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Fluctuating asymmetry of skull characters, as a measure of developmental sta
bility, was studied in two seal species: grey seal Halichoerus grypus (Fabricius, 1791), 
and ringed seal Pusa hispida Schreber, 1775 from the Baltic Sea. Seals were collected 
in three different periods of water pollution of the Baltic Sea. We revealed the same 
temporal dynamics of fluctuating asymmetry level for both species: it proved to be 
low in “pre-pollution period” (years 1877-1936), high for the “high-pollution period” 
(1964-1975), and was again low for the “low-pollution period” (1986-1990). These data 
suggest that changes in the condition of the seal populations in the Baltic Sea revealed 
by changes in developmental stability are correlated with the dynamics of the pollution 
level.
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Introduction

The lowest level of phenotype diversity caused by the ontogenetic disturbances 
corresponds to the high developmental stability (Mather 1953). Fluctuating 
asymmetry, as differences between the two sides of the body that cannot be 
explained by either genetic or environmental differences, is a common measure of 
the level of developmental stability (Zakharov 1981, Palmer and Strobeck 1986). 
In practice, it could be measured by the variance of minor non-directional 
differences between the paired structures on the left and on the right sides of the 
body. High developmental stability (low fluctuating asymmetry) corresponds to 
the development of well-coadapted genotypes under optimal environmental 
conditions. Its deterioration can be seen under the impact of the stress. Some data 
have been revealed for the pollution impact on various species, including seals 
(Valentine and Soulè 1973, Zakharov and Yablokov 1990, Pankakoski et al. 1992).

Earlier investigations have revealed a dramatic decrease in numbers of the two 
most common seal species in the Baltic Sea: the ringed seal Pusa hispida Schreber,

t9]



10 V. M. Zakharov et al.

1775 and grey seal Halichoerus grypus (Fabricius, 1791) (Olsson et al. 1975, Helle 
et al. 1976a, b). This is presumably caused by the high levels of various pollutants, 
primarily organochlorines, present in the Baltic fish that make up the diet of the 
seals (Bergman and Olsson 1985). The most dramatic increase in levels of two of 
the major organochlorines, namely DDT and PCB, occurred after 1955 (Olsson et 
al. 1975). At present, input of known environmental pollutants in the Baltic Sea 
is decreasing (Fig. 1) (Olsson and Reutergardh 1986) and some indications of 
improvement of the seal populations here have been already registered (Blomkvist 
et al. 1992).

The task of this study is to answer the question whether changes in de
velopmental stability, as a parameter of the condition of natural populations 
(Valentine et al. 1973, Jones 1987, Leary and Allendorf 1989, Zakharov 1989, 
1990), could be found in the Baltic populations of the ringed seal and grey seal 
during periods of the increase and then decrease of the pollution level. Deterio
ration effect of the increased pollution of the Baltic Sea has been already found 
in seal populations and quantified by developmental stability level (Zakharov et 
al. 1989a, b, Zakharov and Yablokov 1990). The main aim of this study is to reveal 
possible recovery changes in recent years of lowered pollution.

Such an attempt seems to be important for both to answer the question whether 
there are positive changes in the condition of the seal populations in the Baltic 
Sea as well as to test applicability of developmental stability study. Reversibility 
of the ontogenetic accidents registered by the measures of developmental stability 
(Zakharov 1987, 1990) makes this approach promising for the positive answer to 
the latter question. Our prediction is that changes in the level of developmental 
stability of seals in the Baltic Sea should follow already established dynamics of 
the level of pollution in the area.
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Fig. 1. Dynamics of pollution in the Baltic Sea. Variation of known industrial production of DDT and 
PCB (solid lines), and their relative levels in guillemot Uria spp. eggs (broken lines). From Olsson 
and Reutergardh 1986, modified.
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Material and methods

Skull collections at the Swedish Museum of Natural History, Stockholm were used for the 
analyses. All animals had been sampled in the central part of the Baltic Sea, excluding gulfs.

To avoid the problems of age determination and possible effects of age on the studied characters 
of skull morphology, only pups (ie animals sampled at the age not older than one year) have been 
used in this study. Using these limits, it was possible to select 15 skulls of the ringed seal born in the 
period from 1897 till 1933 (I -  pre-pollution sample), 14 skulls of animals born in 1973-1975 
(II -  high-pollution sample), and 15 skulls of animals born in 1988-1990 (III -  low-pollution sample); 
and 20 skulls of the grey seal for each of three compared periods: of 1877-1936 (I -  pre-pollution 
sample), 1964-1975 (II -  high-pollution sample), and 1986-1990 (III -  low-pollution sample).

