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We studied the variation in the number of chaetae of 15 characters in Saduria ento-
mon (L.) (Crustacea, Isopoda) from the Baltic (2 samples), White, and south-eastern 
Barents Seas. The following parameters were analysed: (i) means, (ii) inter-individual 
variance, (iii) intra-individual or stochastic variance measured by fl uctuating asym-
metry, i.e. random deviations from perfect bilateral symmetry, which is a measure of 
developmental instability. The samples from the Baltic Sea were characterised by a 
greater number of chaetae than those from the White and Barents Seas in almost all 
characters. Inter-individual variance in the Barents Sea sample was lower than in the 
other samples, possibly because of low genetic variation. Fluctuating asymmetry was 
the least in the sample from the Baltic Sea (Gulf of Gdańsk), indicating that environ-
mental conditions in this location are the most favourable. In juveniles the magnitude 
of the fl uctuating asymmetry and its contribution to the total variance was higher than 
in adults.

Introduction

The distributional range of glacial relicts origi-
nates from a once continuous range, which was 
disrupted as a result of rapid climatic changes 
during the glacial period. Because of the young 
age of populations, differences between them 
have resulted mostly from adaptations to local 
environmental conditions since isolation and 
profound genetic differentiation is improbable. 

Thus, geographically isolated populations of gla-
cial relicts may represent a convenient model for 
microevolutionary studies (Sell 2003).

The isopod Saduria entomon (Linnaeus 
1758) is one of the most common glacial relict 
animals in northern Europe. Its range of distribu-
tion includes the Baltic Sea, the White Sea (the 
Severnaya Dvina and Mezen  ̓ River estuaries), 
the Pechora River estuary, the coasts of north-
ern Siberia as far as the Bering Strait, and then 
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southwards as far as the northern Sea of Japan. 
S. entomon also occurs along the coasts of North 
America from Alaska down to central California, 
and to the east as far as Labrador. It inhabits 
inland water bodies such as the Caspian Sea, 
Swedish relict lakes and Lake Ladoga (Grunner 
1965, Kusakin 1979, Haahtela 1990).

Saduria entomon occurs at different depths, 
from 5 m (some coastal populations) down to 
225 m in the Baltic Sea. Its maximum depth 
of occurrence in the Baltic Sea is limited by an 
oxygen concentration of at least 1 mg l–1 (Pie-
chota 1973). The species lives in all kinds of 
bottoms that are not too hard for it to dig into, 
but prefers soft mud or sand. It can also swim 
effectively by beating its pleopods in an upside-
down position. S. entomon is a predator, and 
its prey consists mainly of Monoporeia affi nis 
(Amphipoda), also larvae of Chironomidae and 
other invertebrates, including its own species.

Saduria entomon is a stenothermic cold 
water species, but can survive for a short time 
at temperatures up to 15–20 °C (Haahtela 1990) 
and even 26 °C (Kivivuori & Lagerspetz 1990). 
The salinity tolerance of S. entomon is quite 
high: even under the very constant low salinity 
(5‰–7‰) typical of the Baltic, it can survive for 
12 days after sudden exposure within the whole 
salinity range 0‰–30‰, so long as the tempera-
ture is below 15 °C (Hagerman & Szaniawska 
1992). The most common salinities at which 
S. entomon occurs are 10‰–13‰ in the south-
western Baltic (Bogucki 1948) and 3‰–10‰ in 
the eastern parts of this sea (Järvekülg 1979).

Saduria entomon is therefore able to adapt to 
a broad spectrum of environmental conditions. 
Such adaptation should be refl ected in the 
species  ̓ genetics, physiology and morphology. 
Morphological variation is expressed by 
variation in the mean values and variances of 
phenotypic characters. Mean values describe 
an “average individual” and are dependent on 
the populationʼs gene pool and environmental 
conditions. The variance of individuals within a 
population is caused by several factors. Genotypic 
variation refl ects the genetic differences among 
individuals. Macro-environmental variation 
is due to environmental variation between 
distinct environments. The micro-environmental 
component is due to relatively minor, and very 

local, environmental variation. The ontogenetic 
component represents variation among different 
stages. These components of variation together 
apply to the heterogeneity of individuals within a 
population and can be referred to as the factorial 
component. This can, therefore, be used as an 
upper estimate of genotypic variation (Kozhara 
1994, Lajus 2001, Lajus et al. 2003a).

There is, moreover, intra-individual vari-
ation, which is manifested in the differences 
between genetically identical structures that have 
developed under the same environmental condi-
tions. This was fi rst studied by Pearson (1901) 
and Astauroff (1930) and was called “stochastic 
variation” (Astauroff 1930). According to Astau-
roff, any process of formation in an organism has 
some self-dependent variation, which cannot be 
reduced either to genotypic differences, or to 
the direct effect of the environment (Astauroff 
1930). Furthermore, Gärtner (1990) and Lajus 
et al. (2003a) argue that stochastic variation 
should be considered an independent component 
of phenotypic variation in the same way as the 
genotypic and environmental components.

At present, it is usually suggested that this 
kind of variation results from developmental 
instability, which refl ects the incomplete ability 
of an organism to develop the same phenotype 
under the same environmental conditions. It is 
usually measured by fl uctuating asymmetry, 
i.e. random deviations from perfect asymmetry 
(Graham et al. 2003). In this study we follow the 
many authors who, on the basis of experimental 
and observational data, argue that fl uctuating 
asymmetry increases under genetic and envi-
ronmental stress (Jones 1987, Leary & Allen-
dorf 1989, Zakharov 1989, 1992, Parsons 1990, 
Graham et al. 1993, Leung & Forbes 1996, 
Møller & Swaddle 1997, Polak 2003). Genetic 
stress is a departure from genetic co-adaptation, 
that has resulted from inbreeding, outbreeding 
depression or other genetic effects. Environ-
mental stress is caused by deviations from the 
environmental condition to which a population 
has adapted. But not all the authors agree with 
the utility of fl uctuating asymmetry for stress 
assessment (Bjorsten et al. 2000a: see also 
comments on this paper by Møller 2000, Van 
Dongen & Lens 2000, and the reply by Bjorsten 
et al. 2000b). For contemporary reviews of the 
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problem, see Lens et al. (2002), Hoffman and 
Woods (2003), Zakharov (2003), and Leung et 
al. (2003).

