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Abstract:



Fluctuating asymmetry (FA) in nine species of small mammals (Insectivora and Rodentia) was estimated using 10 cranial features (foramina for nerves and blood vessels). The main criterion was the occurrence of the fluctuating asymmetry manifestations (OFAM). A total of 2300 skulls collected in the taiga and forest-tundra of Yakutia (Northeast Asia) were examined. The examined species are characterized by comparable OFAM values in the vast territories of the taiga zone; on the ecological periphery of the range an increased FA level is registered. Asymmetric manifestations in analyzed features are equally likely to occur in males and females. OFAM values in juveniles are higher than in adults; this difference is more pronounced on the periphery of the geographic range. Among juveniles, lower FA levels are observed in individuals that have bred. It can be surmised that the risk of elimination of individuals with high FA levels increases in stressful periods (active reproduction and winter). In conditions that are close to optimal, populations demonstrate relatively homogeneous FA levels, while on the periphery of the area an increase in occurrence of disturbances in developmental stability is observed, which leads, on one hand, to higher average FA for the population and, on the other hand, to heterogeneity of the population in this parameter.
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1. Introduction


Fluctuating asymmetry (FA) is a widespread biological phenomena, referring to small nondirectional deviations from perfect bilateral symmetry [1]. Fundamental research has shown that FA is a manifestation of disrupted development homeostasis; under normal conditions FA is minimal, but it is increased under any stressful impact [2,3,4,5]. Destabilization of individual development is a highly sensitive indicator, allowing one to detect small ontogenetic variations resulting from changes in the environment [4,6,7].



Thanks to this quality, FA is widely used for assessment of the state of populations because it reflects a population’s average state of adaptation and co-adaptation [8]. However, it is this quality of FA that often makes it difficult to interpret, since its level reflects the combined negative impacts on the organism but says nothing about specific factors causing it. For example, the results that some authors obtained on the influence of the genotypic component on the FA level are ambiguous [8]. Some studies demonstrate an increase in the FA level with hybridization and greater heterozygosity, while other results show the absence of significant differences, or even a decrease in the FA level [9,10,11,12]. The data on inbreeding influence on developmental stability are also inconsistent [13,14,15].



There is the opinion that deviations in developmental stability show only in case of disturbances of genomic coadaptation resulting from inbreeding or distant hybridization [10,11,15]. The situation with environmental effects on FA is even more complicated. It is common knowledge that developmental stability is negatively affected by environmental pollution. A decrease in developmental stability under the influence of various chemical contaminants was registered [16,17,18,19,20,21,22], as well as in areas affected by industrial facilities [23,24,25,26].



In natural populations, developmental stability and, consequently, FA level are affected by both external and internal factors. Among factors that are internal for a population, relatively well studied is FA’s dependence on the population cycle phase. In small mammals, an increase in FA can be observed with an increase of the population density during population interruptions. This can be attributed to an increase in social stress; this has been shown both in natural populations and by experiment [5,27].



Among the abiotic factors known to influence FA level is ambient temperature. Its effect is especially pronounced in poikilotherms: in natural populations of the sand lizard and in an experiment, the highest developmental stability and, as a consequence, a low FA level were characteristic for optimal temperatures, and destabilization of ontogeny was observed to increase with distance from the optimum zone [5]. Similar data were obtained in studies into the effect of temperature on various species of insects and fishes [28,29,30,31,32]. Despite the fact that homoiotherms maintain a constant internal temperature, the stability of their development can also be affected by temperature; a decrease in developmental stability during the prenatal and early postnatal stages of ontogeny was found in mice and rats exposed to high and low temperatures [33].



It can be assumed that populations from the periphery of the geographic range of the species, where conditions are far from optimal, should be characterized by increased FA levels resulting from the negative impact of environmental conditions.



There are very few studies testifying in favor of this hypothesis. An increase in FA level was observed on the periphery of the geographic range in some species, such as the sand lizard [5] and the taiga species of small mammals [25]. Among the biotic factors that affect the FA level which may also be noted is the quality of habitat [34,35,36]; in particular, habitat fragmentation has a negative impact on developmental stability [35,36].