We have used the set of 15 characters, consisting of bilateral foramen in the skull (foramen are 
openings through the bone for nerves and small blood vessels) (Fig. 2). Some of these characters were
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Fig. 2. Cranial characters, as a number of foramen (1-15), examined in the grey seal Hali- choerus 
grypus (from Zakharov and Yablokov 1990, modified): 1 -  sulculus foramen palatinae major, 2 -  
foramen palatinae major posterior, 3 -  foramen palatinae minor incomplete, 4 -  foramen palatinae, 5 
— foramen sphenoidalis lateralis major, 6 — foramen sphenoidalis lateralis minor, 7 — foramen 
basioccipitalis accessorius, 8 -  foramen hypoglossum basilaris, 9 -  canalis condylaris ventralis, 
10 -  foramen squamata frontalis, 11 -  foramen basiorbitalis accessorius, 12 -  foramen occipitalis 
accessorius, 13 -  fenestra occipitalis lateralis, 14 -  canalis condylaris dorsalis, 15 -  foramen 
hypoglossum intracondilaris.
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previously studied by Berry (1969) in his study of British grey seals. All the characters are described 
and defined in Zakharov and Yablokov (1990).

The value of asymmetry in each sample for each character was estimated by variance for 
difference in number of foramen on the left and right side (1-r) and for difference divided by sum 
(1—r)/(l+ r). As no significant directional asymmetry and antisymmetry had been found for the 
characters analyzed we considered asymmetry under study as fluctuating asymmetry (Palmer and 
Strobeck 1986). Additionally, the mean number of asymmetrical characters for the whole set of 
analyzed characters per individual has been used as an integrated measure of developmental stability 
(Leary et al. 1983).

To test the correlation between the characters for the (1+r) values as well as for the (1-r) values 
commonly used parametric coefficient of correlation at the individual level and non-parametric 
Kendalls coefficient of concordance at the sample level have been used. No significant correlation 
between characters for the (1+r) and (1-r) values at the individual level have been found in either 
species (only two significant values revealed in all possible paired comparison of 15 characters for 
both indices for two species most probably appeared here by chance). Comparing three samples under 
study, Kendall’s coefficient of concordance proved to be 0.69 and 0.81 for the ringed seal and for the 
grey seal, respectively. That allowed us to apply fluctuating asymmetry estimates as a population 
parameter.

The F-statistic as well as non-parametric Friedman’s test were used to compare variances and 
Student’s ^-statistic to compare the mean number of asymmetrical characters (Sokal and Rohlf 1981).

Table 1. The values of fluctuating asymmetry (variance for the unsealed difference between two sides 
of the body for 15 skull characters, see Fig. 2) of different samples of two seal species from the Baltic 
Sea. I -  pre-pollution sample, II -  high-pollution sample, III -  low-pollution sample. The rank for each 
value is presented in brackets.

Number of 
character

Samples

Ringed seal Pusa hispida Gray seal Halichoerus grypus

I II III I II III

1 0.14(3) 0.07 (2) 0.06(1) 0.26 (1) 0.38 (2) 0.95 (3)
2 0.07(1) 0.90 (3) 0.12(2) 0.31 (1) 0.90 (3) 0.52 (2)
3 0.07 (2) 0.75 (3) 0.001 (1) 0.20(1) 0.42 (3) 0.37 (2)
4 0.35 (2) 1.91 (3) 0.27(1) 0.59(1) 1.54 (3) 1.01 (2)
5 0.21(1.5) 0.29 (3) 0.21(1.5) 0.05(1) 0.19 (2) 0.20 (3)
6 0.35(2) 1.46 (3) 0.21(1) 0.48(1) 2.59 (3) 1.04 (2)
7 0.07(1) 2.11 (3) 0.27 (2) 0.13 (1) 1.16(3) 0.53 (2)
8 0.64 (2) 0.90 (3) 0.35(1) 0.37 (2) 0.47 (3) 0.35 (1)
9 0.35 (2) 0.90 (3) 0.07(1) 0.10(1) 1.85 (3) 1.27 (2)
10 0.60 (2) 1.76 (3) 0.35(1) 0.26(1) 2.54 (3) 0.56 (2)
11 0.14(1.5) 1.48 (3) 0.14(1.5) 0.37 (1) 1.13 (3) 0.41 (2)
12 0.07 (1) 4.86 (3) 2.03 (2) 0.31 (1) 5.41 (3) 1.84 (2)
13 0.35 (2) 0.58 (3) 0.21(1) 0.66 (1) 1.36 (3) 1.10 (2)
14 0.12(1) 0.84 (3) 0.29 (2) 0.10(1) 1.53 (3) 0.41 (2)
15 0.14 (2) 0.31 (3) 0.00(1) 0.16(1) 0.56 (3) 0.20 (2)

Sum of ranks (26) (44) (20) (16) (43) (31)
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Results