Fluctuating asymmetry is necessary to distin-
guish from two other types of biological asym-
metry: directional asymmetry — a pattern of var-
iation of (R-L), where the variation is normally 
distributed about a mean that is signifi cantly dif-
ferent from zero, and antisymmetry — a pattern 
of variation that is distributed about a mean of 
zero, but where the frequency distribution departs 
from normality in the direction of platykurtosis or 
bimodality (Palmer & Strobeck 2003).

Fluctuating asymmetry usually varies con-
cordantly across characters (Soulé 1967, Zakha-
rov 1987). However, in some cases, characters 
can show deviations from perfect concordance 
because of differences in the regression slope of 
fl uctuating asymmetries on the means for differ-
ent populations. Because of this, the use of many 
characters, allowing the parameters of variance-
mean regression to be assessed, permits a more 
reliable judgement about a populationʼs develop-
mental stability (Lajus 1998, 2001).

The aim of this study is to describe phe-
notypic variation in S. entomon in relation 
to ontogenetic and geographical aspects. We 
selected chaetotaxy characters as a convenient 
system for this. The locations where we col-
lected the samples differ considerably in their 
salinity and temperature regimes. We analyse 
how adaptation to these differences and isolation 
of populations during the post-glacial period is 
expressed in different parameters of phenotypic 
variation, such as fl uctuating asymmetry (intra-
individual variation), factorial variation (inter-
individual variation) and means (inter-popula-
tion variation).

Materials and methods

Environmental conditions in sampling 
locations

A brief description of sampling locations and 
conditions is given in Table 1. The living condi-
tions of S. entomon in the Baltic Sea are quite 
well known, but the data on the Severnaya Dvina 
and Pechora river estuaries is very scant. Ta
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Size and sex determination

All samples were preserved in 70% ethanol. 
Lengths of individuals were measured from the 
middle of the anterior margin concavity on the 
head to the end of the telson. Sex was deter-
mined by the presence or absence of an appendix 
masculina on the second pair of pleopods and of 
genital papillae, characteristic of males (Haah-
tela 1978).

Characters and counting

We analysed the numbers of chaetae on the inner 
margins of the meropoditum, carpopoditum and 
propoditum of the fi rst three pairs of thoracic 
legs, whose function is locomotion (Fig. 1).

In all, 15 bilateral characters were counted. 
The list of characters counted on each leg is as 
follows:

1.  Number of chaetae in section I of the pro-
poditum.

2.  Number of chaetae in section II of the pro-
poditum.

3.  Number of chaetae in section III of the pro-
poditum.

4.  Number of chaetae in the carpopoditum.
5.  Number of chaetae in the meropoditum.

These characters were chosen after differ-
ent groups of chaetae on various parts of the 
body had been examined. The selected groups 
of chaetae are aligned in straight rows. Such a 
clear structuring of chaetae groups and a clear 
separation of chaetae from one another allows 
them to be counted accurately and reduces the 
measurement error.

The numbers of chaetae were counted on the 
left and right sides of the body of the individual 
specimen with a stereomicroscope (magnifi ca-
tion 8 ¥ 7) (adults) and a microscope (12 ¥ 5) 
(juveniles) by two operators (M.C. and M.M.). 
Each operator analysed half of each sample, 
except the sample from the Pechora River estu-
ary, which was analysed by both operators.

Statistical analysis

For statistical comparisons of the samples by 
means, we carried out principal component anal-
ysis using the average of the left and right values. 
Predicted means were calculated for a length of 4 
cm on the basis of linear regression of character 
values on length (after log-transformation).

Fluctuating asymmetry was expressed as a 
component of total variance based on the residu-
als of character total length regression (Lajus 
et al. 2003b). For size standardisation we used 
an individualʼs left and right observed values 
divided by the predicted value of the character, 
obtained from the character-total length regres-
sion (Lajus 2001).

To evaluate the measurement error we per-
formed replicated measurements. Samples from 
the Gulf of Gdansk, Gulf of Finland and the 
Severnaya Dvina River estuary (subsample of 
juveniles) were measured three times (Octo-
ber 1998, February 1999 and April 1999). The 
sample from the Pechora River estuary was 
measured twice — in February 1999 and in April 
1999. On the basis of these replicates we found 
two evaluations of the measurement error. The 
fi rst evaluation was based on a comparison of the 
fi rst and the second replicates, the second evalu-
ation on a comparison of the second and third 

Fig. 1. The groups of chaetae analysed on meropodi-
tum, carpopoditum and propoditum.



ANN. ZOOL. FENNICI Vol. 40 • Patterns of chaetotaxy variation in Saduria entomon 415

replicates. For the Pechora River estuary sample 
we obtained one assessment of the measurement 
error comparable with the second assessment 
of the other samples. The magnitude of the 
measurement error was estimated with the same 
formula as for the stochastic component (see 
above), but using X

1
 instead of L and X

2
 instead 

of R, where X
1
 and X

2
 are values from two con-

secutive replicate measurements (Lajus 2001). In 
all calculations we used fl uctuating asymmetry 
after subtracting the measurement error.

Data for means and variations are based on 
measurements made in October 1999, when 
specimens for analysis were chosen at random 
from a mixed pooled sample in order to avoid 
the potential temporal effect of any differences 
in measurements.

The overall magnitude of sample variation 
was measured using a sum of ranks after rank-
ing the variances of each character across sam-
ples (Zakharov 1989, Lajus et al. 2003b). For 
sample comparison we used the t-test, ANOVA 
and non-parametric statistics such as Kendallʼs 
coeffi cient of concordance W and the sign test 
(Lehmann 1975).

