Ministry of Environment and Energy
National Environmental Research Institute

Population genetics:
comparisons of different techniques
in conservation projects

PhD thesis

Danmarks Miljeundersagelser - BIBLIOTEKET
Qrendve] 12, Kalg, DK—8410 Rende

(UAGRHAMGLAR

06906015




e

T8
"

P I Ministry of Environment and Energy
National Environmental Research Institute

I.-_.
At

Population genetics:
comparisons of different techniques
in conservation projects

PhD Thesis

BIBLIOTEKET
o Danmarks Miljgundersggelser
Kalg, Grenavej 12, 8410 Rende
Cino Pertoldi

National Environmental Research Institute
Department of Landscape Ecology

Aarhus University
Department of Ecology and Genetics




Data sheet

Title:

Subtitle:

Author:
Department:
University:
Publisher:

URL:

Time of publication:
Technical editor:
Figures:

Please cite as:

Keywords:

Editing completed:
1SBN:

Printed by:
Number of pages:
Circulation:

Price:
Internet-version:

For sale at:

Population genetics: comparisons of different techniques in conservation
projects
PhD thesis

Cino Pertoldi

Department of Landscape Ecology
Aarhus University

Department of Ecology and Genetics

Ministry of Environment and Energy
National Environmental Research Institute®
http:/ /www.dmu.dk

June 2001

Kirsten Zaluski
Henrik Rennow, Bo Gaardmand

Pertoldi, C. 2001: Population genetics: comparisons of different techniques in
conservation projects. PhD thesis. National Environmental Research
Institute. 144 pp.

Reproduction is permitted, provided the source is explicitly acknowledged.

Genetics, population/quantitative, conservation, development, in-/stability,
DNA, stress, mammals, insects

22 June 2001

87-7772-621-9

Erik Vivelsted

144

250

DKK 100,- {incl. 25% VAT, excl. freight)

The report is also available as a PDF-file from NERI's homepage

National Environmental Research Institute
Grenavej 12-14, Kalg

DK-8410 Rende

Tel.: +4589 2017 00

Fax: +4589201515

e-mail: tpe@dmu.dk



Contents

=3 - Yo OO OO 5
ACKNOWIBAGEIMENLES......coiirrriritirec ettt s s se s s s ss e s e s sa s r e s sesn s besan s 5
DANSK FESUINE.......cceniirriririisistinseeesitisseststrsasssnss s sss s sas st sas s s s s s s bs s bs s b e b en s e rs st enees 6
)25 I
Population genetics: comparisons of different techniques in conservation projects .......ccveevvenneen. 9
CONCIUSIONS .ttt s s eb bbb s s bR s s bR b e SRR b s b A s s v s b b e e e e s R e b 17
Recommendations for future direCHONS. ... esssssssressssasrans 21
] (=] Tl H OO OO 23
Published articles........c.iciiieineiciiictc it o

Extremely low mitochondrial DNA control-region sequence variation in the otter Lutra
lutra population of Denmark. Hereditas 130:331-336.

Developmental stability in the Eurasian Otter (Lutra lutra) in Denmark. Ann. Zool. Fennici
34: 187-196.

Variation of skull morphometry of Eurasian otters (Lufra lutra) in Denmark and Germany.
Ann. Zool. Fennici 35: 87-94.

Craniometrical variability and developmental stability. Two useful tools for assessing the
population viability of Eurasian otter (Lutra lutra) populations in Europe. Biol. Jour.
Linnean Society 70: 309-323.

Effect of the 1990 die-off in the northern Italian seas on the developmental stability of the
stribed dolphin Stenella coeruleoalba (Meyen, 1833). Biol. Jour. Linnean Society 71: 61-70.

Allozyme variation in the Eurasian badger Meles meles in Denmark. J. Zool. 252:544-547.
Developmental instability in sexual reproducing and parthenogenetic populations of

Bacillus rossius rossius and Bacillus rossius redtenbacheri. Evolutionary Ecology Research
3: 449-463.




ATHCIES TN PIESS...cuvemermesrmsmnrsrsitinsnsemssiinsessnsesiostonitesions b Gsiititinsiivensssessidosesiiiaitiions
A New Method for Estimating Environmental Variability for Clonal Organisms, and the Use of
Fluctuating Asymmetry as an Indicator of Developmental Instability. J. theor. Biol. 210: 000-000.

Effects of habitat fragmentation on the Eurasian badger (Meles neles) subpopulations in
Denmark. (Italian Journal of MammolOgy) ........ccvuuiemiinienieeninisnsieenierssesessssesessmsessssrecssesences 8

Genetic consequenses of population decline in European otter (Lutra lutra): an assessment
of microsatellite DNA variation in Danish otters from 1883 t0 1993 .......coooecvummnirernsrrcrcrscoveserecnnes

ATHCIES N PIEP...neeirr sttt s st sane e e

Analysis of the effects of different fertilisers on developmental stability in Folsomia candida.......

Developmental stability of wing size in Drosophila melanogaster under food stress ........ccccoeeen...



Preface

When I started my research project in 1997, I was
pretty sure about which field my efforts should be
directed towards: Conservation Biology, and of
course, why not choose one of its most fascinating
sub-disciplines: Population Genetics. Three years
later, everything appears much more complicated
than I would have expected. There are two principal
reasons: firstly, that I have absorbed an extremely
large bulk of information which has allowed me to
become much more critical of myself and my enthu-
siasm when approaching a new research project.
Therefore, also my approach methodologies have
become much more prudent, understanding that
sometimes a hasty investigation start may produce
frustrating results. Secondly, that I have several
times underestimated the enormous complexity of
nature, and therefore the fascinating idea of trying to
find some patterns in the indecipherable natural
world began to become more and more difficult to
realise. Hence, this PhD project is an attempt to de-
velop and apply some methodologies together, in
order to approach natures complexity by splitting up
its components and their interaction. Below, I will
present the work, which has been done during the
PhD project period. When I present the works, I will
always use the st plural person (we) as several per-
sons, who are co-authors of the works, have collabo-
rated. The high “bicdiversity index™ of the groups
which have composed the list of the co-authors indi-
cate how multidisciplinary the approaches are to the
various problems which we have tried to solve.
Therefore, 1 want to underline how important this
coalition of several “brains” can be, and the impor-
tance of this kind of “aggregation™ when approach-
ing a conservation biology problem.
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Dansk resumé

Da jeg startede mit forskningsprojekt i 1997 var jeg
rimeligt sikker pa, hvad det skulle omhandle ... Con-
servation Biology, og selvfglgelig ... hvorfor ikke
valge en af dets mest fascinerende underdiscipliner:
Populationsgenetik. Tre &r senere ser alt langt mere
kompliceret ud, end jeg kunne have forestillet mig.

Der er to hovedarsager: fgrst at jeg har absorberet en
temmelig stor bunke information som har udviklet
min selvkritik, bide personligt og vedr. min entusi-
asme, nir jeg starter pd et nyt forsggsprojekt. Derfor
er ogs mine opstartsmetodikker blevet mere ratio-
nelle under erkendelse af, at somme tider kan en for-
hastet start pd undersggelserne producere frustre-
rende resultater. For det andet, at jeg flere gange har
underestimeret naturens enorme kompleksitet, og
derfor blev den fascinerende ide om at finde be-
stemte mgnstre i den udecifrerbare naturlige verden
mere og mere besveerlig at realisere. Dette PhD-
projekt er derfor et forspg pd at udvikle og applikere
nogle metodikker for at forspge at forstd naturens
kompleksitet ved at splitte den op i komponenter og
deres interaktion. Nedenfor vil jeg prasentere det
arbejde, som har varet udfert i forbindelse med
PhD-projektperioderne. Jeg skriver i 1. person plu-
ralis, da flere personer, som er medforfattere pa ar-
bejdet, har samarbejdet. Det hgje biodiversitets-
indeks i de grupper, som har komponeret listen af
medforfattere, indikerer, hvor multidisciplinere de
forskellige tiltag til problemomraderne har veret.
Derfor vil jeg gerne understrege, hvor stort et ud-
bytte man kan fa af, at flere kapaciteter arbejder
sammen, samt vigtigheden af en sddan konstellation,
ndr man starter pd et problemomride i Conservation
Biology.

Emnerne, der er dikket i denne PhD-afhandling,
strekker sig over en omfattende reeksamination af
interaktionen mellem genetik, demografi og forskel-
lige typer af stokasticitet. Afhandiingen iliustrerer, at
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forsigtighedsprincippet er essentielt for forstielsen
af data baseret pa forskellige typer af genetiske mar-
kgrer, da sidanne markgrer kan blive associeret med
genotyper, som er fuldstendig forskellige fra dem,
der er involveret i fremtidig respons pi selektion, og
samtidig understrege vigtigheden af kvantitativ ge-
netik (QG) i undersggelserne som et uundverligt
stgtteredskab i Conservation Biology projekter.

Flere faktorer gar sig gaeldende ved fald i populatio-
nerne, men de principielle faktorer, der diskuteres i
denne afhandling er de antropogene, sisom landska-
bets udvikling og forurening: Disse faktorer er ho-
veddrsag til trussel for populationerne og evt. udryd-
delse. Disse primre antropogene faktorer har hardt-
sliende gkologisk og genetisk effekt, som bidrager
til risikoen for udryddelse. I afhandlingen bringes en
diskussion af rollen af gkologiske faktorer, som der
tillige har vieret for metapopulationsdynamik, men
ihukommende at landskabets udvikling forirsager
habitatfragmentering og isolation af smd populatio-
ner samt intensificering af metapopulationsdynamik.
@delicggelse af habitater er den siprste trussel, da
det bidrager til risikoen for udryddelse af halvdelen
af de truede fugle i verden og tre fijerdedele af de
truede pattedyr i australasien og amerika (Groom-
bridge 1992).

Vi forspger ogsa at diskutere vigtigheden af indav-
lens negative konsekvenser i naturen, og hvordan
disse kan registreres, ved studier af naturligt fore-
kommende populationer, ved hjzlp af traditionelle
molekyl®re markgrer og ved QG undersggelser,
Omend vi stadig accepterer potentialet af indavl i
populationer i fangenskab, md vi i stigende grad er-
kende, at nir degenerering er blevet signifikant i den
vilde natur, si er det sandsynligt, at populationen vil
falde tilbage til nzsten udryddelse af enkle demogra-
fiske drsager. Tabet af genetisk diversitet kan ofie
betragtes som et symbol snarere end en trussel, og
ydermere mé vi huske pa, at arter og populationer
inden for arter kan variere substantielt i graden af
degenerering (Soulé 1980). Erfaringsmessigt bevis
pid destruktivt degenererende effekt er imidlertid
blevet leveret fra laboratorieeksperimenter, og
ydermere er der leveret bevis pd det faktum, at de-
generering kan vere langt strengere i naturlige mil-
joer end laboratoriepopulationer (Jiménez et al.
1994). Vi vil gerne minde om, at omend det ikke
diskuteres i denne afhandling, s bliver ogsd plan-
terne bergrt af habitatfragmenteringen; af de ca.
250.000 plantearter som vi ved er uddgde i historisk
tid, er nesten 1.000 faktisk uddede i det sidste ir-
hundrede, og mere end 60 gange det antal uddgr
miske i lgbet af de nieste 50 &r (Raven 1987). Pi
populationsplan, som er vores hovedfokus, ser situ-
ationen endda vaerre ud. Faktisk har Hughes, Daily
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& Ehrlich (1997) for nylig forsggt at estimere antal-
let af populationer, der pt. bebor jordkloden. De be-
regnede, at hvis hver art blev delt op i ca. 220 popu-
lationer, 2r jorden beboet af mellem 1,1 og 6,6 milli-
arder populationer. Desvierre, hvis vi antager at po-
pulationsudryddelse er en enkel linezr funktion af
habitattab (direkte konsekvens), si taber vi 1.800
populationer pr. time (1,6 millioner om #ret). Disse
skremmende data fremmer forstielsen for, hvor
vigtigt og hvor bydende ngdvendigt det er at be-
handle problematikken omkring populationstab.

De forskellige forspg er grundigt beskrevet i ved-
lagte artikler, publicerede sdvel som in press og
submittede.

Vores generelle anbefaling baseret pd alle de under-
spgelser, der er presenteret i denne afhandling er, at
flere teknikker (forskellige molekyl®re teknikker,
forskellige QG analyser) bgr implementeres ved
start pd et projekt i Conservation Biology. Populati-
onsgenetik forbliver en hjgrmesten i Conservation
Biology, men imidlertid bgr flere hypoteser testes i
et forsgg pad at undga pa forhand givne formodninger
og for at bevare et rumligt tidsmassigt syn pi pro-
biematikken omkring Conservation Biology.

Konkluderende mid vi understrege, at argumenterne
diskuteret i denne afhandling og de presenterede
resultater kun er toppen af et isbjerg, hvis bund re-
presenterer et sigrre antal akkumulerede nul-
resultater, som skal publiceres efterfglgende. Yder-
mere md vi ogsd understrege, at flere projekter er
igang i gjeblikket, men de er ikke diskuteret i denne
afhandling grundet pladsmangel. Det som delfiner
og bananfluer har til fielles har dbnet vores gjne for
den verden af muligheder, der er til ridighed, nir
modelleringsprincipperne anvendes pd den nuve-
rende viden om DNA og populationsgenetik.
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Population genetics:

comparisons of different techniques in conservation projects

The topics covered in this PhD dissertation com-
prise a comprehensive re-examination of the inter-
action between genetics, demography and different
types of stochasticity. This PhD illustrates that cau-
tion is essential in interpreting data based on differ-
ent kinds of genetic markers, as such markers may
be associated with genotypes that are completely
different from those involved in some future re-
sponses to selection, and at the same time underline
the importance of quantitative genetics (QG) inves-
tigations as an indispensable complementary tool in
conservation biclogy projects.

Several factors are responsible for population
decline, however the principal factors discussed in
this PhD are the anthropogenic ones, such as land
development and pollution that are the primary
causes of extinction. These primary anthropogenic
factors have ramifying ecological and genetic ef-
fects, that contribute to extinction risk. The role of
ecological factors, such as metapopulation dynam-
ics, has been discussed, bearing in mind that land
development causes habitat fragmentation and iso-
lation of small populations, and intensification of
metapopulation dynamics. Habitat destruction is the
biggest threat as it contributes to extinction risk of
half of the endangered birds of the world and three-
quarters of the threatened mammals of Australasia
and the Americas (Groombridge 1992).

We also try to discuss the importance of in-
breeding depression in nature and how it can be de-
tected when studying natural populations, with the
help of traditional molecular markers and with QG
investigations, however, although we still accept the
potential of inbreeding in captive populations, we
increasingly recognise, that by the time inbreeding
depression is important in the wild, it is likely that
populations will decline to extinction for simple
demographic reasons. Loss of variability can indeed
several times be considered a symptom rather than a
cause of danger, and furthermore, we must bear in
mind, that species and populations within species
differ substantially in magnitude of inbreeding de-
pression (Soulé 1980). Empirical evidence of in-
breeding deleterious effects have, however, been
provided from laboratory experiments, and further-
more, evidence of the fact that inbreeding depres-
sion may be more severe in natural environments
than laboratory populations has been proved (Jimé-
nez et al. 1994). Although not discussed in this PhD
dissertation, also plants are affected by habitat de-
struction effects. In fact, of the roughly 250.000
plant species known to have gone extinct in histori-
cal times, almost 1.000 have become extinct in the

last century, and more than sixty times that amount
may become extinct in the next fifty years (Raven
1987). At the population level, which is our main
focus, the situation appears even worse. Hughes,
Daily & Ehrlich (1997) recently attempted to esti-
mate the number of populations currently inhabiting
earth. They estimated that if each species is divided
into approximately 220 populations, then earth is
occupied by between 1.1 and 6.6 billion popula-
tions. Unfortunately, if we assume that population
extinction is a simple linear function of habitat loss,
then we are losing 1.800 populations per hour (1.6
million annually). These terrifying data help us to
understand how important and urgent the problem-
atics of population loss is.

The apparently easiest way for having a good
start of a conservation focused PhD project was to
analyse the genetic variability of the D-loop control
region of the mitochondrial DNA (mtDNA) of 30
otters from the endangered Danish population: The
first DNA-based genetic marker system that could
be routinely applied to surveys of genetic variation
in natural populations was animal mitochondrial
DNA (mtDNA). This molecule was amenable to
analysis by methods that were widely available in
the early 1980s for manipulating plasmid DNA.
mtDNA sequence differences could be detected as
restriction fragment length polymorphisms (RFLPs})
(Lansman et al. 1981). More recently, the introduc-
tion of the polymerase chain reaction (PCR) has
nearly eliminated the need to directly purify specific
DNA sequences. Improvements in DNA sequencing
methods have made it feasible to determine the ex-
act nucleotide sequence of amplified regions of
mtDNA for large numbers of individuals (Murray
1989).

In many important aspects, mtDNA polymor-
phisms are quite different from allozyme polymor-
phism. Animal mtDNA is generally inherited mater-
nally as a single linkage unit of about 15 kb (Lans-
man ef al. 1981). Mutation rates are often higher for
animal mtDNA than for nuclear genes (Vawter &
Brown 1986), and there are generally many more
detectable polymorphisms than there are for single
allozyme loci (Avise & Lansman 1983). Perhaps
most significantly, detailed characterization of se-
quence differences can be used to infer genealogical
relationships and estimate divergence time (re-
viewed in Avise et al. 1987). The high mutation rate
of the D-loop region was one of the principal rea-
sons why we chose this technique, as we have a pri-
ori suspected that the genetic variability could be
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low in the Danish population because of its small
population size.

Mucci, N., Pertoldi, C., Madsen, A. B., Loeschcke
V. and Randi, E. 1999. Extremely low mitochon-
drial DNA control-region sequence variation in the
otter Lutra [utra population of Denmark. Hereditas
130: 331-336.

Our first research approach started immediately with
a frustrating result, in fact the fashionable idea of
screening the mtDNA of one of the most endangered
carnivores in Europe, the Eurasian otter, immedi-
ately gave a strange result: genetic variability nearly
equal to zero in the Danish otter population. There-
fore, given the high variability of the D-loop region
found in other mammal populations (Vawter &
Brown 1986), we could only hypothesize that an
extreme recent population bottleneck had happened
in the Danish otter population. This population bot-
tleneck should have eroded the Danish otter genetic
variability. As a logical consequence mtDNA vari-
ability might have been reduced to an even lower
level than nuclear DNA variability, due to the
smalier effective population size (Ne) of the mtDNA

genome as compared to nuclear DNA (Avise &
Lansman [983). But that was not the case (see be-
low). Furthermore, it has been suggested that the
low variability which was found, could be due to the
presumably low Ng/N ratio of the otters (Frankham

1995) and/or to the possibility that the Danish otter
population structure resembles a metapopulation,
Hedrick (1996) showed that certain forms of meta-
population structure can result in Ne that are only a

small fraction of the census size. Direct evidence of
selective differences among mtDNA haplotypes has
however been found in Drosophila (Hutter & Rand
1995}, hence we cannot also exclude the possibility
that one or several selective events could have re-
duced the mtDNA diversity.

Frustrated by this result we attempted another
approach and began to follow another fashionable
stream: a QG approach applied to a craniometric
investigation of the Danish otter skulls: Craniomet-
ric analyses have been used for some time to pro-
vide information on relationships between popula-
tions (e.g. Manning 1971, Huson & Page 1980). A
debate is still going on as to the relative importance
of genetic and environmental influences on patterns
of quantitative variation (Atchley er al. 1981). How-
ever, morphological similarity cannot be taken to
indicate genomic similarity. Our investigation was
further expanded by using another technique that
consists in measuring an estimator of developmental
stability (DS) at the individual or population level:
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the fluctuating asymmetry (FA) in bilateral traits.
FA reflects small, random deviations from symme-
try in otherwise bilaterally symmetrical characters
(Ludwig, 1932; Van Valen, 1962, Leary & Allen-
dorf 1989; Parsons 1990; Mgller & Swaddle 1997).
Minor deviations from perfect symmetry are thought
1o represent a direct measure of the ability of indi-
viduals to control development (Zakharov 1992,
Moaller & Swaddle 1997). Both environmental and
genetic stresses are known to affect FA:

FA tends to become elevated under stress (Leary
& Allendorf 1989). Stress factors known to raise FA
include vartous chemicals including polluted habi-
tats (Weiner & Rago 1987), pesticides (Valentine &
Soulé 1973), extreme temperatures (Siegel & Doyle
1975, Sciulli et al. 1979) and food deficiency either
in terms of quality or quantity (Parsons 1990). Also
severe restriction of nutrients to mothers during
pregnancy causes asymmetry in skeletal traits of
offspring (Sciulli ef al. 1979).

The genetic factors that can affect FA can be
summarised into at least five categories: hybridisa-
tion that disrupts co-adapted gene complexes, loss
of genetic variation, degree of protein heterozygos-
ity, episodes of directional selection, and genes
mutation (see Mgiler and Swaddle 1997 for a re-
view). In summary, FA is apparently the easiest way
to determine the degree of stress that a population is
experiencing or has experienced (Mgller and Swad-
dle 1997 and references therein).

We started our investigation with measuring sev-
eral traits on otter skulls from the Natural History
Museum of Aarhus and the Zoological Museum of
Copenhagen.

Pertoldi, C., Loeschcke, V., Madsen, A. B. and
Randi E. 1997. Developmental stability in the Eura-
sian Otter Lutra lutra in Denmark. Ann. Zool. Fen-
nici 34: 187-196.

We found that the skull of the otters became more
skewed and smaller with time. For females this ten-
dency was not so evident as for males, suggesting a
higher susceptibility of the males to stress. An at-
tempt to correlate the contaminant level which was
measured in the otter tissues with their skulls” FA
gave no results, indicating that many other factors
could have contributed to hiding this relationship, or
just simply that contaminants do not increase FA in
otters, even though they reduce the individual fit-
ness, in the extreme case leading to sterility (Jensen
et al. 1977). However, the lack of correlation be-
tween FA and contaminants concentration was an
unfortunate result, as the urgent need for an eco-
nomic technique that can quantify the effect of con-



taminants in nature is required. Agricultural and in-
dustrial pollution have had both localised and giobal
effects. Long-lasting pesticides, such as DDT, be-
come concentrated in terrestrial and aquatic food
chains, and have endangered several birds of prey.
About 2.5% of mammals of Australasia and the
Americas and 4% of the endangered birds of the
world are at risk from pollution (Groombridge
1992). These numbers underestimate the extent of
morbidity mortality, and fertility impairment caused
by pesticides in many non-endangered species.
However, the previous investigation results are very
interesting because they show that something had
happened in the Danish declining otter population.
Unfortunately, however, we could not say if FA had
increased because of an erosion of genetic diversity
and/or because of the deterioration of the habitat
conditions. A continuation of the previous investi-
gation was undertaken when we obtained the possi-
bility of measuring skulls from a presumed healthy
otter population, from an east German region (Lu-
satia).

Pertoldi, C., Madsen, A. B., Randi, E., Braun, A.
and Loeschcke, V. 1998, Variation of skull mor-
phometry of Eurasian otters Lutra lutra in Denmark
and Germany. Ann. Zool. Fennici 35: 87-94.

In this investigation, the most important results were
the findings that in both the Danish and Lusatian
population, FA was negatively correlated with the
male skull size (suggesting that the male skulls are
under directional selection). This could be inter-
preted in the way that big body size (which is
strongly correlated with skull size) in a male otter is
a good indicator of its general condition and its fit-
ness (see reviews in Mgller & Pomiankowski 1993a,
1993b, Mgller & Swaddle 1997). The positive cor-
relation between body size and FA found in females,
could then indicate the non-adaptive function of a
big body size in females and the increased energetic
cost associated with a bigger body size. The in-
creased variance with time of Danish female skulls
has been explained by a recent population bottle-
neck and/or increased environmental stress. In fact,
a bottleneck can reduce variation in quantitative
characters as a consequence of a reduction in addi-
tive genetic variance (V) (Carson & Templeton,
1984). From classical QG theory we know that if the
assumption of the simple models hold, loss in het-
erozygosity should be mirrored by a proportional
loss in V3 at the expected rate of 1/2Ne per genera-

tion. Hence, we should expect a reduction of the
phenotypic variance (Vp), which in a constant envi-

ronment can be considered a reliable estimator of
V,. However, if the variance expressed in a given

character is due to non-additive interactions, such as
epistasis or dominance, a bottleneck can increase the
variance of QG characters (Bryant et al. 1986,
Goodnight 1987). Bilateral symmetry can also be
disrupted by founder events and inbreeding, leading
to an increase in FA (Waddington 1957, Leamy
1984). There is also empirical evidence for in-
creased Vp in presence of stressing  factors

(Imasheva et al. 1997). Therefore, we could not
easily determine the causes of the increased Vp.

Some considerations were also done about the dis-
covery of a strong reduction with time of the degree
of sexual dimorphism of the skull length between
the Danish males and females (no significant reduc-
tion of the sexual size dimorphism was detected for
the Lausitzian population). The sexual size dimor-
phism has been suggested to have some conse-
quences on otter diet, with an increase in dietary
overlap between sexes (intersexual competition)
because of the reduction in male size that have re-
duced the male hunting capacity to bigger prey
(Lynch & O’ Suilivan 1993). At the same time the
possibility of an increase in interspecific dietary
competition with smaller sympatric Mustelid species
like the American Mink Mustela vison was also
suggested.

After these results we put all our efforts into the
FA studies. We obtained the data of all the available
skulls of otter, which have been collected in Europe
during the last two centuries. We found the same
patterns as were found for the Danish and the Lusa-
tian otter populations: increased FA and skull re-
duction with time (especially in male skulls) de-
tected in the presumed endangered populations and
non significant changes in the presumably healthy
population:

Pertoldi, C., Loeschcke, V., Braun, A., Madsen, A.
B. and Randi, E. 2000. Craniometrical variability
and developmental stability. Two usefull tools for
assessing the population viability of Eurasian otter
Lutra lutra populations in Europe. Biol. J. Linn.
Soc. 70: 309-323.

It was speculated about the possibility that a reduced
sexual dimorphism was produced by a relaxation of
the selective pressure, because of a reduced density
of individvals. However, some other possibilities
have been discussed: for example Frankel & Soulé
(1981) suggested that a 10% increase in the in-
breeding coefficient may result in a 10% reduction
in traits closely associated with fitness such as lon-
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gevity, fecundity and body size. Furthermore, the
possibility of genotype-environment interactions
was also discussed. Turelli (1988) has argued that
the dynamics of quantitative genetic parameters
cannot be predicted only from models of mainte-
nance of heritable variation, because genetic vari-
ances, covariances and correlations, for example,
can change with environmental conditions if there
are genotype-environment interactions.

Habitat destruction and fragmentation restrict
dispersal, and eliminate for many species the most
important mechanism for population persistence in
response to long-term climate alterations: change of
geographic distribution. We already know that in
response (o previous periods of global warming and
cooling associated with glacial cycles, species often
changed their geographic range while maintaining
essentially the same phenotype except perhaps, for
changes in body size (Coope 1979). The fragmenta-
tion phenomenon could apparently not look so dan-
gerous for the otters: as they have shown in the pre-
vious investigation to have preserved a high pheno-
typic plasticity, despite their low genetic variability
this evolutionary strategy should allow this Mustelid
to survive also in suboptimal habitats and to quickly
adapt to environmental change. Changes in the
creode (initially under the influence of changes in
the conditions of development and then at the ex-
pense of rearrangement of the genotype) could be
considered to be a possible pathway of evolutionary
transformation known as the "Baldwin effect"
(Shiskin 1992). There is however, a maximum rate
of directional and random environmental change
that a population can tolerate by adaptive evolution
without becoming extinct, depending on the amount
of genetic variability it can maintain, Rapid extreme
environmental changes, such as anthropogenic
global warming, will place a premium on genetic
variability and adaptability of many populations in
fragmented environments during the coming centu-
ries. Therefore, we cannot ignore the fact that cur-
rent rates of environmental change are causing ex-
tinction several orders of magnitude faster than any
mass extinction in the past (Lynch 1996).

The general thought that FA could be used to
discover some of nature’s hidden patterns became
more and more exiting, and suddenly another op-
portunity appeared; a big sample size of skull of the
striped dolphin (Stenella coeruleoalba) which have
been collected in the Mediterranean basin became
available for measuring:

12

Pertoldi, C., Podesti, M., Loeschcke, V., Schan-
dorff, S., Mancusi, C., Nicolosi, P., Marsili, L. and
Randi, E.. 2000. Effect of the 1990 die-off in the
Northern Italian seas on the developmental stability
of the striped dolphin Stenells coerulevalba
(Meyen, 1833). Biol. J. Linn. Soc. 71: 61-70,

A big bulk of the striped dolphin skulls stem from a
period in which a big epizootic has collapsed its
Mediterranean population, therefore we were pre-
sented with a unique opportunity. To see if the indi-
viduals found dead during the epizootic have a
higher FA as compared to the individuals which
have been collected before and after the epizootic.
In fact, if we could find higher FA in the epizootic
period skulls, we could conclude that FA is a really
good indicator of the overall individual’s condition
and disease susceptibility, as we expected that dur-
ing an epizootic, the individuals which will dic
should be those in worse health conditions. How-
ever, when looking with more attention to the data,
we discovered that the mean FA of the post epizo-
otic period was lower than the mean FA of the epi-
zootic period, but was also significantly lower than
the mean FA of the pre-epizootic period. Epizootic
could therefore have had a selective purging effect
on the dolphin population, which could mean that
FA could have an hereditary component. If part of
FA is hereditable it will of course be dangerous to
try to correlate FA only with the environmental
factors, Low level of heritability also helps to con-
firm the assumption that FA can be used as an indi-
cator of environmental conditions. If FA is heredit-
able, it would not provide a reliable bioassay. For
FA to have evolutionary significance it must be re-
lated to fitness and have a heritable basis. The heri-
tability of FA is currently the subject of some debate
(for conflicting views see Leamy [997a, Leamy
1997b). However, most researches agree that FA
often has a heritable component, but that this is
typically small (Fowler & Whitlock 1999). The dol-
phin investigation was also interesting as it con-
trasted the idea of Pape Mgller that also the trait
with a directional asymmetry (DA) can be used for
monitoring the environmental stress, as the striped
dolphin skull traits which shows that DA did not
follow the patterns showed by the traits with true
FA. Also in this investigation we attempted to cor-
relate the contaminant level which was measured in
the dead dolphins, with their skull FA, but despite
the extremely large number of toxicant isomers
which was used in our correlation tests no relation-
ships were found.

Then we got into another interesting FA debate:
how much can the genome variability play a role in
determining the DS of an individual? The fitness



advantage of heterozygosity has been proposed to be
the primary device that maintains genetic diversity
in natural populations (Lewontin 1974), yet the
mechanism behind this advantage is still poorly un-
derstood and is a topic of much debate (e.g. Houle
1989, 1994). From an empirical point of view, many
researchers have suggested a positive relationship
between protein heterozygosity and suggested fit-
ness-indicators, such as growth rate (Zouros et al.
1980). Heterozygosity has also often been associ-
ated with high feeding rates (Garton 1984, Garton et
al. 1984) and increased viability (Farris & Mitton
1984). Therefore, there are some data that support
the idea that heterozygotes have a general fitness
advantage over homozygotes, and also that the link
between heterozygosity could be causal as enzyme
heterozygosity increases metabolic efficiency (Gar-
ton 1984, Garton et al. 1984). Therefore, if all indi-
viduals have the same energetic input, highly het-
erozygous individual lower routine metabolic costs
should leave more energy to invest in growth, re-
production, or any other activity (Mitton & Grant
1984).

It is not clear how heterozygotes apparently gain
this fitness advantage over more homozygous indi-
viduals. It may be related to differences in metabolic
and enzymatic efficiency. Mitton (1995) has sug-
gested that it may be related to differential rates of
protein turnover between homozygous and het-
erozygous individuals. There have been numerous
findings to indicate that individuals that are more
heterozygous at enzyme loci show less deviation
from the phenotypic mean (Livshits & Kobyliansky
1984) and are usually less asymmetric than more
homozygous individuals from the same randomly
mating population (Leary et al. 1983, Zouros &
Foltz 1987). It was Lerner’s (1954) initial model
that first predicted an inverse relationship between
heterozygosity and Vp. He surmised that heterozy-

gotes can produce a greater variety of biochemical
products and hence can canalise their development
better under a wide range of environmental condi-
tions. As FA represents a measure of developmental
homeostasis, and heterozygotes have a canalisation
advantage, we may expect to find a negative rela-
tionship between heterozygosity and FA.

In order to test some of the aforementioned cited
hypotheses we chose for our investigation a peculiar
insect, the stick insect (Bacillus rossius):

Pertoldi, C., Loeschcke, V. and Scali, V. (2001);
Developmental stability in sexuvally reproducing and
parthenogenetic populations of Bacillus rossius ros-
sius and Bacillus rossius redtenbacheri. Evolution-
ary Ecology Research, 3:1-15.

Measuring FA in two sub-species of parthenoge-
netically and totally homozygotic stick insects com-
pared to the sexual populations of the two sub-
species, has shown to be a significantly higher FA in
the totally homozygotic populations indicating that
the homozygotic populations are much more unsta-
ble as compared to the sexuval equivalent. Unfortu-
nately, the sexual populations do not live in sympa-
try, but the parthenogenetic populations of both sub-
species live in a more degraded environment as
compared to the sexual ones. Therefore, we could
not estimate the relative contribution of the genetic
and environmental factors, to DI. Furthermore, our
results did not support Lerner’s conjecture. The rea-
sons why we did not find Lerner’s expected pattern,
could be that body size in the two sub-species ros-
sius and redtenbacheri is a sexually selected trait,
and therefore is under directional selective forces
that could have confounded the expected pattern, or
more simply the relationship between FA and het-
erozygosity is too weak. Furthermore, we should
expect that the more asymmetric parthenogenetic
females of the redtenbacheri sub-species should
also show a higher Vp, but that was not the case.

These findings support therefore Waddington’s hy-
pothesis (Waddington 1957), who suggested that
separate mechanisms are responsible for the effect
of stress on Vp and on developmental instability

{DI). The results obtained in this investigation allow
us to reflect about the costs associated with a re-
duced heterozygosity which can typically happen in
small populations in drift-mutation balance. In a
crowding experiment with laboratory Drosophila
the abiotic stressing factor was the reduced food
amount. This laboratory experiment could give us
some indications about the possibility of detection
in natural periods of food shortage or overcrowding:

Bundgaard J., Pertoldi C. and Lefranc A. Larval
crowding and developmental stability of wing size
in Drosophila melanogaster Meigen (in prep.).

Some clear patterns were found: individuals which
were grown under more crowded conditions showed
higher FA as compared to those which were grown
under more optimal conditions. Furthermore, at both
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crowding levels, a significant reduction in wing size
and an increase in FA and Vp were found for flies

emerging during the late eclosion stage as compared
to those which eclosed during the two earlier stages.
The increased Vp also opened another interesting
debate: In a sexually reproducing population (Vg >
0), Vp is given by: Vp = Vg + Vepy + (GxE) +
cov(GE) + DI, where (GxE) is the genotype envi-
ronment interaction and cov(GE) is the covariance
between genotypic and environmental sources of
variance. The interaction term expresses the extent
to which genotypic variants differ in their sensitivity
to environmental effects. The cov(GE) has long
been recognised as a confounding source of experi-
mental error (for instance, when the fastest-growing
animals are given the best diet). This term
(cov(GE)), probably contributed to the increased Vp
together with the increased DI Also in this investi-
gation we run into a big problem: the dependence of
FA on the size of the trait. The trait measured (wing
length) showed an extremely high phenotypic plas-
ticity in these experiments, creating several prob-
lems with FA indexes and phenotypic variability
indexes.

Incapable of separating the two components (ge-
netic and environmental) which contemporarily af-
fect FA and Vp and aware of the confounding effect
that Vg and its interactions (GxE and cov(GE)) can
have in QG investigations, we tried to find labora-
tory populations in which all organisms were ge-
netically identical, in order to measure only the en-
vironmental components effect:

Pertoldi, C., Kristensen, T. N. and Loeschcke, V. A
New Method for Estimating Environmental Vari-
ability for Clonal Organisms, and the Use of Fluctu-
ating Asymmetry as an Indicator of Developmental
Instability. Journal Theor. Biol. (in press), and an
unpublished report using as a model organism the
clonal collembola Folsomia candida is enclosed in
this PhD dissertation.

