation and competition can have largeltidinectional and probably

unpredictable impacts as part of a heterogenealis@m-static environment.

8.5 INVASIVE SPECIES: POSSIBLE IMPACTS AND MITIGATION
Ruffe directly impact powan through egg predatiwhich in Loch Lomond has previously

been demonstrated by Adams & Tippett (1991) asgaifgiant and recent ecological
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pressure on this species. Whitefish populationthénUK are affected by invasive species
(e.g. Winfield et al., 2007b), which have been attributed along with otlagtors as a
reason for the extinction of vendace in Scotland @@ decline of other British and Irish
Coregonus spp(Maitland, 1966; Winfieldet al., 1996). The long-term effect of invasive
species is of considerable interest, particulay tikere are usually few avenues of
mitigation once invasive species are established.och Lomond, obvious evidence of an
effect on the life history of powan from the intrardion of ruffe has not yet been found. In
Appendix 5, a life table constructed using inforimatcollected in this study differs very
little from a previous life table constructed byoBm et al. (1991). However, the life table
relied heavily on information from Browet al. (1991) particularly for earlier life stages.
The impacts of ruffe in increasing powan mortafitight be responded to in egg size and
number, and timing of spawning, or hatching. Catyain other species there are examples
of life history responses, such as egg incubatr@heamergence timing responding to high
mortality, particularly in amphibians (Warkentin,995; Vonesh, 2005) and fish
(Wedekind, 2002; Jonex al, 2003; Kusch & Chivers, 2004; Wedekind & Mulle(5;
Evanset al., 2007) The possible effect of this may be unpradhiet and profound as
changes in the life history at one life stage mayenhfithess consequences at another
(Ojangurenet al., 1996; Joneset al., 2003; Kusch & Chivers, 2004). It is therefore
imperative that further investigation into potehiiapacts of increased mortality at the

eggs stage be carried out.

The study presented in Chapter 6 of this thesisstigated the foraging success of ruffe
over different substrates found on powan spawnnogrds. It was found that pebbles and
gravel were the best spawning substrate to pretggs from ruffe foraging. Although this

does not include any other mortality, such as tha¢ to invertebrate predation, this
information might be used to assess the potergialevspawning grounds in native sites. It
may also be used to assess the extent of good sgpgmounds in potential translocation
sites. Speculatively, there may also be the patkefdr improvement of spawning sites by
the addition of better substrate for egg protectldowever, the expense and difficulty of

this may make such an intervention impractical.

8.6 RECOMMENDATIONS FOR MANAGEMENT AND FUTURE WORK
In conclusion, the studies presented in this thesv® resulted in several recommendations
for conservation and management of UK whitefishd &or potential avenues of future

research:
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1) The populations examined here should remai@.davaretus However, additional and

more detailed studies in taxonomy and genetics kif Coregonus sppand their

relationship with populations elsewhere are caited

2) All populations should be treated (or continue ¢dieated) as ESUSs.

3)

4)

5)

6)

7

a) Comparative studies in order to quantify differen@e morphology, life-history,
ecology and genetics between populations shouldhertaken.

b) The possibility of sub-structuring in populatiorsld be investigated.

Similar morphometric (and genetic) studies shoutddarried out on other British

species, particularly those that show a high degreghenotypic variation and

plasticity.

a) In particular this should include Arctic charr,@s UKBAP priority species which
is highly variable between and within sites.

b) This should include investigation into new speadiiesignations by Kottelat &
Freyhof (2007).

Conservation action, particularly for those popolas considered to be particularly

unique, should be undertaken: this should incluafeservation translocation.

a) Differences found between the native populationsaifh Lomond and Loch Eck
indicate that at least one refuge population of hLdéck powan should be
established.

b) Due to changes to the management of Loch Sloy (Adigel) (which may lead to
the eventual invasion of ruffe into this site), laast one additional refuge

population should be established from Loch Lomoowam.

Further work should include tracking phenotypic ayjahetic changes in new refuge

populations to better understand the mechanisrttésso€hange.

The possibility of laboratory based ‘common gardexperiments should be explored
to explore what variation is genetically based, at is plastic, this may help to
predict what short term phenotypic and ecologidenges are likely in response to

environmental changes.

The planned abstraction of Loch Lomond water to HL&loy will result in the

opportunity for a large scale field experimentstbinould not be ignored.
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8)

9)

a) The time taken for ruffe to invade Loch Sloy maypwpde information useful to
impact assessments of other such schemes.
b) This is also an opportunity to investigate the oesges of an invader and native fish

populations in a relatively simple ecosystem.

Further work on the potential for life history clyms in Loch Lomond powan in
response to an invasive species in comparisonetaqursly collected data (e.g. Brown
et al.,1991) should be carried out.

Experiments on ruffe foraging on powan eggs shdddextended to the field and
should also involve investigation into the proteetiability of macrophytes and the

impact of other mortality factors.
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Appendix 2 LOCATION AND DESCRIPTION OF STUDY SITES

There are seven native populationgCairegonus lavaretus Britain. Two are located in

Scotland, Four in England and one in Wales (FiglAl

Figure A2.1 Locations in the UK of seven native populationsf C. lavaretus in Scotland (A),
England (B) and Wales (C).