Results

Sizes and sexes

The animals in our study range in size from 1.42 
to 7.50 cm (Table 1). Particular samples differ 
considerably in the average size of individuals 
and in the sex ratio — from 12% males in the 
subsample of adults from the Pechora River estu-
ary up to 60% in the Gulf of Finland (Table 1). 
In all samples, males were larger than females. 
With respect to total length the average differ-
ence was 35% for the adult samples and 16% for 
the juvenile samples.

Tests for type of asymmetry

Since, apart from fl uctuating asymmetry, there 
are also other types of asymmetry — directional 
asymmetry and antisymmetry (Van Valen 1962) 
— identifi cation of the type of asymmetry is 
necessary. As a test for directional asymmetry, 

we used the t-test of differences between the 
left and right values of the character. In all 90 
cases (15 characters ¥ 6 samples) the differences 
between them were non-signifi cant. For antisym-
metry, our data were confi ned to a small number 
of discrete categories, which could have led to 
false positive results if the Kolmogorov-Smirnov 
test, recommended as a test for antisymmetry, 
had been applied (Palmer 1994). For the whole 
set of characters, the kurtosis of the R-L distribu-
tion (i.e. the distribution of differences between 
the right and left values of a character), which 
should be negative in the case of antisymmetry, 
did not show any obvious tendency towards neg-
ativity (Tables 2 and 3); although the number of 
cases with negative kurtosis (platikurtic distribu-
tion) was higher than those with positive kurtosis 
(leptokurtic distribution) (53:37), the differences 
tested by the sign test were not signifi cant for the 
whole set of characters (Table 3). We therefore 
regard the type of asymmetry in our study as 
fl uctuating asymmetry.

Association of asymmetries with length 
and size of characters

Since the samples differ with respect to the size 
of characters and length of individuals, any 
dependence between asymmetries and these 
variables can lead to the appearance of false 
differences in asymmetry. Because of notable 
within-sample variation, such associations, if 
they exist, should appear in within-sample analy-
ses. We tested the association of this fl uctuating 
asymmetry index with parameters that differ in 
the samples: character size, total length of indi-
vidual, and predicted values of characters for 
an individualʼs total length, and we found no 
signifi cant association of fl uctuating asymmetry 
with these variables (it was signifi cant only in 
one case out of 18 (Table 4)).

Operator effect

Means

We found differences between the two operators 
in the counts of the number of chaetae. In adult 
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animals, operator 1 produced higher counts than 
operator 2 with regard to all characters (aver-
age difference was 6%). The differences were 
statistically signifi cant (t-test, p < 0.05) for 7/15 
characters. In juveniles, where the other type of 
microscope was used, operator 2, by contrast, 
produced higher counts of all characters (the 
average difference was 11%; signifi cant differ-
ences were obtained in 10/15 characters). It is 
interesting that in both cases the most signifi cant 
differences, though with the opposite signs, were 
observed for character 5. This character also 
showed the highest measurement errors (see 
below) and was thus the most diffi cult to count. 
To avoid the effect of the operators on the results 
of sample comparison, we set the contribution of 
the operators to the fi nal data equal.

Variances

On average, operator 1 showed higher estimates 
of asymmetry than operator 2: the average differ-
ence was 13%. These differences were more pro-
nounced in adults, where the “operator” factor 
was signifi cant (p < 0.05, one-way ANOVA) in 
2/15 characters tested. Operator 1 showed higher 
magnitudes of asymmetry in 11/15 characters 
(NS, sign test). In juveniles, operator 1 again 
showed higher measures of asymmetries (5% on 
average), although the differences were not sig-
nifi cant. No differences between operators were 
found when assessing factorial variation.

Differences between sexes

Differences between sexes with regard to the 
means were observed only in principal component 
1; they are evidently caused by the size difference 
between males and females. We did not fi nd any 
tendency towards higher asymmetry in either of 
the sexes for any given set of characters: asym-
metry was higher in males in 7/15 characters.

Measurement error

In three samples where the measurement error 
was assessed twice, the fi rst assessment was Ta
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signifi cantly greater than the second (sign test, 
p < 0.01). Because the second assessment was 
closer in time to the fi nal data analysis, we used 
this for further calculations. The magnitude of 
the measurement error in juveniles was usually 
5–6 times higher than in adults and these differ-
ences were signifi cant ( p < 0.01, sign test for 
pooled samples, see Table 5). This appears to 
be due to the different size of the animals (the 
average length of adults is 4.69, that of juveniles 
is 2.20) and also because different microscopes 
were used. Different characters clearly diverge 
with respect to measurement error, the high-
est systematic estimates being obtained for 
character 5. Because of the absence of notable 
differences between samples within adults and 
juveniles, we used averaged estimates of the 
measurement error separately for adults and 
juveniles. On average, the contribution of the 
measurement error to fl uctuating asymmetry 
was quite low — about 1% for adults and 3% 
for juveniles.

Patterns of chaetotaxy variation among 
characters

Means

The number of chaetae was highest in the fi rst 
section of the protopoditum (character 1), and 
lowest in the second (2); it rose again to the previ-
ous level in the third section of the protopoditum 
(3) and in the carpopoditum (4), but fell a little 
in the meropoditum (5). The differences between 
legs were very slight (Table 6 and Fig. 2).

Variances

The correlation coeffi cients between means 
and stochastic variances varied from r = –0.43 
(Pechora River estuary) to r = –0.74 (Gulf of 
Finland) (Fig. 2). Whereas character 2 had a 
minimal number of chaetae, it had maximal sto-
chastic variance, two–three fold greater than that 

Table 3. Number of positive values of kurtosis (K  ) and skewness (S ). The total number of cases analysed is 15 for 
single samples and 90 (15 ¥ 6) for the pooled sample. Signifi cance was tested by the sign-test.