At the moment, many works on FA in animals are based on experimental data, while the study of ecological factors in nature receives much less attention. This is explained by objective difficulties associated with the study of natural populations: problems with collecting the material, issues of representativeness of samples, as well as analysis of multicomponent influence. As a result, along with studies substantiating quite high dependence of FA on environmental conditions, there are works that do not support this dependence, or even invalidate it [37,38,39]. Graham and others [8], in their review, reasonably noted that in such studies, representativeness of samples is of great importance, as well as the number of analyzed features and the choice of features to be analyzed, since not all features show adequate responses to stressful impacts.



When comparing natural populations and evaluating stressful impacts, researchers, as a rule, look at the average value for a population or a group, which reflects the general state of the population or a group of individuals in this population, while natural populations are heterogeneous in many parameters and, in our opinion, heterogeneity of individuals with respect to FA level is not random. It is known that while FA manifestations themselves do not affect individual viability, they do, to some extent, reflect the presence of various disorders in the organism that affect its ability to survive. For example, Naugler and Leech [40] showed that the higher the degree of asymmetry of the tarsal segment of legs in caterpillars of some moths, the lower the survivability of the individual. According to a number of authors, a certain level of developmental stability is maintained by natural selection, in particular by lowered reproduction of asymmetric individuals [41]. In many species females prefer males with symmetrical color patterns [42,43]. Supposedly, the explanation is that the FA level may reflect the individual ability to withstand a wide spectrum of environmental influences, so sexual ornamentation, in addition to attracting females, conveys information about the male quality. Some opine that in insects and small mammals, asymmetrical individuals are more susceptible to elimination by predators [44,45]. Thus, different qualities of individuals that comprise a natural population are reflected in different susceptibilities to stress, and differences in elimination risk and in the measure of disturbance in developmental homeostasis (the latter being reflected in FA).



Heterogeneity of natural populations makes it difficult to assess the population state by FA level, as the FA level of the population will inevitably depend on the sample size, the physiological and social state of individuals comprising the population, the age composition of the population at the moment, and the force of influence of a complex of ecological factors. At the present time, a scarcity of data on intrapopulation variability of the FA level in natural conditions is evident. This issue is very relevant both for studying variability of a feature in natural conditions and for assessment of technogenic influence, which is often superimposed on natural factors.



The aim of our research was to study intra- and interpopulation variability in FA level in order to evaluate the influence of the geographical zones, habitat conditions, and sex and age structure of a population on the developmental homeostasis of small mammals (Insectivora and Rodentia) living in the severe natural and climatic conditions of the northern taiga.



The material was collected in the territory of Yakutia, a vast region in Northeast Asia, which takes up about one-sixth of the territory of Russia and is known for its extreme climatic conditions. The Pole of Cold of the northern hemisphere, Oymyakon, is located there; the whole area is characterized by a sharply continental climate with long, cold winters and a short vegetation period (Table 1, Figure 1).


Figure 1. Some climatic characteristics of the studied sites. Note 1: summer here is interpreted as the period with no negative temperatures, °C; Note 2: the numbers of the sites are in accordance with Table 1.
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Table 1. Characteristics of natural and climatic conditions of the study area.







	
No.

	
Point

	
Type of Vegetation

	
Climatic Zone

	
Summers, Period (Days)