The two native Scottish populations (locally knoaspowan) are found in Loch Lomond
(56°05'N, 4°36'W) and Loch Eck (56°06’N, 4°59'W) wdh are in two different
catchments. The two refuge populations were estadydi using Loch Lomond powan in
Loch Sloy (56°16’N, 4°47°'W) and Carron Valley Regar (56°02’N, 4°06'W) and are
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located within the Loch Lomond catchment (Fig. AL.ZThe four native English
populations (locally known as schelly) are foundBrotherswater (54°30’N, 2°55'W)
Haweswater (54°03'N, 2°48'W) Red Tarn (54°31'N, BW) and Ullswater (54°34'N,
2°54'W) (Fig. A1.3.). The single native Welsh pogtidn is found Llyn Tegid (52°54°N,
3°37'W) (Fig. Al1.4.).

Loch Sloy%

Loch Lomond
Loch Eck

Carron Valley Reservoir

N

>
10 km

Figure A2.2 The sites sampled folC. lavaretus in this study: Scottish populations. Native: Loch

Lomond and Loch Eck, refuge: Loch Sloy and Carron \alley Reservoir

A1.1 LOCH LOMOND

Loch Lomond is the largest single area of freshwateGreat Britain (71 k&) and the
third deepest (190 m) and is at an altitude of 7The loch lies north to south along its
long axis, with a narrow north and wide south. geelogy of this area is responsible for
the shape of the loch which was formed by glacia@vement (Slacket al, 1957,
MacDonald, 1994). The glacier was constrained by maetamorphic rocks in the north,
forming a deep sided trough. Beyond Ross Pointidble widens, owing to a change to
underlying softer sedimentary rocks. Hard pebblisdgorm six islands, then the width of
the loch increases to a maximum of about ca. 9viath, a maximum depth of only 23m.
The south is bisected by a chain of four islandshenline of the highland boundary fault
(Slacket al, 1957; MacDonald, 1994). The narrow deep nortighflaind-like) and wide

shallow south (lowland-like) basins of Loch Lomofmdm a duel natured loch, which is
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divided by an intermediate mid-basin. During thenser, thermal stratification occurs in
the north, but in the south is transitory. The kvalphytal zone (< 4 m) makes up only
about 10% of the total surface area of Loch Lomandst of these shallows are in the
south (Slacket al, 1957; Mitchell, 2001). Due to the difference irotpgy, soils,
population and land use between the north and sotithoch Lomond, the north is
oligotrophic, while the south is more mesotroptBegt & Traill, 1994; Mitchell, 2001).
The divided nature of Loch Lomond may have an ¢fbecwhere various species of fish in
Loch Lomond are most likely to be found. Certaimetting carried out to sample powan
during spawning season on their spawning groungtucad a different array of fish in
different areas. The three most common fish irthedl basins were ruffedsymnocephalus
cernuu$, powan and roachR{tilus rutilug (Appendix 2). However, the north basin had
relatively high numbers of pikeE6ox luciuy and perch Rerca fluviatilig, perhaps
suggesting that there was high levels of predationadult powan. The mid basin had
almost 1.5 times the number of ruffe as any otlasirbwhich suggests high mortality of
powan eggs. The south basin had more roach thaamadhis basin is more nutrient rich
and so perhaps a better habitat for cyprinids immarison to the other areas of Loch
Lomond. Roach also probably compete with powan fémd resources. The trophic
interactions between species in Loch Lomond arquenand due to the species richness of
this site, particularly interesting (Appendix 4)orFinstance a native species, the river
lamprey ([ampetra fluviatili3, as a unusual resident feeding morph special@es
parasitising powan and in response powan appebe table to sustain multiple attacks
with little effect (Maitland, 1980; Adamt al,.2008).

A1.2 LOCH SLOY

Loch Sloy is a small semi-natural loch to the navéist of Loch Lomond, it has a surface
area of ca. 1 ki a maximum depth of ca. 40 m. Once a shallow ldchas dammed as
part of the Loch Sloy hydroelectric scheme betw8am Vorlich with Ben Vane. A
pumped storage plan has recently received permisstas will involve the pumping up of
Loch Lomond water into Loch Sloy and will likelys@t in the invasion of ruffe to this
site.

A1.3 CARRON VALLEY RESERVOIR

Carron Valley Reservoir is located to the east@fh.Lomond; it has a surface area of ca.
3 km?, and a maximum depth of ca. 10 m. Originally anbrdrout Salmo truttd fishery,
rainbow trout Oncorhynchus mykissiave recently been introduced as part of thesfish
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Thus far, the impact of this additional speciespowan, for instance through predation is

unknown.

A1.4 LOCH ECK

Loch Eck is a narrow loch surrounded by mountams#) a surface area of 4.6 Rma
maximum depth of 42 m and is at an altitude of 9tris in a different catchment to Loch
Lomond, but is only 22km away and has similar gggland limnology (Brown & Scott,
1990) and is oligotrophic (Winfiel@ét al., 2009). Loch Eck is unique in being the only
Scottish loch to have a salmonid fish fauna conmmmyigtlantic salmon $almo salay, sea
and resident forms of brown trout, Arctic cha®alvelinus alpinusand powan. In Loch
Eck, there has been much focus on the Arctic difarend, 1955; Bush & Adams, 2007);
it is though that there has been a large declinthigypopulation (Winfieldet al, 2009),
certainly only one specimen of Arctic charr wasgtaun nettings for this study (Appendix
2).