Location KR,L SR,L KR-L SR-L

Gulf of Gdansk 7 7 6 12 (p < 0.05)
Gulf of Finland 5 11 7 6
Severnaya Dvina River estuary (adults) 3 6 4 7
Severnaya Dvina River estuary (juveniles) 6 14 (p < 0.01) 8 8
Pechora River estuary (adults) 4 6 3 9
Pechora River estuary (juveniles) 5 10 9 9
Total 30 (p < 0.01) 54 37 51

Table 4. Number of positive correlations of the fl uctuating asymmetry index |(L – pred)/pred – (R – pred)/pred| with 
character size (expressed as (R + L)/2), length of individual and predicted character value for an individualʼs length 
(calculated from regression of character value on body length). The number of cases analysed is 15 for single sam-
ples and 90 (15 ¥ 6) for the pooled sample.

Sample Correlations, r of FA index with
 

  Character size Total length Predicted character value

Gulf of Gdansk Adults 14 (p < 0.01) 11 11
Gulf of Finland Adults 9 9 10
Severnaya Dvina River estuary Adults 6 4 4
Severnaya Dvina River estuary Juveniles 8 10 8
Pechora River estuary Adults 7 6 5
Pechora River estuary Juveniles 8 10 7
Total  52 50 45
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of the other characters. Factorial variances did 
not appear to be associated with either means or 
stochastic components (Fig. 2). The contribution 
of the stochastic variation to the total variance 
varied from 39% in character 5 to 61% in char-
acter 2 (Table 6).

Kurtosis and skewness

In general, the kurtosis and skewness of R,L dis-
tributions (where the values of R and L are put 
together and considered as independent values) 
displayed some deviations from normality 
(Table 3). Distributions tended to be platykurtic 
and right-skewed. In single samples these differ-
ences were not signifi cant according to the sign 
test except in one case (Table 3), but when all the 
samples were pooled, differences were signifi -
cant ( p < 0.01). Skewness (R,L) was more often 
positive, but dominance of positive cases was 
not signifi cant. Distributions of asymmetry (R-L) 
also display a similar tendency, i.e. kurtosis was 
more often negative (platykurtic distributions) 
and skewness was more often positive, but this 
tendency was not signifi cant when the sign tests 
were applied to the pooled sample (Table 3).

Ontogenetic changes

Means

An increase in the number of chaetae in adults 
in comparison with juveniles was observed in all 
characters (Fig. 3). The increase was greatest in 
the meropoditum, where the difference between 
juveniles and adults from the Severnaya Dvina 
River estuary was 47%–69%, whereas in the 
propopoditum, where growth was minimal, it 
was 20%–34% (Fig. 3). There were differences 
between legs: in the third leg the increase in the 
number of chaetae was notably greater than in 
the fi rst one. The patterns were similar but not 
so clear in the Pechora River estuary sample, 
probably because of the smaller size differ-
ence between adults and juveniles. The average 
increase in the number of chaetae in adults in 
comparison with juveniles was 37% for the 
Severnaya Dvina River estuary and 27% for 
the Pechora River estuary sample. Within all 
samples there was also a positive association 
between the number of chaetae and body length: 
the average coeffi cient of correlation r between 
them within a sample averaged for all samples 
and for all characters was 0.35.

Table 5. Magnitude of the measurement error (ME). The fi rst assessment is based on a comparison of the 
measurements made in October 1998 and February 1999, the second, on a comparison of the measurements made 
in February 1999 and April 1999. GG = Gulf of Gdansk, GF = Gulf of Finland, SDE = Severnaya Dvina Estuary and 
PE = Pechora Estuary. Subsamples of adults and juveniles are identifi ed with A and J in subscript, respectively.

Character/ GG GF SDEA PEA PEJ

leg    ME(2) ME(2)
 ME(1) ME(2) ME(1) ME(2) ME(1) ME(2)  

1(I) 0.000422 0.000089 0.000600 0.000112 0.000209 0.000000 0.000000 0.000096
2(I) 0.000273 0.000000 0.000269 0.000000 0.000988 0.000000 0.000000 0.000000
3(I) 0.000122 0.000000 0.000420 0.000000 0.000250 0.000412 0.000000 0.000000
4(I) 0.000136 0.000136 0.000701 0.000000 0.000256 0.000000 0.000000 0.000312
5(I) 0.001408 0.000317 0.000714 0.000172 0.002708 0.000799 0.000271 0.000841
1(II) 0.000079 0.000000 0.000055 0.000000 0.000115 0.000000 0.000088 0.000000
2(II) 0.000227 0.000000 0.000238 0.000000 0.000000 0.000000 0.000000 0.000000
3(II) 0.000190 0.000000 0.000342 0.000000 0.000000 0.000000 0.000000 0.000000
4(II) 0.001142 0.000000 0.000080 0.000000 0.001241 0.000000 0.000144 0.000255
5(II) 0.003872 0.000158 0.000311 0.000153 0.006059 0.001165 0.000205 0.000690
1(III) 0.000217 0.000000 0.000266 0.000000 0.000689 0.000000 0.000094 0.000104
2(III) 0.000000 0.000000 0.000000 0.000000 0.000665 0.000000 0.000000 0.000000
3(III) 0.000545 0.000000 0.000205 0.000000 0.000388 0.000000 0.000000 0.000000
4(III) 0.000000 0.000000 0.000000 0.000000 0.000228 0.001965 0.000176 0.000000
5(III) 0.001873 0.000456 0.000246 0.000278 0.005394 0.001711 0.000000 0.000354
Average 0.000700 0.000077 0.000296 0.000048 0.001279 0.000403 0.000065 0.000177
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Variances

Stochastic variance decreased with growth. In 
juveniles from the Severnaya Dvina River estu-
ary it was higher than in adults for all characters 
(Fig. 4 and Table 6). A minimal decrease (a few 
percent) was observed in character 3, whereas in 
the other characters it was usually 2–5 fold. In 
the Pechora River estuary sample, differences 
were again smaller, but the stochastic variances 
also tended to be greater in juveniles. The facto-
rial variance did not show evident changes with 
growth; in the Severnaya Dvina River estuary 
sample it was greater in 10/15 in juveniles, and 
in the Pechora River estuary sample in 8/15 
cases.