	
Suitability for Small Mammals






	
1

	
Southern Yakutia

	
Middle taiga

	
Temperate, sharply continental climate

	
75

	
Near the optimum for the taiga species




	
2

	
Southern Yakutia

	
Middle taiga

	
95




	
3

	
Central Yakutia

	
Middle taiga

	
95




	
4

	
Western Yakutia

	
Middle taiga

	
95




	
5

	
Western Yakutia

	
Northern taiga

	
78




	
6

	
Western Yakutia

	
Tundra-forest

	
Subarctic climate

	
60

	
Northern periphery of the taiga species range




	
7

	
Northern Yakutia

	
Tundra-forest

	
70




	
8

	
Northeastern Yakutia

	
Tundra-forest

	
55




	
9

	
Central Verchoyanie

	
Mountain taiga

	
60

	
Ecological periphery of the taiga species range










The territory of Yakutia spans over three climate zones, temperate, subarctic, and arctic, but our research covers mainly the first two zones, because the taiga species of small mammals, as a rule, do not penetrate into the arctic zone. Most of the territory belongs to the taiga zone. Small mammal populations there are formed under the influence of the hard pressure of abiotic and biotic factors, and this is reflected in the poor composition of the communities—as a rule, they are represented by 15–22 species, and in any separate biotope, by five to 10 species [46]. The communities are dominated by the species most undemanding and adapted to the northern conditions; in the taiga it is the northern red-backed (Clethrionomys rutilus) and grey red-backed voles (Cl. rufocanus), the root vole (Microtus oeconomus), the wood lemming (Myopus schisticolor), and Laxmann’s (Sorex caecutiens), and tundra (S. tundrensis) shrews. In the tundra, it is the Siberian brown (Lemmus sibiricus) and Arctic (Dicrostonyx torquatus) lemmings. Living in such conditions is reflected in the population reproduction parameters: intensive reproduction of juveniles, high fertility, and rapid change of generations [46]. Nevertheless, even in such harsh conditions, small mammals can successfully survive and achieve high abundance levels.



Thus, this territory is a convenient “testing ground” for conducting studies, because due to its ecological and geographical conditions, this is the northern border of the geographic range for many representatives of Micromammalia, and, as a consequence, their populations are characterized by tense relations with the environment. It seems logical to assume that the tensions in the “organism-environment” system leave their mark on the stability of individual development.




2. Materials and Methods


As objects of research we chose rodents and insectivores, collected in undisturbed habitats of taiga and forest-tundra in Yakutia. For the analysis of the FA level, the northern red-backed (Clethrionomys rutilus) and grey red-backed (Cl. rufocanus) voles, the root vole (Microtus oeconomus), wood lemming (Myopus schisticolor), Laxmann’s (Sorex caecutiens), and tundra (S. tundrensis) and Siberian large-toothed (S. daphaenodon) shrews were chosen.



That several species were examined was dictated by the goal of the study, the analysis of FA in natural populations of related species. The species covered were selected due to the characteristics of small mammal communities of the region. For analysis we used the species playing a significant role in communities, i.e., dominants or subdominants (>15% of a community in a given habitat) that are widely distributed over the studied territory. In addition, in a number of cases we used supplementary data on species that play a significant role in communities in certain areas: the narrow-headed vole (Microtus gregalis) and the taiga shrew (Sorex isodon).



For the analysis we used materials collected in different regions of Yakutia by us (sites 1–8) and our colleagues (site 9). Different sample sizes are explained by the availability of the material. Abundance levels in all cases (except for the wood lemming, which is specifically pointed out in the text) were similar, which rules out that FA was influenced by the social factor of population peak. In all cases small mammals were collected using a standardized method (cone-traps), so the data on relative abundance from all the sites are intercomparable.



For assessment of developmental stability disorders in mammals we examined cranial features (foramina for nerves and blood vessels) using the method proposed by Zakharov et al. [47] (Figure 2).


Figure 2. The layout of features selected for assessment of FA (fluctuating asymmetry) in small mammals [47]. (a) Voles and lemmings, the number of foramina on: 1, foramen diastemae; 2, foramen basis processus; 3, foramen basioccipitale; 4, foramen hypoglossum accessories internus; 5, foramen suprainfraorbitalis; 6, foramen supraorbitalis anterior; 7, foramen supraorbitalis posterior; 8, foramen ethmoideum accessory anterior; 9, foramen squamosum; 10, foramen mastoideum accessories; (b) shrews, the number of foramina on: 1, foramen palatinum anterior; 2, foramen palatinum posterios accessories minor; 3, foramen palatinum posterior; 4, foramen palatinum laminae; 5, foramen accessories canalis pterigoideum; 6, foramen basiosphenoidalis lateralis; 7, foramen parietale anterior; 8, foramen parietale media; 9, foramen parietale posterior; 10, foramen parietale corner.
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There is no correlation between the analyzed features; their phenotypic expression does not change with age [47]. This method was developed for European species of small mammals: Clethrionomys glareolus, Microtus arvalis, Sorex araneus [47]. However, our previous studies have proved that it is also applicable to the species that we examined [25,48].