Comparison of the values of fluctuating asymmetry in three samples shows 
significant differences between them in nearly all characters for both species 
(Table 1). An increase of the value of fluctuating asymmetry for sample II 
comparing with the two others, is manifested in 14 characters for the ringed seal 
and in 13 characters for the grey seal. It is clearly the same trend in both species, 
but there are some interspecific differences in relations between the samples I 
and III. The values of fluctuating asymmetry are similar for the samples I and 
III in ringed seal, while in grey seal there is a clear tendency for the higher values 
of asymmetry in sample III as compared with sample I. Such a tendency is visible 
for almost each separate character (Table 1). Friedman’s test revealed significant 
and concordant changes in the values of asymmetry variance between the three 
compared samples (being equal 20.80, p < 0.001 for the ringed seal, and 24.40, 
p < 0.001 for the grey seal, respectively).

Analysis of the variances for the scaled asymmetry values revealed the same 
pattern for the differences between the samples. Furthermore, changes in the 
mean number of asymmetrical characters, as another integrated measure of 
developmental stability, showed the same pattern (Table 2).

Table 2. Differences between integrated measures of developmental stability presented as mean 
number of asymmetrical characters (NA ± SE) for the set of 15 skull characters (see Fig. 2) in different 
samples of two seal species from the Baltic Sea (see Table 1). Statistical significance (Student’s £-test) 
is given as p.

Species Sample n N A ±SE P
Samples

compared

Ringed seal I 15 3.00 ±0.31 < 0.001 I-II
Pusa hispida II 14 10.21 ±0.30 < 0.001 II-III

III 15 2.80 ±0.46 ns I-III

Grey seal I 20 3.65 ±0.30 < 0.001 I-II
Halichoerus grypus II 20 10.42 ±0.37 < 0.001 II-III

III 20 6.75 ±0.46 < 0.001 I-III

Discussion

Developmental stability was established as one of the most general ontogenetic 
characteristics useful for biomonitoring to estimate the condition of natural 
populations (Valentine et al. 1973, Jones 1987, Leary and Allendorf 1989, Zakharov 
1989, 1990). Applying to the study of samples of the Baltic seals collected at 
different time characterized by essentially different levels of pollution, mechanism 
of possible changes in developmental stability can be described as following.
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Increased environmental stress caused by the higher pollution can change the 
physiological condition of pregnant females, leading to the disturbance in devel
opmental stability of their progeny. Such physiological response to stress should 
be reversible, ie decreased developmental stability can recover to the common level 
in the following generations developed under normal conditions. Deterioration of 
developmental stability of the progeny caused by the environmental stress of the 
pregnant females has been established experimentally and in natural populations 
for the small mammals (Siegel et al. 1977, Zakharov et al. 1991).

Comparison of three temporally different samples of seals representing dif
ferent levels of pollution of the Baltic Sea revealed the same pattern of change in 
developmental stability when measured by fluctuating asymmetry of skull charac
ters. It proved to be low for the “pre-pollution groups”, high for the "high-pollution 
groups" and again low for the “low-pollution groups”. Thus, the data obtained 
suggest changes in the condition of the seal populations in the Baltic Sea revealed 
by dramatic fluctuations in the level of developmental stability.

Precise detection of the inputs of each pollutant in revealed changes in condition 
of seal populations is hardly possible. However, general concordance of dynamics 
of developmental stability and pollution of the Baltic Sea, and organochlorines in 
particular, seems to be clear.

In spite of the similarity in general pattern of dynamics in developmental 
stability revealed for both seal species there are some differences. Thus, for the 
ringed seal as the most common seal species in the Baltic Sea, the level of 
developmental stability revealed for the modern sample corresponds to the level 
detected for the sample collected before the beginning of the dramatic pollution 
in the Baltic Sea. For the grey seal, in spite of some evidences of improvement, 
situation still is rather serious: level of developmental stability is higher comparing 
with the most dangerous time of pollution, but still is less than it was in 
pre-pollution time. This difference between two species corresponds to their 
modern ecological status in the Baltic Sea, ie situation for the ringed seal 
population is better than for the grey seal population. Different reactions of these 
two species on the same environmental impact could be caused by species specific 
life history parameters or sensitivity to the pollutants.

Significant changes in developmental stability were revealed by comparing the 
pooled samples collected from various localities in different years for 15 skull 
characters instead of 32 characters used in the previous study (Zakharov and 
Yablokov 1990). This imply that the general trend for the population condition 
dynamics could be detected by developmental stability estimates for the limited 
set of phenotypic characters on relatively small population samples.

The results of this study indicate that changes in the measures of devel
opmental stability are parallel to the changes in the level of pollution that allow 
to monitor the dynamics of the condition of natural populations during the increase 
and decrease of the environmental impact. The fact that such an estimation of 
developmental stability can be limited by the morphological characters study
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provides an opportunity to monitor the dynamics of the population status on the 
museum collections.
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