This investigation, is probably one of the most im-
portant results obtained in this PhD project as we
discovered a new method to quantify and partition
out the environmental components and calculate the
effect that Vepy has on FA and Vp,. Furthermore, it

emerged that despite the attempt to minimise the
environmental variability we detected in 1/3 of the
samples in this experiment an uncontrolled envi-
ronmental component, which should alert us about
the general thought that laboratory experiments can
be conducted under controlled conditions. In this
investigation, a discussion of the two principal
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methods used to estimate DS has been undertaken.
Waddington (1957) proposed that two processes
ensure phenotypic constancy: canalisation and DS,
The former is thought to ensure phenotypic con-
stancy in populations in spite of genetic and envi-
ronmental variation, whereas the latter is believed to
operate in given genetic and environmental condi-
tions. In populations, the easiest way to appraise
canalisation may be by estimating inter-individual
variance and DS by intra-individual variance, which
is often estimated by the level of FA in bilaterally
symmetrical organisms. The genetic bases of DS
and canalisation are for the most part unknown even
though an important number of studies have focused
on this subject in the last few decades (see Wagner
et al. 1997, for canalisation and Clarke 1993, for
DS). No convincingly genetic mechanism for DS
has been proposed until now. In contrast different
hypotheses involving genetic and molecular mecha-
nisms of canalisation have already been suggested.
Thoday (1958) proposed that maodifier genes could
be responsible for the maintenance of the canalisa-
tion of a trait, and recent findings of heat-shock
protein HSP-90 mutants in Drosophila have pro-
vided the first molecular evidence for such a
mechanism (Rutherford & Lindquist 1998). Two
principal methods are commonly employed for the
estimation of DS or DI. Some studies use Vp (Zou-

ros et al. 1980, Livshits & Kobliansky 1984), even
if the estimate can be blurred by Vg and Vepy,

while other studies use FA (Mgller & Swaddle 1997
and references therein). When utilising methods that
are based on Vp as an estimator of DS, then situa-

tions that satisfy the criteria for detection of DS are
incredibly rare. Populations have to be genetically
homogeneous (Vg = 0) and there can be no variation

in environmental conditions across the habitat range
of species (Vepy = 0). Furthermore, if a trait is
highly canalised and the peak of the size-fitness
function is very narrow, there will be a little range
in trait size variance between populations, and dif-
ferences will be difficult to detect. Given the fact
that full life table experiments for all the species
will be extremely time and money consuming and
given the urgent need of obtaining as much infor-
mation as possible about the stress responses of the
largest number of species available, we have to con-
sider alternative methods. One of these methods is
to measure developmental stability (DS) of the spe-
cies in presence of stressors. Unfortunately (for our
purpose)}, natural populations generally comprise
large numbers of genetically diverse individuals in-
habiting environments, which are both spatially and
temporally heterogeneous (Stearns 1992). Thus in
order to credibly extrapolate from individuals to
field populations, it is necessary to understand how
genetic and environmental factors in the field po-



tentially modify responses measured in the labora-
tory. This means that the genetic basis for stress tol-
erance can only be properly assessed by separating
and quantifying the effect of both genes and envi-
ronment and, most importantly, their interaction on
the expression of tolerance. However, when study-
ing stress tolerance, individuals, even from the same
population, may have different phenotypic re-
sponses. Therefore, new investigations should be
conducted employing clonal organisms. What how-
ever emerged from our study is that even when
eliminating the genetic variability we still have the
problem of the within population Vepy, which can
alter the estimates of the population DS. We can
therefore easily conclude that use of clonal organ-
isms to test toxicity of contaminants is the easiest
way to do it, and the possibility of partitioning out
Veny with the methods we discovered could also
increase the replicability of these tests.

We chose two molecular markers to investigate
the genetic structure of the Danish badger popula-
tion: We know that finest resolution is achieved at
the level of the family by techniques such as DNA
fingerprinting (Jeffreys et al. 1988), but the badger
has proven to be a frustrating stumbling block for
several groups attempting to use this technique,
However, the badgers are a good example of a spe-
cies in which population size is large, but genetic
variability is inexplicably low also at the minisatel-
lites level. The two principal reasons of the low ge-
netic variability are probably those previously cited:
a metapopulation dynamics and/or a low N elN . Un-

aware of the resuits obtained by the other groups,
we decided to try the minisatellites which are mark-
ers with close to 100% heterozygosity. Heterozy-
gosity could therefore not be used as an index of
genetic variation, however, heterozygosity is not the
only way to measure genetic variability, and other
measures such as the total number of alleles can be
more sensitive to the effects of population decline
(Leberg 1992). The process of allele loss is seen
most dramatically in the complex, bar-code like
banding patterns of DNA fingerprints.

Pertoldi C., Loeschcke V., Madsen A. B., Randi E.
and Mucci N. Effects of habitat fragmentation on
the Eurasian badger (Meles meles) subpopulations in
Denmark. Italian Journal of Mammology (in press).

The minisatellites investigation show some inter-
esting patterns but unfortunately, the extremely high
freshness of the tissues which was required for
making the fingerprints have limited the sample size
available for the investigation. We therefore decided

also to perform an allozyme investigation, as some
genetic variability using electrophoresis has been
reported for the British badgers (Evans er al. 1989).

Pertoldi, C., Loeschcke, V., Madsen, A. B., and
Randi, E. 2000. Allozyme variation in the Eurasian

badger Meles meles in Denmark. Journal of Zool-
ogy, London. 252:14-17.

The conclusions of the two previous papers regard-
ing the genetic variability of the Danish Eurasian
badgers is that the Danish badger populations are
highly fragmented at the regional level: The reasons
can be several, however, we can suspect that roads
and intensive agricultural practice are the primary
consequence of the territory fragmentation. Popula-
tion subdivision substantially reduces the correlation
in environmental stochasticity among localities. For
example, when considering one large continuous
reserve versus several small distant reserves of the
same total area, subdivision can increase the mean
time of extinction (T). Thus in a case when single
populations are subject to major catastrophes, occur-
ring randomly among populations, then population
subdivision can clearly be advantageous for persis-
tence. Subdivision can also increase persistence in
the presence of catastrophic epidemics, not only by
reducing the transmission of epidemics among lo-
calities, but in some cases by reducing their fre-
quency because many epidemics require a threshold
density. In the long term, however, at least for the
small and isolated population in a mutation-drift
balance, the accumulation of deleterious mutations
will be dangerous, What is probably a major threat
for the Danish badger population is the harvesting
effect of traffic accidents which is estimated to
eliminate around 10% of the Danish badger popula-
tion every year (Aris 1995). Unexploited vertebrate
populations fluctuate already through time with co-
efficients of variation in the range 20% to 80% or
more (Pimm 1991). Exploited populations (such as
the Danish badger populations) are also highly vari-
able (Myers, Bridson & Barrowmann 1995) due not
only to environmental stochasticity, but also because
of the constant-rate harvesting due to road accidents
which tend to reduce population stability (May et al.
1978). The traffic harvesting effect, together with
the already present environmental stochasticity ef-
fects, could be the primary reasons for the low ge-
netic variability found in the Danish badger popula-
tion as compared to the genetic variability found in
populations in other countries where the road fatali-
ties harvesting effect is not so strong. Furthermore,
demographic stochasticity can create a kind of Allee
effect, which is a phenomenon particularly common
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and relevant for populations with a highly complex
social structure as the badger structure is. In popu-
lations below certain low treshold, most population
trajectories tend to decrease, resulting in a high
probability of extinction (Lande 1998). Individuals
may suffer reduced fitness from insufficient coop-
erative interactions with conspecifics. Positive as-
sortative matings, should however not constitute a
problem for the badgers, as inbreeding is usually
deleterious in species that normally outbreed,
whereas, when inbreeding is part of the natural so-
cial system of a species, the genetic load is usually
low and inbreeding depression is far less severe.
The Eurasian badger has a restricted male juvenile
dispersal (Cheeseman et al. 1987) and forms highly
stable social groups (Kruuk 1978). Therefore, one
may expect that the demographical consequences of
fragmentation outweigh the genetical consequences
of finite population size supporting the contention
(Gilpin 1987) that ecological effects may be more
significant than genetic effects, at least in the short
term, whereas in the long term the genetical conse-
quences will be increasingly important.

The biggest problem of the previous allozyme
investigation is that only one locus was variable and
the confidence of Wright's statistic which could be
attached was therefore also low (however, see below
a discussion of the interpretation of FST). We are,

however, a little bit concerned about the fact that
what we have detected at the molecular level in our
badger investigation, is probably a more optimistic
picture than it really is. In fact, we would underline
the possibility that the genetic data that we can ob-
tain at the present time could be further confounded
by the refugee effect: When habitat is lost, individu-
als of many species are able to flee and restablish
themselves in other sites. Such cases have been
studied with refugee models of genetic population
structure. The general effects are a reduction of the
genetic differentiation among demes (FST), and an
increase of the additive genetic variance (Va) within
every deme. These effects accumulate for as many
generations as habitat continued to be lost (Porter
1999}. Furthermore, we cannot exclude further sub-
division of the subpopulations we have defined in
our investigations. A low dispersal rate, on the order
of few individuals exchanged among populations
per generation, is sufficient to prevent much genetic
differentiation at quasi neutral loci, such as most
molecular genetic polymorphism (Crow & Kimura
1970). In contrast, adaptive differences among
populations can be maintained by natural selection
even under a high leve! of dispersal and gene flow
(Endler 1977). Lack of differentiation or low dif-
ferentiation among populations at molecular genetic
loci does not imply lack of adaptive differences. It
could therefore be a serious mistake to manage
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populations in different environments as a single
unit, simply because low or no moiecular differen-
tiation among them has been detected, especially if
morphological, behavioural and physiological char-
acteristics in which the populations might be adap-
tively differentiated have not been investigated.

The molecular investigations helped us in under-
standing how the Danish badger population struc-
ture is organised at the macrogeographical level,
but, unfortunately no clear information was obtain-
able at the microgeographical level due to the low
genetic variability which was found, which for ex-
ample does not allow us to build a pedigree of a
clan. At present days a work using microsatellite
primers specifically built for badgers, is in progress
but also here the variability looks too low for micro-
geographical investigation. Any conclusion about
the size that a patch should have in order to sustain a
stable population could therefore not be drawn from
our molecular investigation. However, we know that
the rate of dispersal into unsuitable regions deter-
mines the minimum size of a geographically isolated
patch of suitable habitat, known as the critical patch
size. With random dispersal, lethal surroundings,
and a low intrinsic rate of increase (which is low for
badgers), the critical patch size is much larger than
the average individual dispersal distance (Kierstead
& Slobodkin 1953). The genetic investigations indi-
cated a low genetic variability, which supports the
fact that there is isolation among patches, due to
increasing fragmentation of the landscape. However,
also the need of knowing the past history of a
population could help us to plan future conservation
efforts. Until a few years ago, the only available in-
formation of the past history of a population could
be obtained from the hunters, but most of the time
we were dealing with anecdotal knowledge, which
does not go back more than 50-70 years, whereas
the new PCR techniques allow us to obtain data
which would have been impossible to obtain in
other ways. In the next paper, we describe how
modern genetic techniques may be applied to extract
and examine the DNA of individuals that have been
dead for many years. Theoretical studies suggest
that DNA is unlikely to survive intact more than
about 100,000 years. However, even over this time
period, the evolutionary questions that can be ad-
dressed are far reaching and include systematics,
paleoecology, the origin of diseases, and evolution-
ary processes at the population level. The use of
genetic data has greatly expanded evolutionary
studies of extant organisms, with one major limita-
tion: History must be reconstructed by extrapolation
from current genetic patterns rather than directly
observed in the fossil record. Population genetics
cannot deal well with the confounding effects of
natural selection, genetic drift, gene flow, and
population history without resorting to simplified



models and assumptions (Templeton er al. 1995).
Systematists utilize character state data and phylo-
genetic methods to reconstruct evolutionary history,
but this approach is fraught with problems caused
by character reversals and parallelisms (Swofford et
al. 1996). The questions addressed by ancient DNA
research concern any issue that benefits from a di-
rect historical perspective. These areas include (a)
systematics (Hoss er al. 1996); (&) changes in ge-
netic diversity as a function of time and environ-
mental change (Hardy er al. 1995, Thomas et al.
1990); (c) migration and admixture (Roy et al
1996) and (e) ecology and paleoecology (Kohn &
Wayne 1997). Reconstructing the past population
relationships of endangered species is also important
for reintroduction programmes and therefore Mu-
seum collections have become a source of DNA
from populations that are difficult to sample or are
extinct.

Pertoldi, C., Hansen, M. M., Loeschcke, V., Mad-
sen, A. B., Jacobsen, L. and Baagoe, H. Genetic
consequences of population decline in European
otter Lutra lutra: An assessment of microsatellite
DNA variation in Danish otters from 1883 to 1993,
Proc. Royal Soc. B. (in press).

Despite the fact that microsatellites evolve in an un-
expected fashion that is likely to confound their use
in measuring genetic distance (see below), the re-
sults obtained in the previous investigation seem to
be extremely interesting. Pairwise FST values and

assignment tests showed small but significant pe-
netic differences between the present population and
extinct otters from other regions in Denmark (but
see below the discussion about the reliability of
FST). Another interesting observation is that the

Danish otter population did not seem to have under-
gone a population bottleneck as has been previously
suggested, also if some rare alleles have been lost
with time (but see below the discussion about the
importance of preservation of rare alleles for con-
servation purposes). The method applied for de-
tecting a bottleneck is based on the fact that fol-
lowing a bottleneck (lasting less than 2Nb genera-
tions, where Nb is the effective population size at
the time of the bottleneck) a population will show a
higher level of apparent heterozygosity than ex-
pected, based on a population in mutation-drift
equilibrium (Cormuet & Luikart 1996). This is due
to the sudden loss of rare alleles at the time of the
bottleneck, and the resulting deficit of alleles rela-
tive to the number of heterozygotes. However, the
detection of a bottleneck with molecular markers,
has a limitation, as it requires the screening of sev-

eral loci and several individuals. Furthermore, to
loose a large fraction of its genetic variance meas-
ured by heterozygosity in molecular genetic poly-
morphism or heritable variance in quantitative char-
acters, a population reduced to a small effective size
must remain small for at least 2Ne generations. This

fact further reduced the possibility of detecting a
strong population reduction especially if a rapid
population recovery has followed the bottleneck. It
is however, still unclear whether biologically plau-
sible population bottlenecks will have been suffi-
ciently severe to be detectable using current tech-
niques. It is therefore possible that measurements of
FA and Vp can be considered to be more sensitive

in order to detect population reductions, also if they
are both contemporarily affected by environmental
and genetic components.

Conclusions

Our general conclusion based on all the investiga-
tions which have been presented in this PhD disser-
tation is that when approaching a conservation proj-
ect, several techniques (different molecular tech-
niques, different QG analyses) should be employed.
Population genetics remains a comerstone of con-
servation biology, however, several hypotheses have
to be tested, trying to avoid a priori assumptions
and having a spatio temporal vision of the conser-
vation problematiques which are going to be ap-
proached. We tried to find some answers to our
questions from the results obtained in our investiga-
tions and from the progress made by other groups of
researchers during the last years:

How important is inbreeding depression for the
endangered populations?

It is often assumed that by measuring current levels
of heterozygosity, the genetic “health” of a popula-
tion can be measured. But we have to distinguish
two different kinds of threats: first, there is a threat
posed by loss of genetic variability, a danger that is
thought to be manifested in terms of lowering a
population’s ability to adapt to novel threats, such as
pathogens, parasites and competitors (O’Brien
1994). Quite separate are the detrimental effects of
inbreeding depression. Here, population size reduc-
tion creates a founder effect in which rare deleteri-
ous recessive traits have the opportunity to change
in frequency. While many of these recessives are
lost, some may drift to high frequency and become
expressed in the homozygous state, causing a reduc-
tion in individual fitness (Saccheri et al. 1996).
There are two important problems, which compli-
cate any attempts to infer risk of inbreeding depres-
sion from measurements of genetic variability. First
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loss of variability and inbreeding depression affects
populations at different times and exert their influ-
ences over very different time scales. While loss of
variability through neutral genetic drift takes place
over many generations, the effects of inbreeding de-
pression tend to be felt at, or soon after, the popula-
tion declines (Keller et al. 1994). Consequently,
immediately after a population crash there may be
severe inbreeding depression even though little vari-
ability has been lost. This increase in homozygosity,
coupled with an increased expression of deleterious
recessive alleles, often leads to fitness and viability
reductions. What could be more determinant in
small populations, is the incapacity of a response to
the selective forces as they are mainly governed by a
drift-mutation balance, and when the chance of ac-
cumulation of deleterious alleles is higher.

How important is it to plan long term conserva-
tion strategies?

Some serious doubts are beginning to arise about the
long term conservation strategies. In fact, even the
population sizes necessary to allow for an adaptive
response to future environmental changes are likely
to be far smaller than those necessary to protect
populations against ecologically driven extinction in
the face of typical levels of environmental variabil-
ity. Also the question about how large populations
must be to retain evolutionary potential is still under
debate, with N, fluctuating from 500 to 5,000 (see

Franklin & Frankham 1998 for discussions), how-
ever also an Ne of 500 is often an unlikely number

to maintain for endangered populations. In addition,
therc are several reasons to doubt that loss of ge-
netic diversity will cause populations to become
endangered, although lack of genetic diversity may
increase the threat to populations that are already
endangered (Holsinger & Witt 1997).

How important is preservation of rare alleles?
We have seen in the last investigation that the Dan-
ish otter population has lost some rare alleles with
time, but rare alleles contribute very little to varia-
tion in fitness among individuals and have little to
do with any immediate response to natural selection.
Fisher’s fundamental theorem of natural selection
shows that the response of any population to natural
selection is directly proportional to the Vj in fitness.
Alleles occurring in moderate frequencies contribute
most to determining the amount of V, present, be-
cause genotypic differences among individuals
within a population are accounted for primarily by
differences in those alleles.

Which are the limits and advantages of molecu-
lar marker investigations as compared to the QG
ones, and which are their applications?
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The level of genetic diversity can be assessed inves-
tigating non-metric and metric morphological traits,
random amplified polymorphic DNA (RAPD), mi-
crosatellites, allozymes, minisatellites and sequenc-
ing of mitochondrial and nuclear DNA (Avise
1994). All these techniques serve as suitable surro-
gate for estimating adaptive genetic diversity and
population genetic structure, but sometimes mo-
lecular surveys must be misleading, as there are sev-
eral good theoretical reasons to doubt that a strong
connection will normally be found between levels of
molecular and adaptive genetic diversity within
populations.

Population genetic processes governed by the
mating system, genetic drift and gene flow are ex-
pected to affect the major part of markers in the
same way leading to similar genetic structure, how-
ever the impact of selection may be different. The
questions which the different molecular techniques
can answer are however different: Can the genetic
variability at the molecular markers really be con-
sidered as a good estimator of the Ne? As several

factors contribute to the relationship between ge-
netic variation and population size in wildlife
(Frankham 1996), no real confident conclusions can
be drawn about the size of a population which has
been investigated for genetical diversity. However,
new methodologies have been developed (Schwartz
et al. 1999). The relationship between genetic
variation and N, should be strongest for neutral ge-

netic markers and poorest for the most strongly se-
lected markers; non-coding nuclear DNA should
show the best relationship, followed by allozymes,
QG genetic variation for peripheral characters and
mtDNA, with QG variation for reproductive fitness
characters showing the weakest relationship. Hence,
we can easily see why microsatellites loci are in-
creasingly used in population genetics studies as
most are neutral and highly polymorphic which
make them suwitable for the Ne estimates (Brudford

& Wayne 1993). Microsatellites are tandemly-
repeated simple sequences, usually less than 100
base pairs altogether and with di-tri or tetranucleo-
tide repeat units. Polymorphism is manifested as
different numbers of repeats, probably generated by
a mixture of stepwise mutations and occasional de-
letions, limited by an upper reflecting boundary.
Although some microsatellite loci occur in ex-
pressed regions of the genome and are thus suscep-
tible to selection pressures, the overwhelming ma-
jority are located outside these areas. Another logi-
cal question is if genetic variation at the molecular
markers reflect the QG variability. But, the evolu-
tionary dynamics of molecular markers and adapta-
tive traits are likely to be quite different simply be-
cause the rate at which new variants are introduced
is also quite different (Lynch 1996). Nucleotide se-



quence and restriction-site variants are introduced at
a rate of 10' 0 107 per generation. New polygenic
variants, on the other hand, arise at a rate of 10'4 to

10'3 per generation. Hence Vg in polygenic traits

will rebound much more rapidly following a popu-
lation bottleneck than will diversity of molecular
markers, The fact that molecular marker loci will
provide little insight into conditions at loci under-
lying adaptive variation unless a large fraction of the
former are tightly linked to the relevant quantitative-
trait loci, make the lack of molecular divergence
among populations uninformative, as it cannot ex-
clude local adaptations. Large quantitative trait
variation has been found even when levels of gene
flow, estimated with allozymes is high (Loughee &
Handford 1992). This fact has important implica-
tions, in fact, conservation biologists assign popula-
tion distinctiveness by classifying populations as
Evolutionary Significant Units (ESU is a population
that merits separate management and has a high pri-
ority for conservation). Historically, this classifica-
tion has included both ecological and genetic data,
but because of an increasing interest for the mo-
lecular technique the new criteria for the determina-
tion of an ESU are based exclusively on molecular
data. This is a clearly wrong approach which has to
be changed with the reintroduction of the classical
morphological investigations. Hence, together with
the classical Wright's F-statistics, other QG indexes
should be employed. Differences in population
means of the traits can be tested with an ANOVA
for single traits, or MANOVA for multivariate
analysis. Alternatively a Wilk’s lambda, which is
sensitive to differences in mean and in the ratio of
the characters can provide a more clear separation
among populations. Furthermore, other two indexes,
the average taxonomic distance and Mahalonobis

distance (Dz) (Manly 1986) can also be employed.
However, we must bear in mind that also natural
selection on a polygenic trait can be weak, in fact
selection on QG variation is weak for characters
peripheral to reproductive fitness itself (Falconer &
Mackay 1996). For an Ne smatler than few hundred

individuals, the expected amount of variation for a
quantitative character is nearly independent of the
strength of selection and is largely a result of muta-
tion-drift balance. In fact, in polygenic characters
the forces of selection are distributed over a large
number of loci, rendering the selective forces on
specific loci small enough to be overwhelmed by
random genetic drift. However, if Nc increases, the

equilibrium level of genetic variance will gradually
switch towards a selection-mutation balance.

QG investigations, can also help us to understand
which selective pressures are acting or have acted

on the populations we are investigating. Some gen-
eral patterns of how different characters behave in
presence of different selective pressures have been
found (Mgller & Swaddle 1997). For example, sec-
ondary sexual characters have been hypothesised to
demonstrate higher Vp between and within indi-

viduals as compared to ordinary morphological
traits. Phenotypic varniation is generally reduced in
the sex with more intense sexual selection (males)
(Pomiankowski & Mgller 1995). Long-term direc-
tional selection would produce an increase in both
the number of genes and the average effect of each
locus on the trait. Traits subject to long-term stabi-
lising selection would demonstrate the opposite ef-
fect, restricting the effect of environmental and ge-
netic factors on the expression of the genotype (Po-
miankowski & Mpller 1995).

The phenotypic coefficient of variation is
strongly positively correlated with the additive ge-
netic and the residual coefficient of variation for
secondary sexual characters (Pomiankowski &
Mgller 1995). Hence, traits with a high degree of Vp

also have a high degree of genetic variation. Empiri-
cal studies of phenotypic variation in secondary
sexual characters and ordinary morphological traits,
elucidating the relative strength of sexual and natu-
ral selection, could thus contribute considerably to
an understanding of the factors involved.

We have to introduce another important index for

conservation biologists: the traits heritability (h2).

The h2 of a trait is the fraction of the Vp that has an

additive genetic basis. h2 has a zero-to-one range
and it can be viewed as the efficiency with which a
population responds to natural selection.

It is clear from the review made by Fowler &

Whitlock (1999) that the large scale declines in h2
predicted in classic theory (due to loss of V) are

not incompatible with small scale increases in Vp as
seen in studies of FA. One of the simplest short-
term conservation strategies is to try to maintain a

. 2 .
certain level of h™ (as adaptive responses to future
environmental conditions will often have a poly-

genic basis). Two main factors govern h2, Vg and
Venv, Which are not unlinked, as an increased ho-

mozygosity leads to increased susceptibility to
Veny, which in turn then will also contribute to a

2 . g
loss of h™. Hence, there are two main possibilities in

. 2 .
order to increase h™: increase V, or decrease Vepy.
We know how we can increase Vg, but we do un-

fortunately not really know how we can reduce
Vepy in nature. But some interesting laboratory ex-

periments could be done, for example by measuring
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how Vepy behaves in presence of different biotic

and abiotic components. Unfortunately, both the
quantitative parameter and molecular variation esti-
mates are subject to a big statistical sampling error.
But despite that, more importance should be given
to the QG investigations, also if the QG investiga-
tions are limited by the fact that when phenotypes
are a function of multiple genetic and environmental
effects, it is essentially impossible to ascertain an
individual genotype from its outward appearance.
However, QG studies provide a basis for identifying
sources of variation contributing to individual dif-
ferences,

A separate discussion apart should be devoted to
the allozyme techniques: The traditional allozyme
investigation has the advantage or disadvantage that
a great deal of protein polymorphism is presumably
adaptive (Nevo 1983) and therefore, differences in
genetic diversity may also be due to a variety of
ecological factors. Hence, the possibility of the use
of non neutral markers to detect local adaptation
could be utilized, however several problems are af-
flicting the allozyme techniques: The molecular na-
ture of allozyme alleles is critical to understanding
selection acting upon them. If alleles are mixtures of
many segregating and recombining amino acid poly-
morphisms that only share isoelectric points or net
charge, then their study in the absence of sequence
input will be problematic. One would like to treat
individual electromorphs as mutationally unique,
but this may not be realistic, and the charge-state
model predicts that loci with many electromorphs
will possess intraclass mutational heterogeneity.
Furthermore, only a small proportion (30% or less)
of the variation present at a locus is generally de-
tectable by allozyme analysis, primarily because
only differences generated by charged aminoacid
residues are resolved by electrophoresis.

An additional problem which can be raised when
using allozyme technique is the interpretation of the
heterozygosity value (H). In fact, the H value can be
determined at a few highly polymorphic loci on
many individuals of a population which are het-
erozypous at largely the same loci. Or, alternatively,
if H is based on many moderately polymorphic loci,
the individuals of a population are largely heterozy-
gous at different loci and recombination can create a
wide array of phenotypes (Hartl et al. 1994). How-
ever, it is important to note that other factors may be
more important if alternative definitions of the evo-
lutionary potential are defined instead, as the maxi-
mum deviation possible from the current mean.
Then allelic diversity may be a much stronger pre-
dictor of such potential than H (James 1971). Allo-
zymes are however still considered an excellent
technique when you want to assess the gene-flow
among populations. Wright's island model of popu-
lation structure was used to relate the distribution of
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allozyme alleles in populations to Nem, the product
of the effective population size and the rate of mi-
gration. Alternative strategies for the estimation of
gene flow has been developed using different ge-
netic markers, different models of demography and
population genetics, and different methods of pa-
rameter estimation. But no alternative strategy now
available is clearly superior to the standard approach
based on Wright's model and allozyme markers.
However, this may soon change as methods are de-
veloped that fully utilize the genealogical relation-
ships of DNA sequences. At present, alternative
strategies do fill important needs. They can provide
independent estimates of gene flow, measure differ-
ent components of gene flow, and detect historical
changes in population structure.

There is an obvious temptation to apply estima-
tors based on familiar population genetic models
developed for the FST allozyme approach to other

forms of gene flow and other genetic marker sys-
tems. In some cases, the fit would not be bad, and
the models would be expected to yield reasonable
gene flow estimates. In other cases, the assumptions
of these models would be severely violated and
could result in very inaccurate estimates of gene
flow. However, even where the standard models are
not inappropriate, new models may provide more
effective methods for the estimation of gene flow,
But before we go into details we have to explain the
nature of these markers: Two forms of nuclear se-
quence variation are widely used as genetic markers:
base substitutions and variable numbers of tandem
repeats (VNTRs). Base substitutions are more diffi-
cult to survey in populations, but offer a greater pos-
sibility of inferring genealogical relationships
among sequences. VNTRs are relatively easy to sur-
vey in populations. They are often highly polymor-
phic, and length variation can be detected by simple
electrophoretic methods. VNTR sequences are clas-
sified by size as microsatellites or minisatellites,
Two mechanisms are expected to generate variation
in the number of tandem repeats. Recombination is
expected to generate a broad distribution of length

changes, at rates that may be as high as 5 x 1072
{leffreys et al. 1988, Brudford et al. 1992). Thus, in
sequence comparisons, little correlation is expected
between the magnitude of accumulated length dif-
ferences and the number of unequal crossing over
events that produced them. Replication slippage that
occurs during DNA replication appears to favor
small stepwise changes in the number of tandem
repeats (Shriver et al. 1993,Valdes ef al. 1993). The
rates at which variants are generated by this process

appears (o be between 107 and 1073 (Edwards et al.
1992, Weber & Wong 1993). Although the mecha-
nisms that generate length variation in VNTRs are
not well understood, the distribution of length



variation in microsatellite sequences is most consist-
ent with the hypothesis of replication slippage
(Tautz & Sclotterer 1994, Valdes et al. 1993). Re-
combination and related gene conversion processes
appear to be responsible for variation in minisatel-
lite sequences (Jeffreys er al. 1988, Jeffreys et al.
1994).

The exact form and magnitude of the amount of
error in the estimation of FST, depends on the mu-

tation process: For an infinite alleles model of mu-
tation and an island model of gene flow: FST =

1/(1+4Nem + 4Nu) (Crow & Aoki 1984) Thus,
mutation has the same effect on FST as gene flow.

For a stepwise mutation model, which may be ap-
propriate for microsatellite loci (Schlotter & Tautz
1993, Valdes et al. 1993), the bias is greater (Slatkin
1995). This dependence of estimates of FST on
mutation rates should not be important for allozyme
markers, which have very low mutation rates. How-
ever, for DNA sequences with much higher muta-
tion rates, this problem could be quite severe. If
DNA sequence data are used, the problem of muta-
tion saturation can be avoided by using any of sev-
eral measures that effectively weight pairwise com-
parisons of sequences by the number of mutations
that differentiate them (Nei 1982, Takahata &
Palumbi 1985). More generalized methods for the
use of weighted pairwise data in analysis of popula-
tion structure have also been developed (Pons &
Petit 1996). However, for mtDNA data, a cladistic
measure of gene flow (Slatkin & Maddison 1989,
Slatkin & Maddison 1990) may be preferable to an
FT based estimate {(Hudson ef al. 1992). It is less

obvious how to correct estimates of FST for the high

mutation rates of microsatellite and minisatellite
loci. A weighted pairwise distance measure (Gold-
stein et al. 1995) and a measure of population
structure that is analogous to F§T (Slatkin 1995)

have been proposed for microsatellites that undergo
a stepwise mutation process. These measures per-
form well in simulations, but further testing of the
stepwise mutation model is needed before their reli-
ability can be assumed. For minisatellites, an infi-
nite alleles model may provide a reasonable ap-
proximation of random unequal crossover events
and a large number of potential length states.

Much still remains to be learned both about how
DNA sequences evolve and about how the patterns
of variability being measured relate to higher level
of characters such as fitness and population dynam-
ics. Therefore, a lot of work still has to be done, be-
fore the conclusions obtained with our investiga-
tions can be reinforced or negated. However, there
seems to be no question that the field of conserva-
tion genetics could profit from an influx of QG
thinking, and that one has to accept that several

markers have to be employed simultaneously when
trying to estimate the genetic parameters,

Recommendations for future direc-
tions

1) Estimates of census size with genetic tagging
The attempt to estimate the census size with excre-
ment tagging of the populations could be one of the
investigations which could produce interesting and
usefull results (Palsbgll 1999). In fact, as we have
speculated before: for several species and popula-
tions the demographic stochasticity is a more imme-
diate threat than genetic erosion, therefore the pos-
sibility of making a genetic tagging of excremental
DNA can also allow us to quantify the effective
number of individuals present in for example a
patch, also if sometimes too low genetic variability
could complicate the investigation (Palsbgll 1999).
More detailed studies at a microgeographical level
have also to be undertaken as it will allow us to ob-
tain some more reliable estimates of the genetic dif-
ferentiation and distance among populations. In fact,
the classical models describe how genetic diversity
can be partitioned into components that reflect ge-
netic population structure in terms of inbreeding
within subpopulations and differentiation between
them (Wright 1978). However “random mating
within subpopulations” is one of the fundamental
assumptions when dealing with the classical model,
which considers the species distribution as a set of
semi-discrete subpopulations, each comprising
males and females mating at random. It has long
been appreciated that social structure which pre-
vents random mating exists in many species. A good
example could be the badgers we have studied.

2} Ancient DNA investigations

The possibility of amplifing ancient DNA from old
museum specimens {Wayne et al. 1999) should also
be utilised. As discussed before the need of knowing
the past history of a declining or extinct population
will sometimes help us to understand the reasons,
the modality and the entity of the decline or extinc-
tion.

One extremely interesting experiment could be
the genetic screening of all the European otter
population skulls which have been measured in one
of our investigations where we have detected a
strong reduction of the skull size with time in the
endangered populations. With the ancient DNA
technique it could be possible to determine if the
skull reduction was due to change in allele fre-
quency due to selection within populations or to
gene flows or just simply the result of phenotypic
plasticity as we have previously suggested. This re-
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search could be among the first to analyse genetic
change in populations over a significant period of
time. The museum material dates from the last cen-
tury and during this time many avian and mammal
populations have suffered substantial decline and
fragmentation. The extensive collections of these
taxa provide the opportunity to analyse large num-
bers of samples from throughout this period and di-
rectly document changes in genetic diversity. The
results will improve our understanding of the his-
torical dimension of population change, and provide
important data for the interpretation of genetic di-
versity sludies in conservation and evolutionary
studies. By directly dating and quantifying changes
in genetic diversity, the present work will allow ex-
amination of postulated causes of population de-
cline, such as the intensification of agricultural
practices and habitat loss. We could study microsat-
cllite variation in species known from census data to
be undergoing, or to have undergone, population
bottlenecks at different dates in the past. Surveys of
museumn collections have revealed that suitable
numbers of specimens exist for all the proposed
study species, and preliminary studies have deter-
mined that microsatellite loci can be amplified from
specimens throughout this time frame. Comparative
data from modern populations are available for sev-
eral of the species.

Furthermore, major questions remain about Late
Pleistocene palececology, such as what were the
genetic effects of the population fragmentation
caused by climate change? Do the rapid morpho-
logical changes in isolated populations represent in
site evolution, or genetic replacement? How does
the genetic diversity of modern populations compare
to that in the late Pleistocenic environment? How
does Late Pleistocene genetic diversity relate to pa-
lacoecology? Until now it has not been possible to
address these issues, but ancient DNA techniques
could help us to obtain some answer to these ques-
tions studying mtDNA sequence variability in
vegetation fossiles and museum specimens.

3) Laboratory investigations

The field investigation can however, only have a
monitoring function because of the limitation in
terms of sample size (at least when dealing with en-
dangered populations), therefore we have to under-
stand that the major part of the hypothesis we want
to investigate has to be conducted under laboratory
conditions. Toxicological tests employing clones
could for example be important investigation tools
in order to detect the effect of abiotic factors and
their interaction with the biotic component. The
quantification of Vepy in presence of different con-
centrations of contaminants and at different individ-
ual density would also be interesting. In fact, as we
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have previously discussed, Vepy can have strong

influence on the population h2.

4) OQutbreeding depression investigations

Several efforts should also be devoted to investiga-
tions on outbreeding effects, but because of the dif-
ficulty of detecting in the field hybridisation, we
would again suggest laboratory studies with for ex-
ample Drosophila as a model organism. The need
for knowledge about the effects of outbreeding is a
matter of the most urgency, as translocations among
populations and captive reared animal introduction
plans in the immediate future will be one of the few
conservation strategies possible. By breaking up
coadapted gene complexes, hybridisation can lead to
the production of individuals that have lower fitness
than either parental type, and can even occur be-
tween populations that appear to be adapted to
identical extrinsic environments. Evidence of out-
breeding depression comes from observation of re-
duced fitness in inbreed lines of flies (Templeton er
al. 1986), and plants (Parker 1992). It is common for
the F1 progeny of interpopulation crosses to exhibit
enhanced fitness relative to their parents ( Lerner
1954), only to have a dramatic reduction in fitness
to occur in the F2 generation (Wu & Palopoli 1994).
In some situations the development of some nega-
tive consequences of mixing coadapted gene com-
plexes can be more subtle, taking several genera-
tions to emerge fully (Lynch 1996). Two distinct
approaches could be conducted: 1) Laboratory in-
vestigations (with Drosephila as study organism)
making life-history tables and using DS as a surro-
gate of fitness indicators, which could be measured
in several generations including F2 and F3 where
we should have the maximal disruption of the coad-
apted gene complexes. A morphological study in
order to detect changes in size or shape of the hy-
brids could also give useful information 2) Molecu-
lar investigations using a microsatellite based vari-

able (d2) which gives an estimate of H (which fo-
cuses on events deeper in the pedigree of an indi-
vidual), could also be done. This new estimating
method is expected to be more correlated with fit-
ness than the rough H estimate is (Coulson et al.