Ullswater
Red Tarn
\ .
0 Haweswater
Brotherswater
«—
5km

Figure A2.3 The sites sampled forC. lavaretus in this study: English native populations,

Brotherswater, Haweswater, Red Tarn and Ullswater

A1.5 BROTHERSWATER

Brotherswater is a small lake with a surface afda1® kn?, a maximum depth of 16 m, it
Is at an altitude of 173 m (Winfielet al,.1993). It is located just to the south of Ullswate
it is thought that these may have once been pard ohuch larger lake (Talbot &
Whiteman, 2000). It is found, as most of the sghidkes are, in Borrowdale volcanic

rocks.
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A1.6 HAWESWATER

Haweswater has a surface area of 3.9, laitmaximum depth of 57 m, it is at an altitude of
241 m (Bagenal, 1970). It is an oligotrophic semiunal lake, a dam was built in the
1930’s and in 1940 to form the reservoir (Talbot\&iteman, 2000).

A1.7 RED TARN

Red Tarn is located on Helvellyn, the third highestuntain in England, in the Ullswater
catchment. It is a small lake with a surface afea @.1 kn?, a maximum depth of 25 m, it
Is at an altitude of 718 m. In the last centuryamndwas built to supply the mines at
Glenridding (Davies & Holman, 2008).

A1.8 ULLSWATER

Ullswater is the second largest lake in the Lakstrizit, it has a surface area of 8.9%a
maximum depth of 63 m, and it is at an altitudeLl4% m. Ullswater has been considered
mesotrophic (Mubamba, 1989), but may now be olaydiic (Bernhardet al,.2008). The
geology of the northern end of Ullswater beginshwitell Fell Conglomerate, the middle
is low lying Skiddaw slate and the south is mourdas Borrowdale volcanic rock (Talbot
& Whiteman, 2000). Ullswater has several islants, largest of which is Norfolk Island
(Ellison & Cooper, 1964, 1965). Water is pumpednfrdJllswater to Haweswater to
supplement the reservoir (Davies & Holman, 2008xti& charr used to be present, but

have become extirpated (Maitlaatlal,.2007).

Llyn Tegid

<+—>
1 km

Figure A2.4 The sites sampled fo€. lavaretus in this study: Welsh native population, Llyn Tegid

A1.9 LLYN TEGID
Llyn Tegid (sometimes referred to as Bala Lake)dasarface area of 4.1 Rjpa maximum
depth of 42 m and is at an altitude of 170 m. Hie lis mesotrophic but has shown some
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signs of eutrophy (Happey-Wood, 2006). This is ohehe British whitefish lakes that
have been invaded by ruffe, probably introducedccbogrse fish anglers (Winfielet al,.
1996, 2007b), there are also a number of othersiagafish species present (Andrews,
1977; Grainger, 1979).
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Appendix 3 CATCH COMPOSITION OF NETTING ON POWAN SPAWNING
GROUNDS OF LOCH LOMOND AND LOCH ECK WINTER 2005/06.

A2.1 INTRODUCTION

Loch Lomond has an extremely diverse fish commu@gams, 1994). Loch Eck has a
less species-rich but equally unique fish fauna Glithy & Waldron, 2000). Catch
composition is not equivalent, but can represerdtviish are present at a certain time and
place. In this case, these fish are caught aloagsidvan Coregonus lavaretyson and
around powan spawning grounds at spawning times While powan should be the major
part of the catch, fish caught in large numberthiattime may be having an impact on the
spawning of powan. Differences between areas wahgite may also have an impact on
the species composition, such as the distinct eaddirdifferent part of Loch Lomond
(Appendix 1). Changes in catch composition overetimmply changes in the fish

community.

A2.2 METHODS

Multi-panel Nordic-pattern benthic gill nets, whicbomprise 12 panels, ranging from 5 to
55 mm, knot-to-knot mesh, were set in the two looher the winter of 2005/06. Nordic

nets are not selective for coregonids over the msida range 78 mm to 613 mm fork
length (Lf) (Jensen, 1986). In total, 75 gill nets were setroight in sites in the north, mid

and south basins of Loch Lomond (from 9 Novembd52td 24 January 2006), six gill
nets were set overnight in Loch Eck (from 9 Jan0§6 to 10 January 2006). The nets
were set immediately prior to and during spawninget on known or presumed spawning
grounds. Nets set outwith the month when the mostap were caught (between 30/12/05
and 24/1/06) were excluded. Nets set at sites wher@owan were ever caught were
excluded from analysis of catch composition.

A2.3 RESULTS

Loch Lomond and Loch Eck had only two fish in commeaught on the spawning

grounds: powan and brown trout. While powan is natstndant on the spawning grounds
in Loch Eck, this is not the case for any area @fh.Lomond (Fig. A2.1. and A2.2.). The

catch was composed of 337 powan (Loch Lomond n& Lich Eck n = 223) and 47

brown trout (Loch Lomond n = 24, Loch Eck n = 2@he Arctic charr was caught in Loch

Eck. All other fish were only caught in Loch Lomofrdffe n = 266, roach n = 103, perch
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n = 23, pike n = 17). One minnow, one salmon and eal were also caught in Loch

Lomond.

others

219 \ brown trout
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a

pike
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perch
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Figure A3.1 The catch composition on powan spawmj grounds in the north (n = 97) (a), mid (n =

246) (b) and south (n = 208) (c) basins of Loch Lamnd
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Arctic charr
brown trout 0.4%
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Figure A3.2 The catch composition on powan spawningrounds in Loch Eck (n = 247).