Mean-variance associations

Changes in the stochastic variances correlated 
negatively with changes in means for the sample Ta
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Fig. 2. Variation of (a) means, (b) stochastic and (c) 
factorial variances in different characters (averaged for 
all samples of adults).
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from the Severnaya Dvina River estuary (Pear-
son r = –0.44 ( p < 0.1); Spearman r = –0.52, 
( p < 0.05)) (Fig. 4). For the Pechora River estu-
ary sample r = –0.21 (NS). Thus, the stochastic 
variation of characters growing more intensively 
tends to decrease faster. At the same time, there 
was no correlation between changes in the 
factorial variance and changes in means or the 
stochastic variance. This resulted in a decrease 
in the contribution of the stochastic component 
to the total variance with growth. Non-equal 
changes in the level of stochastic variance in 
different characters resulted in differences in 
the slope of the means-stochastic variances 
regression in adults and juveniles. In adults in 
the sample from Severnaya Dvina River estu-
ary the slope was –1.14, in juveniles –0.36 
(log-transformed values were used because 
they give better linearity between variances and 
means (Lajus 2001)). In the Pechora River estu-
ary sample in adults the slope was 1.13 and in 
juveniles –0.58. A statistical comparison of the 
regression lines of stochastic variances-means 

(Sokal & Rohlf 1981) showed that these differ-
ences were not signifi cant.

Kurtosis and skewness

Ontogenetic changes in the kurtosis and skew-
ness of a characterʼs distribution were quite simi-
lar for the samples from the Pechora and Sever-
naya Dvina River estuaries. Changes were quite 
obvious with respect to R,L skewness, which 
tended to be positive in juveniles, but more often 
became negative in adults. At the same time, no 
changes were observed in the R-L skewness. 
This means that the changes in R,L skewness 
describing the combined distribution between 
and within individuals were caused mostly by 
changes in the characteristics of the distributions 
between individuals, but not within individuals. 
Some of the observed changes in the kurtosis 
of the R,L distribution were mostly the result of 
changes in the kurtosis of the R-L distribution, 
while R,L kurtosis and R-L kurtosis displayed 
similar patterns of ontogenetic changes, from 
normal distributions in juveniles to platykurtic 
distributions in adults.

Changes in the skewness and kurtosis of a 
characterʼs distributions can affect the magnitude 
of variances to some extent. In particular, the 
tendency for R-L distributions to be more often 
platykurtic can mask a tendency for the stochas-
tic variance to decrease. Were there no changes 
in the nature of the distribution, changes in the 
level of stochastic variance would most likely be 
even more pronounced. At the same time, the ten-
dency for the factorial variation to decrease with 
growth may be explained, at least to some extent, 
by changes in the skewness of R,L distributions 
from right-skewed (and therefore increasing 
variance) in juveniles to normal in adults.

Differences between populations

Means

To compare the samples by means, we performed 
principal component analysis based on the aver-
age between left and right values. PC1 explained 
80.3% of the total variance. The loadings of all 
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characters on this principal component were pos-
itive and high (ranging between 0.81 and 0.95). 
Thus, we interpreted this principal component as 
the overall number of chaetae, i.e. proportional 
changes in different characters without changes 
of ratio between them. Because the number of 
chaetae correlated positively with the size of 
individuals, the PC1 mostly refl ected variation 
in size. The correlation coeffi cient between 
the length of individuals and PC1 was r = 0.88 
(p < 0.001). Other principal components did not 
correlate with length. PC2 explained 5.5% of 
the total variation, PC3 — 3.3%, PC4 — 2.0% 
and PC5 — 1.8%. These principal components 
showed signifi cant ( p < 0.05) variation among 
the samples, tested by one-way ANOVA. They 
refl ect the non-proportional changes between 
characters that lead to changes of ratio between 
them. The other principal components did not 

reveal signifi cant differences among the sam-
ples.

There are no evident patterns in the position 
of samples along the principal component axes 
(Fig. 5a and b). Samples are not subdivided into 
distinct groups, and there is no association with 
geographical location. Moreover, there is no 
concordance among different principal compo-
nents across the samples (tested by Kendallʼs 
coeffi cient of concordance W ). One can see 
that subsamples of adults and juveniles from SD 
and PE do not cluster together and differences 
between them do not display a similar direction. 
This means that to some extent the differences 
between the samples from different locations 
may have been caused by their allometric 
growth. At the same time, because the differ-
ences in size between the samples of adults are 
noticeably less than those between subsamples 

Fig. 4. Magnitude of phenotypic variance and contribution of its different components for fi ve characters (the upper 
one is fi rst): factorial and stochastic for adults (left circle of each pair) and juveniles of Saduria entomon from the 
Severnaya Dvina River estuary. Each character is the average for three legs. The area of the circles is proportional 
to the total variance. The fi gures indicate the absolute value of the stochastic component (¥ 1000) and its percent-
age in the total variance (in parentheses).
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of adults and juveniles (Table 1), this effect 
cannot be large.

The overall number of chaetae, i.e. that 
explained by PC1, has different causes: fi rstly, 
variation in length among the individuals; and 
secondly, the systematic difference between 
samples in the number of chaetae even at the 
same predicted length (Table 6). Kendallʼs con-
cordance W of predicted means across the sam-
ples was as high as 0.81 ( p < 0.001). If we take 
the number of chaetae in the Severnaya Dvina 
River estuary sample to be 1, for the Pechora 
River estuary sample it is equal to 1.10, for the 
Gulf of Gdańsk it is 1.15, and for the Gulf of 
Finland sample the fi gure is 1.20 (Fig. 6).