1998), of course d2 could aiso be used in inbreeding
experiments.

5) h2 changes in nature and in laboratory condi-
tions and the influences of maternal effect.

The easiest but least accurate way to estimate h2, is
to compare individuals with themselves, that is to
take repeated measures of the same trait on indi-
viduals. In this way only Vp due to temporary cir-

cumstances (the so-called special environmental



variance) can be separated from other causes of
variation {(genetic, that is additive and non-additive
genetic, and general environmental causes arising
from permanent circumstances). The resulting

measure is thus a very crude estimate of h2, it
merely sets an upper limit to it. The most frequently

used comparisons that give reliable h2 estimates are
parent offspring, full sib and half sib analyses. As

previously said, h2 changes with changes in Vepy,

but changes also with inbreeding. During inbreeding
the V, in populations declines and the phenotypic

variation (Vp) between individuals is expected to

loose its genetic basis. Variation between pheno-
types becomes more determined by Vepy (Falconer

& Mackay 1996). This results in a loss of h2 (h2 =
Va/ Vp), and potentially reduces the selective re-
sponse of populations (Houle 1992; Lynch 1996).
Assuming no non-additivity, and that inbreeding

does not influence Vepy, the expected h2 is given
by heZ = {( ho> (1-F)}/(1 - hg’F), where hg” and h¢>

represent the h2 of the base population and the in-
bred population, respectively, and F is the inbreed-
ing coefficient (Falconer & Mackay 1996). Because
the inheritance and expression of the polygenic
traits are controlled by a large number of genes
(Brakefield er al. 1996), inbreeding is expected to

reduce the h2 of these traits. Hence, it is clear that

h2 is an important index which should be studied
further. To this end, 1 will employ both Iab and field
studies using a variety of tools, Two goals of my
work could be 1) to document the range of geneti-
cally based morphological variation within and
among populations of a given species estimating the
potential for future evolution, and 2) the study of
adaptive phenotypic plasticity, especially maternal
effects. One significant criticism of many quantita-
tive genetic studies is that they are usually con-
ducted in the laboratory and ignore the effects of
natural environmental variation and breeding pat-
terns in the population of interest. What is detected
as heritable genetic variation in the iab may be ob-
scured by natural environmental variation. Thus,
under real world conditions, many important char-

acters may have fow or zero h2, and may not be
easily molded by natural selection. My future re-
search programmes should therefore be focused on
the attempt to develop methods to examine quanti-
tative genetic variation in the wild. Statistical meth-
ods that use hypervariable molecular markers to in-
fer a degree of genetic relatedness among individu-
als in wild populations, which are then in turn used

to estimate the h2 of quantitative traits, have been
developed. This approach allows one to examine
long-lived species in a wild setting without the need
for any form of manipulation {other than to collect
tissue for DNA fingerprinting). Also the role and the
evolution of adaptive maternal effects, could be a
future research. Empirical studies of life history
variation (Dingle & Mousseau 1994) made it obvi-
ous that many traits expressed by offspring were the
result of environmental influences experienced by
mothers, suggesting that this special form of plas-
ticity has evolved as a mechanism for adaptation to
local environmental conditions. This special form of
plasticity due to maternal effect can be very impor-
tant for the survival of populations under changing
selective pressures. Especially now that together
with the fragmentation effect another threat is be-
coming increasingly important, the global climate
change and its consequence on animal and plant
morphology and phenology. These two phenomena
have clearly a synergetic negative effect on popula-
tions as fragmentation reduces the possibility of mi-
gration, which is the only survival strategy possible
if a population cannot adapt to the changing envi-
ronment and global climatic change is too fast for
the population, which does not have time to respond
in an evolutionary manner to this change. Hence,
phenotypic plasticity will play an important role in
the future for the populations, and it is therefore es-
sential to understand how spread this phenomenon
is, with field and laboratory investigations using
sexual reproducing and clonal organism.

In conclusion, we should like to stress that the
arguments discussed in this PhD dissertation and the
results presented are only the tip of an iceberg, the
bottom of which represents a large amount of frus-
trating accumulated nill-results which have yet to be
published. Furthermore, we should also stress that
several works are in progress at the moment, but
they have not been discussed in this PhD disserta-
tion due to space limitation. What dolphins and ba-
nana flies have in common has opened our eyes to
the world of possibilities available when applying
modelling principles to the present knowledge of
DNA and population genetics.
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The Eurasian otter Lutra lutra. once a widespread
species in Denmark, seriousty declined in the last
three decades. In Denmark. river regulistion, wetland
destruction, drowning in fish traps and traffic morial-
ity have been responsible for the decline 10 the re-
maining otter population. Over much of lowland
Europe. toxic chemicals are likely to huve been re-
sponsible for the widespread decline. Current concen-
tration are unlikely to pose a threat to the Danish
otter populations (MADSEN 1996).

In spite of a total protection of the species in
Denmark since 1967, an investigation in (980 showed
that otters were still scattered all over the country,
but only about 200 animals were left. National field
surveys were carried out in 1984-86 and 1991 in
Denmark and 1973, 1980 and 1986 87 in Schleswig’
Holsten. The result showed that otters were mainly
restricted to the northern part of Jutland separated
from Schleswig/Holsten (Fig, ). A positive popula-
tion trend was found in Denmark in 1996 and otters
are now present in the middle and northern part of
Jutland and isolated population (ragments are
present in the western part of the island of Zealand
(MADSEN 1996 and references therein).

The expected effects of a population decline and
botticnecks on genetic variability are well known: if
the population decline is sharp. the bottleneck ex-
treme, and population recovery afler the bottleneck
slow, the loss of genetic variability can be high (Ng&)
et al. 1975). Loss of genetic variability can be harmful
to the population because 11 may reduce individual
fitness over medium or long time periods (ALLEN.
DORF and LEARY 1986). Significant losses of genetic
variability can occur also when the observed popula-
tion size (N) is relatively large. if the genetically
effective population size (N,) 15 low, and experimental
and field studies have suggested that N /N can be as
low as 0.1-0.2 in animal populitions (FRANKHAM
1995). Bottlenecks and random drift have exacer-
bated eflects on the populution dynsmics of the
mitochondriul DNA (nuDXNA), a haploid genome

which is maternally wansmitied. For mtDNA, N, =
i/4 the efTective population size of the nuclear
genome. The expected loss of miDNA haplotype
diversity in isolated populations of small effective size
is fast. Only a single mtDNA haplolype will be
retained after 4Nf (female efTective population size)
generations, while declining populations will loose
mtDNA diversity even faster (AVISE et al. 1984)

Fig. 1. Distribution ranges of otier populations in Den-
mark, as resulting from national field sunveys im 1973
1996.
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Lo this study we amed to estimate the genetic effects
of isolution and a population bottlencek of otiers in
Denmark by determining haplotype diversity of the
mtBNA control region. The low effective population
size of the mutochondrial genome, and the fast rate of
mutztional change of the peripheral domains of the
control-regron (CR). make in principle the miIDNA &
suitible molecule to study and assess the effects of
population decling and bottlenecks (HoOELZEL et al.
1993). Further, the mtDNA control region of four
captive reared otlers of presumed English origin, were
determined.

MATERIALS AND METHODS

Tissues were obtained from 30 found-dead otters
collected in the period 1990~ 1994, and stored refriger-
ated at the Natural History Museum, Aarhus, Den-
mark. The tissues from the captive reared otters were
provided from the Zoological Society la Torbiera.
Agrate Conturbia, ltaly. Total DNA was extracted
using standard proteinase-k digestion and phenol/
chloroform,isoamyl alcohol purificution (HILLIS et al.
1990: 339). The entire mtDNA CR was amplified using
the conserved primers L15926 {5-TCA AAG CTT
ACA CCA GTC TTG TAA ACC-3') and H00651
(5-TAA CTG CAG AAG GCT AGG ACC AAA
CCT-3) (KocHEeRr et al. 1989). or primers L Pro
(5-CGTCAG TCT CAC CAT CAA CCC CCA AAG
C-3}and H-Phe (GGG AGA CTC ATC TAG GCA
TTT TCA GTG-3'). which bind to the fanking tRNA-
Pro (L primer) and 12SfRNA (H primer) genes,
respectively, with the following program: 94°C for 2
min, 30 cycles of amplification at 94°C for 15 sec,
50--35°C for 15 sec, 72°C for IS5 sec, and the final
extension of the PCR products at 72°C for 5 min. The
PCR products were purified and directly cycle-se-
quenced using the Perkin Elmer PRISM dye dideoxy
terminator protocol and an ABI 373A automatic
sequencer, After the first sequences, we have designed
the following specific sequencing primers: OuL-D2
{3-CCT ATA TTG TCC TGC CAA ACC C-3'), and
OuH-D | (5-TAA CAAGTG GTG GGA GAG AGA
AGC-3), which bind to positions nos. 691 and 901
(Fig. 2), and that were used for sequencing the 3 half
of the CR, The 5 half of the CR was sequenced with
primer L-Pro. Nucleotide sequences were compared
with published CRs of other carnivores (HOELZEL et
al. 1993, 1994. Lorez et al. 1996} with the aim to
identify the presence of structural conserved motifs
which support the authenticity of PCR products.

RESULTS
We have sequenced 8% nucleotides of the CR in 30

otiers collected at different localiies in Denmark (Fig
1). and i four capine reared otters of presumed
Enghsh ongin. Moreover, we have obtiined sequences
of 533 nucleotides of the fanking t(RNA genes. for a
total of 952 nucleotides. The PCR fragments always
showed the expecied size {ubout 1 kb,

Nucleotide sequence and organisution of the CR of
otters are shown in Fig. 2. Flanking IRNA-Pro ends
with TG nucleotides. 2 conserved motif found in other
veriebrate species (Lopez et al. 1996). The central
conserved sequence biock (CCSB) begins at position
no. 210 (Fig. 2}. and shows high sequence homology
with CRs of other carnivores, like the domestic cat
(LoPez et al. 1996), dog (GenBank accession no.
X97343; Rothuizen et al. unpubl ), brown bear and
woll (unpubl. obs.). and several species of senls
(HOELZEL et al. 1993). A1 positions 154-180 maps a
sequence with homology o the termination associated
sequences {TAS-A) of mammals, and. a few nucle-
otides upstream. there is the motif GCCCCAT {posi-
tions nos. 134-140). which is associated with the
d-loop strand termunation in other mammalian species
(DoDA ct al. 1981). Qur sequences have a gap of
unknown length {probably about 100 nucleotides).
from the end of the CCSB to just before a region with
cight tandem repeats. These repeats map between the
putative CSB-1 and CSB-2, in a region refecred as RS3
by HOELZEL et al. {1994). The first three repeats (R 1.
R2, and R3) are perfectly conserved. R4 has a T-C
transition at post no. 16. which is present in RS, R6.
and R7. The captive reared otters conserve nucleotide
T at position no. 16 of R4, but show the T-C transition
al the other repeats. it is therefore probable that T in
captive reared otllers represents a reversal ta the
ancestral condition. R6 has a new C-G transversion at
position no. 7, which is present also in RS7 and RSE.
Therefore, RI, R2. and R3 have identical sequences,
R4 and RS have one transversion, while R6 and R7
have one transition and one transversion. The terminal
portion of repeat § was difficull to sequence, due 10
unresolvable ambiguities at positions nos. 14 and 15
All the otter samples we have sequenced had at least
eight tandem repeats. These tandem repeats in RS3 of
otters diverge progressively from the CCSB towards
the tRNA-Phe periphery of the CR. About 20 nucle-
otides after R8 there is a sequence highly homologous
to CSB-2 (nucleotides 651-667). and then, afier 33
nucleotides, there is the putative CSB-3 (nucleotides
702-718). The putative TATA promoters of light
{LSP) and heavy (HSP} strand transcription (CLAY-
TON 1992) map at positions 739-742 and 830-853 ol
the CR of otters, respectively (Fig. 2)

All the sequenced Danish otters showed the same
CR haplotype, except specimen DK-911 94, which
showed an A-C transversion at position no. 868 (Fig.
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2). Therefore, mDNA CR sequence varibility was
very low in the studied oter sample, and sequence
divergence belween the two haplotypes was 0001
only. Captive reared otters of presumed English
ongin, differ from the predonunant haplotspe of wild
Danish otters at position nos. 244 and 322 (T-C
transitions), 335 (C-T wrunsition), 761 (G-A trunsi-
tion). and 868 (A-C transversion). Captive reared
otters shared the A-C transversion at post no. 868
with Danish otter DK9i1 94.

DISCUSSION

Sequence variability at the miDNA CR was very low
in 30 otters from the Danish population: 29 otters
shared an identical haplotype, and a single specimen
showed a variant haplotype with only one substitu-
tion over 952 sequenced nucleotides. Thus. sequence
divergence between the two haplotypes was 0.001.
The same mtDNA region had 0.005 sequence diver-
gence compared to a dilferent CR haplotype which
was found in captive reared olters of UK origin.
Very low levels of mtDNA sequence variability
were observed in other populations of carnivore that
underwent recent drastic declines in population size
and bottlenecks (e.g., HOELZEL et al. 1993; RaND1 et
al. 1994; GOTTELL! et al. 1994}, In fact, AVISE et al.
(1984) showed that the probability of survival of two
or more mtDNA haplotypes in isolated populations
of stable female effective size (N, reduces 10 p < 0.1
over 4N, generations. In other words, such kind of
populations have a high probability to become
monomorphic after 4N, generations since isolation.
Moreover, compuler simulations have shown higher
probability of mtDNA monomorphism in declining
populations in less than 100 generations, even if N, is
over 257 (AVISE et al. 1984). Therefore, low miDNA
sequence variability could be due to the bottleneck
effect of the last glaciation. During the last glaciation,
since late Weichselian (about 13,000 years ago). Den-
mark was at least partially covered by ice and most
of central lowland Europe was permafrost (MaAR.
LEVELD 1976). Colonization of Denmatk by otters
should have been a recent event. probably not before
10.000 years ago, following Holocene climate warm-
ing. It can be postufuted that otters which colonized
northern temperate zones by a presumed rather quick
dispersal from southern refuges had low amounts of
genetic variability due to recucrent population decline
und bottdenecks during the Pleistocene climatic
chunges. Assuming that mtDNA control regions of
carnivore evolve at a raute of 5-10% sequence diver-
gence per | million yeur {(HOELZEL et al. 1993), the
observed 0.1 % nucleotide substitutions between the
two otter haplotypes, could have originuated just dur-
ing the 10,000 years since colonization of Denmark.

Howuver, the extremely low mtDNA CR vanabil-
ity found within the Danish otter population amd
among the four captive reared otters, should be inter-
preted with extreme caution. A survey made on other
populations in Europe from Sweden. England, lre-
land, Spain and Germany (Raspi et al. 1n prep.).
also showed extremely low CR sequence variabihity,
However, some of these otter populations were also
investigated for genetic variability using microsatellite
loci (DALLAS and PIERTNEY 1998), which showed
levels of polymorphism and heterozygosity within the
range found in other mammalian species. Therelore.
the observed low CR sequence variability could result
from a conservative pattern of molecular evolution of
the mtDNA CR in otter (see HANSEN and
LoescHCKE 1996, for a case of conserved CR se-
quences in fish populations), and not from popula-
tion bottlenecks or postglacial biogeographic history
of the species in northern Europe.
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Fluctuating asymmetry (FA) as expressed in metric and meristic skull traits was ana-
lysed in a sample of 172 otters collected in Denmark between 1861 and 1994. Tissue
levels of organochlorine pesticide residues and PCBs were determined and the correla-
tion between contaminant concentration and FA was tested. A significant correlation
was found between FA in different traits and the year of collection, but there was no
significant corrclation between FA and the concentration of contaminants. These re-
sults suggest that factors other than pesticides have affected the developmental stability
of skulls in the Danish otter population. Among these, a population bottleneck follow-

ing habitat fragmentation is discussed as a possible cause.

1. Introduction

The otter (Lutra lutra), once a widespread spe-
cies in Denmark, is today largely restricted to the
Limfjord area in the northern part of Jutland
(Fig. 1), with isolated population fragments in the
surrounding region (Hammershgj et al. 1996).
Toxic chemicals are believed to be responsible
for the decline of otter populations both in Den-
mark and over much of lowland Europe (Mason
& Macdonald 1986, Mason 1989). Additional
threals to the remaining otter population in Den-
mark are traffic mortality, wetland destruction and
human disturbance (sce Madsen 1996 for a re-
view).

Fluctuating asymmeltry (FA) occurs when an
individual is unable to undergo identical devel-
opment on both sides of a bilaterally symmetrical
trait (Van Valen 1962, Palmer & Strobeck 1986).
FA tends to become elevated under stress (Leary
& Allendorf 1989). Stress factors known lo raise
FA include various chemicals, including pesti-
cides (Valentine & Soulé 1973), polluted habitats
{(Weiner & Rago 1987), extreme temperatures
(Parsons 1962, Siegel & Doyle 1975, Sciulli er
al. 1979), audiogenic stress (Sciulli et al. 1979),
and food deficiency ecither in terms of quality or
quantity (Parsons 1990). Also severe restrictions
in the availability of nutrients to females during
pregnancy causes asymmelry in the skeletal traits
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of offspring (Sciulli et al. 1979). Furthcrmore,
directional sclection, homozygosity, inbreeding
and mutations, are also thought to be associated
with elevated levels of FA (see Parsons 1992 for
review). For example, Clarke and McKenzic (1987)
demonstrated that homozygous individuals were
often developmentally less stable than their
heterozygous counterparts (but sce also Britten 1996
for adifferent view).

Three groups of stressing factors could have
affected the dynamics of otter populations in Den-
mark, and have influenced their degree of devel-
opmental stability: (1) contamination of habitats
by pesticides, (2) population decline with subse-
quent erosion of genctic diversity and increasing
rate of inbreeding, (3) strong scxual selection
which can differentially affect developmental sta-
bility in both sexcs (males have a larger body size
than females, Moors 1980), can result in sexual
dimorphism.

Persistent pollutants, which accumulate in liv-
ing tissucs, are a parlicular problem in fresh wa-
ter habitats of otters because there are many sources
of contamination. Rainfall washes atmospheric
pollutants and chemicals applied to land into
waterbodics. Many industrics discharge cffluents
into rivers, directly or indirectly. Small amounts
of persisient pollutants in ¢ffluents may become
quickly concentrated in the biota, PCBs were not
identified as environmental contaminants until 1966
(Jenscn 1972), though they had been in industrial
usce for at least 35 years before that, and have since
been proved to be widespread in the ecosystem.
Of pesticides, the chlorinated hydrocarbons dis-
solve readily in animal fats and hence accumu-
late in tissues. When these fats are mobilised dur-
ing periods of stress, such as food shortage or re-
production, large amounts of pesticides may be
released into the blood stream.

The otter population in Denmark declined
sharply starting from an estimated size of more
than 1 500 individuals in 1961 ta only 200 in 1980
(Schimmer 1981), and increased thercafter again
to 400 animals censused in 1991. This decline was
probably an effect of pesticide contamination (Ma-
son & Madsen 1993). The reproductive biology
of otters suggesls that the ratio of the effective
population size N, to the observed population size
Nis on average 0.11 (see Frankham 1995 for re-
view). Therefore, the population bottlencck dur-

Pertoldictal, -+

ANN. ZOOL. FENNICI Vol. 34

ing the 80s should have been N, about 20 indi-
viduals for at Ieast 5 gencrations. During this pe-
riod, the Danish otter population may have lost
rare alleles and possibly became less heterozy-
gous. The estimates of low effective population
sizes are also supported by very low genctic vari-
ability found in the mitochondrial DNA control
region (D-loop) (N. Mucci, C. Pertoldi, A. B. Mad-
sen, V. Locscheke and E. Randi unpubl.).

FA iends to be higher in sexually selected char-
aclers than non-sexually sclected traits (Mpller
1992, Manning & Chamberiain 1993). However,
it is not known whether nutrient deficicncy, or
any of the other factors listed above, cause any
diffcrential effect on FA in characters subjecled
to sexual selection as compared with ordinary
morphologically traits.

In this paper, we aim to cstimate FA in metric
and meristic skull traits in Eurasian otters collected
in Denmark from 1861 until 1994. FA will be cor-
related with morphometric variability, the period
of sample collcction, demographic trends of the
Danish otter population, and levels of pesticide
and PCB contaminants in tissues.

2. Material and methods

We used skulls of Eurasian otiers (Lutra Iutra) from the
Zoological Muscum, Copenhagen (skulls from 1861 until
1959), the Natural History Muscum, Aarhus (1959-1961)
and the National Environmental Research Institute, Kale
{DMU) (1979-1993). Animals from DMU (only animals
from DMU were age-determined) were considercd as juve-
niles (less than about § months old) if tooth replacement
was incomplete, subadults (5-18 months) if the epiphyseal
closure of humerus and femur at their proximal and distal
ends was not finished, or as adults {older than about 18
meonths). In males, the length of the baculum was also used
in age determination (Van Bree ef al. 1966). Skull growth
in otters is complete by the third year of life (Chanin 1991),
and further changes, except senility changes in the skull
will not affect the skull measurements.

All skulls, until 1961 originated from different parts of
Denmark (Jutland, and the isles of Zealand and Funen). After
that date, no more otters were found on the isles (Fig. 1).

A total of 172 skulls were examincd. Four characters
of the skulls A, B, Cand M, and the Dental foramen (which
are small openings for nerves and blood vessels) of the lower
jaws were counted (Fig. 2). Trait A is the distance between
the opistokranion and zygomatic ptocess of frontal bone,
trait B is the shortest distance between the zygomatic proc-
¢ss of frontal bone and frontal process of zygomatic bone,
trait C is the shortcst distance between the jugular foramen
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Fig. 1. The distribution of
the otter in Denmark in
1996, 1991, between 1984
and 1986, and between
1960 and 1980,

and staphylion and trait M is the total length of the jaw:
infradentale-goniocaudale. The traits chosen (Fig. 2a-c)
appeared to show a high level of fluctuating asymmetry.
The traits A, B, C and M were measured with a digital
calliper to the nearest 0.1 mm, The magnitude of asymme-
try was eslimated from: the difference in lenpth between
each bilateral pair as right minus left (v — {). FA was calcu-
lated as the absolute value of asymmetry and as the vari-
ance of {r — ) (Palmer & Strobeck 1986). To reduce the
measurement error, all measurements were replicated 3

189
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times (at an interval of 3 hours), and the median of the 3
measures was chosen. The overall repeatability (r; see Zar
1984) of the size measurement was estimated to be around
97% (0.968 < r;< 0,982, p < 0,001), so that the measure-
ment error should have accounted for no more than 3% of
the iotal variation in even the least repeatable character. No
measurements were attempled on broken or worn parts of
the skulls, therefore, for some skulls we have missing val-
ves. The differcnce in number between sides of the bilat-
cral pair of foramina was used to estimate the magnitode of
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FA. The numbers were counted macroscopicaily, each pair
of foramina was counted 3 times and when we found incon-
gruence we excluded the measurement. However, it is worth
noting that meristic characiers will only become asymmet-
ric once stress reaches a threshold level (Swain 1987).

Departures from normality of (I - £} for cach trait, were
testedd with a Kolmogorov-Smirnov test (Sokal & Rohlf
1981}. The hypothesis that the mean of left minus right char-
acter values equals zero was tested in a one sample r-test.

Differences between age groups and periods of skull
collection were compared with an F-test (Fowler & Cohen
1990). For this purpose, we considered all adult and subadult
female ofters between 1980 and 1993 and male otiers be-
tween 1980 and 1994,

A linear and polynomial regression analysis (year of
collection versus absolute value of asymmetry) were con-
ducted for cach trail. The periods of collection were divided
in 3 periods (1, 2 and 3): for males, the three periods were
1926 10 1939, 1960 to 1961 and 1980 to 1994; {or females,
they were 1932 to 1942, 1959 to 1962 and 1980 to 1993;
the variance of (r = £) and the median of FA for cach trait A,
B and C were calculated.

A Mann-Whitney U-test was used to test if the median
of FA for traits A, B and C increased through the three
periods, and if the median for these traits and dental foramen
was different between the iwo sexes (only periods 2 and 3)
and an F-lest was conducted 1o see if the variance of (r =)
increased during the 3 periods of collection,

Fig. 2. View of an otter's skull. — a: Lateral view of an otter's skull.
Trait A: distance between points 1 and 2 (distance between the
opistokranion and zygomatic process of frontal bone). Trait B:
distance between points 2 and 3 {shoriest distance between the
zygomatic process of frontal bone and frontal process of zygomatic
bone). Trait M: distance between points 4 and 5 (total length of the
jaw. infradentale-goniocaudale). — b: Ventral view of an otter's skull.
Trait C: distance between points 6 and 7 (shortest distance between
jugular foramen and staphylion). — c: Lower jaw of an otter’s skull.
Dental foramen: D1, D2, D3.

Tissues of otters found dead in Denmark between 1980
and 1990 were analysed for organochlorine pesticide resi-
dues and PCBs (Lindane, Dicldrin, pp-DDE, op-DDD, op-
DDT, PCBs and pp-DDE/op-DDT). In this period (1980-
1990), an average annual decline of 7% per year for PCBs
and of 6% for DDE were found (Mason & Madsen 1993),

A Spearman correlation cocfTicient was used for corre-
lations between the concentration of conlaminants in the
otter’s tissues and the absolute FA of its skull. A Spearman
cotrelation coefficient was performed to test a possible cor-
rclation between the condylebasal length (skull length and
weight, and length from nose to tail) of the otter before
necropsy.

3. Results

There was no evidence of directional asymmetry
or antisymmelry and all deviations from normal
distributions were not significant (Kolmogorov
Smirnov test: 0.089 < p < 047, 125 < n < 150),
and no significant deviations from zero as the
mean of the trait ({ — r) distributions were found
(oncsample t-test: 0.062 < p < 0.312,67 <d.f, < 75).

All the traits were tested for independence of
overall traits with a Spcarman rank correlation test,



ANN. ZOOL. FENNICI Vol. 34

and no significant correlation was found for males,
although for females the trait A was correlated with
traits Band C(A and B: r,=0.29,n=49, p = 0.044,
between traits A and C: r,=0.31, =52, p = 0.026).

No significant differences of FA between the
two age groups (adults and subadults) of the same
sex were found (Table 1) and, therefore, the two
age groups were pooled in the following regres-
sion analyscs (Table 1).

No correlation was found at the 0.01 level be-
tween overall length of the traits (A, B, C and M)
and the degree of FA in these traits (males: - 0.02
<r,<0.17,d.f. =61-73,0.09 < p < 0.96, females:
-0.05<r,<0.24,d.f. = 50-65, 0.06 < p < 0.74).
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A strong positive correlation (Spearman test)
was found in both sexes between the condylobasal
length of the skull, and its weight and length be-
fore necropsy, indicating that skull length is a good
indicator of the body mass of an otter: females
r,=041, n =25, p =0.046, males r,= 0,75, n =
35, p = 0.0001; “body length-condylobasal
length”: females r,= 0.75, n = 25, p = 0.0002,
males r, = 0.84, n = 38, p = 0.0001.

No significant correlation (Spearman test) was
found between the degree of asymmetry and con-
taminant concentration at the level of p < 0.01,
indicating that faclors other than contaminants
have contributed to the levels of FA (Table 2).

Table 1. Comparison of fluctuating asymmetry variance of left-right-hand size measurements of skull characters

(traits: A, B, C and M) in adults and subadults.

Adults (81-94)

Subadulis {80-93}

Traits Variance n Variance n F p
Males
A 0.67 23 0.50 22 1.34 n.s.
B 0.50 20 0.25 23 1.43 n.s.
C 0.36 27 0.30 28 1.20 n.s.
M 0.30 23 0.26 A 1.15 n.s.
Dental foramen 0.90 7 1.72 17 1.80 n.s.
Females
A 0.70 21 0.42 10 1.70 n.s.
B 0.28 14 0.15 8 1.90 n.s.
C 0.29 18 0.28 19 1.10 n.s.
M 0.16 17 0.12 19 1.30 n.s.
Dental foramen 217 6 1.61 10 1.40 n.s.

Table 2. Spearman rank correlation coefficients and corresponding test values p and r, for testing correlations
between the absclute value of FA in the traits: A, B, C and M, and the concentration of 6 contaminants,
{Contaminants: Lindane, Dieldrin, pp-DDE, op-DDD, op-DDT, PCBs and the ratio of pp-DDE/DDT).

Traits
Males
A 15<df<18 {0.21 <r, < 0.20) 038<p<0.83
B 15<df <17 (-012<r,<0.27) 026 <p<0.88
C 19<df <22 (—0.49 <1, <0.18) 0.02" < p<0.42
M 15<df <18 (-0.03 <r, <0.43) 0.06 < p<0.93
Females
A Bedf <14 (-0.53 <1, <0.23) 0.13<p<0.84
B 6<df<10 (- 0.62 < r, <—0.05) 0.05" < p<0.91
C 10<df <20 (-0.57 <1, <0.09) 0.07 < p<0.97
M 6<df<16 (-0.57 <1, < 0.01) 0.02" <« p<0.97

" Significance disappears if one extreme value is removed.
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Significant correlations were found between
the year of skull collection and the absolute val-
ues of FA (Fig. 3AB, Table 3), The relationship and
its significance did not disappear when we re-
moved the two skulls collected in 1861 from the
regression analysis for females, but the signifi-
cance of the correlation disappeared for trait A in

males when we removed the 3 skulls collecied
before 1950 from the regression analysis. Signifi-
cant differences in variance (F-test) of FA between
the three different periods were found (Table 4).

Significant differences of the median of FA in
the three periods were found (Mann-Whitney U-
test, Table 5).
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Significant differences were found between
sexes in the median of FA for traits A and Cin the
periods two and three (males showed higher FA,
see Mann-Whitney U-test, Table 6).

4, Discussion

PCBs dissolve readily in animal fats and hence
accumulate in tissues. When these fats are mobi-
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lised during periods of stress, such as food short-
age or periods of reproduction, large amounts of
pesticide may be released into the blood stream
(see Mason 1989 for review).

There was, however, no evidence for a rela-
tionship between asymmetry and pesticide con-
centration. The lack of correlation between con-
taminant concentration and FA could be due to
different factors that could have confused rela-
tions. First, in mammals, females detoxicate

Table 3. Linear, 2nd and 3rd order polynomial regressions between the absolute value of FA in traits A, B and
G and the year of skull collection. The numbers in parentheses are the sample sizes and the standard error for

the regression coeflicient, respectively.

Traits Linear regression 2nd order 3rd order
Males
A 0.26 {n = 65, S.E. = 0.003)* n.s. ns.
B 0.34 {n = 62, 5.E. = 0.003)** 0.35 (n=62, 5.E. =2.682 x 104 ns.
C n.s. 0.31 (n=75, S.E. = 1.672 x 10-9* n.s.
Females
A 0.38 (n = 66, S.E. = 0.002)™ 0.41 (n=66, S.E. = 3.914 x 10-%*™ 041 {n=66, S.E =1.843 x 10-%™
B 0.35 {(n=51, S.E. = 0.002)* 0.35{n=51, S.E. = 1.158 x 10-9* n.s.
c 0.32(n=65 S.E =0.002)™ 0.32{n=65 S.E. = 3.202 x 105" n.s.

p<005=%p<01 ="

Table 4. ~test. Comparison of variance of the skull traits {A, B and C and dental foramen, named F) inthe 3 periods
{1, 2 and 3). The sign {+) or () indicate an increase or decrease in variance of the trails (r— ) with respect to the
previous period. The numbers in parentheses are degrees of freedom and X indicates the absence of sufficent data.

Period 1

A B Cc

F A

Period 2
B c F

c 217

A
8
c (+)*(3,55)
F

Females
Period 2
A (+) n.s. {7,25)
B {+)"(6.22)

(+) 1.5, {2,13)

(+) 0.5, (16.45)

{+) ns. (2.24)

c {+) n.s. (6,19)

E

Period 3
+r(.31)
(+)"6.22)

MO®™ >

(+) n.5. (6,16)

{+) n.s. {26,31)

(+)°(8,37)

{+) n.5. (6,16)

(+)*(17,43)
(-3*(17.55)"
(+) n.5. {13,24)

(+) n.s. (22.22)

(+)*(19.37)
(+)*(16,18)

" Significance disappears if one extreme value is removed, p<0.05="*
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through nursing, where the organochlorines are
transferred from mother Lo cub in the lipids of the
milk (Tanabe er al. 1982). Thus, a female otler,
after the nursing period, will have a lower con-
centration of PCBs, and developmental stability
may thus not be related to pesticide concentra-
tions. Hence, male and subadult otters may be
more appropriate for this comparison, however,
no significant correlations were found for thesc
groups alonc cither.

The high correlation between the year of col-
lection and FA may be cxplained by the increase
in disturbing factors due to landscape fragmenta-

-
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tion, pollution, human activity and agricultural
practice. All these factors began lo increase sharp-
ly atthe beginning of the 1940s. A declining trend
in population size prevailed throughout the 1970s.
Populations of small size, for a number of gen-
crations, may losc a substantial proportion of ge-
nctic varjation, and the genetic structure of the
population will change, homozygosity will in-
crcase and inbreeding depression may become
significant. The bottlencck around 1970-1980
may have resulted in increased FA in otter skulls,
The N, of about 20 individuals hypothesised in
the 1970s, was probably even lower due to the

Table 5. Mann-Whitney U-test for testing if FAs of traits A, B and C are significantly higher in the later of the two
periods compared. n, and n, are the sample sizes and U the test values. The values in parentheses are the
mean and the standard error of FA of the earlier of the two periods compared.

Traits
A B C
Males
Periods 1-2 U=45%(0,0) n.s. n.s.
n=3n=16
Periods 2-3 n.s. U = 220.5* (0.339, 0.061) U = 283.5* (0.659, 0.101)
m=17n, =43 n, =17 n, =55
Periods 1-3 U= 3" (0.659, 0.069) n.s. .s.
n=3,m=45
Females
Periods 1-2 n.s. U = 29* (0.083, 0.065) n.s.
m=6n=22
Periods 2-3 U = 238* (0.376, 0.089) n.s. n.s.
n=25n=3
Periods 1-3 U = 40.5* (0.639, 0.079) U =15*(0.44, 0.069) U = 49.5* (0.46, 0.053)
n=7, =31 m==6n=22 m=6n=37

p<005=*p<001=*

Table 6. Mann-Whitney U-test for testing the differences of FA in traits A, B and C and dental foramen between
the two sexes. For this test, only two periods are considered (periods 1 and 2). n, and n, are the sample sizes
and U the test values. An asterisk means a significantly higher degree of FA in males.

Traits
A B C Dental foramen
Period 2 U=95* n.s. U=118* n.s.
m=22,n=16 n=24n=17
Period 3 U=231* n.s. n.s. n.s.
m=22,nm=45

p<005="*
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effect that PCBs have on female fertility. Experi-
ments with the closely related mink (Mustela
visont) showed that pup mortality was severe when
tissuc concentrations of PCBs in their mother ex-
ceeded 50 mg kg fat (Jensen et af. 1977). 18% of
Danish otters had lissue concentrations exceed-
ing 50 mg kg™ and 21% had tissue PCB concen-
trations greater than 30 mg kg~! (Mason & Madsen
1993).

Strong FAs, as in the skulls of otters, that arc
visible macroscopically, have been suggested to
be the result of strong selective forces (Mpller
1992). Probably, male and female otters are sub-
ject to different selective forces. In the Eurasian
otter (like all mustelids), males are always the
larger sex and until now there are two explana-
tions for this size dimorphism (Moors 1980). The
first hypothesis suggests that the dimorphism re-
duces intersexual competition for food by ena-
bling cach sex to exploit different prey. The sec-
ond hypothesis takes into account the polygynous
breeding syslems of mustclids and that females
alone raise their litters. It proposes that small fe-
males are favourced because they need less energy
for daily maintenance. Because of this, they can
channel more energy into reproduction than larger
females. Larger males are favoured by sexual se-
lection and the ability to exploit a wide range of
prey, and for the enhanced dominance and mobil-
ity. Under these circumstances, dissimilar cvolu-
tionary forces would be acting on cach sex and
consequently the optimum size of each sex re-
sults from different sclective pressures.