A2.4 DISCUSSION

It was found that the catch composition of fishgiaualongside powan in loch Lomond is
very different in each basin. The three most comfrginin all the basins are ruffe, powan
and roach. However, the north basin has relativeg§h numbers of pike and perch,
perhaps suggesting that there may be high levefgaxfation on adult powan. The mid
basin has almost half again the number of ruffamg other basin which suggests high
mortality of eggs (Chapter 6). While the south basas more roach than powan, roach
probably compete with powan for food resources. elmv, it is difficult to draw
conclusions from this temporally isolated data, ibwkertainly suggests that regular catch

composition data should be collected.

There is some historical information available atibe relative abundances of various fish
in Loch Lomond, however, Loch Eck is less well stdldand little information is available.
It is apparent that there have been extensive @saimgthe Loch Lomond fish community
over time.due to a series of fish introductions gag et al, 1990; Adams & Maitland,
1991; Adams & Mitchell, 1992; Adams, 1994; Ethead§ Adams, 2008). In the past
powan was the most numerous fish in Loch LomondqlSkt al 1957). Since the
introduction ruffe Gymnocephalus cernuuthis fish has formed an increasingly large part
of the fish community. This was the second or tmrast abundant fish in a series of gill

netting by Adams & Tippet (1990), although powansvedll the most abundant fish. In
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Loch Eck there is no evidence of a decline in pgwman there appears to be a decline of
Arctic charr Galvelinus alpinus(Winfield et al, 2009).

The biotic environment including co-existing fispegsies can have large impacts on a
species. How powan will respond to these changesompetition and predation (i.e.
Chapter 6) over the long term remains to be seemeitheless ecological changes in these
populations are possible as demonstrated in Chafteand should continue to be

investigated e.g. Chapter 3 and Appendix 5.
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Appendix 4 STABLE ISOTOPE ANALYSIS OF LOCH LOMOND FISH

A3.1 INTRODUCTION

Loch Lomond is the most species rich of all thettslo water-bodies (Adams, 1994) and
thus also has biotic interactions that are unidueese include the interaction of resident
river lamprey Lampetra fluviatili3 feeding on powanQoregonus lavaretys(Maitland,
1980; Adamset al.,2008) and the potential impacts of numerous imeaspecies on the
food web. Using fish captured during this studye tbng-term feeding of several fish

species of Loch Lomond was investigated using stesloitope analysis.

Stable isotopes of nitrogen and carbon are widsédun the study of trophic interactions
(Grey 2001; Greyet al, 2002). Naturally occurring stable isotopes arsinagated by
animals and fractionation by biochemical processasses the heavier isotope to be
accumulated in animal tissu&>N (the change in the ratio &N to 1N compared with a
standard) is typically enriched by ca. 3-5 %o, allogvthe long-term trophic position of
consumers to be estimated (Peterson & Fry, 1983t, R002; Sweetingt al., 2007). In
contrast, trophic enrichment §3C (the change in the ratio 81C to12C compared with a
standard) is typically minor (ca. < 1 %0) awéC is used as a robust and consistent
indicator of the carbon source the organism has bssimilating (Peterson & Fry, 1987;
Hobson, 1999). Enriched!3C values are indicative of atmospheric C, while |€eleul

values are indicative of endogenous C sources.

A3.2 METHODS

A3.2.1 Fish collection

Multi-panel Nordic-pattern benthic gill nets, whicomprise 12 panels, ranging from 5 to
55 mm, knot-to-knot mesh, were set over the winfe2005/06. In total, 75 gill nets were
set overnight in sites in the north, mid and sob#sins of Loch Lomond (from 9

November 2005 to 24 January 2006). The nets weranseediately prior to and during

spawning time, on known or presumed spawning grewfighowan. In total 952 fish of 10

species were caught, these were frozen withinliours of capture.

A3.2.2 Stable isotope analysis
In the laboratory, fish were defrosted, and forkglt (L;) was measured to the nearest

mm. A small piece of white muscle posterior to tiead and above the lateral line was

removed for stable isotope analysis from 268 fisksue was dried at constant temperature



APPENDIX 3. STABLE ISOTOPE ANALYSIS OF LOCH LOMOND FISH 137

(50°C for at least 48 hours), ground to a fine pexmasing a grinder (Revel Ltd.) and 0.5
mg of dried ground muscle was packed into presseddmm tin cups and used in
simultaneous analysis of stable C and N isotopedl&isotope ratios were determined by
continuous flow isotope ratio mass spectrometrytree Max Planck Institute for
Limnology, Germany. Stable isotope ratios are giusing thed notation expressed in
units per mil wheré (%o) = [(R sample/R standard)-1] x 1000, and RG/12C or15N/14N.
The reference materials used were secondary stsdaff known relation to the
international standards of Vienna Pee Dee belenfaitearbon and atmospheric, Nor
nitrogen. Typical precision for a single analysiaswt 0.1 %o fors13C and = 0.3 %o for
815N. Comparisons of mean C:N values indicated Iit#ed for adjustment ©f3C values

due to variation in lipid concentrations (Kiljunenal.,2006).