Each of analyzed features can consist of zero to three foramina. Foramina were counted on the left and right sides of the skull. The expression of a feature was considered asymmetric if the number of foramina differed on either side (zero to one, one to two, and so on). What was taken into account was not the exact difference in the number of foramina but the fact of expression of asymmetry. The magnitude of fluctuating asymmetry was estimated by the occurrence of asymmetry manifestations per individual, with each asymmetric feature weighing one point and each symmetric feature weighing zero points. As an individual measure of FA we used the occurrence of the fluctuating asymmetry manifestation (OFAM), expressed as a decimal fraction ratio of asymmetric features to the total number of features examined [47].
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(1)




where OFAM is the occurrence of the fluctuating asymmetry manifestation; A, the number of asymmetric features; m, the total number of the examined features.



Thus, hypothetically, we can characterize each individual with an OFAM value from 0 (if the number of foramina is equal on both sides in each of these points) to 1 (if the number of foramina coincides in no point), though in reality extreme OFAM values (0 and 1) were not registered. Zakharov et al., who developed the method [47], believe that a value of less than 0.35 in rodents and less than 0.20 in shrews indicates minimal deviations from the normal state. Our previous studies allow us to support this opinion [25,48]. For statistical treatment of the material standard methods were used. As a measure of FA population level the arithmetic mean of OFAM was used. For a pairwise comparison of samples we used Student’s t-test with a correction for different sample sizes; for multiple comparison, with the Bonferroni correction. To assess the significance of correlations Spearman’s nonparametric rho was calculated. To analyze the influence of different factors on the FA level we used regression analysis.



For the analysis of age differences, the age of individuals of Clethrionomys genus was determined by the degree of development of molar roots [49]. In the grey red-backed vole four age groups were distinguished: adults and juveniles of the age of one, two and three to four months. The age of voles of Microtus genus and the wood lemming was determined using a complex of cranial features—the degree of fusion of the cranial sutures and development of ridges. Adult (ad) and juvenile (juv) individuals were distinguished. The age of shrews was determined by the degree of wear of the intermediate teeth and the development of the cranial sutures.



The total of 2300 skulls of small mammals was analyzed. The volume and characteristic of the material examined are presented in the Table 2.



Table 2. The characteristics of the examined material.







	
No.

	
Region

	
Species

	
Study Goal *

	
n

	
The Number of:




	
Ad

	
Juv




	
G

	
S

	
A

	
♂

	
♀

	
♂

	
♀






	
1

	
Southern Yakutia

	
Clethrionomys rutilus

	
+

	

	
+

	
63

	
14

	
12

	
22

	
15




	
Cl. rufocanus

	
+

	

	

	
7

	
1

	
1

	
2

	
3




	
Myopus schisticolor

	
+

	
+

	
+

	
128

	
20

	
34

	
29

	
45




	
Sorex caecutiens

	
+

	

	

	
128

	
8

	
9

	
90

	
21




	
S. isodon

	
+

	

	

	
12

	
1

	
-

	
8

	
3




	
S. daphaenodon

	
+

	

	

	
6

	
-

	
-

	
4

	
2




	
2

	
Southern Yakutia

	
Clethrionomys rutilus

	
+

	
+

	
+

	
125

	
-

	
1

	
65

	
59




	
Microtus oeconomus

	
+

	

	

	
53

	
11

	
6

	
21

	
15




	
Sorex caecutiens

	
+

	

	

	
36

	
2

	
-

	
18

	
16




	
S. tundrensis

	
+

	

	

	
16

	
1

	
1

	
5

	
9




	
3

	
Central Yakutia

	
Clethrionomys rutilus

	
+

	
+

	

	
107

	
29

	
21

	
30

	
27




	
Microtus oeconomus

	
+

	
+

	

	
48

	
-

	
-

	
28

	
20




	
M. gregalis

	
+

	

	

	
24

	
-

	
-

	
12

	
12




	
Sorex caecutiens

	
+

	

	

	
12

	
-

	
-

	
7

	
5




	
S. tundrensis

	
+

	

	

	
20

	
-

	
-

	
10

	
10




	
4

	
Western Yakutia

	
Clethrionomys rutilus

	
+

	

	

	
16

	
-

	
-

	
8

	
6




	
Microtus oeconomus

	
+

	
+

	
+

	
180

	
28

	
23

	
74

	
55




	
Microtus gregalis

	
+

	

	

	
23

	
-

	
-

	
11

	
12




	
Sorex caecutiens

	
+

	

	

	
18

	
-

	
-

	
10

	
8




	
S. tundrensis

	
+

	

	

	
12

	
-

	
-

	
6

	
6




	
5

	
Western Yakutia

	
Clethrionomys rutilus

	
+

	
+

	