The relationships between the samples are 
similar for different legs (Fig. 6); it is therefore 

possible to consider averaged patterns for all 
three legs. If we assume the number of chaetae 
in character 3 to be equal to 1, the values of 
the characters will be as shown in Fig. 7. Sub-
samples of juveniles from the Severnaya Dvina 
River estuary show quite similar patterns with 
adults from the same location, though juveniles 
from the Pechora River estuary sample differed 
greatly from the adults. In general, one can state 
that the profi les presented here refl ect patterns of 
chaetotaxy variation specifi c to the local popula-
tion and which cannot be explained by allomet-
ric growth.

Variances

Since there are examples when slopes of vari-
ance-mean regression were different, which 
resulted in discordance of variances across 
characters (Lajus 1998, 2001), we investi-
gated the slopes of variance-slope regressions 
prior to comparing the samples by magnitude 
of variances. Regression slopes of stochastic 
components against means were negative in 

Fig. 5. Distribution of individuals in coordinates of (a) 
PC2–PC3 and (b) PC4–PC5. Ellipses including 50% 
of individuals are shown. Centres of distributions are 
marked with larger symbols. GG = Gulf of Gdansk; GF 
= Gulf of Finland; SDE = Severnaya Dvina River estu-
ary; PE = Pechora River estuary. Subsamples of adults 
and juveniles are identifi ed with A and J in subscript, 
respectively.

Fig. 6. Number of chaetae (predicted value for 4.0 
cm) in different populations. GG = Gulf of Gdansk, 
GF = Gulf of Finland, SDE = Severnaya Dvina River 
estuary, PE = Pechora River estuary. Subsamples of 
juveniles and adults are pooled.
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all cases and did not change very much among 
the samples: from –0.93 in the Gulf of Gdansk 
sample to –1.14 in the Severnaya Dvina River 
estuary sample (the differences were not signif-
icant, according to the test in Sokal and Rohlf 
(1981)). The Kendall coeffi cient of concord-
ance W was equal to 0.678 ( p < 0.001). In fac-
torial variances the differences in slopes were 
not signifi cant either, but the range of slopes 
varied noticeably among the samples: from 
–0.67 in the Gulf of Gdańsk sample to 0.38 in 
the Pechora River estuary sample. Kendallʼs 
concordance W = 0.116 (NS). In all cases the 
slopes of the factorial component against means 
were not as steep as those for the stochastic 
component of the same sample (considering 
absolute values).

As long as the slopes are homogenous, the 
samples can be compared with respect to the 
average magnitude of variances. We ranked the 
samples for each character (the maximum rank 

has the highest variance) and found the sum of 
ranks (Fig. 8). Minimal fl uctuating asymmetry 
was found in the Gulf of Gdańsk sample. The 
differences between this sample and the other 
samples, apart from the Severnaya Dvina 
River estuary sample, were signifi cant ( p < 
0.01, sign test). The factorial variance was 
the least in the sample from the Pechora River 
estuary (Fig. 8). The differences between this 
sample and all other samples were signifi cant 
( p < 0.01).

Discussion

Characters

Our study was based on the chaetotaxy pat-
terns of S. entomon. Chaetotaxy is frequently 
used in morphological studies on arthropods 
due to its deep morphogenetic canalization 
(Beklemishev 1964). Chaetae like ones under 
consideration are touch sensoric organs and 
proprioreceptors.

Although diverse characters can vary to dif-
ferent extents when fl uctuating asymmetry is 
studied (see for example Parsons 1990, Eggert 
& Sakaluk 1994, Palmer 1994, Woods et al. 
1999, Lajus 2001), there is no way of predict-
ing which character will be more sensitive to 
differences in developmental stability between 
populations. This was why, when we chose the 
characters for the present study, we selected a 
convenient measuring system encumbered by 
only minimal measurement error (see Material 
and methods).

Fig. 7. Ratio of the mean number of chaetae in 
characters 1–5 to the number of chaetae in charac-
ter 3 (number of chaetae on the third section of the 
protopoditum) averaged for three legs: GG = Gulf of 
Gdansk, GF = Gulf of Finland, SDE = Severnaya Dvina 
River estuary, PE = Pechora River estuary. Subsam-
ples of adults and juveniles are identifi ed with A and J in 
subscript, respectively.
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Methodological problems of measuring 
morphological variation

All the measurements in this study were per-
formed by two operators. Because their contribu-
tion was equal, the results were not affected by dif-
ferences between the operators. At the same time, 
our results showed that, even if they are properly 
trained and work together, different operators can 
obtain different results, especially with regard to 
means and fl uctuating asymmetry: in both cases, 
differences were systematically greater for one 
character (character 5) than for the others.

When assessing the measurement error, i.e. 
the repeatability of the measurements, we found 
that assessments made at different times tended to 
be lower in later trials. We assume that this can be 
explained by the improvement in accuracy of meas-
urements as the operators gained in experience. In 
a study on copepods (Lajus & Alekseev 2000), the 
measurement error in sequential measurements 
also decreased, and in that paper it was explained 
by the gradual stabilisation of the position of speci-
mens in balsam. However, as regards the present 
data it is quite possible that in the work on copep-
ods the differences between sequential assessments 
of measurement error may have involved not only 
the stabilisation of the position of specimens but 
also the operator s̓ greater experience. The con-
tribution of the measurement error to fl uctuating 
asymmetry in the present study was 1%–3%, i.e. 
a fi gure considerably lower than that reported for 
other species (Palmer & Strobeck 1992, Merilä & 
Bjorklund 1995, Lajus & Alekseev 2000).

Our results therefore show that data have to be 
treated with caution if they have been obtained by 
different operators or at different times. If the anal-
ysis cannot be performed by a single operator, the 
contribution of different operators should be equal. 
To avoid the effect of temporal differences in 
measurements, it is important to analyse samples 
not one after another in sequence, but by taking 
specimens from the pooled sample at random.