A3.3 RESULTS

Powan muscle had a me&3C value of -27.3 %o + 0.04 SE and a mé&N value of 11.0
%0 £ 0.07 SE. PerchPerca fluviatilisymuscle had a meaA3C value of -26.2 %o £ 0.19 SE
and a mean!5N value of 11.3 %o + 0.19 SE. RoadRutilus rutilu9 muscle had a mean
013C value of -25.4 %0 + 0.20 SE and a meaPN value of 10.6 %0 £ 0.17 SE. Ruffe
(Gymnocephalus cernuusiuscle had a mead3C value of -25.4 %o + 0.42 SE and a mean
615N value of 10.7 %o + 0.25 SE. The muscle of the Ieifgtlantic salmon $almo salay
captured had a meamC value of -19.5 %0 and a mea#N value of 10.5 %.. Brown trout
(Salmo trutta muscle had a meait3C value of -24.9 %0 £ 0.30 SE and a me&N value
of 11.5 %0 + 0.25 SE. PikéeEgox luciuy muscle had a meai3C value of -25.4 %o + 0.48
SE and a mean!SN value of 10.7 % = 0.73 SE. The muscle of the lgintpunder
(Platichthys flesuscaptured had a mea43C value of -25.3 %0 and a meéa#N value of
11.3 %o. The muscle of the single breafdiamis bramacaptured (the first confirmed in
Loch Lomond, Etheridge & Adams, 2008) had a m&&@ value of -29.1 %, and a mean
815N value of 11.0 %.. EelAnguilla anguilld muscle had a meaA3C value of -25.8 %o +
0.33 SE and a mea#°N value of 12.0 %0 + 0.31 SE (Fig. A3.1.).
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Figure A4.1 Variation in 313C and 81°N of muscle tissue from fish from Loch Lomond. Mear(+ S.E.)
stable isotope values of plankton, benthic inverteates and sediment are also included. The mean (+
S.E.) stable isotope values resident river lampreyhave been extracted from Adamet al. (2008). This

is able to demonstrate the close association of pawand resident river lamprey.

A3.4 DISCUSSION

These results give an indication as to the compleai the trophic ecology of Loch
Lomond. A marine influence (higét3C value) is apparent in the single Atlantic salmon
captured over this series of netting and in sonegvbrtrout. However, many of the brown
trout seem to exhibit @13C value intermediate to a fully marine or fully $revater
signature as discussed in Chapter 7. Non-nativie h&ve a wider trophic niche than any
other species found in Loch Lomond. This confirme teputation of ruffe as an ideal
invader species (see Chapter 6), able to adapteaplbit almost any environment and
resource. It appears from the results that rufbphically interact with many species in
Loch Lomond, having potential be predator, prey aoochpetitor to a species. Individual
powan are closely grouped together, feeding on mhbehsame items and thus gaining
their C from a similar source. There is some vamabetween powan; however, this is

most likely due to some basin-specific feeding lftgeather than a variation in diet (see



APPENDIX 3. STABLE ISOTOPE ANALYSIS OF LOCH LOMOND FISH 139

Chapter 5). However, the interation between thehfnater-feeding resident river lamprey
(Lampetra fluviatili$ morph (data extracted from Adarasal, 2008). and powan is very
clear in these results, these lamprey appear fn@setresults to feed on mainly on powan,
as have been indicated by other authors (Maitla880; Maitlandet al, 1994). It remains
to be seen what the long-term effect of a reductbpowan numbers (see Chapter 3)
might have on these lamprey, whether for instaheg tmight broaden their food base, or
perhaps decline in numbers. This information howengterates that the conservation and
ecology of a species can never be considered irpledenisolation to co-existing and
potentially interacting species. In the futuresttlata might be grounded by examining the

stomach contents of Loch Lomond fish in additionh® stable isotope analysis.
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Appendix 5 STABLE ISOTOPE ANALYSIS OF MUSCLE TISSUE OF POWAN FROM
LOCH LOMOND, LOCH ECK, LOCH SLOY AND CARRON VALLEY RESERVOIR.

A4.1 INTRODUCTION

Trophic ecology is particularly interesting in pglscial fishes which show great
phenotypic variation, since differences in troptecology is often associated with
differences in phenotype (Schluter, 1995; Amundsial., 2004; Knudseret al., 2007).
This can be due to genetic adaptation and pheropjasticity. There are four populations
of powan Coregonus lavaretysn Scotland. Two of these Loch Lomond and Loclk Ec
are native populations located in different catchtmeand have been separated for
thousands of years. The two refuge populations vestablished using Loch Lomond
powan between 1988 and 1991 (Maitland & Lyle, 19B295). and thus have only been
separated from each other and Loch Lomond for at gfeviod of time. Stable isotope

analysis is used to assess the long term tropbiogg of these populations.

Stable isotopes of nitrogen and carbon are widsédun the study of trophic interactions
(Grey 2001; Greyet al., 2002). Naturally occurring stable isotopes aranaitsed by
animals and fractionation by biochemical processasses the heavier isotope to be
accumulated in animal tissu&>N (the change in the ratio &N to 1N compared with a
standard) is typically enriched by ca. 3-5 %o, allogvthe long-term trophic position of
consumers to be estimated (Peterson & Fry, 1983t, R002; Sweetingt al., 2007). In
contrast, trophic enrichment §3C (the change in the ratio 81C to12C compared with a
standard) is typically minor (ca. < 1 %0) awéC is used as a robust and consistent
indicator of the carbon source the organism has bssimilating (Peterson & Fry, 1987;
Hobson, 1999).