The only evidence for intrasexual selection
favouring larger male mustelids comes from ob-
servations of fighting during the breeding season,
and this is a common phenomenon among otters
and other mustelids (Moors 1980). One factor that
may help to promote fight avoidance is that resi-
dent and probably larger otters know their place
in the social hierarchy. Nothing is known about
the extent of epigamic selection in otters or ils
possible influence on the size of males. In mam-
mals, male hierarchy positions appear to be
strongly correlated with body size (Schaller 1967,
Grant 1970, Eriinge 1977). If a larger body size
gives a reproductive advantage to males and a
smaller one gives an cnergetic advantage to fe-
males, body sizes are subject to sclection with
opposite directions between sexes, The intensity
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of selection may have increased with increased
landscape fragmentation, because the decreasing
number of suitable sites will increase the territo-
rial behaviour due to the increased density of in-
dividuals in the suitable sites. Only the dominant
male, with a large body size, may be able to de-
fend a good territory. The length of skulls (condy-
lobasal-length) was strongly correlated to weight.
So probably the size of the skull reflects domi-
nance of an individual, and the selective forces
acling on this character may explain the relatively
high level of FA found on the more recent otter
skulls. Another interesting obscrvation is the high-
cr degree of FA found in males than in females,
suggesting the potentially stronger effect of stress
acting on males.
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The distance between opistokranion and zygomatic process of frontal bone (A), the
condylobasal length (X), and the total length of the mandible (M) were measured in
skulls of the Eurasian otter collected in Denmark and in the east of Germany (Lausitz).
The Danish population showed a strong reduction in size of the traits in males, and an
increase with time in the variances of the raits in females, whereas in the Lausitzian
population, no significant changes in the same traits over the same time period were
observed. The skulls were also investigated for fluctuating asymmetry (FA) and a nega-
tive correlation was found between the size of a skull and FA in the males from both

populations, whereas no correlations were found in the females.

1. Introduction

Spatial and temporal variations in habitat quality
and population density can affect adult body size
and skull traits in species (Klein 1964, Lowe 1972,
Holbrook 1982). Morphometrical differences be-
tween local populations distributed over the spe-
cies range may be of a genetic origin, and affect
growth rates and development stability (Manning
1971, Huson & Page 1980, Atchley et ol 1981).
There are several hypotheses which can explain
the relation between ecological factors and size
variability. Among them, the “niche variation hy-
pothesis” (Van Valen 1965) suggests that morpho-

logical variation is related to the number of com-
peting species, as a niche width can increase in ab-
sence of competitors, determining an increase in
morphometrical variance (Grant 1967, Rothstein
1973). Moreover, in species with sexual dimor-
phism, different evolutionary forces are acting on
each sex, and the optimum size of males and fe-
males may result from different selective pres-
sures (Erlinge 1979, Moors 1980}, Finally, varia-
tion in fluctuating asymmetry (FA) of traits may
be related to the individual’s body size. If larger
body signals generally good health, body size will
be negatively correlated with the FA (see reviews
in Mgller & Pomiankowski 1993, Mgller & Swad-
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Fig. 1. The distribution of
the otter in Denmark and
in Germany (according to
Macdonald & Mason 1994,
and Hammershoj et al.
1996).

dle 1997). The above hypotheses could be tested
by analysing lemporal series of morphometric
measurements in species which have experienced
environmental or genectic stress.

The Eurasian otter provides an interesting ex-
ample. The species has declined in many European
countries (Macdonald & Mason 1994), and in op-
timal habitat conditions it has virtually no ecologi-
cal overlap or potential interspecific competition
with other specics (Chanin 1991), and therefore,
the degree of sexual dimorphism should not de-
pendon interspecific inleractions. However, in sub-
optimal habitats, with a possibility of food short-
age, we can suspect a dietary overlap with the
smaller American mink (Mustela vison), which has
been accidentally released from Danish mink farms
since the beginning of the 1940s (Andersen 1981).

In Denmark, the otler was widespread, but now
it is largely restricted to the Limfjord area in the
northern part of Jutland (Fig. 1), with isolaled pop-

ulation fragments in the surrounding region (Ham-
mershdj et al. 1996). Toxic chemicals are likely 1o
have been responsible for the decline of the otter
population in Denmark, and large parts of low-
land Europe (Mason & Macdonald 1986, Mason
1989). Today, the additional threat is mortality
caused by traffic, wetland destruction, and human
disturbance (see Madsen 1996 for review). The
otter population in Denmark declined sharply from
more than 1 500 animals in 1961 to only 200 indi-
viduals in 1980 (Schimmer 1981), and increased
thereafter again to 400 animals censused in 1991,
The reproductive biology of polygynous mammals
like the Eurasian otler suggests that the ratio of
the genetically cffective to the obscrved popula-
tion sizes is low (see Frankham 1995 for review).
Assumptions of a small effective population size
are also supporied by a very low genelic variabil-
ity found in the mitochondrial DNA control re-
gion (N. Mucci, C. Pertoldi, A. B. Madsen, V.
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Loeschcke & E. Randi unpubl.), and by the in-
creasing with time levels of fluctuating asymme-
try in skulls (Pertoldi et al. 1997). Thercfore, we
can consider the Danish otter population to be
endangered as compared to, for example, the popu-
lation living in Lausitz (eastern Germany).

In this paper, we aim to cstimale the variation
in size of different skull traits of two populations
of the European otter. We test for variation in
length and its variance in different periods of col-
lection, to see whether the presumed bottleneck
in the Danish population, and the concomitant in-
creased habitat fragmentation in the Danish terri-
tory, have influenced the otters’ developmental
stability. The same test was made for the Lausit-
zian population (Fig. 1) which presumably has
not experienced bottlenecks and does not live ina
fragmented habitat (Macdonald & Mason 1994).

2. Material and methods

2.1. Measurements

We mcasured three traits in 94 Danish and 44 Lausitzian
skulls of adult Eurasian otters Lutra lutra collected in 1861-
1959 (13 specimens at the Zoological Museum in Copen-
hagen, Denmark), in 1959-1961 (34 specimens at the Natu-
ral History Museum in Aarhus, Denmark), in 1979-1993
(47 specimens at the National Environmental Research In-
stitute in Kalg, Denmark), and in 1955-1996 (44 specimens
at the Staatliches Museum fiir Naturkunde in Gorlitz, Ger-
many). The traits, measured with a digital calliper to the
nearest 0.1 mm, were the distance between opistokranion
and zygomatic process of a frontal bore (A), the condylo-
basal length (X), and the total length of a mandible (M;
Infradentale-Gaoniocaudale), (illustration given in Pertoldi
et al. 1997). Because traits A and M are bilateral, and in a
previous investigation (Pertoldi et al. 1997) they showed a
significant fluctuating asymmetry, they were measured on
both sides of the skulls. Unfortunately, trait A was not mea-
sured in the Lausitzian skulls,

Asymmetry was estimated as the difference in length
between each bilateral pair of traits (right side [r] — left side
[£]). Fluctuating asymetry (FA) was calculated as the abso-
lute value of asymmetry (Palmer & Strobeck 1986).

FA=|r-J| n

In a previous investigation of the skulls of the Danish
oiters, the overatl repeatability of the FA was estimated to
be 97% or greater, so that the measurcment error should
have accounted for no more than 3% of the total variation
(for details sec Pertoldi er al. 1997}, To estimate possible
etrors in measuring the condylobasal length, we had cho-
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sen ten skulls at random, and measured each of them ten
times. Coefficient of variation (CV, %) with Haldane's
{1955) correction for small sample size, was calculated for
the mean condylobasal length (X) of each skull. The aver-
age CV was 0.1%.

We estimated the age of the animals whose skulls were
used in our research using the methods described by Pertoldi
et al. (1997).

2.2, Statistical analysis

I all the analysis, sexes were treated separately. Spearman’s
mank correlation coefficients (r,) were calculated for the
condylobasal (X), and mandible lengths (M) versus total
body length (from nose to tail), and versus body weight of
the Danish adult otiers. These correlations were computed
to test if the skull traits are good indicators of the adult
body mass. A lincar regression analysis and a Spearman
test for traits X and M versus the year of collection of the
otters’ skulfl were used. The years of the skulls’ collection
were grouped in two periods: 1960-1961 and 1981-1994
for the Danish males, 1959-1964 and 1982-1993 for the
Danish females, 1955-1985 and 1986-1996 for the Lavsit-
zian males, 1968-1986 and 1987-1996 for the Lausitzian
females. Means and variances of trzits X and M were caleu-
lated, and an F-test {(Fowler & Cohen 1990} was employed
10 compare the variances between both periods of collec-
tion, For traits which variances did not differ significantly,
we conducted a two way r-test to test for significant differ-
ences between the means.,

A Mann-Whitney U-test was used to test if the median
of the distribution of traits X and M increased or decreased,
and consequently, if the degree of dimorphism varied in the
two periods. The average degree of sexual dimorphism was
measured for the skull length (X) and calculated as follows:
SD = [mean ., = MeAN g FMCan ., % 100 (%) (Rossolimo
& Pavlinov 1974).

A linear regression analysis and a Spearman rank cor-
relation test were used to test if the fluctuating asymmetry
of traits A and M was correlated with X, A and M. When
calculating these relations we used largest size per pair to
avoid autocorrelation effects (Sullivan ef al. 1993).

3. Results

In a population of the Danish male otters, posi-
tive correlations (Spearman test) between the
condylobasal length (X) and mandible length (M)
of an otter’s skull versus the weight and length of
an animal before necropsy were found (Table 1).
However, the correlations in females were weaker
than those found in males, and the correlation
between the skull mandible length and an animal
body weight in females was not significant (Ta-
ble 1). Significant negative correlations (linear
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regression analysis and Spearman test) between
the year of collection of the skulls and traits X and
M in the Danish males were found. No such cor-
relations were detecled in Danish females and in
Lausitzian males and lemales {Table 2).

In the Danish males and Lausitzian males and
females, no significant dilferences in variances (F-
test) of traits X and M between the two periods of
collection were found (Table 3). A significant in-
crease in variance of the Danish female skull traits
was recorded in the second period of collection
(Table 3). In the Danish males, we found a sig-
nificant reduction in the means of the traits in the
second period. In the Lausitzian males and females,
we did not find a significant change in the means
of the traits in the second period of collection (Ta-
ble 3). The average degree of sexual dimorphism
in trait X of the Danish population was 9.5% in the
first period and 6.1% in the second period, hence,
a reduction of 3.4%.

In the Danish males, significant differences
(p < 0.05) in the medians of the traits between the
two periods were found (Mann-Whitney U-test,
trait X: U=112.5% n,=15,n,=25, trait M: U =
76.5*%, n, = 13, n, = 22), (Jower value of the me-
dian in the second period}, which was in concord-
ance with the result obtained with the parametric
t-test (Table 3). No significant differences in the
medians of the Danish female traits or in the
Lausitzian male and female traits between the
collection periods were found.

A negative correlation (linear regression analy-
sis and Spearman test) between traits A and M and
the degree of FA in the males, and a general posi-
live correlation between some traits and the de-
gree ol FA in the females were found (Table 4).

Table 1. The Spearman rank correlation coefficient
{~.) calculated fortraits Xand Mversus the body weight,
and length of the Danish otters; n = sample size

Traits Body weight Body length

X(3) 0.75 (n = 35)"* 0.84 (n=238)""
M{3) 0.47 (n=23)" 0.69 (n=24)"
X9 0.41 (n=25)" 0.75 (n=25)""
M@ n.s. (n=23) 0.49 (n=31)""

ANN. ZOOL. FENNICI Vol. 35

4, Discussion

The strong corrclation between trails X and M
(condylobasal length and mandible length) and
the body weight and length found in the males
otters, indicates that the size of a head is a good
estimator of the body size of a male. Hence, we
can suspect that the head is used for interspecific
and intraspecific signals in threat behaviour as was
demonstrated in amphibians (Shine 1979), snakes
(Shine 1994), and salmon (Quinn and Foole 1994),
A large head may enhance male’s mating success,
either because males with large heads will more
often win a male-male combat for access to fe-
males or because they have a possibility to main-
tain the best territory (Moors 1980, Lynch &
Hayden 1995). Some authors (Dayan & Simber-
loff 1994) suggested that selection acts directly
on the trophic apparati, while skull and body sizes
may also be affected by other, perhaps autecol-
ogical, factors. The reasons for the lower degree
of correlation or lack of correlation found between
body weight of a female and the mandible length
(M), could have different explanations. The {irst
one, which supports the hypothesis that the head
is involved in signalling the dominance status in
malcs, is that there is no intrasexual competition
between females and that the males usually toler-
ate the presence of females within their home
range. Therefore, the dominance status should not

Table 2. The linear regressions {#) and the Spearman
test {r,) between trait X, M and the year of the skulls’
collection; n = sample size,

Country r fa

Denmark
X(3) -0.41(n=44y" -0.36 (n=44)
M(d) -038(n=37)" -0.33(n=237)
X{@ n.s, (n=49) n.s. (1= 49)
M@  ns. (n=36) n.s. {(n=38)

Germany (Lausitz)
X{c) n.s. (n = 27) n.s. (n=27)
M(d) n.s. (n = 26) n.s. (n=26)
X9 n.s. {n=16) n.s. {n=16)
MDD n.s.(n=17) ns. (n=17)

*=p<0.05 "=p<0.01,*" =p<0.001

*=p<0.05*=p<0.01
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Table 3. Comparison of traits X and M in the skulls collected in two periods. For traits which variances did not
differ significantly, we conducted a two ways t-test to test for significant ditferences between the means.

Trails Variance n Mean (mm) Variance n Mean (mm) Fiest Hest

P F p df

Denmark males

Period (1960-1961) Period (1981-1994)
X 13.30 15 119.2 12.4 25 116.5 ns. 107 - 38
M 5.60 13 75.6 5.00 22 73.7 ns. 1.12 - 33
Denmark females
Period (1959-1964) Period (1982-1993)
X 5.50 19 108.9 12.28 22 109.8 . 2.22 - -
M 1.30 17 69.1 6.89 17 68.5 b 4.99 - -

Lausitzian males

Pericd (1955-1985) Period (1986—-1996)
X 14.71 7 117.3 16.64 20 119.0 ns. 113 ns. 25
M 4.24 6 759 8.52 20 76.2 ns. 202 ns. 24

Lausitzian females

Period (1968-1986) Period {1987—1896)
X 1.44 6 109.4 2.76 10 110.7 ns. 192 ns. 25
M 0.93 6 69.2 2.43 11 69.5 ns. 261 ns. 24

*=p<0.05, *=p<0.0

Table 4. The linear regressions (s} and the Spearman tests (r.) betwaen lraits X, A, Mand FA of these traits; n
= sample sizes.

Country Traits FA r n

Denmark Ald) FA (A} n.s. (n= 26) n.s. (m=23)
M{h FA (M) =0.37 (n=30)" -0.42 (n=30)"
X(dh FA (A) —0.41 (n=24) -0.51 (n=24)"
X FA (M) -0.52 (n=28)" - 0.50 {n=28)""
AD FA (A) 0.28 (n= 48)" 0.37 (n=48)"
M@ FA (M) n.s. (n = 36) n.s. (n =36}
X{@ FA (A} n.s. (n=48) n.s. {n= 48}
X FA (M) n.s. (n=35) n.s. (n =35}

Gemmnany (Lausitz) M) FA (M) -0.57 (n=26)" n.s. (n= 26}
X{(h FA (M) —0.54 (n=26)" n.s. (m= 26}
M@ FA (M} 0.60 (n=15)" 0.65 (n=15)"
X FA (M) 0.66 (n=14)" 0.75 (n=14)"

*=p<005 " =p<0.01
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be important for females. The second explana-
tion could be that the females used in our rescarch
were collected in different seasons, and that they
represented different breeding status and there-
fore, that weight fluctuations could have confused
the correlation.

The strong negalive correlation found between
the year of collection of the Danish male otters
and the length of traits X and M (which means a
shortening of the skull), may be explained by the
general increasc of stressing factors like pollution,
human aclivity, food shortage in terms of quantity
and quality, agricultural practice, habitat fragmen-
tation, increased intrasexual competition, and their
impact on the genetic structure of the population.
The progressive reduction ol suitable habilat and
carrying capacity could have a particularly intense
cflect on otters which have a linear home range
(Erlinge 1968, Kruuk 1995). All these factors will
increase fragmentation cffects that can be particu-
larly intense if the costs associated with dispersal
from one palch to another arc high. That is the
case in the Danish otter population, in which the
number of otters killed by trafic increased with
the increasing population and road network (see
Madsen 1996 for review). The non-significant re-
duction in size of the skulls of the Lausitzian male
otters indicates a more heaithy and viable popula-
tion, living in a more suitable habitat,

The reasons why we did not find a significant
reduction in female skull traits in both the Lausit-
zian and Danish populations are different. Princi-
pally, the lower daily cnergy requirement of fe-
males, because of their smaller body size, smaller
home range and the lack of intrasexual interac-
tion (competition for mating, territory defending)
{Moors 1980, Durbin 1996), will reduce the risk
of starvation in periods of food shortage, These
characteristics should lower the sensitivity to en-
vironmental fluctuations, particularly with regard
to changes in food abundance. Another explana-
tion could be the possibility that intermale com-
petition (which is thought to have increased with
the reduction of suitable habitats) may also alfect
{emale characteristics: if a large body confers ma-
jor advantages on males and large mothers pro-
duce larger male offspring, intense competition be-
tween males may select for increased body size in
females (Maynard Smith 1978). The increased
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morphological variance of skuil traits X and M in
the second period of collection with respect to the
first one detected only in the Danish females, is
probably due to some distinct causes, Some em-
pirical studies indicate that higher phenotypic vari-
ability may be related to the reduction of the hetero-
zyposity level (Eanes 1978, Mitton 1978, Leamy
1982, Mitton & Grant 1984), The low genetic vari-
ability in female otters could be the reason for the
significant increase in phenotypical variance found
in the second period (post bottleneck) as compared
to the first period of collection. Also increased lev-
cls of stress may result in an increase of the
phenolypic variance (e.g., Imasheva et al, 1997).
The second reason could be the otters’ increased
niche width and diversification, as a degraded en-
vironment has a less structured ecosystem.

The discovered reduced sexual dimorphism in
the skull length (X) (3.4%) between the Danish
males and lemales (no significant reduction of the
sexual size dimorphism were detecled for the Lau-
silzian population) can influence the otter's dict.
We should expect a significant increase in dietary
overlap between sexes (intersexual competition)
because of the reduction in size of the males which
results in their reduced capacity to hunt bigger prey
(Lynch & O Sullivan, 1993). At the same time we
should aiso expect an increase in an interspecific
competilion with smaller sympatric mustelid spe-
cies like american mink, Mustela vison, especially
in periods of food shortage as may happen during
severe winters (Erlinge 1972).

The negative correlations between the skull
traits (A, M and X) versus the level of FA found in
males from both populations may be interpreted
in the way Lhat the big body size of a male otter is
a good indicator of its general condition and its
litness (see reviews in Mupller & Pomiankowski
1993, Mgller & Swaddle 1997). The positive cor-
relations between body size and FA found in fe-
males could then indicate the non-adaptive func-
tion of a big body size in females and the increased
energetic cost associated with a bigger body size.
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Craniometrical variability and developmental
stability. Two useful tools for assessing the
population viability of Eurasian otter (Lutra
lutra) populations in Europe.
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Morphometrical univariate analyses of otter skulls collected over the past hundred years in
European countries from presumed healthy populations were compared with skulls from
presumed endangered populations, The average degree of sexual dimorphism of the European
populations was found to be dircctly correlated to the skull size of the male otters. Fluctuating
asymmetry (FA) in metric skull traits was analysed as an estimator of developmental stability.
There was evidence for increased FA in different traits over time in some of the presumed
endangercd papulations, and for a reduction in size of skull traits. In contrast, the healthy
populations did not show any significant changes in the same traits during the same period.
The reduced sexual dimorphism of the endangered populations is suggested to be a product
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of refaxed sexual selection and deteriorated habitat conditions. Environmental ane genetic
forces that may have shaped these patterns are discussed.
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INTRODUCTION

Status of the otter in Eumpe

The otter Lulra lutra has declined rapidly in numbers throughout much of the
western Paleartic in the last forty years. In Scandinavia, major losses have occurred
in Sweden (MacDonald & Mason, 1994 and references therein) and Denmark
{Madsen, 1996). In western Europe, the species has disappeared from large areas.
However, in France, along the Adantic scaboard and in the Massif Central, healthy
and viable populations have been detected, and this zone can be considered the last
stronghold for the otter in western Europe. Another healthy and viable population
is found in castern Germany, while in the north of Germany (in Schleswig Holstein)
there is a dcclining population that is probably completely isolated from the
popu]atlon living in eastern Gcrmany (MacDonald & Mason, 1994). In Belgium,
the species is extinct. In Spain, there is recent evidence that shows a d(.clmmg trend
of the population (MacDonald & Mason, 1994). In undisturbed areas in the north
of Finland and in Hungary the otter populallona scern healthy and viable. In
southern Finland, the otter distribution is scattered and declining, which has been
ascribed to increased road traflic (MacDonald & Mason, 1994). Causes of decline
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are different in different countries, although water pollution (Mason, 1989}, road
casualties, poaching and drowning in fish nets (Madsen, 1996) could be the most
relevant, Water pollution by PCBs does not seem to be one of the major threats.
Kruuk (1995) found that otters in Scotland were thriving in spite of high PCB levels.

Fluctuating asymmeltry and stressing faclors

All the populations were investigated for fluctuating asymmetry (FA). Mcasures
of developmental instability such as FA are ofien much more sensitive indicators off
current environmental conditions than traditional measures used for monitoring
various life history components such as growth, fecundity and survival (Clarke,
1995). Their potential for use in conservation biology was first reviewed by Leary
& Allendorf (1989), in which they focused on the relationship between developmental
stability and stress. However, developmental stability is influenced by many factors,
e.g. pollution, stressful conditions during development and genetic stress (Meller &
Swaddie, 1997). Furthermore, several authors have suggested that FA tends to be
higher in sexually selected characters than in non-sexually selected traits because of
their recent history of intense directional selection (Moller, 1992; Manning &
Chamberlain, 1993; seec Maller & Swaddle, 1997, for review).

In this investigation, we tested populations which are presumed endangered (on
basis of the demographic data) to ascertain whether they had a lowered level of
developmental stability compared to that of the populations presumed to be healthy
and viable. We also took into account the limits of the dichotomy (endangered
versus viable), as it is difficult in otters to quantify population densities.

Variation in sexual dimorphism

The degree of sexual dimorphism has often been used as a measure of the intensity
ol sexual selection in both interspecific (Barraclough et al., 1995) and population-
level studies (Price, 1984). Using variation in sexual dimorphism among the European
populations of otters as an indirect measure of the intensity of sexual selection, we
examined how FA varies with varying mean degree of sexual dimorphism among
populations.

The populations were also investigated for changes of skull trait size that may
reveal an improved or deteriorated habitat condition and/or a change of the genetic
structure of a population (Frankel & Soulé, 1981; Pertoldi ef al., 1998). Hence, we
tested if populations which were presumed to be endangered had a reduced mean
sexual size dimorphism when compared to populations presumed to be healthy and
viable. The otter skull shows a high degree of phenotypic plasticity (Pertoldi et al.,
in prep) despite the low genetic variability which was found within and among
populations (Randi, pers. comm.).

MATERIAL AND METHODS

Choice of trails

A total of 234 adult otter skulls taken from ninc populations in seven different
countries was analysed. The skulls were considered to be from adults on basis of
the closure of the sutures in the nasal region (Van Bree ef al., 1966).
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Condylobasal length (CBL) was taken as a measure of the skull size; this has been
shown to be tighdy correlated with body mass (body weight and body length)
(Pertoldi ef al., 1997, 1998) in both male and female otters. Furthermore, CBL has
been suggested 1o be a trait under directional selection in the Danish otter population
(Pertoldi ef al., 1997, 1998). Sclection may be for small females and large males as
in other mustelids (Ralls & Harvey, 1985) and the full potential size of males is
probably determined by long-term sexual selection. The operation of sexual selection
is governed mainly by the relative investment of the sexes in their offspring, with
individuals of the sex investing less (males in the case of mustelids) competing among
themselves to breed with members of the sex investing more (Trivers, 1972). This
is likely to result in morphological or behavioural adaptations that maximize
dominance and mobility. Both characteristics are, in general, directly proportional
to body size. Therefore, variation in nutritional status during the period of growth
should have different consequences for males and females. A linear regression
analysis is used in order to determine which traits were correlated with condylobasal
length. All the skull and mandible traits (Fig. 1A-C) were measured with a digital
calliper to the nearest 0.1 mm.

Fluctuating asymmetry and indices used

Bilateral traits were measured on the right side. Two mandible traits, mandible
length (CLj and mandible height (UH) were measured on both sides. They were
found to be strongly correlated both to each other and to condylobasal length. The
magnitude of asymmetry was estimated from the difference in length between each
bilateral pair as right minus left {r— 1). FA was calculated using lour diflerent indices
of Palmer & Strobeck (1986): I'Al, FA2, FA4 and FA6. The latter two were modified
following Sullivan et al. (1993). FAl is the absolute value of asymmetry (absolute
FA), FA2 is the relative value of asymmetry (relative FA); FA4 is the variance ol
(r—1), and FAG is the variance of relative (r— 1}. No measurements were attempted
on broken or worn parts of the skulls. Therefore, for some skulls we have missing

Figure 1. View of an otter’s skull. A, dorsal view. Abbreviations: CBL: (condylobasal length: condyli
occipitales-prosthion), SL: (total length: akrokranion-prosthion), oNCL: (upper neurocranium length:
(akrokranion-frontal midpoint}, FL: {facial length: frontal midpoint-prosthion), VCL: {(viscerocranium
length: nasion—prosthion), 10B: (infraorbital breadth), EOB: (ectorbital breadth), ZB: (zygomatic
breadth: zygion—zygion), MB: (mastoid breadth: otion-otion), BB: (max. breadth of braincase: euryon
curyon), MOH: (max. inner orbita height}.

B, ventral view. BSL: (basal length: basion-prosthion), PTL: (palatinum length: staphylion-
palatinoorale), oPR: {length of the upper premolar row: alveolar distance P1-P4), oMR.: {length of the
upper molar row: alveole M1), oZR: {length of the upper tooth row: alveolar distance G-MI}, The
following traits were not indicated: PTL*: {palatal length: staphylion-prosthion), BSBL: (Basion), P4B:
{breadth of P4 at the cingulum), M1B: (breadth of M1 at the cingulum).

C. mandible. AL: (angular length: infradentale processus-angularis), CL: (total length: infradentale-
processus condylis), UH: (coronion-basal point of angular process), uZR: {length of lower tooth row:
alveolar distance C-M2), uPR: (length of lower premolar row: alveolar distance P2-P4}, uMR: (length
of lower molar row: alveolar distance M1-M2). The trait M1L was not indicated: (length of M1 at
the cingulumy).
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values and that is why we chose a univariate approach for the craniometrical
statistical analysis {Sokal & Rohll, 1981}

Measuremnent errors

In an effort to quantify possible measurement errors, we chose cight individuals
al random, and for each of these we measured the different skull traits and the
tooth length ten times. The within individual coefficient of variation for cach mean
was then taken as an estimate of the measurement error, adding Haldane’s (1955)
correction for small sample size. I'or the two mandible wraits CL and UH (used for
assessing FA) we calculated the probability of obtaining identical estimates of
subsequent measures by using a subsample of fifty random chosen individuals, and
we calculated the contribution of measurement errors {the difference between two
independent estimates of FA) in relation to FA. Furthermore, we tested il average
FA was significantly larger than the mean measurement error using an unpaired ¢
test.

Statistical analysis

For tests of the independence of FA from trait length and for testing the normal
distribution of FA values, we used the Lausitzian population, because of its relatively
large sample size {44 individuals) and relatively short period of collection (1968-1996).
The hypothesis that the mean of right minus left character values equals zero was
tested in a one sample Ktest and normality was tested with a Lillicfors test and by
inspecting the distributions graphically. Because absolute FA has a half normal
distribution we employed non-parametric statistics when dealing with absolute FA,
A Spearman’s rank correlation test was performed (o test if there was a significant
corrclation between A and the length of mandible traits CL and UH. The sexes
were scparated in this test because of sexual dimorphism in otter skulls (Wiig, 1986)
and diflerent selective forces acting on the two sexes (Moors, 1980).

"The stadistical analyses described below were conducted after separating the sexes
and the populations. The latter were grouped as follows: (1) populations considered
healthy and viable {northern Finland, Lausitz, France and Hungary); (2) populations
considered threatened, endangered or ncar the verge of extinction (Denmark,
southern Finland, Spain, Belgium and northern Germany). This a prioni grouping
was carried out following the demographic data from diflferent authors.

A lincar regression analysis was conducted for all trait lengths versus the year of
collection of the otter skull. We calculated the Pearson product-moment correlation
coeflicient (Zar, 1984) for CBL lengths (usually the most reliable measure of overall
skull size) versus the year of collection. All the coeflicients of correlation were z-
transformed (Zar, 1984), and the means of the z-values of the viable and the
endangered populations were tested for differences with an unpaired &test, the null
hypothesis being that the mean of the z-transformed correlation coefficients should
not be significantly different in the viable and endangered population.

A Spearman’s rank correlation test was conducted for the absolute value of FA
of the traits CL and UH versus the year of collection of the otter skull.

TFor thosc countries where it was not statistically correct to make a Spearman’s
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rank correlation test (because of a lack of data in the intermediate period of
collection), we grouped the years of skull collection into two periods. The mean and
variance of the distributions of the trait lengths and of FA were calculated for every
period considered. An f-test (Zar, 1984) was conducted to compare the variances
of (r—1) (FA4 index) and the variance of relative {r— 1) (FA6 index).

Sexual dimorphism

The average degree of sexual dimorphism {DI) was measured for the skull length
(CBL) and calculated using a proportional ratio which is properly scaled for species
in which the males are always the larger sex: % DI=100 x [mean (males) — mean
(females)]/mean (females) (Rossolimo & Pavlinov, 1974).

Spearman rank correlation tests were conducted to test whether there were
significant correlations between: (1) the mean FA and the mean degree ol sexual
dimorphism, and {2) the mean size of CBL and the mean degree of sexual dimorphism
in the populations in the different countries. We used additional published data on
mean sexual dimorphism and mean CBL length from Ireland, Scotland, Norway,
former Czechoslovakia and the Shetland Isles (Lynch ef al, 1996). No correction
for multiple comparisons was made, as the high number of correlated tests increased
strongly the conservativeness of the sequential Bonferroni test (Rice, 1989). With no
correction for multiple comparisons, we reduced the possibility of committing an
error of type 2 (not to reject the null hypothesis when it is false) (Zar, 1984).

RESULTS
Measuremeni ervors

Measurement errors were low for the skull measurements, ranging from 0.05%
to 0.94% (mean=0.29%, median=0.17%). The error for the teeth measurements
was higher but still reasonable, ranging from 0.24% to 3.04% (mean 1.01%,
median=0.75%). For the two mandible traits (CL and UH), the probability of
obtaining identical estimates of subsequent measures was 89% for CL and 93% lor
UH, and the contribution of measurement errors (the difference between two
independent estimates of I'A) had a mean of 0.04 mm for CL 0.06 mm for UH.

The mean FA of CL was 0.40mm {median=0.35) and of UH was 0.34 mm
(median=0.3). The average FA was significantly larger than the mean measurement
error {t-test, CL: ¢=20.71,dl'= 736, P< 0.0001, UH.: /= 17.686, df= 734, P< 0.0001).
The mean measurement error in relation to mean FA was 10% for CL and 17%
for UH, within the range of 25% accepted as reasonable by Palmer, 1994, 1996).

Statistical analysis of fluctualing asymmelry

No significant deviations from zero of the mean of the trait (r— 1} distributions
were found: CL {one sample ttest: P=0.68, df=41), UH: (onc sample ftest: P=
0.086, d=44). No deviations from the normal distribution of (r—1) for CL and




316 C. PERTOLIM £T AL

UH were found: Lillicfors test: P=0.77, n=42) and p=0.452, n=43, respectively.
Furthermore, the distributions were inspected graphically and there was no sign off
antisymmetry.

Most of the analysed skull traits (with the exception of teeth measurements and
few others) were significantly correlated with condylobasal length (see Tabie 1).
However, some traits that were significantly correlated with condylobasal length in
some populations or in one of the two sexes were not significantly correlated in
other populations or in the other sex. Both CL and UH were strongly correlated
with GBL in all the populations (see T'able 1), with only a few exceptions, that were
partly due to small sample size (sce Palmer, 1994). CL and UH were also strongly
correlated with each other (r=0.95, n=232, SE=0.012, P=0.0001), however, FA
of the two traits was not significantly correlated, either in males (r,=—0.03, n=
111, P=0.780) or females {r,= —0.13, n= 104, P=0.2).

The Lausitzian males showed a significant negative correlation between FA of
traits and length of CL (r,= —0.57, n=26, P=0.025) and UH (r,= —0.44, n=27,
P=0.020) while the Lausitzian females showed a significantly positive correlation
between the former (7,=0.60, n=15, P=0.0167), and no significant correlation for
the latter (r,=0.25, =17, P=0.330). We used both the absolute FA index (FAI)
and the relative index (IFA2) to calculate the correlations versus the year of collection
(see Discussion), which gave similar results in this investigation.

Sexual dimorphism and fluctuating asymmelry

There is evidence of a deercased length of the skull traits in almost every country
where the otter populations are endangered: Denmark (male), northern Germany
(male) and southern Finland (female). The Belgian and the Danish females did not
show significant variation of the skull trait size (see Table 2). Of those traits that
showed significant negative trends in the regression analysis, more than 82% were
correlated with condylobasal length (see Table 1).

There was a significant diflerence between the mean of the z-transformed
correlation cocfficient of the male CBL versus the year of collection of the viable
and the endangered populations (&-test, t=4.85, df =4, P < 0.001), whereas in [emales
no significant differences were found (¢=1.95, df=35, P=0.11). The significance ol
the {-test in males indicates that the mean of the correlation coefficient between
CBL and the year of collection is significantly decreasing in the endangered as
compared to the viable otter populations.

There is also evidence lor increased A in populations from Denmark, N Germany,
Spain and S Finland (scc Tables 3 and 4). In those countrics where the otter
populations are healthy there was no evidence of a reduction in skull size (see Table
2) or increased FA (sce Table 3).

"There was a significant correlation between the mean male CBL value and the mean
degree of sexual dimorphism, whereas no significant correlation was found for females
(males: r,=0.56, n= 14, P=0.0415, females: r,= —0.05, n= 14, P=0.868).

No significant correlation was found between the mean degree of sexual di-
morphism in the otter populations and the mean absolute FA in the different
populations of CL (males: r,=0.25, n=9, P=0.4795, females: r,= —0.083, n=9,
P=0.814) and UH (males: r,= —0.2, =9, P=0.572, lemales: ,=0.033, n=9, P=
0.925).
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"Tant: 3, Spearman rank correlation test of the absolute (FA) and relative values (FA2} for traits CL
and UH in the presumably viable and endangered otter population versus the year of skull collection.
"The numbers in parentheses are the sample sizes, (+) or (—) indicate a positive or negative relationship.