Ontogenetic changes in chaetotaxy 
variation

The number of chaetae in all characters increased 
with size, demonstrating allometric growth, i.e. 

that the increase was not proportional in different 
characters. We also observed changes in fl uctuat-
ing asymmetry: size-standardised values of fl uc-
tuating asymmetry decreased with growth. The 
decrease of fl uctuating asymmetry with growth 
is known from the literature (Møller & Swaddle 
1997, Swaddle & Witter 1997, Tompkins 1999). 
As for the total standardised variance, measured 
by coeffi cient of variation (CV), it also, as a rule, 
decreases during growth (Yablokov 1974). From 
the data presented here, we may conclude that 
with growth the greatest decrease occurs in the 
stochastic component of total variance, but not 
in the factorial one. Because of this, the contri-
bution of the stochastic component to the total 
variance decreases in older animals. Though a 
decrease in stochastic variance was manifested 
in all characters, this was more evident in cha-
etae groups growing more intensively.

Association of parameters of chaetotaxy 
variation across characters

A negative correlation of the stochastic compo-
nents with means across characters were found 
in this study as well as in other species (Soulé 
1982, Lajus 1998, 2001, Lajus & Alekseev 
2000, Lajus et al. 2003b). However, we did not 
fi nd either the negative correlation between the 
factorial components and the means, or the posi-
tive correlation between factorial and stochastic 
components reported in other studies (Lajus 
1998, 2001, Lajus et al. 2003b). The reason for 
this is probably the relatively small difference in 
means between the least and greatest characters. 
In the present study this difference was only two-
fold, whereas in other studies it was several-fold 
greater. This made it more diffi cult to observe 
trends characteristic of the relationships between 
variances and means.

Differences between the samples

Means

In the means, two types of differences between 
samples were found. The fi rst was the difference 
in the average number of chaetae — ‘coeffi cient 
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of chaetotaxy  ̓ (Fig. 6), the second was the dif-
ference in the ratio between different characters 
(Fig. 7). The direct application of principal 
component analysis, as is commonly thought, 
would not have displayed the latter type of vari-
ation because it was not separated from variation 
caused by differences in length of individuals 
(because the number of chaetae is also correlated 
with length). To analyse this type of variation of 
means is nevertheless possible by the analysis 
of predicted values of character-length regres-
sion. We obtained the increase in the ‘coeffi cient 
of chaetotaxy  ̓ in the order Severnaya Dvina 
River estuary–Pechora River estuary–Gulf of 
Gdańsk–Gulf of Finland. The means of mer-
istic characters are known to depend on many 
factors, including temperature and salinity. One 
example of the direct effect of salinity on aquatic 
animals is the study of the brine shrimp Artemia 
salina. It was demonstrated that the number of 
caudal bristles decreases from 16 to 12 when the 
salinity increases from 50% to 100% sea water 
(Michinomae & Kaji 1976). However, there is 
no consistent rule which would enable one to 
predict how a particular character would vary 
under given environmental conditions. Hence, 
we will not attempt to explain which factors 
caused the observed differences between the 
S. entomon populations and to what extent; we 
shall merely presume that the differences in the 
average number of chaetae are due to the direct 
effect of environmental conditions.

The residual differences in means among 
samples (after removal of the differences in the 
average number of chaetae) were not clearly 
associated either with the environmental con-
ditions in the sampling locations or with the 
geographical distances between the locations. 
One of the reasons for these differences could 
be genetic divergence after isolation of the 
populations. This suggestion is in accordance 
with the results of analysis of allozyme variation 
of samples collected in the same location as our 
samples (except the sample from Gulf of Fin-
land, which was taken not near the Neva River, 
but off Tvärminne, Finland) (J. Sell & T. Sywula 
unpubl. data). These results displayed a similar-
ity of genetic relationship among the samples 
with those based on analysis of residual variation 
of means.

Among-individual variation (factorial 
variance)

Heterogeneity of individuals is due to two 
sources: diversity of environmental and geno-
typic variation; however, the contribution 
of these components to factorial variation is 
unknown. We may suppose that the factorial 
component in estuarine populations should be 
higher than in Baltic populations, refl ecting the 
high diversity of environmental factors in estua-
rine habitats (Table 1). However, it should be 
noted that S. entomon is an active animal (Shurin 
1961) and thus able to select the most favourable 
conditions. This may considerably reduce the 
effect of environmental diversity to phenotypic 
variation because different animals are known to 
be able to select similar conditions at the same 
time.

Therefore, we believe that a more important 
part in differences between samples in factorial 
variation is played by genotypic variation. From 
this point of view, the low factorial variation 
of the sample from the Pechora River estuary 
(Fig. 8) can be explained by the loss of genetic 
variation due either to specialisation via stabil-
ising selection or to the particular conditions 
of this estuary. Within an isolated population 
existing for several thousand years, inbreeding 
is also highly probable at any stage of its exist-
ence, which may be another reason for the loss 
of genotypic variation.

Within-individual variation (fl uctuating 
asymmetry, stochastic variance)

When one considers the factors potentially 
capable of bringing about differences in develop-
mental instability between different populations 
of S. entomon, one can take into account such 
environmental characters as temperature, salin-
ity, food availability, oxygen concentration or 
chemical pollution. Unfortunately, not all these 
parameters can be analysed for all the locations 
under study: especially scant are data on the 
estuaries of the Severnaya Dvina and Pechora 
Rivers (see Table 1).

Data on fl uctuating asymmetry suggest that 
the population of S. entomon from the Gulf of 
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Gdańsk possesses a higher developmental stabil-
ity than the other populations under study. This 
is in quite good agreement with environmental 
characteristics in different locations. Environ-
mental conditions in the Gulf of Gdańsk are 
probably quite close to favourable for S. ento-
mon. Salinity varies in the Gulf of Gdańsk within 
quite narrow limits between 7.2‰ to 12.5‰ 
(Piechota 1973). The temperature depends on 
depth and, because here there are no barriers 
preventing the animals from migrating, they can 
select the most favourable conditions. In the Gulf 
of Gdańsk S. entomon live at a temperature from 
2 to 12 °C and the highest biomass is observed at 
4–5.6 °C (Piechota 1973). Note that the highest 
biomass is not necessarily an indicator of prefer-
able abiotic conditions, since the distribution of 
its main prey Pontoporeia affi nis (Amphipoda) is 
of great importance for the distribution of S. ento-
mon (Ankar 1977, Järvekülg 1979). In the Gulf 
of Finland it was found that distributions of these 
species are highly correlated (Maksimov 1997).