A4.2 METHODS

A4.2.1 Fish collection

Multi-panel Nordic-pattern benthic gill nets, whicbomprise 12 panels, ranging from 5 to
55 mm, knot-to-knot mesh, were set in the sites theewinter of 2005/06. Nordic nets are

not selective for coregonids over the modal sizgea78 mm to 613 mm fork length L

(Jensen, 1986). In total, 75 gill nets were setmgét in sites in the north, mid and south
basins of Loch Lomond (from 9 November 2005 to 2duary 2006), six gill nets were set
overnight in Loch Eck (from 9 January 2006 to 10ulay 2006), seven gill nets, were set
overnight in Loch Sloy (from 21 December 2005 to2&ember 2005) and ten gill nets
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were set overnight in Carron Valley Reservoir (fr8ndanuary 2006 to 5 January 2006)
(for details of sites, see Appendix 1). The netsenset immediately prior to and during

spawning time, on known or presumed spawning greudring this period a total of 341

powan were caught (Loch Lomond n = 118 and Loch iek223, Loch Sloy n = 76 and

Carron Valley Reservoir n = 58). Fish were frozathim four hours of capture.

A4.2.2 Stable isotope analysis

In the laboratory, fish were defrosted, and forkglé (L;) was measured to the nearest

mm. A small piece of white muscle posterior to tead and above the lateral line was
removed for stable isotope analysis from 307 fisksue was dried at constant temperature
(50°C for at least 48 hours), ground to a fine perasing a grinder (Revel Ltd.) and 0.5
mg of dried ground muscle was packed into presseddmm tin cups and used in
simultaneous analysis of stable C and N isotopedhl&isotope ratios were determined by
continuous flow isotope ratio mass spectrometrytree Max Planck Institute for
Limnology, Germany. Stable isotope ratios are giueimg thed notation expressed in
units per mil wheré (%o) = [(R sample/R standard)-1] x 1000, and RG/12C or15N/14N.
The reference materials used were secondary stdaff known relation to the
international standards of Vienna Pee Dee beleniait€arbon and atmospheric, Nor
nitrogen. Typical precision for a single analysiaswt 0.1 %o fors13C and + 0.3 %o for
815N. Comparisons of mean C:N values indicated Iit#ed for adjustment of3C values

due to variation in lipid concentrations (Kiljunenal.,2006).

A4.2.3 Invertebrate and sediment collection

A baseline isotope value was required for each tsitaccount for background isotopic

differences and therefore allow comparison betwgaman from different sites. Despite

several attempts at benthic invertebrate collectismg at Eckmann grab and kick

sampling there were few instances of any benthiertiebrates that were common between
all sites and therefore could be used as a basdlme would have been best achieved by
collecting filter feeding bivalves (pelagic signagu and algal scraping snails (benthic
signature). It was decided that the use of planki@s problematic due to their fast

turnover of stable isotopes. Therefore, sedimenipéas were taken from each site to
provide this baseline. This was processed as abmweat Strathclyde University. The

value ofé13C andd>N of the sediment from a site was taken away froenvialue 0%13C

andoé>N of the muscle tissue of powan at that site respin adjusted values.
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Figure A5.1 Variation in 813C and 81°N of muscle tissue from powan and of plankton (meam SE
only at Loch Lomond), benthic invertebrates (mean iS.E.) and sediment samples from Loch Lomond

(a), Loch Eck (b), Loch Sloy (c) and Carron ValleyReservoir (d).

A4.3 RESULTS

Loch Lomond powan muscle had a mea?fC value of -27.3 %o + 0.04 SE and a mean
015N value of 11.0 % + 0.07 SE (Fig. A4.1.). Planktimom this site had a meait3C
value of -28.8 % + 0.16 SE and a mea#N value of 7.2 % + 0.90 SE.
Macroinvertebrates had a me3#iC value of -23.3 %0 £ 0.97 SE and a me&&mN value of
6.2 %0 £ 0.69 SE. A single sample of sediment fréwms site had a meast3C value of -
27.1 %0 and a meadt>N value of 3.9 %eo.

Loch Eck powan muscle had a me&fC value of -30.7 %o + 0.09 SE and a measN

value of 10.0 % + 0.09 SE (Fig. A4.1.). Macroinetntates had a meaasC value of -
28.9 %o £ 0.87 SE and a med#N value of 5.5 %0 + 0.52 SE. A single sample of sesht
from this site had a meaA3C value of -28.9 %0 and a mea¥N value of 1.8 %o.

Loch Sloy powan muscle had a megPC value of -28.8 %0 + 0.18 SE and a mearN
value of 5.6 %0 £ 0.08 SE (Fig. A4.1.). A single sdenof plankton from this site had a
meand13C value of -31.9 %o and a meé&#N value of 10.6 %.. Macroinvertebrates had a
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meand13C value of -29.9 %o + 0.74 SE and a meéadPN value of 5.2 %o £ 0.76 SE. A
single sample of sediment from this site had a n®&d value of -28.5 %, and a mean
015N value of 2.0 %o.

Carron Valley Reservoir powan muscle had a ntéan value of -28.7 %0 £ 0.07 SE and a
meand?>N value of 10.0 %0 + 0.12 SE (Fig. A4.1.). A singl@ample of plankton from this
site had a meard13C value of -28.2 % and a mead'>N value of 5.9 %o.
Macroinvertebrates had a me@iC value of -26.6 %o + 1.4 SE and a meadpN value of
5.2 %0 + 0.51 SE. A single sample of sediment fréwms site had a meast3C value of -
29.0 %0 and a meadtSN value of 3.5 %o.
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Figure A5.2 $13C and 815N of muscle tissue from powan from Loch Lomond, Lde Eck, Loch Sloy

and Carron Valley Reservoir, adjusted using sedimdrstable isotope values from the site of origin.