*P<0.05
Status Sex Country and Sammple size FA indices Cl. UH
period of
collection
viable m Finkand (nonhy) (n=21}) FAl (=051 (r=20* ns
(1979-1996) IFA2 (=) 0.52 (n=21)* s
viable r Finland (nonly) (21<n<23) FAl IS .5,
(1851-1996) FA2 n.s. n.s.
viahle r France (n=10) FAl n.s. ns.
(1900 1984) FA2 n.s. n.S.
viable m Hungary (16<n<1h) FAl n.s. n.s.
(1950-1982) FA2 s ns.
viahle r Hungary {1 1<n<12) FAl n.s. n.s.
(1950-1986) 'A2 s ns.
viahle m [ausitz (26<n<27) FAl s .5
(1955 1956) FAZ s s
viahle r Lausitz (15<a<17) FA1 s, n.s,
(1968 -1996) FA2 1.5 s
cndangered T Belgium {14=<n<13} FAl {(+) 057 (n=1H* &
(1872 1984) FA2 {(+}0.56 (n=11)* ns
encimgered m Denmiark (20<n<22) FAl n.s. [+) 0451 (n=22)*
(1895 1995) FA2 n.s. {+) 0480 (r=22)*
cadangered Denmark (n=15) Fal .5 ns.
(18511995} A2 | X4 X3

"TaBLe 4. F-test. Comparison of variance (FA4) and relative variance (FAG) of the skull traits (r— 1) in
the presumably endangered otters’ population in the two periods of collection. (+) indicates an increase
of variance in the second period of collection, *P=<0.05

Period 1 Period 2
Sex Country and periods of Trait {n), Variance {m), Variance  FA indices  Fetest for A
collection {r—=1) fr=1
Female  Finland (south) CIL.  (5), 0.0392 {15), 0.2678 FA#4 6.H316 (+)*
(1911-1940) (1973 1996) FAG  7.B300 (+)*
UH (), 0.0820 {15), 0.0828 FA+ n.s.
FAG ns,
Mt Germany (north) ClL (12), 0902 (5, 0.3830 FA4 41630 (+)*
(IB79 1940)- (1961 - 1987) FAB 37212 (+)*
UH  (14), 00593 (5), 1.0407 FA*  ns.
FAG ns.
M Spain CL (3} 0.0433 {7), 0.6223 FA4 46.20857 {+)*
(1972-19749)-(1985-1993) FAG .
UH {3}, 1.8033 {6), 0L0497 Fat n.s.
FAG ns
DISCUSSION

Correlation between skull size and fluctuating asymmelry

Tooth length was not correlated with CBL. Once the tecth are erupted there is
no further growth in crown lengths; hence, if some stress occurs after their eruption,
the tecth will not be affected in the same way as other skull traits. Less obvious is
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why a trait which is significantly correlated with condylobasal length in one population
or in one sex, is not correlated with the same trait in another population or in the
other sex. A possible explanation could be that the otter populations have been
under different selective forces which can, permanently or temporarily, have modified
the proportions (ratio) between the traits in the skulls, and therefore the correlation
between the traits. However, another explanation could be that some of these
correlations were caused by chance.

As the otter populations are probably exposed to different selective forces, we
used both the relative FA index (normally used when there is a correlation between
I'A and trait size) and the absolute FA index (normally used when there is no
corrclation between FA and trait size). Also, while we found a negative relationship
between FA and trait size in the Lausitzian male oters and a positive relationship
in the Lausitizian females, suggesting strong directional selection (see Moller &
Swaddle, 1997, for review), we cannot confirm that all the other otter populations
are under the same selective regime. We suspect that the intensities and the directions
of the sclective forees change not only from ene zone to another, but also between
years. Thercfore, it is statistically incorrect to try to find correlations between FA
and trait length when considering individuals collected in different years or zones.

Fluctuating asymmetry

The results obtained here have not revealed a clear dichotomy between populations
considered healthy or endangered, and in some instances they were not in con-
cordance with our predictions, based on the demographic data available. However,
in other cases, we found that results coincided with predictions.

Generally, the healthy populations did not show evidence for increased absolute
FA (FA1) or relative FA (FA2) and/or for decreased skull size during the collection
period. The reasons for the increased (absolute and relative) FA and the concomitant
reduction in skull trait size discovered in almost all the endangered populations
differ [rom population to population. However, from our investigation it clearly
emerges that developmental stability is linked to general individual fitness.

Environmental stresses

The low level of significance of some correlations between FA versus the year of
coliection {which implies a linear relationship between two variables; sce Table 3)
may be explained by the fact that the power of FA as an indicator of developmental
stability decreases when the stress becomes prolonged (Palmer & Strobeck 1986).
"The demographic data of the Eurasian otters suggest that the endangered populations
have been under continued stress for several generations. Furthermore, we cannot
supposc that environmental stress is increasing linearly with the year of collection.
Therefore we suggest that in order to detect a possible environmental change a
comparison be made of individuals collected in two distinct periods (see Table 4).

Genelic stresses

All the previously cited environmental factors have in a different way altered the
genetic structure of the otter populations. Several authors {Frankel & Soulé, 1981)
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have suggested that a 10% incrcase in inbreeding coefficient may result in a
concomitant reduction in traits closely associated with fitness, such as longevity,
fecundity and body size. It is also generally acknowledged that reduced parental
survival leads to selection {or increased fecundity (Michod, 1979) which would imply
that parents in a poor condition reproduce more instead of less, producing less fit
offspring (which are generally smaller). Furthermore, we cannot exclude the possibility
of a genotype-environment interaction; Turelli (1988) has argued that the dynamics
ol quantitative genetic parameters cannot be predicted only from models of main-
tenance of heritable variation, because genetic variances, covariances and cor-
relations, for example, can change with environmental conditions if there are
genotype-cnvironment interactions.

Sexual dimorphism and sexual selection

The positive relationship between the average degree of sexual dimorphism and
male CBL is diflicult to explain, as this relationship is absent in females. However,
i sexual dimorphism is a function of increasing male body size, this may account
for this phenomenon. Sccondary sexual characters (including large male body size)
are presumed to be costly (Andersson, 1994); hence, if’ maintenance costs increase
in certain areas, we should expect a decrease in sexual size dimorphism, especially,
il the declining population trends imply a reduced density. A lowered population
size reduces the amount of intrasexual and intersexual interaction. The consequences
are an immediate relaxation of sexual selection. However, the previous finding, a
decreasing FA with increasing size in males and an increasing FA with increasing
size in females, found in two distinct populations, the Danish and the Lausitzian
(sce Pertoldi e al., 1998), contributes to the expectation that large size is advantageous
for males but not for females (Manning, 1995).

The lack of relationship between the degree of mean sexual dimorphism and the
degree of FA could have different explanations. First of all we found that skull size
is changing over the years. Therelore, the intensity of sexual selection is also probably
changing and for this reason the expected relationship (higher FA in the populations
with higher degree of mean sexual dimorphism} could be confused. On the other
hand, il the prey base available for otters has been reduced in the arcas with
endangered populations, we will expect a decrease of sexual dimorphism and an
increase of FA thigher FA in the populations with lower degree of mean sexual
dimorphism. These factors (sexual selection and reduced food availability) are acting
in an antagonistic way on the relationship between FA and sexual dimorphism.

Phenotypic plasticity

In this investigation the Eurasian otter has been shown to have a low canalization
of the skull traits and therefore to have high phenotypic plasticity. Changes in the
reaction norm are considered to be a possible pathway of evolutionary transformation
known as the Baldwin effect (Shiskin, 1992). Following this hypothesis we should
expect an initial increase of development instability of a trait, followed by a decrease
when the development of the trait is switched to another reaction norm. For a skull,
for example, we would anticipate high FA in populations that are undergoing a
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change of the reaction norm or arc living under sub-optimal conditions and low
FA in populations that are not undergoing directional changes and are not subject
lo environmental stress.

Conservalion stralegies

Despite the high conservativeness of the #test when dealing with small sample
sizes, and the reduced significance of the regression analyses when dealing with
scaticred data, this investigation confirms that the study of developmental stability
and craniometrical variability at the interpopulation level can be a useful ool for
detecting stressful environmental situations in otters. The results of this investigation
support the view that the Eurasian otter is experiencing environmental stress in the
major part of the Furopean populations.

The ideal conservation strategy would include measures 1o reduce water pollution
and artificially increasc the availability of otter prey, as the observed reduction of
the male skull size in the cndangered population could be due to relaxed sexual
selection but also to reduced food availability. A breeding programme taking
individuals from scautered populations would increase the effective population size
(N} and also reduce the role of genetic drift. For populations with A, smaller than
a few hundred individuals, the expected amount of variation for a typical quantitative
character is nearly independent of the strength of selection and is largely a result of
mutation-drilt balance (Houle, 1989).
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INTRODUCTION

Die-offs of marine mammals

In recent years dic-ofls have occurred in populations of marine mammals, These
include the harbour seal Phoca vitulina (Linnacus, 1758) in the North Sea in 1988
(Dietz, Heide:Jorgensen & Hirkanen, 1989), the bottlenose dolphin, Tursiops truncatus
(Montagu, 1821) in the Mediterranean in 1987 and the striped dolphin, Stenella
coeruteoalba (Meyen, 1833) in the Mediterranean in 1990. A morbillivirus seems to
have been the primary cause, while other environmental factors may have been
contributory factors (Aguilar & Raga, 1993). A generally poor state of health might
have existed in the striped dolphin population prior to 1990, and made the individuals
more vulnerable to infections. When diseases hit populations of animals it is generally
expected that less fit individuals are mostly aflected. We suspect that the less fit
striped dolphins were more vulnerable to the complications of the virus infection
because of a higher level of infections prior to the epizootic. It has been suggested
that exposure to PCB contaminants may have had an adverse eflect on the defence
against virus infections (Aguilar & Borrel, 1994). The cpidemic appears to have
started in the coast ofl Valencia in July 1990, spreading to southern France and the
Italian Riviera in September (Aguilar & Raga, 1993; Podesta e af., 1992),

Pollution and cpidemics as siress factors and their impact on developmental stability

Pollution and epidemics are environmental stress factors. Stresses of environmental
and genetic origin affect developmental processes, as reflected in reduced de-
velopmental stability (Leary & Allendorf, 1989). Developmental stability (DS) reflects
the ability of an individual to buffer its development against disturbance, Stress
makes the individual less able to develop a predetermined phenotype (Moller &
Swaddle, 1997). DS is generally high in individuals of natural populations not subject
to considerable genetic or environmental stress (Moller & Swaddle, 1997).

In pinnipeds, xenobiotics are known to cause abnormal skeletal development
(Zakharov & Yablokov, 1990). Since many cetaceans have a similar lifestyle and
dict to pinnipeds, they should be similarly vulnerable. A common method for
estimating the degree of DS is to measure fluctuating asymmetry (FA), FA occurs
when an individual fails to develop identical bilateral symmetrical traits (Palmer &
Strobeck, 1986).

One of the aims of this paper is to discover whether there is a correlation between
FA and the concentrations of PCBs and DDT and their metabolites (DDE, DDD).
We measured the concentrations of these contaminants in the tissues of some of the
investigated cetaceans. FA of the skulls was measured to check whether the cetaceans
that became stranded during the die-off had a lower level of developmental stabiliity
(reflected in a higher level of FA) when compared to those individuals found dead
before and after the epizootic.

Directional asymmelry

The skull of the striped dolphin is strongly skewed on the right side, i.c. its skull
shows directional asymmetry (DA). DA occurs whenever mean left-right character
values have a normal distribution, with a mean value deviating from zero. The striped
dolphin belongs to the sub-order Odontaceta, in which asymmetrical structures have
cvolved in a wide variety of taxa (Neville, 1976). The Odontocetes are the only
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mammals, living as well as extinct, in which cranial asymmetry is the normal
condition (Bourdelle & Grassé, 1935). Debate continues concerning the reliability
of DA as a measure of DS (McKenzie & O’Farrell, 1993} but we decided to use it
in this investigation.

MATERIAL AND METHODS

Methods of collection and age determination

The striped dolphins were collected between 1980 and 1994. Skulls or complete
skeletons are preserved in the Natural History Museums of Milano, Genova, Livorno,
Pisa and Firenze. When possible, the individuals were sexed and aged. Individuals
were considered young if less than 3 years or old if more than 3 years (when the
skull is fully grown). The time of collection was divided into three periods: period
| (pre-epizootic, 1980-1989), when the major part of the individuals collected had
drowned in fish traps (36 specimens, 28 accidentally netted by fishermen and 8
found stranded); period 2 {epizootic, 1990) when all the individuals collected were
{found stranded on the Italian Riviera (27 specimens), and period 3 (post-epizootic,
1991-1994) where the individuals collected were found stranded on the Italian
Riviera and in the northern part of the Tirrenian (37 specimens). There is no
evidence for local genetic differentiation of the specimens found stranded in the
different localities {Archer, 1996).

Chaice of irails

The traits were measured with a digital calliper to the nearest 0.01 mm, with the
exception of traits 1, 2 and 6, which werec measured to the nearest 0.1 mm. The
traits measured, following Perrin’s (1975) nomemclature, were: trait 1: postorbital
process-junction between the nasals, ventral end of the internasal suture (sutura
internasalis); trait 2: temporal fossa; trait 3: (Perrin’s #2) hindmost lirnit of antorbital
notch-interior limit of the premaxillary; trait 4: (Perrin’s #26) length of antorbital
process of left lacrimal; trait 5: (Perrin’s #40) length of mandibular fossa, measured
to mesial rim of internal surface of condyle; trait 6: (Perrin’s #38) greatest length
of ramus; trait 7: greatest distance between the 2nd and | Ith tooth; trait 8: greatest
distance between the 12th and 22nd tooth; trait 9: (Perrin’s #39) height of ramus.

Fluctuating asymmelry, statistical analysis and indices used

The magnitude of asymmetry was estimated from the difference in length between
each bilateral pair as right minus left (r—I). To reduce the measurement error, all
measurements were replicated three times, and the median of the three measures
was chosen, as this method produces a more representative measure than the
arithmetic mean if the distribution of measurements is asymmetric (Zar, 1984). No
measurements were attempted on broken or worn parts of the skulls; therefore,
some skulls have missing values. A two-way ANOVA was conducted to test for the
significance of FA relative to measurement error and for detecting the presence of
DA {following Palmer & Strobeck, 1986). All the traits, in which the difference
between right and left size deviated significantly from zero, were considered as traits
which have a natural component of DA. FA in these traits was calculated in two
different ways: as the absolute value of the residuals of a regression of the left and




G4 C. PERTOLDI ET Al

right traits, and as the variance of (r —1) of cach trait. We also calculated the mean
values of FA for all the traits (the sum of the absolute values of FA of every traits
divided the number of traits considered). FA in the traits which did not show DA
was calculated as the variance of (r—1I), as the abseolute value of FA and the mean
values of FA for all the traits was calculated. Departures from normality of {r—1I)
for each trait were tested on all individuals, with a Kolmogorov-Smirnov test (Zar,
1984). Diflerence of the degree of FA between sexes (with the age groups pooled)
and between age groups (with sexes pooled) were compared with an Ftest. For
these two tests we considered only the individuals collected in period 2. For testing
whether there is a dependence of FA on trait size, and for testing whether FAs and
the mean FAs (or the absolute values of the residuals in those traits which showed
DA) on different traits were correlated with each other, we used a Spearman’s rank
test. We again considered only the individuals collected in period 2.

Fluctuating asymmelry in the three periods of collection

A Levene’s test was conducted for all traits to test whether absolute FA was
significantly diflerent during the three periods of collection. As the absolute values
of FA are hall-normally distributed we also performed a Kruskal-Wallis one-way
non-parametric analysis of variance (Zar, 1984). The homogeneity of variances of
the traits’ FA in the three periods of collection were checked with a F,, -test.
Multiple comparison tests were made with a Scheflé Ftest, for comparing the
differences between the periods of collection. An Ftest was conducted for every
trait to test if the variance of (r —I) was significantly different during the three periods
of collection.

Concentration of contaminanis and correlation with fluctuating asymmelry

The muscle, brain, liver and fat tissues of 20 individuals (13 males and 7 females,
collected between 1989 and 1994} of the striped dolphin were analysed for the
following contaminants: ppDDE, opDDE, ppDDD, 0pDDD, total DDT and HCB.
The PCB congeners: 153, 187, 183, 180, 170, 196, 201, 194, 195, 95, 101, 99, 151,
146, 178, 128, 174, 177, 199, 206, 138, the sum of all the congeners. PCBmix|1
{144+ 135), PCBmix2 (149 4+ 118), PCBmix3 (PCB 156 - 171 +202) and the ratio:
fpDDE/ppDDT which was used to estimate the exposure time of the individuals to
the pesticides (Podesta ef al., 1992). A Spearman’s rank correlation test was used for
measuring the association between the concentration of contaminants in each
dolphin’s tissues and the absolute FA values of its skull {tests performed both with
pooled and separated sexes). A Bonferroni test (Rice, 1989) was applied to avoid
significant results arising as a consequence of a large number of related tests.

RESULTS

Measurement ermors

The interaction mean square (MS) containing information about FA was tested
against error MS (reflecting measurement error) showing that FA was significantly
larger than measurement errors in all cases (2.44 <interaction MS<87.52,
0.00<error MS <£0.06, 95 <dl< 301, P<0.001).
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Directional asymmetry

For metric traits the two-way ANOVA used to test for significance of FA relative
to measurement error was also used to test for DA. The two-way ANOVA
(sides x individuals) showed that there was highly significant DA in traits 1, 2 and
4 (92 < F<379, P<0.001). In all other traits there was no significant directional
asymmetry (0.001 £ F<6.06, 0.29<P<1). As a consequence the analysis of traits
1, 2 and 4 was treated separately from the other traits.

Statistical analysis of fluctuating asymmelry

No traits showed differences in the degree of FA between the two sexes at the
0.05 level (1.04 < F<6.63, 4<n< 16, 0.06 £ P<0.74). The F-test on sex differences
could not be performed on traits 5, 6 and 9 because of the absence of sufficient
data. No traits showed differences in the degrec of FA among the two age groups
at the 0.05 level (1<F<15.35, 2<1<9, 0.07<P<0.81). The F-iest on age
differences could not be performed on trait 6 because of the absence of sufficient
data. Therefore, because there was no evidence of differences in the degree of FA
among age and sex groups, both sexes and age classes were pooled together in the
fellowing analysis. Individuals of unknown sex and age were included in the analysis.

There was no evidence to prove antisymmetry, and deviations {from normal
distributions were not significant at the 0.05 level for almost all of the traits
(Kolmogorov-Smirnov test: 0.06 < P<0.63, 26 <n<80).

No correlations were found at the 0.05 level between overall length of the traits
and the degree of FA in the examined traits (males: 0.22<r, <098, 16 <n<44,
0.06 < P=<0.93, females: 0.77 <r,<0.43, 4 <n<26, 0.06 < P<0.99). Only trait 3 in
females showed a positive relationship between FA and length at the 0.05 level.
However, this relationship disappeared when we removed one extreme value. Hence
in our investigation we did not use the FA index corrected for size.

FA in different traits did not appear to be correlated with some exceptions: males:
trait (5 and 8)*, (7 and 8)*, (3 and 5)*, females: (3 and 8)*. Because these correlations
{4 significant correlations at the 0.05 level out of 36 correlations) could be duc to
chance and because the correlated FAs were different in the two sexes, we decided
to calculate the mean FA of the traits. FA of traits 1, 2 and 4 with a natural
component of DA was not correlated with I'A of the other traits. The mean FA
and the mean of the absolute value of the residuals were not correlated (males: 7,=
0.11, n=43, P=0.46, females: r,= —0.05, n=27, P=0.80}.

Hluctuating asymmelry differences in the three periods of collection

The Levene’s tests were significant for all the traits with the exception of trait 6
and the traits with a natural component of DA (traits 1, 2 and 4) (see Table 1). If
we had excluded all the significant results where the F,,-test was significant
(indicating that the required condition of the homogeneity of variance for performing
an ANOVA analysis was not met), we would obtain only two significant results
(traits 3 and 7). However, the one-way non-parametric analysis of variance (Kruskal-
Wallis test) was significant for the FA of all traits with the exception of trait 6 (Table
1} in complete concordance with the result obtained performing the test.

Period 3 was characterized by generally increased DS, compared with periods |
and 2 (Fig. 1, Tables 1, 2). Those traits without a natural component of DA showed
significantly higher levels of FA in period 1 than period 2 samples and the individuals
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Figure 1. Scheffé’s Fiest of the traits’ FA {mean+5D) in the three periods of collection (*P<0.05,
4 p20.01, **P<0.001). A, trait 3 {1<2)** (2>3)*** B, trait 3 (1<2)**, (2>3)***, C, wait 7 (1<2)***,
{2>3)***. D, trait 8 (1<2)**, (2>3)***, E, trait 9 (1<2)*, (2>3)**. F, mean FA of traits 3, 5, 6, 7, 8
and 9 (1<2)*** (1>3)*%, (2>3)***, '

collected during period 2 showed a significantly higher level of FA with respect to
both the other periods. The traits with a natural component of DA did not follow
that pattern (T'able 2), with only one exception: a significant reduction of the variance
in the period 3 compared with the period 2 sample of the variance of trait 1
residuals,

Fluctuating asymmetry and concentrations of conlaminants

No significant correlation (Spearman’s test) was found between the degree of
asymmetry and contaminant concentration at the level of P<0.01; 66 out of 13043 =
[(13 males+7 females) X (9 traits+2 mean values) X 3 tissues X (31 contaminants’
values) — missing vatues] correlations tested were found at the 0.05 level. When we
conducted the sequential Bonferroni test all the correlations were no longer significant
{data on contaminant level, skull measurements and specimen details are available
from the corresponding author on request).
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DISCUSSION

Fluctuating asymmelry and the concentrations of confaminanis

We do not report or discuss differences in PCB levels between samples collected
in the different periods, as sample sizes were too low to draw general conclusions.
However, in two previous investigations (Aguilar & Raga, 1993; Aguilar & Borrel,
1994) it was found that tissues of dolphins stranded during period 2 showed
significantly higher levels of all xenobiotic compounds than tissues from dolphins
stranded in period 1. The lack of a general correlation between FA of the traits and
the contaminant concentrations can have several explanations. Concentrations of
PCBs in dolphins are dependent on age, sex and reproductive status. In mammals,
organochlorines are transferred from mother to cub in the lipid content of the milk
(Tanabe e al, 1982). However, when we excluded females from our investigation
we still did not find any correlation. It could also be that different individuals’
genotypes have a different susceptibility to the organochlorines. Thus we may not
expect a correlation between FA and organochlorines. Additionally, most individuals
came {rom the period 2 sample and therefore had high levels of FA. Another factor
which could have obscured the correlation between preservation of the stranded
specimens, as significant losses of CHs have been reported in relation to the state
of putrefaction of specimens (Borrel & Aguilar, 1990).

Fluctuating asymmelry in the three periods of collection

The sample from period 3 was characterized by increased level of DS (lowered
FA), compared with that of period 1, while the sample from period 2 showed a
significantly reduced level of DS (increased FA), compared with most of the other
periods. The absence of correlations between FA (and mean FA) of traits with a
natural component of DA and FA (and mean FA) of all the other traits, could
reinforce the hypothesis that traits with DA are unsuitable for monitoring de-
velopmental instability. In fact, those traits which in this investigation have shown
to have a natural component of DA did not show any pattern or correlations (only
one significant result, see Table 2). Hence, this investigation suggests that less
developmentally stable individuals are more susceptible to diseases and infections.

In conclusion, it seems that epizooics have a ‘purging’ eflect on natural populations,
particularly for species without natural predators or which are top predators.
However, thresholds for the outbreak of epidemics may depend on environmental
factors such as pollution.

ACKNOWLEDGEMENTS

We wish to thank the Centro Studi Cetacei which has, since 1986, been monitoring
the strandings of cetaceans along the Italian coast, and Dr Luigi Cagnolaro for
support. This paper would not have been possible without the co-operation of the
CSC and represents publication number 70 of this scientific network. We also thank
Dr Roberto Poggi, Dirctor of the Natural History Museum of Genova and Dr Paole
Agnelli, curator of the Zoological Museum La Specola di Firenze, for their helpfulness
when consulting the collections. Furthermore, we thank Kirsten Zaluski of the
National Environmental Research Institute for linguistic improvements and Vibeke



0 C. PERTOLDI £T AL

Simonsen, Aksel Bo Madsen, Riccardo Navone and Morten Elmeros {or constructive
criticisms.

REFERENCES

Aguilar A, Borrel A. 1994. Abnormally high pelychlorinated biphenyl levels in striped dolphins
Stenella coeruleoatba affecied by the 1990-1992 Mediterranean epizootic. Scence of the Total Environment
154: 237-247.

Aguilar A, Raga JA. 1993. The striped dolphin Epizootic in the Mediterrancan Sea. Ambno 22:
524-528.

Archer F1. 1996. Morphological and genetic variation of striped dolphins Steneila coerulesalba (Meyen,
1833). Unpublished PhD Thesis, Univ. of California, San Dicgo.

Borrel A, Aguilar A. 1990. Loss of organochlorine compounds in the tissues of a decomposing
stranded dolphin, Bufletin Environmental Contamination Toxicology 45: 46-53.

Bourdelle E, Grassé PP. 1955, Ordre des Cetaces. In: Grassé PP, ed. Traité de Zoologic. Paris:
Masson, 1170.

Brouwer A, Lans MC, de Haan LHJ, Murk AJ, Morse DC. 1994. Formation and toxicological
aspects of phenolic metabolites of polychlorobiphenyls (PCBs} and related compounds. Orpanohalepen
Compounds 20: 465469,

Dietz R, Heide-Jorgensen MP, Harkonen T. 1989. Mass death of harbour seals Phoca vifuling in
Europe, Ambio 18: 258-264.

Leary RF, Allendorf FW. 1989, Fluctuating asymmetry as an indicator of stress: Implications for
conscrvation biolegy. Trends in Ecology and Evolution 4: 214-217,

McKenzie JA, O’Farrell K. 1993. Modification of developmental instability and fitness: malathion-
resistance in the Australian sheep blowfly Lucifia cupring. Genetica 89: 67-76.

Moller AP, Swaddle JP. 1997. Agmmetry, developmental stability and evolution. Oxford: Oxford University
Press.

Neville AC. 1976. dnimal Asymmetry. London: Edward Arnold,

Palmer AR, Strobeck C. 1986. Flucluating asymmetry: measurement, analysis, patierns. Annual
Review of Ecology and Systematics 17: 391-421.

Perrin WF. 1975. Variation of spotted and spinner porpoise (genus Stenefls) in the eastern tropical
Pacific and Hawaii. Bulletin of the Seripps Institution of Oceanography 21: 1-206,

Podesta M, Marsili L, Focardi 8, Manfredi MT, Mignone W, Genchi C. 1992. Ricerche
patologiche, parassitologiche e sulla presenza di xenobiotici in Stenefla coerufeoalba (Meyen, 1833)
(Mammalia, Cetacea), JAwi della Societs taliana di Seienze Naturalt del Museo Civico di Storia Naturale,
Milano 133; 101112,

Rice WR. 1989. Analysing tables of statistical tests. Evolution 43: 223-225.

Tanabe 8, Tatsukawa R, Maruyama K and Miyazoki N. 1982 Transplacental transfer of PCBs
and chlorinated hydrocarbon pesticides from pregnant striped dolphin (Stenefla coendeoalba) 10 her
foetus. Agriculatural Biological Chemistry 46: 1249-1254.

Zakharov VM, Yablokov AV, 1990. Skull asymmetry in the Baltic grey seal; Effects ol environmental
pollution, Améio 19: 266-269.

Zar JH. 1984. Biostatistical Analysis. New Jersey: Prentice Hall.



544

SHORT COMMUNICATIONS

J Zool, Lond. (2000) 252, 544-547 ) 2000 The Zoological Society of London
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Abstract

Genetic diversity in four populations of the Eurasian badger Meles meles from Denmark was estimated by
allozyme electrophoresis. Low genetic variabitity was found within populations as compared to the
variability found in badger populations from other countries, whereas significant penetic differentiation
was flound between populations. The low genetic variability and the differentiation between populations is
cxplained by the fragmentation of the Danish landscape, which reduces the effective population size of
local populations and the gene flow between them. Low genetic variability found for Danish badgers also
supports the hypothesis of a rapid recolonization following the last glaciation.

Key words: Meles meles, allozyme, genetic drilt, Wahlund effect, csterase

INTRODUCTION

Populations of badger Meles meles in Denmark, with a
few local exceptions, show a relatively low density
(Aaris Sarensen, 1995). Badgers supposedly suffer from
habitat fragmentation as they need different habitats
which cncompass waler, woodland and pasturc. More-
over, human disturbance and outdoor activities have
greatly increased in recent decades and road traffic has
become a major threat. From 1983 to 1991, road traffic
measured by the number of kilometres driven on the
roads, increased by 38% in Denmark and the total
number of motor vehicles by 15% (Aaris Sorensen,
1995). The number of badgers killed by traffic has
sharply increased in the last 20 years.

Small and isolated populations have a high risk of local
extinction and may suffer from the fixation of deleterious
alleles (Loescheke, Tomiuk & Jain, 1994 and references
therein). The possible consequences of isolation and
smali population size include inbreeding depression and
the loss of genetic variation. Inbreeding is usually deleter-
ious in species that normafly outbreed, whercas when
inbreeding is part of the natural social system of a species,
inbreeding depression is far less severe, and the genetic
load is usually low. The Eurasian badger has a restricted
male juvenile dispersal (Cheeseman, Wilesmith er af,
1987} and forms highly stable social groups (Kruuk,
1978). Thercfore, onc may expect thal the demographic
consequences of fragmentation outweigh the genetic
consequences of finite population size supporting the
contention {Gilpin, 1987) that ecological effects may be
more significant than genetic effects in the short term.

*All correspondence to: Cino Pertoldi.
E-mail: Cinc.Pertoldi@biologyfavu.dk

The aim of this paper is to screen the genctic structure
of four subpopulations of Danish badgers (sec Fig. 1).
Allozyme variation was screened using standard electro-
phoretic techniques.

MATERIAL AND METHODS

Tissues from 75 (38 males and 37 females) badgers
killed on the road were collected during 1995-97 in
Denmark. Seventy-five samples of badger kidney, liver
and muscle collected from 4 zones (zones 1, 2, 3 and 4;
see Fig. 1) were stored at —30°C, and analysed by
horizontal starch gel electrophoresis wsing procedures
described by Simonsen (1982) and Sclander ef al
(1971). Fourteen profein systems representing 19 pre-
sumptive structural loci, were surveyed for allozyne
variation: alcohol dehydrogenase (ADH, E.C. 1.1.1.1),
malic enzyme (MOD, E.C. 1.1.1.40), glucose dehydro-
genase (GDH, E.C. 1.1.1.47), peplidases (PEP, E.C.
2.1,5.1), mannosephosphatc isomerase (MPI, E.C.
5.3.1.8), sorbitol dehydrogenase (SDH, E.C. 1.1.1.37),
isocitrate dehydrogenase (IDH, E.C. 1.1.1.42), glucose
phosphate isomerase (GPI, E.C. 5.3.1.9), lactate dchy-
drogenase (LDH, E.C. 1.1.1.27), csterase (EST, E.C.
3.1.1.1), malate dehydrogenase (MDH, E.C. 1.1.1.37),
phosphoglucomutase (PGM, E.C. 2.7.5.1), adenylate
kinase (AK, E.C. 2.7.4.3), 6-phosphgluconate dehydro-
genase {(GPD, EC. 1.1.149). Only EST was
polymorphic.

To avoid the possibility of obtaining anomalous
levels of genetic similarity within zones, zone was
subdivided into B rectangles of 10x20 km. A sub-
sequent x° analysis of the number of samples within
each rectangle indicated a uniform samp.ing within
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Fig. 1. Map of Denmark with the four collecting zones, Dark solid line = motorway.,

zones, as the within-zone variances in all the 4 zones
were significantly lower than the mean (Bishop,
1983).

Statistical tests for departure from Hardy-Weinberg
expectations and differentiation among zones were per-
formed using GENEPOP 2.0 (Raymond & Rousset,
19954). The avernge heterozygosity (H,) was calculated
for every subpopulation. The Hardy-Weinberg test was
performed using the Markov chain method (see Rousset
& Raymond, 1995). An unbiased estimate of the
P-value for population genetic differentiation (Fisher's
exact test) for all populations and for all pairs of
populations was performed, as described by Raymond
& Rousset (19958). Deviation from panmixia was
estimated with Fy5 coefficients according to Weir &
Cockerham (1984). The amount of interpopulation
heterogeneity and genetic differentiation between 2ones
was estimated using standardized genetic variance, Fgp
{Wright, 1965).

RESULTS

Two esterase isozyme systems were found (Est] and
EstIl). However, only the Est! locus showed detectable
variability, whereas the Est/I locus appeared overstained
and smeared. Three alleles 2 (100), & (127) and ¢ (140}
were detected for the Estf focus, The combination of
these alleles determined six different genotypes, all
present in the Danish subpopulations (sce Table 1), A,
{considering all the 19 loci investigated), ranged from
0.015 in subpopulation 4 to 0.029 in subpopulation 2,
whereas H,, considering only the Est f locus ranged from
0.28 to 0.56 (see Table 1),

Deviations from the Hardy-Weinberg equilibrium
were significant in the total population (P=0.041,
se=10.012). Fisher’s exact test for population differen-
tiation was highly significant (P <0.001), as was (with
only one exception) the genetic differentiation between
subpopulations (see Table 2). The overall genetic differ-
entiation between zones, considering all the zones was
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Table 1. Genotype frequencies of the Esrl locus, observed heterozygosity (H,), expecied heterozygosity (/f) and mean
heterozyghosity (mean H,) in the four zones. i, number of individuals

Genotype
Zone n Males:females aa ab bb ac be cc Hy H,
1 18 8:10 5 7 5 1} 1 0 0.54 0.44
2 25 1312 8 8 k! 2 4 0 0.6 0.56
3 25 11:14 3 6 2 4 I 9 0.65 0.44
4 7 6:1 0 0 5 0 2 [H] 0.26 0.28

Table 2. F,; values of the pairwise comparisons between the
four zones. Values in parentheses are the minimum distance
(km) between the two zones comnpared; asterisks, the level of
significance of the genetic differentiation for pairwise compar-
isons of subpopulations, *** = P<0.001, NS = non significant.
Zeco value means that zone 3 and 4 are separated by the
motorway

Fy
Zone 1 2 3
2 0(40) NS
3 0.104 (140)*** 0.171 (100)***
4 0.306 (140)*** 0.249 (120)***  0,32(0)***

high (Fgt=0.154), and sometimes higher than the
overall genetic differentiation, when considering pair-
wise comparisons between zones (see Table 2). The
averape Fig coclficient was positive (Fi5=0.189), con-
sidering all the zones together, and it was positive in
three cut of four zones (zone | Fis=0.183; zone 2
Fi5=0.064; zone 3 Fis=0.328; zone 4 Fi5=—0.009).

DISCUSSION

The significant deviations from Hardy-Weinberg
proportions within the entire population and the hetero-
zygote deficiency within the single subpopulations
(positive values of Fis) could be the result of deviation
from panmixia, differences in N, different degrees of
isolation of the four subpopulations, or more generally
to a Wahlund effect (Wahlund, 1928). That only the
EST1 locus was polymorphic and the generally low
genetic variability found in the Danish badgers, is in
accordance with a previous investigation on badgers
from Gloucestershire, southern England {Evans, Mac-
donald & Cheeseman, 1989).

The positive overall Fgy coefficient, the highly signifi-
cant value (P<0.001) obtained for Fisher’s exact test,
and the highly significant genetic differentiation found
between  subpopulations, indicate  substructuring
perhaps because of bottlenecking. The high Fsr values
for pairwise comparisons between subpopulations
indicate substantial differentiation, suggesting that
genetic drift is acting on the genetic structure of the
subpopulations.

The positive Fi5 values found for the different sub-
populations indicate a heterozygote deficit within every

single subpopulation. However, Fig values could also be
biased by the small sample size investigated, which
could have contributed to this result.