	
51

	
5

	
4

	
21

	
21




	
Cl. rufocanus

	
+

	

	

	
25

	
-

	
-

	
12

	
13




	
Microtus oeconomus

	
+

	

	

	
30

	
1

	
2

	
13

	
12




	
Sorex caecutiens

	
+

	
+

	

	
46

	
2

	
-

	
23

	
21




	
S. tundrensis

	
+

	
+

	

	
42

	
-

	
-

	
22

	
20




	
S. daphaenodon

	
+

	
+

	

	
49

	
1

	
1

	
25

	
22




	
6

	
Western Yakutia

	
Clethrionomys rutilus

	
+

	

	

	
28

	
2

	
1

	
15

	
10




	
Cl. rufocanus

	
+

	

	

	
14

	
-

	
-

	
8

	
6




	
Microtus oeconomus

	
+

	

	

	
8

	
-

	
-

	
3

	
5




	
Sorex caecutiens

	
+

	

	

	
12

	
1

	
-

	
8

	
3




	
7

	
Northern Yakutia

	
S. caecutiens

	
+

	
+

	

	
39

	
1

	
-

	
24

	
14




	
S. tundrensis

	
+

	

	

	
48

	
-

	
-

	
27

	
21




	
8

	
Northeastern Yakutia

	
Clethrionomys rutilus

	
+

	
+

	
+

	
84

	
22

	
26

	
20

	
16




	
Cl. rufocanus

	
+

	

	

	
34

	
13

	
11

	
4

	
6




	
Myopus schisticolor

	
+

	
+

	
+

	
173

	
72

	
75

	
10

	
16




	
Microtus oeconomus

	
+

	
+

	
+

	
208

	
53

	
37

	
61

	
57




	
Sorex caecutiens

	
+

	

	
+

	
145

	
8

	
3

	
78

	
56




	
Sorex tundrensis

	
+

	

	
+

	
62

	
3

	
-

	
35

	
24




	
S. daphaenodon

	
+

	

	

	
16

	
-

	
-

	
8

	
8




	
9

	
Central Verchoyanie

	
Clethrionomys rutilus

	
+

	

	
+

	
68

	
10

	
17

	
20

	
21




	
Sorex caecutiens

	
+

	

	

	
83

	
9

	
5

	
39

	
30








Note: in sites 1, 3, 4, 6, 7, and 9 the material was collected during one summer; in sites 2 and 5, two summers; in site 8, three summers. * represents assessment of FA variability: G, geographic; S, sex; A, age. Ad: Adult; Juv: juvenile.









3. Results and Discussion


3.1. Geographical and Zonal Differences in FA Level


We evaluated the FA level of taiga species of small mammals in nine sites in the territory of Yakutia (Figure 3). Points 1–5 belong to the typical taiga zone, which can be considered as optimal for the species we covered: the northern and grey red-backed voles, the root vole, the narrow-headed vole, the wood lemming, and Laxmann’s, tundra, taiga, and Siberian large-toothed shrews. Sites 1–4 are characterized by more favorable conditions (middle taiga), and site 5 belongs to the north taiga and is characterized by somewhat harsher ecological conditions for small mammals. Sites 6–8 belong to the forest-tundra; this is where the northern bounds of many species’ geographic range lie, and site 9 (Central Verkhoyan’e) is in the mountain taiga, where the distribution of the forest species of small mammals is restricted by the elevation of 1100 m, the altitudinal limit of the forest vegetation zone. Thus, this altitude can be considered the ecological periphery of the area of the taiga species.


Figure 3. FA levels in small mammals in undisturbed habitats of Yakutia. Note 1: The characteristic of sites 1–9 is given in Table 1; the distribution of species by sex and age groups, in Table 2. Note 2: In the tables: n, the number of individuals; M, arithmetic mean of OFAM (occurrence of the fluctuating asymmetry manifestations); m, error.
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On the whole, in the studied territory OFAM varied over a wide range. In rodents, the average population value varied within 0.25–0.35; in insectivores, it varied within 0.15–0.20 (Figure 2). We think that the differences in FA level between the rodents and insectivores are explained by the differences in their skull structure. The examined cranial features of these two groups (Microtina and Soricidae) are not homologous, so they are unlikely to exhibit similar values. Similar OFAM levels were registered by Zakharov et al. in related species in natural biotopes of European Russia, i.e., in significantly more favorable climatic conditions. Therefore, we suppose that, for indigenous species, the taiga zone can be viewed as the optimal environment, which is characterized by minimal deviations from the normal FA level. However, these data are the averages, without taking into account the age composition of the samples, topographic features, and climate conditions. These data reflect only one fact: that it is impossible to analyze the state of the population without first considering inter- and intrapopulation variability.