To compare between sites the background differeimcastrients was taken into account
by using the sedimet3C ands!°N values as a baseline to create adjusted isotahies
of powan muscle tissues (Fig. A4.2). There weraiicant differences betweest3Cad]
(ANOVA, F34503=141.7, p < 0.0001) ari*Nadj (ANOVA, F,; 33 = 358.1, p < 0.0001) of
powan muscle between sites. Bonferrpast hoctesting found significant differences in
813Cadj of powan muscle between all pairwise compasgp < 0.01) apart from Lomond

and Sloy (p > 0.99) and significant differencessiPNadj of powan muscle between all
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pairwise comparisons (p < 0.0001). After adjustm#rd site in which the powan are most
enriched ind13C is Carron Valley (indicative of atmospheric Chile powan from Eck are
most depleted (indicative of endogenous C souréd®r adjustment, the site in which the
powan are most enriched §5N is Loch Eck (higher trophic level), while powarorin
Loch Sloy are most depleted (lower trophic level).

There were some significant correlations betweek length (L) and stable isotope values
of powan muscle tissue. There were significant tp@sicorrelations between; Lland
613Cadj in powan from Loch Lomond (Pearson correlatof.28, p < 0.01), Loch Eck
(Pearson correlation = 0.27, p < 0.01), and Cavfalley Reservoir (Pearson correlation =
0.48, p < 0.001), but there was a significant nggatorrelation in powan from Loch Sloy
(Pearson correlation = -0.63, p < 0.0001) (Fig.3\4.There were significant negative
correlations between ;Land 41°Nadj in powan only from Loch Lomond (Pearson
correlation = -0.37, p < 0.0001) and Loch Eck (Bearcorrelation = -0.37, p < 0.001),
however, these were the only sites from which \v@nall powan were caught and this

pattern is indicative of an ontogenetic shift isdeng (Fig. A4.4.).
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Figure A5.3 L and 813C of muscle tissue from powan from Loch Lomond, Lde Eck, Loch Sloy and

Carron Valley Reservoir, adjusted using sediment sible isotope values from the site of origin.
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Figure A5.4 L and 31°N of muscle tissue from powan from Loch Lomond, Lo Eck, Loch Sloy and

Carron Valley Reservoir, adjusted using sediment stble isotope values from the site of origin

A4.4 DISCUSSION

It was found that there are significant differena@dong term trophic ecology between
populatons of powan in Scotland. The results suggmsan from Loch Lomond appeared
to be mainly obtaining their C from a similar saro each other, possibly one source.
However, powan from Loch Eck were relatively spreatl along thed13C axis and so the
population as a whole appears to have a diet thedrepasses C from more than one
source. Individuals may be feeding long-term offiedént mixtures of food that contains C
from different sources. This has been suggest@devious studied reviewed in Chapter 3.
These have found that Loch Lomond powan tend td faere on plankton, while Loch
Eck powan tend to feed on a mixture of benthic itelates and plankton (Pomeroy,
1991, 1994). It is likely that these long term fieeddifferences have had a role in some of
the trophically-linked phenotype differences betwekese populations e.g. head shape
(Chapter 3).

Powan from Loch Sloy were very spread oubi?C and individuals appear to have diets
that vary from each other and which encompassesr@ inore than one source. They also

had a very lows1>N value, this may be due to differences in the gemknd nutrient levels
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at this site, although macroinvertebrates and ptankre not trophically below Loch Sloy
powan as would be expected. Moreover even wheram®a for nutrient differences, this
pattern is maintained. The results for muscle &ssupowan at Carron Valley Reservoir
suggested that fish from this site had a very sindiet to one another. While this may be
indicative of a diet that encompasses C from omlg source, a study by Deverill (2000)
found that Carron Valley Reservoir powan feed omigture of planktonic and benthic
prey. Therefore it appears that powan from thie siay have a mixed diet, but that it is
very similar between individuals over the long terinis likely that these long term
feeding differences have had a role in some ofrthyghically-linked phenotype differences
e.g. head shape (Chapter 4) between these pomsatiod between these populations and

the donor population of Loch Lomond.

Apart from those orininating in Loch Sloy there waageneral trend that larger powan had
a more enriched!3C signature, indicative of atmospheric C. Whilethie populations in
which younger fish were caught there is evidencarobntogenetic trophic shift $t>N
value. Generally the Loch Sloy powan appear to rewvery different long term trophic
ecology to all the other Scottish populations,veatind refuge. However, it is difficult to
ground this data without also examining stomachters and it is suggested that this

would be the next step in examination of powan &gyl
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Appendix 6 STATIC LIFE TABLE OF LOCH LOMOND POWAN

A5.1 INTRODUCTION

A life table represents age-specific birth and keatobabilities allowing these to be
analysed. This information is important in recogms demographic changes in
populations. While a dynamic life table follows mduals from birth to death, a static life
table estimates the age structure of a populati@ne point in time. Browmet al (1991)
produced a static life table for Loch Lomond powssing data collected from survey
netting from 1980 — 1988. In a species like pow@arégonus lavaretyswvhich does not
usually survive capture (gill netting) a statielifable is necessary. Since a previous life
table has been published, another one can be ootetrusing current data and compared
in order to detect changes in demography that waulggest changes in age-specific

mortality or fecundity.