The high genetic similarity among individuals within
single subpopulations, is consistent with inbreeding and
limited dispersal obtained from ficld studics of ecology
and behaviour of badgers in a high-density area
{Cheeseman, Cresswell er al., 1988). A balance must be
maintained between the proportion of individuals
dispersing and the proportion remaining philopatric
such that inbreeding and resource competition are
minimized. This scenario could be the consequence of a
prevalent agricultural landscape that is thought to
reduce the migration rate and density of badgers
(Checeseman, Cresswell er al, 1988), with increased
differentiation  between  subpopulations as a
consequence. :

Habitat fragmentation reduces mating distance
increasing the genetic heterogeneity between subpopula-
tions. Close inbreeding in these isolated patches, and the
low genetic variability found within subpopulations,
confirms this hypothesis. Badgers killed on the road
reduce the population size by ¢. 10% (Aaris Sorensen,
1995). Findings in Denmark indicate that the loss of
badgers as a result of road traffic is particularly signifi-
cant, and this source of mortality equals the annual
level of cub production (Griffiths, Griffiths & Thomas,
1993),

Colonization of Denmark by badgers began 10000
years ago, following Holocenc climate warming
(Hayden, 1993). We suspect that badgers which colo-
nized northern temperate zones by dispersal from
southern refuges had low amounts of genetic variability
because of recurrent population decline and bottlenecks
during Pleistocene climatic changes. The average level
of heterozygosity (considering all the loci investigated)
found for the four Danish badger subpopulations (from
0.015 to 0.029), was low compared with H, found in one
English badger population (Bristol, H, = 0.082, number
of loci investigated =20) and two Irish populations
(Offaly, H,=0.32, number of loci investigated= 14,
Cork, H,=0.103, number of loci investigated = 14) but
was similar to H,;=0.020 (number of loci investi-
gated =23) found for another English population from
Gloucestershire (data from Hayden, 1993, and refer-
ences therein). The data from Hayden (1993) showed
that A, of badger populations can vary widely, from a
low genetic variability (as found in the Danish subpopu-
lations) to a high value (as found in one of the English
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and in the two Irish populations) when compared to
other carnivore populations (e.g. Baccus et al, 1983).
The higher mean H, of onc English and both Irish
populations compared to that of Danish badgers
cannot, however, be explained by post-glacial coloniza-
tion, as the scparation of Britain from the continental
landmass happened at least 9000 years ago (Hayden,
1993).-

In conclusion, there are indications that the low
amount of genetic variation found in the Danish sub-
populations might be explained by a combination of
ancient bottlenecking and genetic drift. Future work
should seek to develop markers which do not require
well-preserved tissue, e.g. microsatellites (Tautz, 1989).
With this technique, hypervariable polymorphisms at
individual loci can be determined with minimal template
DNA and the data analysed using conventional popula-
tion genetic analyses. However, satisfaclory primers
have yet to be developed {Burke, Hanotte & Van Pijlen,
1996), although work is in progress (K. Bijlsma, pers.
comm.). An unpublished study based on minisatellites
also showed cxtremely low levels of variability. But as
only a small subset of our samples provided template
DNA of sufficient quality, it was difficult to draw
conclusions on between-population variability. A parallel
study of the mitochondrial DNA control region also
found no variabilty (E. Randi, pers. comm.),
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ABSTRACT

Developmental instability, estimated by fluctuating asymmetry and morphological variance,
was investigated in sexually reproducing and parthenogenctic populations of Bacillus rossius
rossius and Buacillus rossius redtenbacheri. Fluctuating asymmetry was significantly higher in
parthenogenetic females than amphigonic females in both sub-species. It was also higher
in malcs and parthenogenetic females of the sub-species redtenbacheri than in males and par-
thenogenetic females of the sub-specics rossins. When we compared fluctuating asymmetry
between males and females in amphigonic populations within cach sub-species, we found no
significant diffcrences with one cxception: the antenna showed higher fluctuating asymmetry
in males than in females in both sub-species. There was a higher morphological variance in
parthenogenetic females of the sub-species rossius than in parthenogenctic females of the sub-
species redtenbacheri, whereas no significant differences were found between the amphigonic
females of the two sub-species. In both sub-species, there was evidence for higher morpho-
logical variance in amphigonic than parthenogenctic females. When Lerner’s conjecture was
tested, fluctuating asymmetry was not significantly higher in individuals with 2 body sizc more
than one standard deviation from the mean of the size distribution.

Keywords: amphigonic reproduction, developmental instability, fluctuating asymmetry,
parthenogenetic reproduction.

INTRODUCTION

Sexually reproducing individuals produce genetically diverse ofispring that may be less
prone to extinction than genetically uniform offspring in variable environments (see review
in Williams, 1975). Hence, sexual reproduction maintains genetic flexibility in a population,
especially in variable environments, where different combinations of genes may respond

differently to environmental fluctuations. On the other hand, parthenogenesis, which has

* Address all correspondence to C. Pertoldi, Department of Landscape Ecology, National Environmental Research

Institute, Kale Grendvej 14, DK-8410 Ronde, Denmark. e-mail: cpbi@dmu.dk
Consult the copyright statement on the inside front cover for non-commercial copying policies.

£ 2001 C. Pertoldi



450 Fertoldi ef al.

evolved independently in many animal and plant groups (White, 1973), has the advantage
that clonally reproducing individuals maximize their genetic representation in future
generations. However, in parthenogens, adaptive gene combinations are maintained at the
expense of producing genetically uniform offspring. Under optimal conditions, partheno-
genetic individuals have twice the fitness advantage of sexually reproducing individuals,
but the cost of clonal reproduction is high in a variable environment (Maynard Smith,
1978; Hurst and Peck, 1996; Barton and Charlesworth, 1998). To quantify the relative
cost and consequences of clonal reproduction in a variable environment, we compared
developmental instability in sexually reproducing and parthenogenetic populations of two
Italian sub-species of Baciflus rossius.

Developmental instability, which is influenced by several factors {e.g. pollution, stress
during development, genetic stress), appears to be more or less correlated with a number
of fitness-related traits (see Meller and Swaddle, 1997, and references therein; but see
Clarke, 1997a). Furthermore, it has been suggested that developmental instability is
greater in sexually selected traits than in other traits (Meller and Thornhill, 1998; but see
Palmer 1999). The genetic basis of developmental instability and canalization is generally
unknown, even though many studies have focused on this topic (for canalization, see
Wagner ez al,, 1997; for developmental instability, see Clarke, 1993). No convincing genetic
mechanism for developmental instability has been suggested, but hypotheses regarding
the genetic and molecular mechanisms of canalization have been proposed. Thoday
(1958) proposed that modifier genes could be responsible for the maintenance of canaliza-
tion of a trait; recent research of heat-shock protein HSP90 mutants in Drosophila has
provided the first molecular evidence for such a mechanism (Rutherford and Lindquist,
1998).

Bacillus rossius is a very peculiar stick insect, which, over its wide holomediterranean
range, builds up both bisexual and facultatively parthenogenetic, all-female populations.
The latter obviously derive from nearby amphigonic demes, since their genetic structure
reflects more closely that of their nearest bisexuals rather than that of geographically dis-
tant parthenogens; two instances of actual shift from bisexual to unisexuval reproduction
have been witnessed (Tinti, 1993; Scali, 1996). The two sub-species are B. rossius rossius,
which is spread along the western coast of Italy and throughout Corsica and Sardinia, and
B. rossius redtenbacheri, which ranges from Sicily and the Adriatic/[onian coasts of Italy
to Croatia, Yugoslavia, Albania and Eastern Greece. About 30 populations, belonging to
both sub-species, were analysed for 20 gene-enzyme systems: A/d, aGpdir (monomorphic);
Adk-1, Adk-2, Fh, Got-1, Got-2, Gox, G6pdh, G3pdh, Hk-1, Hk-2, Idh-1, Idh-2, Mdh-1,
Mdh-2, Mpi, 6Pgdh, Pgi, Pgm (polymorphic) (Nascetti and Bullini, 1983; Scali and
Mantovani, 1989; Mantovani and Scali, 1991; Tinti et al., 1992). Heterozygosity estimates
from samples that also included populations close to the four under study (see below) gave
values of 0.062 for B. rossius rossius and 0.033 for B. rossius redtenbacheri. Only bisexual
samples contribute to heterozygosity, since heterozygous unisexuals are rare due to the
parthenogenetic reproduction mechanism that doubles the A + X set of the reduced egg
through anaphase restitution to produce a thelytokous offspring homozygous at all loci
(Pijnacker, 1969; Scali, 1969).

Two principal methods are commonly used for the estimation of developmental in-
stability: morpholoigcal variance (Zouros ef al., 1980; King, 1984; Livshits and Kobyliansky,
1984; Imasheva et al., 1997), even if the estimate can be blurred by additive genetic vari-
ation, and fluctuating asymmetry (see Meller and Swaddle, 1997, and references therein).
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Some studies have found a negative correlation between heterozygosity and developmental
instability using both methods; however, others have failed to find such a relationship (for
reviews, see Mitton, 1995; Britten, 1996). Analysis of differences in fluctuating asymmetry
between males and females of haplo-diploid taxa has been limited to a few species only
(Clarke et al., 1986, 1992; Clarke, 1997b; Crespi and Brett, 1997) and no clear patterns have
emerged.

The main aim of the present study was to determine whether there is a genetic relation-
ship between genetic diversity (heterozygosity) and developmental instability (fluctuating
asymmetry or morphological variance). We tested this hypothesis in three ways: first,
by comparing the amphigonic males and females of two sub-species with different levels
of heterozygosity; second, by comparing parthenogenetic and amphigonic females within
the same sub-species, with the parthenogenetic individuals being totally homozygous;
third, by comparing the fluctuating asymmetry of individuals at the extremes of the
size distribution with that of the modal phenotypes. Such a comparison is based on
the sugpestion that homozygous individuals are more likely to belong to classes with
extreme phenotypes and thus should have greater developmental instability (Lerner, 1954).
We also wished to establish whether there are differences in developmental instability
(fluctuating asymmetry and morphological variance) between the sexes within the same
sub-species.

MATERIALS AND METHODS

Collection of specimens

Stick insects are best collected at night, when adults actively feed, mate and lay eggs. During
October 1997, we collected 162 B. rossius rossius specimens along the Tyrrhenian coast:
68 parthenogenetic females and 94 amphigonic specimens (41 females, 53 males). The
parthenogenetic population was collected at Grilli (40 km south of Grosseto, Tuscany)
in a degraded zone where the population lives on bramble bushes. The amphigonic sample
was collected at Capalbio, about 15 km south of Grilli, where Mediterranean vegetation
is much better preserved and the stick insects mainly live and feed on lentisk shrubs, but
also on ilex, myrtle and heather. During the same month, we collected 119 B. rossius
redtenbacheri specimens along the Adriatic coast, at about the same latitude as that of the
Tuscan populations: 68 parthenogenetic females, plus 21 females and 30 males of an
amphigonic population. The parthenogenetic sample was collected at Villa Rosa (50 km
north of Pescara, Abruzzo) in a degraded zone where the population also lives on bramble
along a busy road. The amphigonic sample was collected at Torino di Sangro Marina (40
km south of Pescara) in a pine wood area where the insects feed on lentisk, hornbeam,
oak and bramble shrubs,

Measurements and statistical analysis

We measured five bilateral traits and three unilateral traits. The bilateral traits were
measured using a binocular microscope with a digital filar eyepiece (Los Angeles Scientific
Instrument Company, Inc., USA). The following traits were considered: the antenna, the
labial palpus, the maxillary palpus, the length of the fore-legs without the segmented tarsus
(femur and tibia) and the cercus on females. Asymmetry was estimated as the difference in
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length between each bilateral pair of traits (right — left side). Fluctuating asymmetry was
calculated as the variance of (right — left), as an absolute value and as a mean value (Palmer
and Strobeck, 1986; Palmer, 1994). A two-way analysis of variance was conducted to test
for the significance of fluctuating asymmetry relative to measurement error (following
Palmer, 1994). Some individuals showed a strong asymmetry exceeding three standard
deviations of the signed values of (right - left) on antenna because of a reduction in seg-
ments. These individuals were considered phenodeviants and the fluctuating asymmetry
values of their antenna were not included in the analysis.

The unilateral traits (mesonotum, metanotum and abdomen) were measured with a
digital calliper to the nearest 0. mm. In an effort to quantify possible errors when
measuring these traits, we chose 20 amphigonic individuals (10 males and 10 females) at
random and for each individual we measured the three traits 10 times. The within-individual
coefficient of variation for ecach mean was then taken as an estimate of the measurement
error, adding Haldane’s (1955) correction for small sample size. The measurement error of
the three traits was low with a mean value of 0.13%.

In all analyses, sub-species, populations, sexes and amphigonic and parthenogenetic
females were separated and analysed independently. Variances of the unilateral traits and of
the difference in length between each bilateral pair as right minus left (right — left) were
calculated. An F-test (Fowler and Cohen, 1990) was conducted to compare the variances.
We did not perform any log-transformation as the traits were normally distributed and we
compared variances instead of coefficients of variation (CV), as the range of the traits’ size
wils VEry narrow.

To check if the data obtained displayed the statistical properties of fluctuating
asymmetry (an approximately normal distribution of signed asymmetry scores around a
mean of zero), the hypothesis that the mean of right minus left character values equals zero
was tested using a one-sample t-test. Normality was tested using Lilliefors’ test and by
inspecting the distributions graphically (following Palmer, 1994),

A Spearman rank correlation (Zar, 1984) was used to test whether the absolute fluc-
tuating asymmetry of the bilateral traits was correlated with the sum of the mesonotum,
metanotum and abdomen. The sum was taken as an estimate of the body size of the
insect (following Palmer, 1994). A Spearman rank correlation was used to test whether the
fluctuating asymmetries of different traits were correlated.

A sequential Bonferroni test (Rice, 1989) was applied to avoid significant results arising
as a consequence of a large number of related tests. Following Miller’s {1981) suggestions,
we made a separate probability statement for each sub-species (when the reproductive
systems were tested) or for each reproductive system (when the two sub-species were
compared).

Lerner’s conjecture

To test the prediction that the most extreme phenotypes of each group should also show the
greatest fluctuating asymmetry (Lerner’s conjecture), mean values of the insects’ body size
were calculated in each group. The fluctuating asymmetry of individuals with trait values
within one standard deviation of the mean was compared with that of those with trait
values outside the range using a t-test and a non-parametric Mann-Whitney U-test (Zar,
1984; Hoffmann ez al., 1999).
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RESULTS

Measurement error

The interaction ‘mean square’ (MS), which contains information about fluctuating asym-
metry, was tested against error mean square (reflecting measurement error). Fluctuating
asymmetry MS was significantly larger than measurement error MS in all cases (2.3 <
interaction M8 < 6.1; 0.09 <error MS<0.14; d.f. =164, P<0.001) bar one, the cercus
{interaction MS=0.35, error M5=0.38; d.f.=164, P> 0.05), which was excluded
from further analysis.

Fluctuating asymmetry

No significant deviations from zero of the mean of the trait (right — left) distributions were
found for the antenna (one-sample f-test: 0.11 < P < 0.68; 19 <d.f. < 65}. The labial palpus
showed two significant deviations from zero (one-sample r-test: 0.008< P <0.8; 20<
d.f. <67), the maxillary palpus one significant deviation from zero (one-sample ¢-test:
0.0l < P<0.1; 20 <d.l. <67) and the fore-leg one significant deviation from zero (one-
sample #-test: 0.02 < P <0.7; 20 < d.f. < 67). We decided, however, not to exclude the traits
in which fluctuating asymmetry showed a significant deviation from zero, because the
deviations could have been due to the small sample sizes and the significance vanished if
we removed one or two extreme values.

Deviations from normal distributions were not significant at the 0.01 level for almost all
of the traits (Lilliefors’ test; 0.02 < P < 0.58; 20 < n < 68). Only 6 of 24 Lilliefors’ tests gave
significant deviations from normality at the 0.05 level. Hence, the distributions of all traits’
fluctuating asymmetry were inspected graphically; the deviations from normality were due
to a leptokurtic distribution. Only the fore-leg showed a platykurtic distribution with peaks
at the extreme values, thus exhibiting anti-symmetry. Therefore, we removed the [ore-legs
from our analysis.

The fluctuating asymmetries of the different traits did not appear to be correlated
{(-0.36<r,<0.32; 20<n<68; 0.08<P<0.95). No correlations were found between
the sum of the mesonotum, metanotum and abdomen (body size of the insect)
and the fluctuating asymmetry of the traits (-0.44<r,<0.35; 16<n <55 0.06<
P<097).

Fluctuating asymmetry between the two sub-species

Some significant differences in variance (F-test) of the signed values of (right —left)
of the bilateral traits were noted between the different sub-species (see Table 1). In
particular, we found cvidence for greater fluctuating asymmetry in the males of the
redtenbacheri sub-species than the males of the rossius sub-species. For amphigonic
females only, the fluctuating asymmetry of the maxillary palpus was greater in the
redtenbacheri than the rossius sub-species. Parthenogenetic females had greater fluctuating
asymmetry in the sub-species redtenbacheri than in rossius (Table 1) all significant
results shown in Table 1 were still significant after a sequential Bonferroni test (P < 0.05,
K=3).
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Fluctuating asymmetry between the two reproductive systems within sub-species

Significant differences in variance {F-test) of the signed values (right — left) of the bilateral
traits were found between the two different reproductive systems (see Table 2). In particular,
we found strong evidence for a greater fluctuating asymmetry in the parthenogenetic
females than in the amphigonic females of the rossius sub-species. The same was found
for the redtenbacheri sub-species, with the exception of the /abial palpus, for which the
fluctvating asymmetry was greater in the amphigonic than in the parthenogenetic females
(Table 2). All significant results shown in Table 2 were still significant after a sequential
Bonferroni test (P < 0.05, K = 3).

Fluctuating asymmetry between the sexes within sub-species

When we compared the fluctuating asymmetry between males and females within sub-
species, the only significant difference was for the antenna, which had greater fluctuating
asymmetry in males than in females in both sub-species (Table 2).

Morphological variance

Morphological variance between the two sub-species

Significant differences in variance {F-test) of the unilateral traits were found between
sub-species. The morphological variance of parthenogenetic females was higher in the
rossius sub-species than in the redtenbacheri sub-species; no significant differences were

Table 1. F-tests of the variances of the signed values (right - Ieft) of the length of the antenna, Jabial
palpus and maxillary palpus within the two sub-species Bacillus rossits redtenbacheri and Bacilius
rossius rossius

B. r redienbacheri B. r. rossius F-test
Parthenogenetic females
Antenna 1.23E-4 (66) 6.59E-5 (65) 1.87 (+)**
Labial palpus 1.73E-4 (68) 5.32E-5 (65) 3.24 (+)***
Maxillary palpus 2.81E-4 (68) 9.79E-5 (65) 2.87 (+)**
Amphigonic females
Anienna 1.91E-5 (20) 2.42E-5 (38) 1.26
Labial palpus 7.01E-5 (21} T.05E-5 (41) 1.00
Maxillary palpus 8.71E-5(21) 4.64E-6 (41) 18.77 (+)**>*
Males
Antenna 1.77E-4 (24) 5.11E-5 (47) 3.46 (+)**
Labial palpus 8.69E-5 (30) 5.02E-5 (53) 1.73 (+)*
Maxillary palpus 7.23E-5 (30) 1.99E-5 (53) 3.66 (+)**

Note: F-tests were performed between individuals with the same reproductive system, The values shown are the
variunces; figures in parentheses are sample sizes. In the right-hand column, *+ indicates a higher variance of the
trait being considered for the sub-species redienbacheri than for the sub-species rossins.

*P< 0,05, ** P <0.0],*** P=0.001.
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Table 2. F-test of the variances of the signed values (right — left) of the
length of the antenna, labial palpus and maxillary palpus within the two
sub-species Bacillus rossius redtenbacheri and Bacillus rossius rossius

Parthenogenetic Amphigonic
vs amphigonic females vs
females males

B. r. redtenbacheri
Antenna 6.43 (+)*** 9.26 (=)***
Labial palpus B.25 (=)*** 1.23
Maxillary palpus 21.09 (+)*** 1.20
B. r. rossius
Antenna 2.72 (+)**= 211 (—)*=*
Labial palpus 5.53 (4)*** 1.40
Maxillary palpus 68.75 (+)*** 1.22

Note: The F-cst was performed between individuals ol different sex or with
different reproductive systems. The values shown are the F-values. The *+
indicales a higher variance of the denominator of the comparison, the '~ indicates
a higher variance of the numerator of the comparisen,

> P01, *** P=000].

found between the amphigonic females of the two sub-species (Table 3). The morpho-
logical variance of one trait, the metanotum, was significantly greater in the males of the
redtenbacheri sub-species than in those of the rossius sub-species (Table 3). All significant
results shown in Table 3 were, with one exception, still significant after a sequential
Bonferroni test (P < 0.05, K= 3).

Morphological variance between reproductive systems within sub-species

Significant differences in variance (F-test) of the unilateral traits between the two repro-
ductive systems were found in both sub-species. There was strong evidence for greater
morphological variance among amphigonic females than parthenogenetic females in both
sub-species (Table 4). All significant results shown in Table 4 were still significant after a
sequential Bonferroni test (P < 0.05, K= 3).

Morphological variance between the sexes within sub-species

The amphigonic females of both sub-species had greater morphological variance than the
males (Table 4), except for the metanotum in the redtenbacheri sub-species.

Statistical analysis of Lerner's conjecture

There was no significant difference in fluctuating asymmetry between individuals whose
body size values were more than one standard deviation around the mean and those
whose body size values were within one standard deviation around the mean (s-test:
0.025<1<0.355 5<n<27; 0.075 < P <0.98; Mann-Whitney U-test: 32.5< U<228; 5<
n<27;0.06 < P <0.69).
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Table 3. F-tests of the variances ol the traits mesonotum, metanotum and abdomen between the two
sub-specics Bacillus rossius redtenbacheri and Bucillus rossius rossins

B. r. redtenbacheri B. r. rossius Felest
Parthenogenetic females
Mesonotum 0.66 (19) 1.29 (58) 1.95
Metanotum 0.68(19) 1.38 (58) 203(-)*
Abdomen 3.00 (19) 6.77 (58) 2.26 (=y**¥
Amphigonic females
Mesonotum 2.53(19) 5.10(22) 2.01
Mclanotum 1.36 (19) 2.79 (22) 2.05
Abdomen 17.23(19) 14.84 (22) 1.16
Mitles
Mcsonotum 0.89(19) 1.10 {29} 1.23
Metanotum 11.33 (19) 0.70 (29) 16,18 (+)***
Abdomen 3.97(19) 4.49(29) 1.13

Nore: F-tests were performed between species with the same reproductive system. The values shown are the
variances; figures in parentheses are sample sizes. In the right-hand column, '+ indicates a higher variance of
the trait being considered for the sub-species redrenbacheri than for the sub-species rossius; ‘= indicates a higher
variance of the trait being considered for the sub-specics rossius than for the sub-specics redrenbacheri.

*P<005, *P<001, *** P<0.001, fresult no longer significant after Bonferroni correction, which was
conducted holding a difTerent probability statement for cach reproductive system.

Table 4. F-tests of the variances of the trails mesonotlum, metanotum
and abdomen within the iwo sub-specics Bacillus rossins redienbacheri
and Bacillus rossius rossius

Parthenogenctic females Amphigonic
vs amphigonic females vs

females males
B, v, redtenbacheri
Mesonotum (=)**+ (+)*t
Meclanotum N.S. =)**t
Abdomen (=)>** (H)**t
B. r. rossius
Mesonotum (=) (+)***
Metanotum (=)r*t (4>
Abdomen (=)t (+)y***

Note: F-tests were performed between individuals of the same sub-species with
different reproductive systems. “+* indicales a higher variance ol the denominator
and ‘= indicates a higher variance of the numerator in the comparison.
*P<005, * P<0.01, *** P<0.001, tresult no longer significant after
Bonferroni correction, which was conducted holding a sepuarate probability
statement for each sub-specics,
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DISCUSSION

Fluctuating asymmetry

There could be two explanations for the deviations from normality of the unsigned values
of fluctuating asymmetry due to an excessive leptokurtosis of the distribution. First,
when the unit of measurement is large in comparison with the actual asymmetry, there will
be a tendency for the population’s asymmetry distribution to show leptokurtosis even
though the traits display fluctuating asymmetry (Palmer, 1994). Second, there could be
intense natural or sexual selection against asymmetric individuals; hence, very asymmetric
individuals may be relatively rare in field samples, if selection has already acted against the
most asymmetric individuals, The platykurtic distribution of fluctuating asymmetry on the
fore-leg is probably due to frequent leg regeneration after an autotomy event in early instars,
which can blur the true fluctuating asymmetry of the leg.

The reason for the lack of correlations between fluctuating asymmetry among the dif-
ferent traits could be due to the fact that the traits have ditferent developmental windows
of vulnerability and that their development is controlled by different gene complexes
(Parsons, 1990). Stresses may be specific to particular metabolic pathways and may not
affect fluctuating asymmetry in all traits {Parsons, 1990).

Fluctuating asymmetry between sub-species

The reason why the amphigonic females of the sub-species redrenbacheri are more asym-
metrical than the amphigonic females of the sub-species rossius is unclear, but it may be
related to differences in the mean heterozygosity of the two sub-species. This would support
the hypothesis that differences in fluctuating asymmetry are related to genetic diversifica-
tion. Several studies have found a negative relationship between fluctuating asymmetry and
protein heterozygosity, especially in poikilotherms, These types of organisms are perhaps
more susceptible to temperature fluctuations, which may influence biochemical pathways
associated with developmental and metabolic processes (Mitton, 1995; Meller and Swaddle,
1997). However, interpretation of these results must be made with caution, as Chakraborty
(1987) has shown that heterozygosity at a few allozyme loci does not provide an accurate
estimate of an individual’s genomic heterozygosity.

The greater fluctuating asymmetry found in the parthenogenetic females of the sub-
species redtenbacheri compared with the sub-species rossius cannot be due to differences
in the mean heterozygosity of the two sub-species, as heterozygosity is zero in both sub-
species. It could be the consequence of a different stress-susceptibility of the sub-species
redtenbacheri as compared to rossius, or it could be that the redtenbacheri sample lived in a
more stressed environment than the rossius sample.

Fluctuating asymmetry between reproductive systems within sub-species

It is clear from this study that the parthenogenetic females of both sub-species are much
more asymmetric than the amphigonic females. Qur results are in accordance with other
authors’ observations in that homozygous individuals are often less stable than their hetero-
zygous counterparts (for example, Leary er al, 1983, 1984; Clarke and McKenzie, 1987; birt
see Britten, 1996, for a different view). It is not surprising that parthenogenetic females with
an almost complete homozygous genome are developmentally less stable than individuals

=
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with a similar but more heterozygous genome. Furthermore, both parthenogenetic sub-
species live in a degraded environment with vegetation made up of bramble shrubs, clearly
a ‘weedy’ habitat (see Bullini and Nascetti, 1990), where the environmental fluctuations
are expected to be higher than in the wealthier vegetation on which the amphigonic
populations analysed are living. In fact, a degraded environment often displays a less
structured ecosystem (Van Valen, 1965; Grant, 1967; Rothstein, 1973).

Fluctuating asymmetry between the sexes within sub-species

The greater fluctuating asymmetry of the males’ antenna compared with that of the
amphigonic females in both sub-species could be due to the length of the antenna being
a sexually selected trait, following the suggestion that fluctuating asymmetry is higher in
traits under directional selection (Meller and Thornhill, 1998). Maller and Swaddle (1997)
suggested that directionai selection will favour modifiers that decanalize the phenotype.
However, Houle (1998) described seven distinct evolutionary processes that can affect
genetic variance, and concluded that directional selection alone is not sufficient to favour
decanalizing modifiers, which are favoured only when fitness rises faster than linearly with
trait value (Lande, 1980). Another explanation could be that genes controlling antennal
development are located on the sex chromosomes, for which the male sex is wholly
hemizygous.

Morphological variance

Morphological variance between the two sub-species

We found evidence that the morphological variance of the parthenogenetic females of the
rossius sub-species was greater than in the parthenogenetic females of the redtenbacheri
sub-species. This is in contrast to the fluctuating asymmetry of the redrenbacheri partheno-
genetic females being greater than that of the rossius sub-species. Developmental stability
refers to the production of a specific phenotype under a given set of environmental con-
ditions (Meoller and Swaddle, 1997). Hence, we should expect that the more asymmetric
parthenogenetic females of the redtenbacheri sub-species should also have greater morpho-
logical variance. These findings support the hypothesis that morphological variance is not a
good predictor of developmental stability (see King, 1984) and support also Waddington’s
(1957) hypothesis that separate mechanisms are responsible for the effect of stress on trait
variability and on developmental stability.

The lack of evidence of greater intrasexual morphological variance for males and
amphigonic females of the redtenbacheri sub-species compared with the males and females
of the rossius sub-species is contrary to our expectation. In fact, additive genetic variation
may be sufficient to explain the phenotypic variation patterns among groups with different
degrees of allozyme heterozygosity (Allendorf and Leary, 1986). However, these results
must be interpreted with caution, as some allozyme loci do not provide an accurate
estimator of an individual’s genomic heterozygosity.

Morphological variance between the two reproductive systems within sub-species

The greater morphological variance of the amphigonic females compared with the partheno-
genetic females in both sub-species can be explained by the fact that morphological variance
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in parthenogenetic females is mainly due to environmental components, whereas that
of amphigonic females is of both genetic and environmental origin. Morphological
variance in a sexually reproducing population (¥, > 0) is given by: V= V,+ V,,, + (gxe) +
cov{ge) + DI, where (gxe) is the genotype by environment interaction, cov(ge) is the co-
variance between the genotypic and environmental source of variance and DI is develop-
mental instability. The interaction term expresses the extent to which genotypic variants
differ in their sensitivity to environmental effects. ‘The cov(ge) has long been recognized
as a confounding source of experimental error (for instance, when the fastest-growing
animals are given the best diet). The term cov(ge) probably contributed to the increased
morphological variance and increased developmental instability. The result obtained
contrasts with Blum’s (1988) hypothesis that stressful conditions may increase morpho-
logical variance, Under stressful conditions, minor changes in the environment may
have large effects on traits, whereas they may have little impact in a more favourable
environment.

Morphological variance between sexes within sub-species

The clearly higher morphological variance of the amphigonic females compared with
males in the sub-species rossius could be due to the males’ body size and its components
{mesonotum, metanotum and abdomen) being the target of sexual selection, which reduces
the morphological variance of the traits (Bulmer, 1985). The pattern observed in the sub-
species rossius was the same in redtenbacheri, except for one highly significant contrasting
result (metanotum) which is difficult to explain. However, Mgller and Swaddle (1997)
described several works where directional selection has been associated with increased
morphological variation, supporting their hypothesis that directional selection will favour
modifiers that decanalize the phenotype.

Lerner’s conjecture

Lerner’s conjecture predicts that individuals that have values for quantitative traits close
to the mean of the population should also have the most symmetrical traits. Why we
did not find such a pattern could be that body size in the two sub-species rossius and
redtenbacheri is a sexually selected trait and, therefore, is under directional selective forces
that could have confounded the expected patiern, or more simply the relationship between
functional asymmetry and heterozygosity is too weak or absent. This finding contradicts
the suggestion of Soulé and Cuzin-Roudy (1982) that homozygous individuals are less
developmentally stable, but agrees with the results of Woods ef af. (1999).

Future directions

We have provided evidence of greater development instability in the parthenogenetic
individuals of two sub-species of Bacillus rossius compared with amphigonic individuals,
which may be explained by a relatively higher cost of parthenogenetic reproduction com-
pared to sexual reproduction. The higher buffering capacity of the amphigonic populations
may be envisaged from a biochemical-genetic point of view: when different allelic products
have different optima along a range of environmental conditions, heterozygotes will have
the most stable genotype (see Schwartz and Laughner, 1969). When using morphological
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variance as a precise estimator of developmental instability, populations should be genetic-
ally homogeneous (¥, =0) and should not exhibit variation in environmental conditions
across the habitat range of species (V,, = 0); however, these conditions are rarely fuifilled.
Furthermore, if a trait is highly canalized and the peak of the size-fitness function is very
narrow, there will be a small range in trait size variance between populations and differences
will be difficult to detect. The results of several studies ol the relationship between
functional asymmetry and loss of genetic diversity have been controversial, but that could
be due to a threshold relationship between functional asymmetry and genetic diversity
(see Gilligan et al., 2000). A clearer picture is required of the extent to which functional
asymmetry is genetically based, as this is still an open debate (Mealler and Thornhill, 1997;
for criticisms, see Leamy, 1997; Markow and Clarke, 1997; Whitlock and Fowler, 1997).
This is a fundamental point, because for functional asymmetry to have an evolutionary
significance, it must have a heritable basis. A non-zero heritability is also a prerequisite for
some hypotheses linking functional asymmetry to genetic stress (Pomiankowski, 1997). It is
possible that non-additive genetical effects (dominance and epistatic interactions of genes)
are an important feature in the genetical control of developmental stability (Leamy, 1984;
Livshits and Kobyliansky, 1991). However, our study was of parthenogenetic individuals
found in degraded environments. In a variable environment, the cost of clonal reproduction
is high (Maynard Smith, 1978). Therefore, further studies should address other organisms in
which parthenogenetic reproduction takes place under optimal conditions and sexual
reproduction takes place under sub-optimal conditions. Similarly, it would be interesting to
compare parthenogenetic and amphigonic individuals in species with different types of
parthenogenesis where heterozygosity is maintained.
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Environmental science has yet to devise a com-
prehensive, ecologically relevant, in situ bio-
monitoring system for assessing ecosystem
health. Such a system needs to be sufficiently
sensitive to provide an early warning of stress.
Given the fact that full life table analyses for all
threatened species will be extremely time and
money consuming and given the urgent need of
obtaining as much information as possible about
the stress responses of the largest number of
species available, we have to consider alternative
methods. Here we advocate a biomonitoring
technique completely different from traditional
physiological or demographical methods. The
measure suggested is based upon the concept of
developmental instability (DI). DI refers to the
incapacity of producing a specific phenotype
under a given set of environmental conditions
(Markow, 1994). DI is the product of stress, im-
pinging on the individual buffering capacity
(Palmer, 1996) and has been suggested as having
potential as a stress indicator allowing investiga-
tors to identify areas in which ecosystems are
stressed (Parsons, 1992). Furthermore, it also
allows to estimate the degree of stress, not only in
a qualitative, but also in a quantitative way. In
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this way it is possible to examine populations
over time, as investigators will be able to deter-
mine temporal changes in the degree of stress
experienced.

As for other toxicological tests DI as a measure
of stress suffers from low reproducibility and
large variation in response within populations
and between experiments (Woods et al., 1999).
Among other things this is caused by the fact that
natural populations generally comprise large
numbers of genetically diverse individuals in-
habiting environments, which are both spatially
and temporally heterogeneous (Stearns, 1992).
This means that the genetic basis for stress toler-
ance can only be properly assessed by separating
and quantifying the effect of both genes and envi-
ronment and, most importantly, their interaction
on the expression of tolerance. However, when
studying stress tolerance, individuals, even from
the same population, may have different
phenotypic responses. Therefore, investigations
should be conducted employing monoclonal
strains in order to remove genotypic variability.

In this paper we present ideas based on DI that
show that the use of monoclonal organisms in
toxicological tests (and as a tool as a general
stress indicator) might have a huge potential,
which, until now, has not been utilized. By using
monoclonal strains in stress studies we remove
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the genetic variance. This has been practised for
a long time, but our new method makes the use of
monoclonal strains much more efficiently, be-
cause it allows one to estimate the confounding
effects of environmental variance (V;). By doing
this we believe that the usefulness of DI and other
tools for measuring stress will be strongly
increased.

Two principal methods are commonly em-
ployed for the estimation of DI. Some studies use
Vp (David et al., 1994), which is the variance of
a trait in a population, others use fluctuating
asymmetry (FA), which are random deviations
from perfect symmetry in bilaterally paired traits
(Mgller & Swaddle, 1997 and references therein).
However, when working with sexual populations,
the estimation of DI is biased because both
Ve and FA might be blurred by genotypic vari-
ance (V). Two other main problems are afflicting
the FA concept. If FA should be used as an
estimator of environmental conditions the heri-
table component should be low, because if FA
is heritable, it would not provide a reliable
bioassay. The heritability (k%) of FA is currently
the subject of some debate (for conflicting views
se¢c Leamy, 1997). However, most researchers
agree that FA often has a heritable component,
but that this is typically small (Whitlock
& Fowler, 1997). The problems connected to
h? > 0 can, however, be avoided using a mon-
oclonal strain with Vg = 0. The second problem
afflicting FA estimates at the population level
(especially when measured directly in nature) is
that the population under investigation may con-
sist of a mixture of individuals exhibiting different
levels of DI (Van Dongen, 1999). This heterogen-
eity of DI values is due to the Vg within the
population, which invalidates the FA estimate
(see below). Therefore, the major part of the FA
investigations have been limited to laboratory
experiments in the attempt to reduce the Vg bias.

In a sexually reproducing population, where
Ve #0, Vp corresponds to: V= V;+ V; -+
(G x E) + cov(GE) + DI, where (GxE) is the
genotype environment interaction and cov(GE)
is the genotype-environment covariance. The
(G x E) expresses the extent to which genotypic
variants differ in their sensitivity to environ-
mental effects. The cov(GE) has long been recog-
nized as a confounding source of experimental

error (for instance, when the fastest-growing ani-
mals are given the best diet).

Vr of a quantitative character in individuals of
a single genotype (V; = 0), reared in a given set or
range of environmental conditions, is often taken
as a measure of DI of the genotype (V; = DI -+
Vi) (Mgller & Swaddle, 1997 and references there-
in). However, having removed the genetic
component we still have the confounding effect
produced by V;. This explains why some studies
even when they are conducted with a monoclonal
strain display V; at a level comparable to that
found in sexually reproducing populations
(Forbes et al., 1995).

FA is estimated following Palmer (1996), as

FA =ga%*r -1, (1)

where r and ! are, respectively, the trait values on
the right- and left-hand side and &2 is the vari-
ance of the difference.