For the northern populations (forest tundra), the averaged data on OFAM in rodents varied within 0.35–0.40; in shrews, it varied within 0.16–0.26 (Figure 3). The comparison of FA levels of small mammals living in forest-tundra in different regions of Yakutia revealed similar values.



In the forest-tundra of the Indigirka River Valley, disturbances were registered in most mass species, but it should be noted that among the rodents, the relatively low levels of disturbances are characteristic of the northern red-backed vole, the most ecologically flexible species among those considered, and for the tundra shrew, whose geographic range northern bounds lie far to the north.



It is interesting to compare the FA levels in the same site (for example, site 8) in insectivore species whose geographic range bounds differ. Out of the three species of shrews collected in the forest-tundra in the lower reaches of the Indigirka River, the tundra shrew settles the furthest north, somewhat to the south ends of the area of the Laxmann’s shrew, and for the Siberian large-toothed shrew, this point is actually an extreme northern outpost, which is reflected in the different OFAM values (Figure 4). Note that differences in OFAM values between the tundra and Laxmann’s shrews do not reach a statistically significant level, and for both species the FA level is statistically significantly lower than in the Siberian large-toothed shrew (t = 3.54, df = 76, p < 0.001 for the pair “tundra shrew–Siberian large-toothed shrew” and t = 3.13, df = 159, p < 0.01 for the pair “Laxmann’s shrew–Siberian large-toothed shrew”).


Figure 4. Differences in OFAM in three shrew species in the forest-tundra. Note: here and below (Figure 5, Figure 6, Figure 7 and Figure 8) the error bar represents relative error.
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Moving up to the mountains, one can also note an increase in the occurrence of deviations in developmental stability, associated with the altitudinal climatic zonality. It is known that in the north, even relatively small heights have an adverse impact on the biota. For example, in the Verkhoyan’e mountains, the border of the forest vegetation zone is at an altitude of about 1000 m above sea level. Communities of small mammals there are characterized by poor species composition, and out of typical taiga species only two of the most eurytopic species, the northern red-backed vole and Laxmann’s shrew, can be found high in the mountains. Note that FA levels in the Laxmann’s shrew and the northern red-backed vole in the mountains are increased, but the differences between the animals living in the forest zone and in the subalpine shrub zone do not reach a statistically significant level (Figure 5). It is possible that the absence of significant differences between the two vegetation zones in the mountains is explained by the specifics of collecting the material: in the subalpine shrub zone proper, the population of small mammals is very sparse, and traps were set not far from the bounds of the forest zone, so it is conceivable that some of the animals collected in the subalpine shrub zone are migrants from the forest zone. Therefore, in this case we are talking not about significant differences, but only about a tendency that needs further study.


Figure 5. OFAM in the Laxmann’s shrew (Sorex caecutiens) and the northern red-backed vole (Clethrionomys rutilus) in the mountain taiga of the Central Verchoyany’e.
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A comparison of FA levels in voles and shrews showed that, for the examined features within the optimal part of the geographic range and in comparable abundance levels within the orders Insectivora and Rodentia, FA is characterized by similar levels. To analyze the environmental influence on FA levels of small mammals, we examined major factors that determine favorable conditions in the north: the geographical latitude of the sites where the material was collected, the climate conditions (temperate or subarctic zone, average summer and winter temperatures, the length of the frost-free period), and the vegetation zone. Sex and age groups and species affinity were taken into account. As one would expect, a high correlation was found between all climatic parameters and between climatic parameters and climate and vegetation zones and optimality for small mammals. For all of these parameters, a good correlation was found with the latitude of the regions, which is logical: the latitude within the region (Eastern Siberia) determines the climatic characteristics of the area, and they, in turn, determine the type of vegetation. Regression analysis showed a high dependence of the FA level on analyzed factors (p < 0.05 for the combined effect); the main contribution to the dependence is made by the latitude of the location (regression coefficient is 0.65, p < 0.05). In addition, a significant contribution is made by the age of the individual (further discussion below), whereas the species affinity and gender of the individual had virtually no effect on the FA level.