Other habitats are characterised by less 
favourable conditions. In the Gulf of Finland, 
and in practice, the estuary of the river Neva, 
S. entomon occurs in waters of reduced salinity; 
this is due to the outfl ow of the Neva. Moreover, 
the Neva discharges a substantial quantity of 
chemicals from the St. Petersburg area (pop. fi ve 
million inhabitants) into the Gulf, which makes 
it the most polluted part of the Baltic Sea (Sav-
chuk & Skakalskii 1997).

Estuarine environments are characterised by 
a very considerable variation in hydrological 
parameters depending on season, tide, waves, 
river runoff etc. Thus, S. entomon evidently 
occurs under suboptimal conditions more often 
than in the stable and deep environments of the 
Baltic Sea. For instance, in the Pechora River 
estuary S. entomon sometimes can be found 
at salinities up to 30‰ (Hummel et al. 1999). 
This is probably because the temperature of the 
less saline waters coming from the river is too 
high in summer. In contrast, colder waters are 
associated with the sea and consequently with 
high salinities. There is no environment where 
both temperature and salinity would be close to 
the optimal. Very likely, estuarine S. entomon 
have to accommodate constantly to changes in 
environmental conditions and also to follow 

their prey. At the same time, the combination of 
available conditions must be quite rich to have 
ensured the survival of the species over several 
thousand years. It is quite possible, however, that 
all this time S. entomon lived in these areas under 
suboptimal conditions, which was refl ected in 
elevated fl uctuating asymmetry.

The differences in fl uctuating asymmetry 
found between the populations may be explained 
not only by the direct effect of environmental 
differences, but also by genetic differences 
between the populations. The number of popula-
tions in estuaries is quite limited, and is probably 
subject to large fl uctuations owing to the unsta-
ble environment. This may cause loss of genetic 
variation (bottle-neck effect) and result in dis-
ruption of genomic co-adaptation and in reduced 
developmental stability (see for instance Leary 
& Allendorf (1989), Clarke (1993), Markow 
(1995) and recent reviews in Polak (2003)). In 
large populations living under more stable condi-
tions such effects are less likely.

This hypothesis accords with the data on 
factorial variation, discussed above (section 
‘Among-individual variation (factorial vari-
ance)ʼ). There is a tendency for estuarine popu-
lations to exhibit lower factorial variation than 
Baltic populations. In general, moreover, there is 
a tendency towards negative association between 
factorial variation and fl uctuating asymmetry, 
which may just be different manifestations of 
loss of genetic variation. On the one hand this 
results in a decrease in factorial variation, but on 
the other to inbred depression, which causes an 
increase in asymmetry. An association between 
factorial variation and fl uctuating asymmetry 
was also reported in studies of populations of 
the cyprinid fi sh Abramis brama (Kozhara 1994) 
and on the White Sea herring Clupea pallasi 
(Lajus 2001).

Conclusion

In this paper, we have described changes in mor-
phological variation in Saduria entomon related 
to ontogenesis and geographic variation. The 
study is based on 15 characters of chaetotaxy, 
which we have tried to treat as a whole system. 
The main methodological approach we fol-
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lowed was the decomposition of phenotypic 
variation into its elements with further separate 
analysis of them. We believe that we have found 
quite a convenient system of characters for the 
morphological analysis of S. entomon, because 
they enabled us to observe evident ontogenetic 
and geographic differences in this species, and 
because all the characters manifest generally 
similar patterns of variation.

In this study, we analysed not only the biolog-
ical sources of variation, but also non-biological 
ones, such as departures from perfect repeatabil-
ity of the measurements and differences between 
operators. In particular, different operators, even 
if they train and work together, reveal some dif-
ferences in measuring means and fl uctuating 
asymmetry; this factor should be taken into con-
sideration when comparing the results obtained 
by different operators.

In the chaetae we observed a decrease in the 
standardised fl uctuating asymmetry and in the 
standardised total variance during ontogenesis. 
These effects had been known earlier, but the 
approach we applied showed that the decrease 
in the total variation in the number of chaetae in 
S. entomon is due to the decrease in fl uctuating 
asymmetry (a stochastic component of total vari-
ance) because the other component of total vari-
ance, namely factorial one, does not change.

The differences among populations with 
regard to means can be divided into (i) changes 
in the overall number of chaetae in all characters 
(‘coeffi cient of chaetotaxyʼ), which could be a 
direct effect of the environment, and (ii) residual 
variation, which manifests itself in differences 
in the ratio of the number of chaetae in different 
characters. Because of the similarity of sample 
clustering based on residual variation and on 
genetic characteristics (J. Sell & T. Sywula 
unpubl. data), we suggest that the residual varia-
tion refl ects genetic differences between popula-
tions.

Among-population differences in variances 
(fl uctuating asymmetry and factorial variance) 
can be explained quite well by the environmental 
conditions under which populations occur. Estua-
rine populations are exposed to a much higher 
variability of hydrological characteristics than 
populations from the Baltic Sea, where they live 
in a deeper and more stable environment. This, 

together with the comparatively small population 
size, may lead to a decrease in genetic variability 
(bottle-neck effect) and therefore to a decrease in 
factorial variation, and an increase in fl uctuating 
asymmetry. The stressful and unstable environ-
mental conditions in estuaries probably also exert 
a direct effect on the development of S. entomon 
and lead to an increase in fl uctuating asymmetry.
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