Vb is estimated as:

Ve =or +1). 2

Statistically, the value of the variance of the sum
of right and left [eqn (2)], is equal to the value of
the variance of the difference [eqn (1)], if the
correlation between right and left is zero (Sokal
& Rohlf, 1995). Correspondingly, if the correla-
tion increases, the variance for the sum becomes
higher than the variance for the difference. If
r and [ are negatively correlated, then the vari-
ance for the difference will be higher than the
variance for the sum. Hence, if there is only one
source of variation in a group of individuals
(chance disturbances during individual develop-
ment), then the total Vp (measured by the vari-
ance of the sum), will be equal to FA (variance of
the differences):

oXr + ) = a*(r — ). 3)

If there is no genetic variance as in monoclones
(Vs = 0), an eventual correlation between right
and left can only be due to environmental factors.
Hence, if there is a non-zero environmental vari-
ance (}g), eqn (3) becomes

o¥r + ) =o*(r — ) + V. 4)
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As the variance of (r + I}
a*(r + 1) = 62 + o + 2cov(r, 1) (5)

(62 and of are the variances of the right- and
left-hand side, respectively) and FA which is the
variance of (r — I} is equal to

62 (r — 1) = 6? + af — 2 cov(r, I). (6)

From eqn (6) it is also clear that the FA estimate
is confounded by cov(r,!) even if the genetic com-
ponent (¥ = 0) is removed. Substituting eqns (5}
and (6) into eqn (4) we get

6% + of + 2cov(r,l) = 6% + of — 2cov(r, 1) + V.
(M

Simplifying egn (7) by deleting the same terms on
the right- and left-hand side, we obtain

Ve = 4 cov(r,1). (8)

Therefore, for each stress group replicate Vg can
be calculated as four times the covariance
between right- and left-side, cov(r,[), with

cov(r,!) = R(r,l)a,0y, 9

where R is the Pearson product moment coeffi-
cient of the correlation between r and [ values,
whereas o, and o, are the standard deviations of
right- and left-hand side. Hence, if the regression
coefficient is not significantly different from zero,
the covariance term (and consequently also
4cov = Vg) will not be significantly different from
zero.

For traits with high functionality (traits for
which the level of FA is minimized by strong
canalizing selection) our method may have some
limitations because a canalizing effect on FA (e.g.
when an increased biomechanical cost is asso-
ciated with increased FA) may increase the
cov(r, ). Investigation of traits with low function-
ality (traits which have low correlation with fit-
ness) is therefore suggested.

The method proposed in this paper for par-
titioning out the different components of ¥ can

easily be applied in the field, because this does
not require collections over several generations,
nor controlled laboratory conditions. It gives an
instantaneous picture of the environmental
conditions where the investigated population is
collected. The method can therefore be applied
to all apomictic or vegetatively reproducing
populations in plants, e.g. the aquatic FHelodea
canadensis, as well as in animals, e.g. the ter-
restrial collembolan Folsomia candida and
the cladoceran Daphnia magna. By using
monoclones occupying large areas like Folsomia
candida it is possible to compare the stress level
in specific habitats within this area. It can also
be applied to sympatric polyphyletic clonal
strains, which then have to be separated using
morphometrical or molecular techniques (as
Vs #0).

We believe that the method presented here will
increase the value of FA as an indicator of envi-
ronmental stress, and also that the method could
be of great value in connection with other bio-
markers and ecotoxicological tests. Estimating
V; and removing samples where a significant V¢
is observed, can increase efficiency and reprodu-
cibility of the standard ecotoxicological tests
performed today.

We thank Ary Hoffmann, Jirgen Tomiuk
and Pamela Hall for critical comments on the
manuscript.
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Abstract

Genetic variation in five populations of the Eurasian badger from Denmark was
screened, using the hyper-variable minisatellite DNA probe 33.15. Very low genetic
variability was found within populations. This lack of variability could be related to the
fragmentation of the Danish landscape which reduces the effective population size of
local populations and the gene flow between the different subpopulations. The
possibility of managing the Danish badger subpopulations as a metapopulation is
discussed.

Key words: Meles meles, minisatellites, landscape fragmentation, Denmark.

Riassunto

La variabilita genetica in cinque popolazioni danesi di tasso & stata esaminata
utilizzando la sonda minisatellitare 33.15. Una variabilita genetica estremamente bassa &
stata riscontrata entro le diverse popolazioni. Questa mancanza di variabilita botrebbe
essere dovuta all frammentazione del territorio danese che riduce la popolazione
effettiva e riduce il flusso genico fra le varie subpopolazioni. La possibilita di
considerare le subpopolazioni danesi di tasso come parte di un sistema a
metapopolazione & discusso.

Parole chiave: Meles meles, minisatelliti, frammentazione del territorio, Danimarca
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Introduction

The Eurasian badger, Meles meles (Mustelidae) has a restricted limited dispersal (Kruuk
& Parish, 1982, Cheeseman et al. 1987), and forms highly stable social groups {Kruuk
1978). Badger populations in Denmark, estimated to consist altogether of about 25,000
individuals, are thought to be declining (Sorensen 1995). Denmark, with few local
exceptions, shows a relatively low density of badgers (Serensen 1995, Taastram 1993).
Further, Cheeseman ef al. (1988) found that dispersal rates are low in rural areas like the
Danish landscape.

Badgers suffer supposedly for habitat fragmentation as they need different habitats
that include water, wood and pasture land. Moreover, human disturbance and outdoor
activities have increased strongly in the last decades together with an increased number
of straying dogs that may cause olfactive stress. Also road traffic has become a major
threat. From 1983 to 1991 road traffic, measured by the number of kilometres driven on
the roads, increased by 38% in Denmark (Serensen 1995). Killings by traffic have
sharply increased in the last 20 years (Serensen 1995).

Whether the genetic structure of natural populations of badgers is disrupted by
isolation, is a question of concern for their conservation. Small and isolated populations
have a high risk of extinction and may suffer from the fixation of deleterious genes
(Soulé 1987 and references therein). The consequences of isolation and small population
size include inbreeding depression and loss of genetic variation. Inbreeding is usually
deleterious in species that normally outbreed, whereas when inbreeding is part of the
natural social system of a species, inbreeding depression is far less severe, and the
genetic load is usually low (Soulé 1987 and references therein).

The aim of this paper is to screen the genetic structure of the Danish badger
populations examined in populations from five different zones (with a maximum
distance of 40 km between individuals, within the same zone) on Denmark (see Fig. 1).
The nuclear genomes were screened using the DNA fingerprint (Jeffreys et al. 1985a,
Jeffreys et al. 1985b, Jeffreys et al. 1988) which has proven a powerful technique in the
study of the genetic structure of populations (Smith & Wayne 1996 and references
therein).

Materials and methods

Fifteen male badger bodies were collected with reports of the exact place of death, and
could be mapped within 10x10 Km squares. Samples of muscle and liver were stored in
freezers at -30 °C and thereafter preserved in 100% ethanol. Genomic DNA was
extracted from tissue following standard procedures including proteinase K, phenol-
chloroform, chloroform-isoamyl alcohol extraction (Sambrook ef al. 1989). DNA samples
were run on a test gel to check for degradation and to adjust concentrations. Ten
micrograms genomic DNA were restricted with an excess of enzyme Alu I overnight at
37 °C. A second gel was run to test for completeness of digestion and for even
concentration of samples. Electrophoresis was performed in 1% agarose gels and TBE
buffer. Gels were run at 25 V for 27-28 hours.

The banding pattern obtained with Jeffreys' probe 33.6 (Jeffreys et al. 1988) were faint
and confused and therefore could not be used for our investigation Only the probe 33.15
gave interpretable results. Deviations of 1 mm were allowed for bands from two
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individuals to be considered shared. Comparisons between individuals on different gels
were made by photocopying one autoradiograph to the exact size of the other.

The similarity coefficient (Sxy) between each pair of individuals (x and y) was
calculated as the number of common bands in their fingerprint profiles (nxy) divided by
the average number of bands in their fingerprint profiles: Sxy = 2nxy/(nx + ny). The
average number of bands can be used for estimating the degree of inbreeding (Lynch
1991). Therefore the mean number of bands in the five populations was compared by an
analysis of variance.

et
Rl .

Figure 1: Map of Denmark with the five zone of collection of badgers. Full line = motorway
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Results

We found low genetic differences within populations, indicating that populations were
genetically rather homogeneous (see Table 1). The same banding pattern was, however,
never found in two different populations (see Table 1).

The genetic similarity coefficient (Sxy) was different in the different populations,
suggesting a higher level of inbreeding and genetic isolation (lower gene flow between
the other populations) in zone 1 and 3 (Table 2). The mean number of bands was 17.3 +
1.2, the maximum number of bands was 19 and the minimum 16, and only six bands
were shared by all individuals. The differences between the number of bands in the
different populations were significant (Table 3).

Table 1: Banding pattern of the badgers collected in the five different populations (Pop.).

Pop. 1 Pop. 2 Pop. 3 Pop.4  Pop.5
Individual r 2 3 1 2 3 1 2 3 4 5 1 2 1 2

p—l»—l»—lh-rt—lu‘—ln-&o—ln—in—l-—--ru—ln—lt-d—-ln—loo
Ll e e R S A o
e e e el e e e ol e e b e e e e e e O
= e el el (D) 2 b el el bk bl e b e ek b ek e
O e e e e D) b e e b (D) bk ek b ek b ek jmd
o e el e B e e B e e S e T o T e T e T s T e Sy
QO = O o o e e e e e 2 D e R e e el 5 e e
L= R = R L R = T e T T S T G G Y
(== = R L e T T G Gy S
Dﬁ—IOO—'O—ln—ll—lv—ll—il—lv—lOHh—I»—lb—\HOi—lh—i
= B T e e T e T o o B e T o O Y o QT ey
L R T R e e e O I e = T o T S S S U Y
e el e e e e T e T o e T T e S o T o St S G S G
e I e i B e e T e T e T S e S S
ek D b e e e ek e bl (D) G M R e et ek el i
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Table 2. Average genetic similarity
D + 5.D. of the badger between
individuals within the five different

populations.

Zone 1 D= 5.D.

1 3 1x0

2 3 0.884 + 0.004
3 5 0.975 + 0.033
4 2 0.947

5 2 0.875

Table 3. Comparison of average number of bands between subpopulations.

Zone  Number of Average number of Source of variation df MS p
individuals _bands + 5.D.

1 3 180 Between 4 404 00006
2 3 17.667 + 1.155 Within 10 0.32

3 5 160

4 2 19

5 2 17.5

Discussion

The low genetic variability found in the Danish badgers makes DNA fingerprinting
unsuitable for paternity testing, especially in those zones (populations 1 and 3) where
the banding patterns were all monomorphic or very near to being monomorphic. In
order to avoid close inbreeding, the adult badger spontaneously transfers, sometimes
permanently between adjacent social groups and mafing occurs between males of one
group and females of another, but habitat fragmentation nevertheless reduces the
dispersal and increases the genetic heterogeneity between the different subpopulations.
Therefore, we can expect close inbreeding in the isolated patches and the obtained
results (the extremely low genetic variability within the single subpopulation)
confirmed this hypothesis.
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The low genetic variability found in population 1 was an expected result, because the
region is totally isolated by the Limfjord. The low genetic variability found in
population 3 (population 3 is confined by the sea to the north, east and south) indicates
a high degree of isolation from the other zones. The reason could be the primary road
and now the highway (with rather high traffic intensity), west of the population which
separates the population living in zone 3 from the nearest population living in zone 2.
The genetic difference found between the adjacent populations 4 and 5 could also
indicate a degree of isolation due to the highway that divides the two populations.
However, the higher genetic similarity found in zone 4 compared to that found in zone
5 could suggest a higher degree of isolation in zone 4. That could be the consequence of
a prevalent agricultural landscape that is thought to reduce the migration rate and
density of badgers. The extremely high genetic similarity that was found within the
single populations, is consistent with evidence of inbreeding and limited dispersal
obtained from field studies of ecology and behaviour of badgers. The fact that within
populations genetic variability was low, and that the same banding pattern was never
found in two populations together, could indicate a geographic partitioning, which can
reveal some fragmentation effect, like the increased genetic difference between
subpopulations. The different average number of bands found in the different
populations could also indicate that the populations differ in effective population size
(Ne). The road killing should also play an important role in reducing the genetic
variability, because it reduces the effective population size (Ng) by about 10% (Serensen
1995). Dutch findings indicate that the loss of badgers to road traffic is particularly
significant, and these sources of mortality equal the annual level of cub production
(Griffiths et al. 1993). Therefore, fauna passages should be built in zones where the gene
flow is interrupted or reduced. However, the fauna-tunnels built to prevent animals
from getting killed on the road have not worked on badgers (see Madsen 1996, for
review).

The preliminary results suggest (also if strong conclusions cannot be drawn because
of the small sample size) that the Danish badger can be managed as a metapopulation
with a gene flow of different intensities between the subpopulations living in the
patches. In the metapopulation, we have local extinction and local recolonization,
therefore population parameters of the Danish badger could be very useful in
predicting the extinction risk in the different zones and for calculating the impact that
road killings have on its population structure.
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SUMMARY

The European otter (Lutra lutra) was common in Denmark until the 1960s, but its present
distribution encompasses only 2 minor part of the country. The aim of the study was to assess if
the recent population decline had resulted in loss of genetic variability and to gain further
insight into the dynamics of the population decline. This was done by analysing microsatellite
DNA variation in contemporary and historical samples, the latter encompassing DNA samples
extracted from museum specimens covering a time span from the 1880s to the 1960s. Tests for
differences in expected heterozygosity and numbers of alleles in contemporary versus historical
samples and a test for detecting population bottlenecks provided few indications of a recent
bottleneck and loss of variability. However, a procedure for detecting population expansions
and declines, based on the genealogical history of microsatellite alleles, suggested that a drastic
long-term population decline had taken place, which could have started more than two thousand
years ago, possibly due to ancient anthropogenic pressure. Finally, assignment tests and
pairwise Fgy values suggested weak but statistically significant genetic differentiation between
the extant population and historical samples of otters from other regions in Denmark, more
likely reflecting differentiation among original populations rather than recent drift.

INTRODUCTION

Many species and populations are in danger of going extinct or losing significant proportions of
their genetic variability (Avise & Hamrick 1996). Typically, species have been studied, which
were previously abundant and distributed over large geographical areas but are now found in
only a few small isolated populations (e.g. Vrijenhoek 1994; Bouzat er al. 1998). Fragmentation
and reduced population sizes will eventually lead to loss of genetic diversity and fitness (Lande
& Barrowclough 1987). However, the assessment of the loss of variability that has actually
taken place is often hampered by lack of information on the genetic composition of the same
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populations prior to the fragmentation and bottleneck. Moreover, there exists generally little
knowledge about the variation that has been lost when populations have gone entirely extinct.
Some recent studies have solved this problem by extracting "ancient” DNA and analysing
molecular markers from museum or other types of historical samples and comparing the results
to present populations (Taylor et al. 1994; Nielsen et al. 1997; Bouzat ef al. 1998).

The European otter (Lutra lutra) is endangered in several regions of Europe (Macdonald &

Mason 1994), It was previously distributed all over Denmark, but declined in number severely
during the last four decades. Thus, the Danish Game Bag Record which covers the period from
1941 to 1968 (when the species became totally protected) shows a drastic decline from about
500 individuals bagged in 1941 to 100 individuals bagged in 1967 (Strandgaard and Asferg
1980). National surveys in 1984-1991 indicated that the species had almost or totally
disappeared from Sealand and Funen and is now restricted to northern and western Jutland
around the Limfiord catchment (Madsen 1996; see Fig. 1).
In the present study we focused on the genetic consequences of this population decline. The
census population size of otters in the Limfiord catchment was estimated to be 200 in the 1980’s
(Madsen 1996) but the effective population size (N.) was perhaps considerably lower (cf.
Frankham 1995). Therefore, we wanted to assess if the present Limfiord population has suffered
a significant loss of genetic variability and if it experienced a population bottleneck. In addition,
we wanted to assess the genetic relationship between the surviving otter population in the
Limfiord catchment and (extinct) otters from elsewhere in Denmark. In question is whether the
remaining population was part of one big population that had declined, or if genetically distinct
population segments had previously been present, one of which was the Limfiord population.
These issues were addressed using analysis of microsatellite DNA from museum samples of
otters from Jutland, Funen and Sealand, covering a time-span from the 1880s to the 1960s, and
from fresh tissue samples collected from the present otter population.

MATERIAL AND METHODS

a) Samples

The historical samples consisted of 67 otter skulls from the collections of the Zoological
Museum, Copenhagen (period 1: 1883-1949, N = 32, with eight individuals dating back before
1910) and the Natural History Museum, Aarhus (period 2: 1960-1963, N = 35). These samples
were from the islands of Funen and Sealand and the Jutland peninsula. Contemporary samples
(N = 58), all from the Limfiord catchment, consisted of frozen muscle, kidney or liver tissue
samples obtained mainly from road kills during the years 1989 to 1993 (period 3) (Fig. 1). We
further subdivided the samples according to geography (see Fig. 1) and defined the following
groups as Sealand, time period 1 (abbreviated SEA-1), Sealand, time period 2 (SEA-2), various
unknown sites in Jutland, time period 1 (JUT-1), southemn Jutland and Funen, time period 2
(JUTS-2), eastern Jutland (Djursland), time period 2 (JUTD-2), Jutland, Limfiord catchment,
time period 2 (JUTL-2) and Jutland, Limfiord catchment, time period 3 (JUTL-3).

b) Molecular analyses

DNA was extracted from fresh tissue using standard phenol/chloroform extraction (Sambrook et
al. 1989). The DNA from museum specimens was extracted by removing a canine tooth from
the skull and drill out the tooth root using a 2 mm drill. Approximately 0.1 gram of tooth and
tooth root were collected and DNA extraction followed the procedure of Nielsen et al. (1997).
In order to avoid cross-contamination, the drill was heated until glowing following each
collection of tooth root. Also, no extraction of DNA from recent tissue samples was conducted
in the laboratory during the time period we worked with historical samples, and PCR reagents
were exposed to UV-radiation in an UV-crosslinker to degrade possible contaminating DNA.
Finally, PCR amplification of fresh and historical samples were for the most part done in
separate laboratories (Danish Institute for Fisheries Research and University of Aarhus,
respectively).

113




Time periods
1: 1883-1949
2: 1960-1963
3: 1989-1993

JUT-1 n=11
(unknown
precise

The Limfiord
JUTL-2 n=6

150 km

Figure 1: Map showing the approximate location of sampling sites for contemporary and historical samples of olters
in Denmark. See Materials and Methods for sample abbreviations.

The following microsatellite loci were assayed: Lut435, Lutd57, Lut701, Lut717, Lut733,
Lut782, Lut818, Lut832, Lutd53, Lut833, Lut715 (Dallas & Piertney 1998) and Lut902 {Dallas
et al. 1999). Lutd53 did not yield reliable amplification and therefore was excluded from further
investigations. All loci were amplified at an annealing temperature of 58 °C, using 30
(contemporary samples) or 40 (historical samples) PCR cycles. The amplified loci were
analysed on a Pharmacia ALFexpress automated sequencer.

c) Statistical treatment

Deviations from Hardy-Weinberg equilibrium (HWE) were tested by exact tests (Guo &
Thompson 1992), using the program GENEPOP 3.1 (Raymond & Rousset 1995a). For testing
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equality of heterozygosity (He) in the contemporary sample relative to the historical samples, all
historical samples were pooled and a one-tailed t-test was performed based on arcsine-square
root transformed H. values. Loss of allelic variation in the contemporary sample was tested by a
randomisation test. For each locus, 1,000 samples equal in size to the contemporary sample of
otters were drawn at random from the pooled historical samples. We constructed a frequency
distribution of the number of alleles in the generated samples, and assessed the probability of
observing a number of alleles equal to or less than that observed in the contemporary sample
(for further details see Nielsen e al. 1999). To test for recent population bottlenecks, we applied
the test by Cornuet & Luikart (1996), using the software Bottleneck 1.2. We performed the tests
assuming both an infinite allele model (IAM), a step-wise mutation model (SMM), and a two-
phase model of mutation (TPM, with 95% SMMs). We tested both the contemporary and
historical samples, as we could not a priori exclude the possibility that Danish otters had
experienced a bottleneck prior to the time span covered by the samples. Finally, we used the
procedure by Beaumont (1999) for detecting population declines and expansions. It assumes a
SMM and estimates the posterior probability distribution of several genealogical and
demographic parameters, using Markov Chain Monte Carlo simulations, based on the observed
distribution of microsatellite alleles and their repeat numbers. The most important output
parameters are r, defined as N/N,, where N, is the current effective number of chromosomes
and N, is the number of chromosomes at some point back in time, tr. t; is defined as t,/N,, where
t, denotes the number of generation that have elapsed since the decline or expansion began.
Finally, the procedure estimates theta, defined as 2 N, where 1 denotes the mutation rate. We
performed the analyses for both the contemporary sample (JUTL-3) and the pooled samples
from time period [, assuming both linear and exponential modes of decline.

Genetic differentiation between samples was assessed using exact tests (Raymond & Rousset
1995b), using GENEPOP 3.1, and by calculating pairwise Fgr values and testing their
significance by permuting individuals between samples with the program ARLEQUIN 1.1
(Schneider et al. 1997). The very small samples JUTL-2 and JUTD-2 were excluded from the
analyses. The population of origin of individuals was assessed using assignment tests (Paetkau
et al. 1995), where individuals were assigned to the sample in which they had the highest
"probability of belonging”, based on their multilocus genotypes. We used the program
GENECLASS 1.0 (Cornuet et al. 1999) and chose the "Bayesian approach”, as recommended
by the authors.

RESULTS
a) Genetic variability and population declines

Two of the loci were monomorphic, and the nine remaining loci amplified well and were
polymorphic. Even among the historical samples the success of amplification ranged between
96% and 100% among loci. Previous studies have shown that allelic drop-outs (amplification of
just one of two alleles) may occur in analysis of degraded DNA obtained from old teeth and
bones (Zierdt et al. 1996), presumably due to scarcity of intact DNA templates (Hummel and
Herrmann 1995). However, when the quality and quantity of extracted DNA from fresh and
historical samples was compared on a 2% agarose gel, the quantity of DNA from historical
samples did not differ much from that obtained from fresh samples. The historical DNA
samples were more degraded than fresh samples, but there was clearly a proportion of larger
DNA fragments present (> 500 bp). In six specimens where some of the loci were found to be
homozygotic, we extracted DNA from another canine tooth belonging to the same skull and
observed the same genotypes (i.e. same homozygotic alleles). Hence, the quality and quantity of
the DNA extracted from teeth and the reproducibility of results leads us to assume that problems
with allelic drop-outs have not significantly affected our results. Four significant deviations
from HWE were observed and all were found in the contemporary sample, all due to
heterozygote deficiency (JUTL-3; see Table 1). Levels of polymorphism were low with total
numbers of alleles per locus ranging from two to five, both in the contemporary and historical
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samples (Table 1). The mean number of alleles per locus was 3.9 in the pooled historical
samples and 3.1 in JUTL-3. The t-test for equality of expected heterozygosity in JUTL-3
compared to the historical samples yielded a non-significant result (p = 0.19). The
randomisation tests for reduced allelic variability in JUTL-3 yielded a significant outcome for
the loci Lut435, Lut457 and Lut782 (all p < 0.001). Tests for population bottlenecks did not
result in significant outcomes, neither in the case of JTUTL-3 nor in the historical samples.

Table 1. Summary of observed number of alleles per microsatellite locus, outcome of tests for deviations from expected Hardy-Wein-
berg proportions (H.-W. test), expected (He) and observed heterozygasity (Ho) and sample sizes (n) of the studied populations. Table-
wide significance levels were applied, using the sequential Bonferroni technique (Rice, 1989) (initial k = 44). Sce Materials and Methods:
or explanation of sample abbreviations,

Locus SEA-I SEA-2 JUT-1 JUTL-2 JUTS-2 JUTD-2 JUTL-3
Lwmg18 No. Alleles 4 3 3 K 3 3 3
Total no, H.-W. test n.s. n.s. n.s. # n.s. # n.s.
alicles: 4 Ho 0.688 0.533 0.364 0.500 0.643 | 0.527
He 0.615 0.508 0.329 0.439 0.505 0,733 0.462
n 16 15 11 6 14 3 55
Lut701 No. Alleles 3 3 3 3 3 2 3
Total no. H.-W, 1est n.s. n.s, n.s. # n.s. # n.s.
alleles: 3 Ho 0.500 0.600 0.727 0.500 0,538 0.333 .158
He 0417 0.476 0.515 0.439 0.526 0.333 0.210
n 18 15 11 6 13 3 57
Lut733 No. Alleles 4 4 2 2 3 2 5
Total no. H.-W. test 1n.s. n.s. n.s. # n.s. # LLE
alleles: 5 Ho 0.389 0.400 0.091 0.167 0.214 0.333 0.421
He 0.456 0.559 0.455 0.167 0.204 0.333 0.636
n 18 15 kl 6 14 3 57
Lut435 No. Alleles 5 4 1 2 3 2 3
Total no. H.-W. test n.s. n.s. # # n.s. # n.s.
alleles: 5 Ho 0.333 0.400 0 0 0.231 0.667 0.121
He 0.598 0.453 0 0.303 0.335 0.533 0.203
n 18 15 10 6 13 3 58
Lut832 No. Alleles 4 4 3 2 4 2 4
Total no. H.-W. test n.s. n.s. n.s. # n.s. # b
alleles: 4 Ho 0.556 0.467 0.500 0.800 0.462 0.333 0.397
He 0.554 0.605 0.484 0.533 0.554 0.600 0.577
n 18 15 10 5 13 3 58
Lut717 No. Alleles 2 2 2 2 2 2 2
Total no, H.-W. test n.s. n.s. n.s. # n.s. # b
alleles: 2 Ho 0.556 0.667 0.545 0.667 0.57t 0.667 0.610
He 0.489 0.46 0.485 0.485 0.423 0.533 0.424
n 18 15 11 6 14 3 55
Lu1782 Na, Alleles 3 4 5 2 4 1 2
Total no. H.-W. test n.s. ns, n.s. # 1.5. # n.s.
alleles: 5 Ho 0.333 10.333 0.545 0.667 0.286 1] 0.351
He 0.375 0.407 0.528 0.485 0.429 1] 0.335
n 18 15 11 6 14 3 57
Lut902 No. Alleles 4 3 3 4 3 3 4
Total no. H.-W, test n.s. n.s. n.s. # n.s. # n.s.
alleles: 4 Ho 0.600 0.267 0.545 0.667 0.429 1 0.464
He 0.572 0.543 0.589 0.561 0.521 0.713 0.563
n 15 15 1 6 14 3 56
Lut457 No. Alleles 3 3 3 3 3 3 2
Total no. H.-W. test n.s. n.s. n.s. # n.s. # -t
alleles: 3 Ho 0.118 0.333 0.182 0.2 0.143 0.333 0.187
He 0.348 0.517 0.385 0.511 0.265 0.600 0416
n 17 15 11 5 14 3 55

*** p < 0.001, *p <0.05, # test which was aot performed due to small sample sizes (< 100,

116



The procedure used for assessing population declines and expansions (Beaumont 1999)
suggested that the population sizes both in time period 1 and 3 had declined drastically to
approximately 1 - 3% of the original population size [modes of log(r) = -1.91 (time period 1)
and log(r) = -1.555 (time period 3); Table 2]. Furthermore, the analysis suggested that this
decline had taken place over a long time period {modes of log(ty) = 0.989 (time period 1) and
log(t;) = 0.98 (time period 3); Table 2]. If we roughly assume a current effective number of
chromosomes, Ny, = 100, and a generation time of 3 years, this suggests that the decline started
approximately 2 - 3,000 years ago. These results were based on a linear model of population
decline. Simulations assuming an exponential model also pointed to a drastic decline over a
long time-span (Table 2), but as this model is primarily valid for short-term strong declines
(Beaumont 1999), we emphasize the results based on a linear model.

b) Genetic population structure

The exact tests for differences in allele frequencies between samples showed significant
differentiation between JUTL-3 and all other samples, whereas no significant differentiation
was observed between historical samples (Table 3).

Similarly, pairwise Fsp values were low (0 — 0.043) and non-significant between historical
samples, but slightly higher (0.023 — 0.064) and in all but one case significant between JUTL-3
and the other samples. It is of course possible that some differentiation existed between otters
from Sealand and southern Jutland, but that sample sizes were too small to obtain sufficient
statistical power. We assessed the magnitude of this problem by randomly reducing the sample
size of JUTL-3 to 18 and performing again the exact tests for differences in allele frequencies.
Two of four tests involving this sample were still significant at the 5% level.

Table 2. Summary statistics for otter data collected in period | and period 3.The lower 0.9 HDP limit, mode, and upper
0.9 HDP limit for three parameters, analyzed using the linear and exponential model declining trends. The parameter
values (respectively lower and upper bounds) used for running the simulations are shown in the first column.

parameter values period I period 3
lingar model

log (s) (-23. 1) (-1.848) (-1.91}) (-1.836) (-1.655) (-1.555) (-1.651)
Tog (L} -5, 4) (0.851) (0.989) (0.86) (0.866)  (0.98) (0.869)
log theta (-2,0) (-0.823) (-0.635) (-0.799) (-0.949) (-0.837) (-0.937)

exponential model

log (r} -23, 1) (-2.162)  (-2.291) (-2.138) (-2212) (-2.14) (-2.194)
log (tf) (-5, 4) (0.323)  (0.353)  (0.332) (0.56) (0.585) (0.567)
log theta -2,0) (-0.769) (-0.845) (-(.741) (-0.78) (-0.7¢1) (-0.922)

Table 3. Pairwise Fy values (above diagonal) and exact tests for homogeneity of allele frequencies with probabilities combined over -
loci using Fisher’s method (below diagonal).

SEA-1 SEA-2 JUT-1 JUTS-2 JUTL-3
SEA-1 0 0.029 0.004 0.034
SEA-2 n.s. 0.022 0 0.023
JUT-1 n.S. n.s. 0.043 0.064"
JUTS-2 5. n.s. n.s. 0.056"
JU’I’L.3 ek L L] 2 L3 E3 X
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For the assignment tests we used two baseline samples, i.e. JUTL-3 and the pooled historical
samples SEA-1, SEA-2 and JUTS-2. This pooling was justified by the observation of no
significant differences between the samples and by the fact that they all represented a coherent
geographical region separated from the Limfiord caichment (Fig. 1). Assignment tests showed
that 74% and 83% of the individuals from the two baseline samples respectively, were assigned
correctly (data not shown). The individuals from the historical sample from Jutland, but of
unknown precise geographical origin (JUT-1), and the three individuals from eastern Jutland
(JUTD-2) were all assigned to the pooled historical sample. Conversely, four of the six
individuals sampled from the Limfiord catchment in the 1960s (JUTL-2) were assigned to the
present population (JUTL-3).

DISCUSSION
a) Genetic variability and population decline

The number of alleles detected per locus (between 1 and 5) must be considered low compared to
the levels of variability that are normally reported for microsatellite loci (Goldstein & Pollock
1997). Dallas & Piertney (1998) observed higher variability at the same loci with numbers of
alleles ranging from 5 to 10. However, they screened individuals from a much larger area (UK,
Ireland and Germany). In a more intensive study of microsatellite diversity in Scottish otters,
Dallas et al. (1999) observed mean numbers of alleles per locus ranging from 2.1 to 5.3. The
mean numbers of alleles observed in the present study (3.9 for the historical samples and 3.1 for
JUTL-3) fall within this range. Other studies of otter populations from Denmark and Germany
employing analyses of mitochondrial DNA have also revealed low variability (Effenberger &
Suchentrunk 1999; Mucci et al. 1999; Cassens et al. 2000). Thus, it must be concluded that otter
populations, at least from northern Europe, exhibit low genetic variability, The present study
suggests that genetic variability was low even before the recent major decline of otter
populations in Denmark took place. This could be a result of the drastic population decline
started approximately 2 - 3,000 years ago, as suggested by the analyses using Beaumont's
(1999) method. Alternatively, the low variability could be due to founder events during
postglacial recolonisation (approximately 10,000 years ago). This explanation is supported by
data by Cassens et al. (2000). These authors sequenced the mitochondrial DNA d-loop in otters
from eastern Germany and Central Europe and in most cases found the same single dominant
haplotype and a few rare, local haplotypes derived from the most common one by single point
mutations.

There were a few indications of recent loss of variability in the extant otter population
compared to the historical samples. Tests for bottlenecks and differences in expected
heterozygosity did not provide evidence of reduced variability. Only the tests for reduced
numbers of alleles yielded three significant outcomes, but this may simply reflect that the
historical samples represent a much larger geographical range, and consequently more
genetically divergent population segments, compared to the contemporary sample. This does not
imply, however, that loss of variability in Danish otters has not taken place. First, the bottleneck
test by Cornuet & Luikart (1996) can detect only a severe and relatively recent reduction, which
has taken place within 0.2N, to 0.4N. generations. In addition, the analysis suggested by
Beaumont (1999) for detecting population declines and expansions suggested that a severe
decline had in fact taken place and that the current population size had been reduced to only a
few percent of the original population size. Both the contemporary samples and the historical
samples from the 1880's to the 1940's yielded qualitatively similar results, showing that the
decline had taken place over a much longer time span than that covered by the analysed
samples. In fact, the analysis suggested that the decline may have started more than 2,000 years
ago. This is not an unreasonable estimate given that Denmark has been relatively densely
populated by men approximately for the past 2,000 years. Another riverine mammal, the
European beaver (Castor fiber), went extinct in Denmark approximately 2,500 years ago,
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presumably due to man-induced habitat destruction or hunting (Aaris-Sgrensen 1988). However,
as pointed out by Beaumont (1999) results obtained by his method should also be interpreted
with some caution as the analysis assumes a strict SMM, which is probably invalid for
microsatellite loci. In conclusion, the low variability in Danish otters could be explained either
by postglacial founder events or a more recent population decline, which started approximately
2 - 3,000 years ago. The two explanations are not mutually exclusive, but given the strong
signal of a drastic, long-term population decline obtained by the analysis of Beaumont (1999),
we assume that historical population declines have played an important role for the observed
low variability in extant Danish otters.

b) Genetic population structure

The tests for genetic differences between samples indicated that the present JUTL-3 population
is genetically divergent from the historical samples from southern Jutland and Sealand (Table
3). The genetic divergence of JUTL-3 relative to the other samples could be due to either
geographical variation or shifts in allelic frequencies in JUTL-3 caused by genetic drift during
the recent population decline. However, as discussed previously, there were few, if any,
indications of a recent population bottleneck in JUTL-3. Furthermore, the assignment tests
showed that individuals from the historical samples of unknown precise origin in Jutland (JUT-
1) and from eastern Jutland (JUTD-2) were all assigned to the pooled historical baseline sample.
In contrast, four of six individuals from the historical sample from the Limfiord (JUTL-2) were
assigned to the present Limfiord population, suggesting that genetic differentiation was also
present in the past. The deviations from HWE observed in JUTL-3 suggest that even within this
region the otter population may not be homogenous (Table 1), and there may be some sort of
population structure even at a finer geographical scale. This could also be the case in some of
the other regions, where sample sizes may have been too small to detect deviations from HWE.

¢) Conclusions

In conclusion, our study shows that canine teeth are reliable sources of historical DNA samples.
As skull collections are often maintained in high numbers at museums, analysis of DNA from
canine teeth may be a way to obtain sufficient sample sizes, a problem otherwise hampering
studies based on analysis of DNA from historical samples (e.g. Nielsen er al. 1999). Even
though historical sample sizes in the present study were higher than in previous studies (n = 5;
Taylor ef al. (1994), n = 15; Bouzat er al. (1998)) the design of the study was limited by the
availability of samples, which have reduced the power of several statistical tests (e.g. HWE
tests). A direct comparison of contemporary and historical genetic variation in the extant
Limfiord population would have been preferable, but too few samples were available for that
purpose. Nevertheless, despite these limitations the data presented here indicate that the extant
otter population has not suffered a recent severe loss of genetic variability and that some
geographical variation was present in the past. There were indications that a drastic population
decline had taken place, but this had happened on a time-scale covering hundreds or thousands
of years. This suggests that the recent population decline of otters only represents an
acceleration of a negative development that may date back even into prehistoric times.
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Analysis of the effects of different fertilisers on developmental stability in Folsomia candida
by Cino Pertoldi, Torsten Nygaard Kristensen and Volker Loeschcke

Introduction

To predict the distribution and effects of organic pollutants in the environment, long-term monitoring is
required. Pollutants with properties such as persistency and lipophilicity tend to end up in organisms and,
therefore, the accumulation of residues may indicate the order of magnitude of exposure. However, before
the pollutants are taken up by organisms, the abiotic part of the ecosystem (water, sediment, soil, air, etc.)
may be sampled in order to predict exposure and to estimate risks. In order to concentrate certain persistent
pollutants already during sampling in the field, their lipophilic properties may be utilised. The principles
behind the use of laboratory studies to monitor pollutants in the air, in air-borne fallout, in aquatic surface
microlayers and in the water will be discussed.