3.2. Intrapopulation Variability in Developmental Stability Values


3.2.1. Sex-Related Differences


Previous studies have shown that, for the examined features, the occurrence of FA manifestations does not depend on the age and sex of the individual [47]. To verify this assumption and to explore the possibility of sexual dimorphism in the FA level in populations of rodents and shrews, we selected only representative samples (with n > 20 for either gender). To rule out the probable influence of other factors, each sample included individuals collected during one reproductive season and that were of the same age and reproductive status (Table 3). Our data also showed no significant difference between males and females; the trend is observed quite strictly in all examined species of small mammals and in all age groups (provided a sufficient sample size). Even in cases when the differences between males and females seem considerable, e.g., in juveniles of the root vole from site 5 (Western Yakutia), they do not reach a statistically significant level. Additionally, notice the absence of a common trend in differences: in some cases the FA is higher in males; in others, it is higher in females. Regression analysis of the array of data on all species also showed a complete absence of statistically significant relationships between the FA level and the sex of the individual, with a regression coefficient of 0.02. This is why below, in the discussion, we will use the average data, including males and females.



Table 3. FA (Fluctuating asymmetry) anifestations in different age and sex groups of small mammals.







	
Species

	
Region

	
Age

	
OFAM (occurrence of the fluctuating asymmetry manifestations)




	
Males

	
Females




	
n

	
M ± m

	
n

	
M ± m






	
Clethrinomys rutilus

	
Southern Yakutia

	
juv

	
65

	
0.35 ± 0.01

	
59

	
0.35 ± 0.02




	
Central Yakutia

	
ad

	
29

	
0.25 ± 0.02

	
21

	
0.26 ± 0.02




	
juv

	
30

	
0.31 ± 0.01

	
27

	
0.29 ± 0.02




	
Western Yakutia

	
juv

	
21

	
0.28 ± 0.03

	
21

	
0.34 ± 0.02




	
Northeastern Yakutia

	
ad

	
22

	
0.34 ± 0.02

	
26

	
0.32 ± 0.03




	
Central Verchoyanye

	
juv

	
20

	
0.38 ± 0.03

	
21

	
0.39 ± 0.03




	
Myopus schisticolor

	
Southern Yakutia

	
ad

	
20

	
0.35 ± 0.01

	
34

	
0.34 ± 0.02




	
juv

	
29

	
0.36 ± 0.03

	
45

	
0.34 ± 0.03




	
Northeastern Yakutia

	
ad

	
57

	
0.36 ± 0.01

	
47

	
0.37 ± 0.02




	
Microtus oeconomus

	
Central Yakutia

	
juv

	
28

	
0.27 ± 0.02

	
20

	
0.25 ± 0.03




	
Western Yakutia

	
ad

	
28

	
0.29 ± 0.02

	
23

	
0.30 ± 0.04




	
juv

	
74

	
0.31 ± 0.03

	
55

	
0.32 ± 0.02




	
Northeastern Yakutia

	
ad

	
53

	
0.35 ± 0.02

	
37

	
0.34 ± 0.01




	
juv

	
61

	
0.44 ± 0.04

	
57

	
0.41 ± 0.03




	
Sorex caecutiens

	
Southern Yakutia

	
juv

	
90

	
0.15 ± 0.01

	
21

	
0.16 ± 0.02




	
Western Yakutia

	
juv

	
23

	
0.15 ± 0.03

	
21

	
0.15 ± 0.04




	
Northeastern Yakutia

	
juv

	
78

	
0.20 ± 0.03

	
56

	
0.18 ± 0.01




	
Central Verchoyanye

	
juv

	
39

	
0.22 ± 0.03

	
30

	
0.20 ± 0.02




	
Sorex tundrensis

	
Western Yakutia

	
juv

	
22

	
0.18 ± 0.03

	
20

	
0.20 ± 0.02




	
Northeastern Yakutia

	
juv

	
27

	
0.16 ± 0.02

	
21

	
0.19 ± 0.03




	
Sorex daphaenodon

	
Western Yakutia

	
juv

	
25

	
0.18 ± 0.03

	
22

	
0.20 ± 0.01








Note: all differences are not statistically significant (t-test 0–1.7).