A5.2 METHOD

Multi-panel Nordic-pattern benthic gill nets, whicomprise 12 panels, ranging from 5 to
55 mm, knot-to-knot mesh, were set in the two looher the winter of 2005/06. Nordic
nets are not selective for coregonids over the msida range 78 mm to 613 mm fork

length (L) (Jensen, 1986). 75 gill nets were set overnighdites in the north, mid and

south basins of Loch Lomond (from 9 November 2@24 January 2006). The nets were
set immediately prior to and during spawning tinoe, known or presumed spawning
grounds. During this period a total of 118 powameansaught. Fish were frozen within four
hours of capture. Fork length was measured to ¢laeest mm and fish were aged by scale
reading.

Using the figures provided by Browet al. (1991), and data from catches in this study, a
life table was constructed. Below ages 6+ to 8+ nbebers of individuals were back
calculated using survival proportion recorded bpvan et al. (1991). For ages for which
there were 2 or less individuals (1+ to 3+) the mieagth recorded by Browet al. (1991)
was used. The proportion of females reproducing,nitimber of oocytes per mean length
female and the total number of oocytes were alkentdrom Brownet al. (1991). It was
assumed that there was a sex ratio of 1:1 in thpsijation.
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A5.3 RESULTS

Total fecundity is greatest for the 3-4 age classjlar to that found in powan 1980-1987
(Brown et al., 1991). At age 4-5 mean fork length is less that tbund for powan 1980-
1987, however mean fork length is greater thanfthatd in powan previously in fish aged
5-6 and older (Browet al.,1991) (Fig. A5.1.).

99999

G G @ G @2 @) Gzd G

OVA 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9
1960342 1000 926 624.1 342 2011 73.8 26.9 19.8 7.1
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9

Figure A6.1 Static life table for Loch Lomond povan, caught winter 2005/06. Upper rectangles: age-
group (x) and number of individuals from 1000 at ag group 0-1 (italics show back calculated numbers
for ages 5-6 and below; bold numbers are those calated from this series of netting). Lower
rectangles: next age group (x + 1). Ovals: mean foilength at age (italics show mean fork length take
from Brown et al. (1991). Diamonds: number of ova produced, calculatl from Brown et al. (1991) for

ages 3-4 and below). Age groups 0-1 and 1-2 do meproduce

A5.4 DISCUSSION

The long-term effect of invasive species is of edarmable interest, particularly as there are
usually few avenues of mitigation once invasivecgggare established. In Loch Lomond
obvious evidence of an effect on the life histofypowan from the introduction of ruffe
has not yet been found. This life table construaisohg data collected from a limited
netting in winter 2005/06, differs very little from previous life table constructed by
Brown et al. (1991) using data collected from survey nettingrfra980 — 1988. This
suggests that there have been no changes in dgrhggaad life history between these
times. It is possible however, that due to thetiehinature of the data used in the later life
table and the fact that information from the Browinal. (1991) life table was used to

supplement this limited information, that any chesmigh demography over time may have



APPENDIX 5. STATIC LIFE TABLE OF LOCH LOMOND POWAN 149

been obscured. The impacts of ruffe in increasggrstage powan mortality for example,
might be responded to in egg size and number, @nmiehg of spawning, or hatching.
Certainly in other species there are examples fef history responses, such as egg
incubation and emergence timing responding to mgintality, particularly in amphibians
(Warkentin, 1995; Vonesh, 2005) and fish (WedekR@D2; Jonegt al, 2003; Kusch &
Chivers, 2004; Wedekind & Muller, 2005; Evasisal., 2007). The possible effect of this
may be unpredictable and profound as changes iliféhi@story at one life stage may have
fitness consequences at another (Ojangwteal., 1996; Jonest al., 2003; Kusch &
Chivers, 2004). As of yet, Loch Eck has not beepaated by invasive species, however,
the potential loss of Arctic charEélvelinus alpinusfrom this site may result in changes
in this population which is part of a unique fisbmomunity containing all native British
salmonids. No life table has been constructedhisrgopulation, however, using data from
previous studies this might be possible, and wddddesirable to provide a baseline

against which to measure possible demographic @sainghe future.

The future impact of biotic changes on the natiopypations of powan are hard to predict,
interactions between species such as predation amdpetition can have large,
multidirectional and probably unpredictable impaasspart of a heterogeneous and non-
static environment. This holds true for environnaéchanges. In the future climate change
is also likely to effect these populations. Arodmath Lomond where much long term data
is collected there have been changes in temperaggmmes and biotic temporal indicators
(i.,e. moth emergence and disappearance) that hese lnked to the effects of climate
change (Krokowski, 2007; Salanea al., 2007). A temperature change may affect powan
directly or indirectly. An increase in temperatumould likely directly affect powan
adversely since whitefish are cold adapted e.g. mggtality is positively related to
temperature (Slackt al, 1957; Bagenal, 1966, 1970). However, other p@kmpacts
e.g. on zooplankton availability and timing, growtites and hatching times of powan,
may have beneficial or negative effects. Sincenidwgve Scottish powan sites are in close
proximity it is likely these will both be effectdry changes in climate, through due to their
differing biology and population status these megpond differently to a similar pressure.
If changes in ecology and life history are foundhe future, it may be difficult to tease
apart what are responses to biotic and/or envirotshechanges. There is the added
complication of climate change likely increasing thvasion success and establishment of
alien species (Adams, 1994). The consequencestw ind environmental changes are
thus difficult to predict, but powan are potengallulnerable to both. All aspects of the

biology of the native and refuge populations of pavghould be monitored regularly. Any
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information on changes in response to biotic andrenmental pressures will be useful for

other populations of. lavaretusand other similar species.
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