Given the fact that full life table experiments for all the species of a given ecosystem under study will be
extremely time and money consuming and given the urgent need of obtaining as much information as
possible about the stress responses of the largest number of species possible, we have to consider alternative
methodologies. One of these methodologies is to measure developmental stability, DS, of the species in
presence of stressors. DS, the ability of a genotype to produce a targeted phenotype despite different
disruptive influences, is often used as an indicator of individual fitness or population well being. A common
estimator of DS is fluctuating asymmetry, FA, the random deviation from perfect symmetry of bilateral
traits. FA can be used as an indicator of stress level when dose-response relationships have been validated.
Thus in order to credibly extrapolate from individuals in the laboratory to field populations, it is necessary to
understand how genetic and environmental factors in the field potentially modify responses measured in the
laboratory. Indeed this is a crucial aspect of the measurement of biological effects in the context of
ecological risk assessment. This means that the genetic basis for stress tolerance can only be properly
assessed by separating and quantifying the effect of both genes and environment and, most importantly, their
interaction on the expression of tolerance. One of the biggest problems when studying stress tolerance is the
fact that different genotypes, even from the same population, may have different phenotypic responses.
Natural populations generally comprise large numbers of genetically diverse individuals inhabiting
environments, which are both spatially and temporally heterogeneous. Progress on standardising indicator
organisms for the risk assessment of possible toxic chemicals, however, has been made in the last few years
by making use of asexually reproducing organisms.

Eliminating the genetic variability does not solve the problem of the within population environmental
variability (Venv), which can alter the estimates of the population’s DS. We have developed an approach
whereby it is possible to partition out Venv. By doing this, estimates of DS can become highly useful as a
bioindicator if dealing with asexually reproducing organisms,

Here we present two experiments done with collembolans. We show the confounding effect that Venv can
have in toxicological experiments and the usefulness of FA as an indicator of potentially stressful conditions.
In order to estimate how many collembolans should be used for each test we have done, we made a
simulation on how the variance of the signed value of FA behaves with increasing number of individuals
counted. From Fig. 1 it is clear that stabilisation of the variance begins to occur around 50 observations. To
be above this critical value we chose to measure FA on 60 collembolans for each experimental set-up:
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Project 1

The aim of project 1 was to detect variation in the degree of DS and the environmental variability (Venv) of
a mono-clonal strain of a parthenogenetic collembolan (Folsomia candida). The parent strain has been
synchronised and was allowed to stay in petri dishes with a diameter of 12 cm (20 Fofsomia candida for each
dish) from the age of three days to the age of 22 days. During this period the individuals were fed with yeast
(50 mg), which was renewed every three days in order to avoid bacterial and fungal contamination of the
cultures. When 22 days old, the adult individuals were removed and the offspring were allowed to stay in the
petri dishes for 20 additional days and then analysed for DS with 60 individuals analysed from each petri
dish.

For every soil sample we prepared three petri dishes (three replicates). The soil samples in which
Folsomia candida were allowed to stay, came from three sampling sites in a field consisting of sandy soil.
This field had not been fertilised this year before the first samples were collected. Three samples containing
soil from the same sandy field but collected the day after the field had been fertilised with sludge from a
waste water treatment plant and cultivated by a harrow, were also collected. DS for each replicate was
estimated by calculating FA in the number of the ventral setae of the manubrium, As Folsomia candida were
fed with yeast during all the experiments, we consider any eventual change in the degree of FA to be due to
the absorption of the contaminant via cuticula. For counting purposes the specimen were depigmented in hot
lactic acid and covered with a cover glass, and studied under a microscope with an ordinary light contrast,
with a magnification of 200 to 400 times. A Panasonic video camera mounted on the microscope and
connected to a computer, registered all the pictures. These were laler processed with an object image
analyser (IBAS), which allowed the setae counting. The same procedure was also used for project 2.

Results

Of the 18 petri dishes (three sites, three replicates per site, two treatments per replicate} we have used for our
investigation, five were removed from further analysis, because we detected bacterial and fungal
contamination, and of the |3 remaining dishes, only eight were considered for our statistical analysis, as in
five petri dishes we detected with our methodology the significant presence of Venv.
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Figure 2 shows the mean and the standard error, s.e., of the mean absolute value of FA in the eight petri
dishes. We found evidence for a lower FA in the offspring from parents exposed to sandy soil compared to
those offspring from parents exposed to sandy soil fertilised with sludge. The two ways ANOVA revealed
that there was no significant variation and interaction within replicates (results not shown). Furthermore, we
tested if there was a significant difference in mean FA among samples for offspring where parents were
exposed to sandy soil and if there were significant differences in mean FA among samples of offspring
whose parents were exposed to sandy soil with sludge. No significant differences were found (results not
shown). Therefore we pooled the replicates and the samples from the same treatment together and made a
two tailed 7-test in order to test if there were significant differences between mean FA for the treatments
sandy soil and sandy soil with sludge (mean FA * s.e. sandy soil = 1.1 £ 0.079, n = 240 and mean FA % se.
sandy soil with sludge = 1.9 = 0.114, n = 239, two tailed r-test: t = 5.85, p = ***), The mean FA was nearly
twice as high in offspring from parents exposed to sandy soil with sludge as compared to the mean FA of
offspring from parents exposed to sandy soil only.

Project 2

The aim of this project was to detect variation in the degree of DS and the Venv of a mono-clonal strain of a
parthenogenetic collembolan (Folsomia candida). The strain has been synchronised and was maintained in
petri dishes of 12 ¢cm diameter (60 Folsomia candida for each dish, two replicates for each experiment) from
the age of three days to the age of 22 days. During this period the individuals were allowed to live on a coal
substrate and were fed with either yeast only (ad fibitum), with pure sludge mixed with yeast (50 mg of a
homogeneous mixed substrate), with pure cattle manure (50 mg of a homogeneous mixed substrate) or with
pure cattle manure mixed with yeast (S0 mg of a homogeneous mixed substrate). The substrate was renewed
every three days in order to avoid bacterial and fungal contamination of the cultures. When 22 days old, the
adult individuals were removed and the offspring were allowed to stay in the petri dishes for 20 additional
days and then analysed for DS (with 60 individuals analysed for each petri dish). DS was estimated
calculating FA in the number of the ventral setae of the manubrium. We consider any eventual change in the
degree of DS among the different groups as being due to effects of contaminants via direct ingestion.

Resulis

In two of the eight petri dishes we used in our experiment, we detected the presence of a significant Venv
(sludge with yeast and cattle manure). Therefore, we analysed only one petri dish with sludge with yeast and
one petri dish with cattle manure, whereas we had two control dishes with yeast and two cattle manure dishes
with yeast. Because no significant differences between replicates within treatments were found, we pooled
the results of the two replicates. Out of the 120 pooled collembolans used in the two treatments, some were
damaged during the preparation, which reduced the number of individuals studied in both pooled treatments
to 106.

We found strong evidence for differences of mean FA among the four treatments (one way ANOVA,
Fia3s = 7.316, p = **¥), Fig. 3 shows the mean and the standard error (s.e.) of the mean absolute value of FA
in the four treatments.

1) control with yeast FA =1.038 £0.1, n= 106

2) cattle manure with yeast FA = 0.792 + 0.094, n = 106
3) cattle manure FA = 1.750 £ 0.252, n = 60

4) sludge with yeast FA = 1.317 £ 0.195, n = 60

The pairwise comparisons (Fisher’s test) revealed that individuals exposed to cattle manure treatment had
a significantly higher mean FA than individuals exposed to the control treatment (**¥) and to cattle manure
with yeast (**¥), Furthermore, the mean FA of the treatment sludge with yeast was significantly higher than
that of the treatment cattle manure with yeast (*¥).
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Conclusions of the two investigations

The general conclusions that can be drawn from the above experiments are promising. With our new method
of detecting Venv we are able to detect and remove those replicates where the significant presence of Venv
has confounding effects on the results. The investigations revealed that there is a detectable effect of the
fertilisers employed for agricultural practice, and that these fertilisers have an effect both via absorption and
by direct ingestion. Apparently, the effect of sludge is stronger in experiment |, where the contaminants have
been absorbed through the surface, as compared to the effects revealed in experiment 2, where the sludge has
been directly ingested. in order to detect which of the toxicants in the fertilisers had these effects on FA of
the collembolans, one has to conduct separate experiments with single toxicants.

Future directions

Future work could be done in the terrestrial, aquatic, and aerial environment. In the terrestrial and aerial
environment, two asexually reproducing organisms, Drosophila mercatorum (one clonal line) and Folsomia
candida (several clonal lines), could be used. In the aquatic environment Daphnia magna (several clonal
lines) will be well-suited.

Terrestrial environment

Several experiments could be conducted using different stress factors. Model organisms can be exposed to
single toxicants or a combination of different toxicants and with different concentrations, in order to detect
synergistic effects. Strains from the two parthenogenetic species, Drosophila mercatorum and Folsomia
candida, could be used for that purpose.

Aquatic environment

Daphnia is well suited for experiments of this kind for a number of reasons. Due to asexual reproduction,
separate clones may easily be isolated and kept for a number of generations. For the present experiments, the
species Daphnia magna would be suitable, due to its rapid growth and good performance in cultures.
Moreover, an image analysis design has been constructed for rapid enumeration and surface imaging of live
individuals, allowing continuous determination of reproductive success (size distribution, number of
individuals) as well as rapid determination of major phenotypic characteristics such as length to width ratios.
For a more detailed analysis of morphological characteristics the left and right side appendages may be
useful. The antennae of Daphnia have several morphological characteristics and serae that may be easily
assessed and measured on a large number of individuals for screening of FA.
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There is a set of primers and DNA-sequences available for Daphnia that may allow for more detailed
genetic studies. A set of enzymes is also available for allozyme screening of clonal affinities and levels of
heterozygosity. These genetic studies could allow us to collect Daphnia directly in the field and then to use
the genetic markers to separate the different clonal lines for measuring DS within each line.

Aerial environment

The incomplete combustion of petrol in e.g. car engines gives rise to the emission of organic poliutants,
polycyclic aromatic hydrocarbons (PAH). Drosophila possess genes which react to the presence of these
pollutants. These genes, which are responsible for the synthesis of proteins in a clearly determined family,
cytochrome P450, are little active under normal conditions. However, in the presence of pollutants, the genes
are activated and cytochrome P450 is synthesised in large quantities. The problem is that no univocal
relationship exists between the presence of a particular type of PAH in the atmosphere and the synthesis of a
specific type of cytochrome P450.

Quite apart from detecting the presence of pollutants (which could be achieved using standard chemical
detectors), the principal value of cytochrome P450 is to reveal their toxic nature. In fact, once synthesised,
cytochrome P450 oxidises the PAHs, which then becomes chemically reactive. This has the effect that PAHs
interact with proteins and DNA, thus compromising the correct functioning of the cell. It is well known that
incorrect functioning of the cell reduces individual DS. Therefore, we presume that Drosophila mercatorum
and possibly also Folsomia candida could be investigated for DS in order to detect the effect of these air
pollutants in a more specific way.
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ABSTRACT

Fluctuating asymmetry (FA) and phenotypic variance of wing length in Drosophila melanogaster which
were collected at three different hatching stage (early, middle and late stages) was investigated at two larval
food stress levels. The stress levels ranged from severe food stress with only 16.1 % larva-to-adult survival
o a moderate stress with 29.5 % larva-to-adult survival,

A significant reduction in wing size and a concomitant increase of FA was found with increasing larval
food stress, whereas no significant increase of phenotypic variance was found. Significant reduction of the
wing size with a concomitant increase of FA and phenotypic variance was found for Drosophila which
hatched in the late stage as compared to those which hatched in the earlier stages.

We found evidence for the fact that females are less stress tolerant than males. A negative association
between FA and the wing size in both sexes was found for Drosophila which was grown in severe food
stress conditions. The selective forces that may have produced these patterns are discussed.

L. INTRODUCTION
1.1. Developmental stability

Two principal methods are commonly employed for the estimation of developmental stability; some studies
use variances of morphological characters (Zouros ef al. 1980, King 1984, Livshits and Kobliansky 1984,
Imasheva er al., 1997), where the estimate can be blurred by additive genetic variation, while other studies
use fluctuating asymmetry (FA) (Mgller and Swaddle 1997 and references therein).

Measures of developmental instability, such as FA, are often much more sensitive indicators of current
environmental conditions than measures traditionally used for monitoring, such as various life history
components like growth, fecundity and survival. Several authors have suggested that FA tends to be higher
in sexually selected than in non-sexually selected traits because of their recent history of intense directional
selection (Mgller 1992, Manning and Chamberlain 1993, see Mgller and Swaddle 1997, for review). In
addition, several fitness components may be negatively correlated with FA (Mgller and Swaddle 1997).
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1.2, Fluctuating asymmetry

FA occurs when an individual for some reason is unable to undergo identical development on both sides of a
bilaterally symmetrical trait (Van Valen 1962, Palmer & Strobeck 1986). FA tends to become elevated
under stress (Leary & Allendorf 1989). Stress factors known to raise FA include various chemicals, e.g.
pesticides (Valentine & Soulé 1973; Clarke and McKenzie 1987), polluted habitats (Weiner & Rago 1987),
extreme temperatures (Parsons 1962, Siegel & Doyle 1975, Sciulli et al. 1979; Imasheva ef al., 1997),
audiogenic stress (Sciulli et al. 1979) and food deficiency, either in terms of quality or quantity (Parsons
1990). Increased levels of nutritional stress have been shown to increase FA in Drosophila (Parsons 1964),
and phenotypic variance has been found to increase in D. melanogaster in a varying environment (Gibson
and Bradley 1974, Mackay 1980), and under extreme conditions (Hoffmann and Parsons 1991; Imasheva et
al. 1997, 1998). Rasmusson (1960) observed that the frequency of the phenodeviants increased with larval
density in Drosophila melanogaster, and that the frequency of these phenodeviants was positively related to
both asymmetry and the coefficient of variation. In his study of the common housefly, Musca domestica,
Mpller (1996) detected stabilising sexual selection for wing symmetry. In addition, the relatively common
finding that asymmetry increases as trait size decreases, has lead to the view that FA plays a significant role
in the evolution of sexual signals (Mpller and Pomiankowski, 1993).

1.3. Phenotypic variance

In Drosophila, body size (as measured by thorax size, wing size or weight) can be influenced by genes
(Robertson and Reeve, 1952; Robertson, 1962; Coyne and Beecham, 1987; Prout and Barker, 1989),
developmental temperature (Parsons, 1961; Tantawy, 1964, David et al.,, 1994, Barker and Krebs, 1995;
Imasheva et al., 1997), nutrition (Parsons, 1961; Robertson, 1963; David et al., 1983; Hillesheim and
Stearns, 1991), or a combination of these factors. In the present study, we measured wing length of both
wings in Drosophila melanogaster reared at two different food stress levels, keeping the temperature and
the genetic variation as constant as possible.

Variance of wing length at different larval food stress levels, were investigated because of the more
recent advanced hypothesis that under stressful condition, both phenotypic and genetic variation of fitness
related traits would increase (Parsons 1987, Hoffmann and Parsons 1991). This evolutionary strategy would
increase the populations potential adaptiveness.

2. MATERIAL AND METHODS

2.1.1. Experimental design

One to two thousand of three to five day old Drosophila melanogaster males and females from uncrowded
bottle cultures (of the stock Groningen 83) were introduced into a 35x35x20 cm plexiglass box where the
females layed eggs for 10-12 hours in petri dishes with yest-agar-sugar medium in the bottom. When the
first eggs started to hatch some 18 hours later, all larvae were removed from the petri dishes and all new first
instar larvae were collected from the petri dishes at 3 hour intervals and placed in food vials with varying
amounts of food (see Table 1). In vials with less than 7 ml of food, the medium was layered on top of a
complementary volume of 1.5% agar-water solution in order to have a total volume of 7 ml in each vial. The
agar solution prevented excessive desiccation in those tubes containing low quantities of medium,

All larvae in a vial were collected at three different hatching stage (early, middle and late stages). The
procedure resulted in unequal food stress among larvae, from a light food stress of the larva which hatched
at the early stage to middle food stress of the larvae which hatched at the middle stage, up to the relatively
high food stress of larvae which emerged at the late stage. In this way we have obtained two increasing
levels of food stress, from level | with relatively high food amount (4 ml per vial) and moderate stress to
level 2 with a low amount of food (2.5 ml per vial) and high stress (Table I).

For both stress level, the wings of approximately 150 females and 150 males were measured, of these
individuals, 50 hatched at the early stage, 50 at the middle stage and 50 at the late stage. Before the wing
size measurements, the flies were killed by etherization, both of their wings pulled off and each wing placed
in a drop of water on a microscope slide covered with a cover slip.
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2.1.2. Wing measurement

The length of the wing was measured from the intersection between the anterior cross vein and the third
longitudinal vein (L3) to the intersection between L3 and the distal wing margin using a binocular
microscope with a digital filar eyepiece (Los Angeles Scientific Instrument Company, Inc., USA). All the
wings were measured three times and the median of the three measurements was considered.

2.2. Fluctuating asymmetry
2.2.1. Measurement error

The measurement error was obtained by measuring every wing twice at two independent trials. The
magnitude of asymmetry was estimated from the difference in length between the two pairs of wings as right
minus left (r-1). We then calculated the contribution of measurement errors (the difference between two
independent estimates of FA) in relation to FA.

2.2.2, Statistical properties of fluctuating asymmetry

In all the analyses which will be conducted below, the two sexes and the two stressing levels were analysed
separately. The three hatching stages were pooled. To see if the data display the statistical properties of FA
(display an approximate normal distribution of signed asymmetry scores around a mean of zero). The
hypothesis that the mean of right minus left character values equals zero was tested in a one sample #-test.
Normality was tested by a Lilliefors' test and by inspecting the distributions graphically.

2.2.3. Dependency of fluctuating asymmetry by the size of the wing

A Spearman rank correlation test and a linear regression analysis (Zar 1984) were used to test if the absolute
value of FA of the wings was correlated with wing length. For these tests we pooled the three hatching
stages.

2.2.4, Comparisons of FA among the three hatching stages

FA of flies who hatched at the early middle and late stage were calculated using index FA] and FA4 of
Palmer and Strobeck (1986). FAI is the absolute value of (r-), and FA4 is the variance of (r-1). A Levene's
test (Zar 1984) was conducted to test if the absolute FA (FA1) were significantly different among the three
hatching time. Because the absolute values of FA are expected to be half-normally distributed, we also
performed a Kruskal-Wallis one-way non-parametric analysis of variance (K-W) (Zar 1984). Furthermore,
multiple comparison tests were made with a Scheffé F-test (Zar 1984), for comparing the differences in FA
in pairwise comparisons. Comparisons of FA between sexes of individuals which haiched in the same
hatching stages were made with a F-test, comparing the signed value of (r-1) (FA4).

2.2.5. Comparisons of FA between the two larval food stress levels

FA of flies grown at the two larval food stress levels was calculated using index FA4. A F-test was
conducted to test if the variance of (r-1) (FA4), was significantly different between the two stress levels. The
F-test were conducted comparing individuals which hatched in the same stage.

2.3. Phenotypic variance
2.3.1. Comparisons of phenotypic variance among the three hatching stages

A F-test was conducted to test whether the variance of the log-transformed length of the left wing was
significantly different among the three hatching stages. A log-transformation of the wing length was
performed, since the variance is in general proportionate to its mean.

The coefficients of variation (CVs) of the left wing length were calculated for the three hatching time and
plotted graphicaily. Comparisons of phenotypic variance between sexes of individuals which hatched in the
same hatching stages were made with a F-test.
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2.3.2, Comparisons of phenotypic variance between the two larval food stress level

Differences of phenotypic variance between the two larval food stress level were compared with a F-test.
The F-test were conducted comparing individuals which hatched in the same stage.

2.3.3. Comparisons of means of wing length among the three hatching stages

A Levene's test (Zar 1984) was conducted to test if the mean of the left wing length was significantly
different among individuals which hatched in the three different hatching stages. Multiple comparison tests

were made with a Scheffé F-test.
Comparisons of the mean of the wing length between sexes of individuals which hatched in the same

stage, were made with a r-test.
2.3.4. Comparisons of the mean wing length between the two larval food stress level

Differences of the mean wing length between the two larval food stress level were compared with a ¢-test.

3. RESULTS
3..2, Fluctuating asymmetry
3.2.1. Measurement error

The overall mean + sd of the absolute value of FA for the wings were 0.01 + 0.09 for males, and 0.011 +
0.011 for females when pooled over all stress levels. The contribution of measurement errors (the difference
between two independent estimates of FA) had a mean of 0.0004 for the males, and 0.0009 for females. The
mean measurement error in relation to the mean FA estimate was for males 4% and for females 8%. The
measurement error in relation to mean FA was therefore within the range of 25%, suggested as a reasonable
range by Palmer (1994, 1996).

3.2.2. Statistical properties of fluctuating asymmetry

No significant deviations from zero of the mean of the trait (r -I) distributions were found for both sexes
(one sample #-test: -1.837« ¢+ 1.24,0.07+ p = 0.80, 152« df = 163).

Deviations from normal distributions of the signed values of (r-1} were not significant in both sexes for
Drosophila which was grown in 4 ml vial, whereas it were highly significant for both sexes of Drosophila
which was grown in 2.5 ml vial (Lilliefors' test, males: p < 0.001 n = 155, females: p < 0.0001 n = 155).
The two distributions of the traits FA were inspected graphically and we could see that the deviations from
normality was due to a leptokurtic distribution (males' kurtosis = 3.142, females' kurtosis = 6.667) and we
did not find evidence of antisymmetry.

3.2.3. Dependency of fluctuating asymmetry by the size of the wing

(2.5 mi) males: A highly significant negative correlations (linear regression analysis) were found between
wing length and the absolute value of FA (FA1) of the wing of Drosophila males grown in vial with low
food amount (2.5 ml), (r = -0.253, n = 154, p = 0.0015), (see Fig. 1). Also the non parametric (Spearman
test) correlation analysis shows a highly significant negative correlation (rg = -0.226, n = 154, p =0.051), in
complete concordance with the resuit obtained from the linear regression analysis.

(2.5 ml), females: A highly significant negative correlations (linear regression analysis) were found
between wing length and the absolute value of FA (FA1) of the wing in Drosophila females grown in vial
with low food amount (2.5 ml), (r = -0.217, n = 165, p = 0.005), (see Fig. 1}. Whereas the non parametric
(Spearman test) correlation analysis was not significant (rg =-0.136, n = 165, p = 0.0815).

(4 ml), males: No correlations were found between wing length and the absolute value of FA (FAIl) of
the wing of Drosophila males grown in vial with relatively high food amount (4 ml), (r =0.093, n = 153, p
= 0.25). Also the non parametric (Spearman test) correlation analysis was not significant (rg = 0.081, n =

153, p =0.317),
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(4 ml), females: No correlations were found between wing length and the absolute value of FA (FA1) of
the wing of Drosophila females grown in vial with relatively high food amount (4 ml), (r = -0.109, n = 155,
p = 0.175). Also the non parametric (Spearman test) correlation analysis was not significant (rg = -0.115, n

=155, p =0.155),
3.2.4. Comparisons of FA among the three hatching stages

(2.5 ml), males: The Levene's tests, which was conducted for the absolute value of FA (FAI) of the wing of
the Drosophila grown in vial with low food amount (2.5 ml), were highly significant for males (Table 2).
The one-way non-parametric analysis of variance (Kruskal-Wallis test) was also highly significant for males
(Table 2), in complete concordance with the result obtained from the Levene's test. The multiple
comparisons (see Scheffé's F-test: Table 2) revealed evidence of a significantly higher FA for males which
hatched in the late stage compared to those which hatched in the early and middle stage.

(2.5 ml), females: The Levene's tests, which was conducted for the absolute value of FA (FA1) of the
wing of the Drosophila grown in vial with low food amount (2.5 ml), were significant for females (see
Table 2). Whereas, the one-way non-parametric analysis of variance (Kruskal-Wallis test) was not
significant for females (Table 2).

(4 ml), males: The Levene's tests, which was conducted for the absolute value of FA (FA1) of the wing
of the Drosophila grown in vial with relatively high food amount (4 ml), were not significant for males (see
Table 2). The one-way non-parametric analysis of variance (Kruskal-Wallis test) was also not significant for
males {Tabie 2).

(4 ml), females: The Levene's tests, which was conducted for the absoluie value of FA (FA1) of the wing
of the Drosophila grown in vial with relatively high food amount (4 ml), were not significant for females
(see Table 2). The one-way non-parametric analysis of variance (Kruskal-Wallis test) was also not
significant for males (Table 2).

3.2.5. Comparisons of FA between the two larval food stress level

There was some evidence for an increase FA between the two larval who hatced in late stage food stress
levels (Table 3) and there was some evidence for higher FA (FA4) of those females who hatced in the early
stage and was grown in 2.5ml and 4 ml vial as compared to males (Table 4),

3.3. Phenotypic variance
3.3.1. Comparisons of phenotypic variance among the three hatching stages

There was evidence for differences in variance of the log-transformed length of the left wing among the
three hatching stages in both males and females, with a clear increase in variance of Drosophila which
hatched in the later stages as compared to those which hatched earlier (see Table 5 ).

3.3.2, Comparisons of phenotypic variance between the two larval food stress level

There was no evidence for differences in variance of the log-transformed length of the left wing between the
two larval food stress levels (2.5 ml and 4 mi) of Drosophila which hatched at the same stage (1.14 = F e
[.5,44+ ne+ 58, p>0.05) with only one exception(late females: F58 49 = 1.9, p < 0.05).

Significant differences in variance (F-test) of the log-transformed length of the left wing between the two
sexes grown at the same stress level, were found. There was evidence for a significantly higher phenotypic
variance in females as compared to males (see Table 6).

3.3.3. Comparisons of means of wing length among the three hatching stages
There were large evidence for a reduction of the wing size of Drosophila which hatched in the late stage as

compared to those which hatched in the earlier stage in both sexes and in both the two larval food stress
levels (2.5 ml and 4 ml) (see Table 7).
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3.3.4. Comparisons of the mean wing length between the two larval food stress levels

There were large evidence in both sexes and in all the hatching stages for a reduction of the wing size of
Drosophila which was grown in 2.5 ml vial as compared to those which was grown in 4 ml vial (Table 8).

4. DISCUSSION
4.2. Fluctuating asymmetry
4.2.1. Statistical properties of fluctuating asymmetry

Deviations from normality of the unsigned value of FA due to an excessive leptokurtosis of the distribution
could have two explanations. First, when the unit of measurement is large in comparison with the actual
asymmetry, there will be a tendency for the population asymmetry distribution to show leptokurtosis even
though the traits display FA. Second, it could be that there is an intense natural or sexual selection against
asymmetric individuals, and hence very asymmetric individuals may be relatively rare in field samples if
selection has already acted against the most asymmetric individuals. We would also expect the
biomechanical cost of asymmetry on wing size to be extremely high. The high leptokurtosis of the
distributions of the signed values of FA found in our investigation in both sexes could confirm this strong
selection event.

If larger sexual traits are more costly to produce and maintain under stressful conditions compared to
more favourable conditions, and asymmetry itself is a selected trait, then fewer individual should be able to
achieve both larger and symmetrical traits under stressful conditions. Differences in food abundance are
likely to result in greater variation in individval quality under stressful conditions than under optimal
conditions. Stressed (and therefore relatively smaller as compared to unstressed Drosophila)Drosophila
individuals cannot allocate their resource to the wing grown as unstressed Drosophila.

4.2.3. Dependency of fluctuating asymmetry by the size of the wing

The negative relationship between FA and wing size which was found in both male and females of
Drosophila grown in vial with low food amount (2.5 ml), suggest that the wings are under strong directional
selection (see Mgller & Swaddle, 1997, for review). The lack of relationship of Drosophila grown in vial
with relatively high food amount (4 ml), could be due to the fact that the intensity of directional selection is
reduced under optimal condition, confounding therefore the expected relationship. We have not used scaled
index also if we found a dependency of FA with the size because we was aware of obscure the relationship
between FA and fitness. However, there is a large body of evidence indicating a negative association
between fitness and individual asymmetry. Since poor environmental conditions increase asyminetry, a
negative relationship between FA and growth performance found in females may arise simply because the
insects grow poorly and become very asymmetric.

4.2.4. Comparisons of FA among the three hatching stages

The higher FA of the wing of the late hatched (as compared to the early and middle hatched) Drosophila
which growned in vial with low food amount (2.5 ml), indicate clearly that individual which hatched first
found better condition as compared to the individuals which hatched in the later stages. However, we cannot
exclude that there are differences of developmental stability which are independent of the food amount that
the larvae found when they hatch. But the fact that no differences of FA was found among Drosophila 's
wing which growned in vial with relatively high food amount (4 ml), seems to confirm the hypothesis that
the differences in developmental stability are only due to food stress, in fact the food stress of the late
hatched Drosophila which hatched in the 4 ml vial will suffer a relatively lower food stress as compared to
the late hatched Drosophila which hatched in the 2,5 ml vial.

4.2.5. Comparisons of FA between the two larval food stress level

The onlyest differences which was found between individuals which was grown in the 2.5 ml vial and 4 mi
vial was found in both sexes of Drosophila which hatched in the late stage. This fact indicate that
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Drosophila which hatch in the late stage are the most sensitive to stress as compared to Drosophila which
hatced before.

4.3. Phenotypic variance
4.3.1. Comparisons of phenotypic variance among the three hatching stages

The clear increase of the variance of the wing of the Drosophila which hatched in the later stage as
compared to those which hatched earlier stage are concordant with the FA investigation.

4.3.2. Comparisons of phenotypic variance between the two larval food stress level

The non significant differences found between Drosophila which was grown in the two larval food stress
levels, could be due to the fact that the stress difference produce was to low. One of the reasons could be as
said in the introduction that the estimate can be blurred by additive genetic variation.

The clear higher variance of the wing of female Drosophila as compared to females, is concordant with
the FA investigation and support the hypothesis that females are less stress tolerant than males (Loeschcke
ctal. 1994).

4.3.3. Comparisons of means of wing length among the three hatching stages

The clear reduction of the wing of the Drosophila which hatched in the later stage as compared to those
which hatched earlier stage are concordant with the increased FA and phenotypic variance.

4.3.4. Comparisons of the mean wing length between the two larval food stress level

The significant reduction of the wing found between Drosophila which was grown in the two larval food
stress levels, indicate that also the size reduction is a sensitive indicator of stress. A clear reduction of the
wing size with increasing stress level indicate also that food deficiency acts strongly on Drosophila's wing
size which shows high phenotypic plasticity in both sexes.
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ooy males (48), 9 1565 68, 10664 116 s
midde males (50). 1.2564 (51). 1.06E-4 118 ny
lale males (B, 4.77E4 (44), 13564 35 -
aorty femolas (54}, 20664 (5417364 119 e
miictia femaies  (51), 21464 {52). 15364 14 n
late farnaios {58). 47€4 {am, 198E4 237 -
p<00l =

Toble 4. F-test of the vatlanca of {1} FA4 ndex of mates ond femcles hatced ot different stage and with
different food omount.

haicing stogifood omourmokes temcies F-lest P
(m). FA4 {n). FA
early 25 (4B), 9.19E-5  (58) 20664 225 *
rmiddlie 25 (53), 1.2564 (51). 2.14E0 1712 -
kite 25 (5. 47764 (58) 4764 101 ns
eary 4 {58), 1.06E-4 (54} 1.73E4  1.63 *
mkidia 4 51 1oska (52 15364 144 na
lale 4 {am 13564 (A7) 19864 148 ]

pe005S=® pc0O) ="

Table 5. Flest for compare the variance of log-ranstormed size of the wing of males and lsmaies hatced in the ety
middie and kate stags with a food amount of 2.5 mt or 4 ml

- feod omow early stoge middie stoge  lale stage Ftost
(h), varianee  (n) variance  {n). varlonce

males 25 (48), &.67E-5 {53). 683E-5 {53), 1.2264 {omly < late: F e | 832)"
{middle < late: F « 1 79)*

femcles 25 (56). 1.23E-4 5. 1OIE-S (58). 273E4 {earty » middie: F « 1 75)*
(eary < kia: F = 222)**
(micdie < kate: F = 3,69

moles 4 (58), 5.43E-5 (51 4.78E-5 {44), 895 {early < kate: F = 1.639)"
(mkidia < kite: F = £.882)*

femates 4 (54). 8.18E-5 (52). 6.13€-5 (49). 1.44E4 {early < lole: F = L74)"
{middle < kate. F « 2.35)**

p<005=".p<00le*, p< 000 = ***
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Table 6. F-test of the varance of the log-transformed length of the lef wing of mules and
females emerging an dilferent eclosion stages and rised on different amounts of food,

ecloston  Foad amoun males “females Fust P
stage ml (n} vanance (n) variaxce

early 25 {48) 6.67E.5 (56) 1.2IE4 1.84 ®
midelbe 25 (53) 6B3LE 5 (51) T0IE-5 1,03 fix
late 25 (53) 1.22E4 (58) 2.73E-4 224 L
early 4 (58) 5.436-5 (54) B.IBE-5 1.51 A
midele 4 {51) 47BE-5 (52) 6,135-5 1.28 s
s 4 (@4) BO0ES (49) 144E4 162 s

* P <005 % P <001

Tablo 7 Levene's 1ast for comparing the mean siza of the wing of males and females hatzed In the early midie ond late stage wilh o food amount of 2.5 mi o 41, and Schetie”tast for mud

sex iood amournarly siage middle stage lale stage sowmceod df M5 lovena'siest p Schatiotest
{nY, maan 1 3d {n). mean & sd {n). mgan ¢ sd variation {F vatug)
e 25 (48} 1.103£004  (53). 1001 +0038 (53).0978:005 bDetwoen 2 o219 118.034 (oary > middie)***. (aarly > lote)**
(middie = kate)"*
within 151
tomaias 25 o) 130 20067 (1) 11042 004 (58). 106220079 botwean 2 0.062 95.38 {eary > middig)***. {garly > lalg)**
{middig » iglm)"*
within 182
ke 4 (58). 1.191£. 0037  {51), 110410033 {44, 10746+ 0044 Dboeblwesn 2 0.148 98.71& . {eary > middie)***. (aary » late)™*
within 150
famgies 4 (54), 1299+ 0048  (52), 12321004 (4%, 13051 008)  bolwasn 2 o132 48 479 (aarly » middie)™™*, (aarty > kate)*™
{midetlo » late)*
wilhin 152

pc0DS = pelil « . p <000 «*

Table 8. t1est for compare the wing length of males and females hatced at different stoge and with different food amount.

halcing stagesex food amount (25 ml) food amount (4mily  t-lest P
{n}. mean + sd (n). mean + sd

early malas (48), 1,103 £ 0.04 {58}, 1.191£ 0.037 11.808 e
middie males (53). 1.001 + 0038 {51}. 1.104 £0.033 14.688 e
late males (53). 0,978 £ 0.05 {44). 1.096 +0.046 12012 b
early females  (56), 1217 £ 0057  (54), 1.299+0048 8242
middie females (51} 1.104 + 0.04 (52). 1232+ 004 16.141 =
late females  (58). 1,062 £0.079 (A%, 1.205 £ 0.061 10,3464 .
p <0001 ="*"
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Figure 1: Linear rgression analysis between wing length and the absolute value of FA (FA1) of the wing of Dresophila males (1a)
and females (1b) grown in vial with low food amount (2.5 ml).
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Figure 2: CV (2a, 2b) and FA1 (2c, 2d} of wing size of males and females grown at two larval food stress levels, which were
collected at three different hatching stages (early, middie and late stages).
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The topics covered in this PhD dissertation comprise a comprehensive re-
examination of the interaction between genetics, demography and different
types of stochasticity. This PhD illustrates that caution is essential in interpret-
ing data based on different kinds of genetic markers, as such markers may be
associated with genotypes that are completely different from those involved in
some future responses to selection, and at the same time underline the impor-
tance of quantitative genetics (QG) investigations as an indispensable comple-
mentary tool in conservation biology projects.

I should like to stress, however, that the arguments discussed and the results
presented are only the tip of an iceberg, the bottom of which represents a large
amount of frustrating accumulated nill-results which have yet to be published.
What dolphins and banana flies have in common has opened my eyes to the
world of possibilities available when applying modelling principles to the pres-
ent knowledge of DNA and population genetics.

Cino Pertoldi

Ministry of Environment and Energy ISBN: 87-7772-621-9
National Environmental Research Institute
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