3.2.2. Age-Related Differences


Comparison of the FA level in adult and juvenile individuals revealed that, in most cases, OFAM in adults is lower than in juveniles (Table 4). Note that the difference between juvenile and adult individuals in different regions and at different times was pronounced to varying extents. Within the taiga zone, the FA level was almost the same in juveniles and adults, whereas in the forest-tundra, as a rule, the differences reached a statistically significant level (Table 4).



Table 4. Differences in FA level between the juvenile and adult rodents in the middle taiga and forest-tundra.







	
Region

	
Species

	
OFAM, in Age Group

	
t-Test,

Significance of Difference




	
Juv

	
Ad




	
n

	
M ± m

	
n

	
M ± m






	
Middle taiga

	
Clethrionomys rutilus

	
57

	
0.29 ± 0.02

	
50

	
0.25 ± 0.02

	
0–1.46 *




	
Myopus schisticolor

	
74

	
0.35 ± 0.02

	
54

	
0.35 ± 0.01




	
Microtus oeconomus

	
129

	
0.32 ± 0.02

	
51

	
0.29 ± 0.02




	
Sorex caecutiens

	
56

	
0.17 ± 0.02

	
11

	
0.15 ± 0.02




	
Mountain taiga

	
Clethrionomys rutilus

	
41

	
0.38 ± 0.01

	
27

	
0,29 ± 0,02

	
4.02 (p < 0.01)




	
Sorex caecutiens

	
69

	
0.21 ± 0.01

	
14

	
0.17 ± 0.02

	
1.79 *




	
Forest-tundra

	
Clethrionomys rutilus

	
36

	
0.37 ± 0.01

	
48

	
0.33 ± 0.01

	
2.83 (p < 0.01)




	
Clethrionomys rufocanus

	
10

	
0.43 ± 0.03

	
24

	
0.37 ± 0.02

	
1.66 *




	
Myopus schisticolor

	
26

	
0.45 ± 0.01

	
147

	
0.37 ± 0.03

	
2.53 (p < 0.05)




	
Microtus oeconomus

	
118

	
0.42 ± 0.02

	
90

	
0.35 ± 0.02

	
2.47 (p < 0.05)




	
Sorex caecutiens

	
134

	
0.20 ± 0.01

	
11

	
0.17 ± 0.01

	
2.12 (p < 0.05)








* t-Test value lesser than 1.98 means the differences are not statistically significant.








Following the age-related changes in the FA level in insectivores is difficult due to the aforementioned aspects of their population age structure: there is an extremely low amount of overwintered individuals. Relatively large samples from the forest-tundra of the lower reaches of the Indigirka River demonstrate some differences (not unlike those in voles) in the occurrence of asymmetry manifestations between juvenile and adult individuals.



In the northern red-backed vole, we distinguished adult (overwintered) and juvenile animals and additionally subdivided juveniles (using the degree of development of their molar roots) into those of ages of one, two, and three to four months. Within the taiga zone, despite the significant differences in the location of the studied regions, OFAM levels in the northern red-backed vole were similar, and OFAM levels in juveniles in all cases were higher than in adults. In addition, it was found that the juvenile group was not always uniform in the FA level. Its magnitude itself, and the extent of the differences between the age groups, vary by region. The lowest values were registered in the middle taiga in Central Yakutia. There, OFAM in adults was low, the differences with juveniles were not significant, and within the group of juveniles no significant difference in the occurrence of asymmetry manifestations was found (Figure 6). At the same time, in the harsher conditions of the Verkhoyan’e mountains (at the elevation of 800–1000 m), not only is the difference between juvenile and adult individuals expressed more clearly, but also within the group of juveniles there is a tendency for the OFAM to decrease with age, and the differences between juveniles and adults reach statistically significant levels, with the Student’s t-test, p < 0.05 (Figure 6). Although for each of the three regions, for which we have differentiated data on FA levels in juveniles of the northern red-backed vole from different age groups, no significant difference in pairwise comparison of the juvenile groups was found. A regression analysis of all data showed a significant dependence of OFAM on individual age (the regression coefficient 0.73, p < 0.001).


Figure 6. Age differences in asymmetry manifestations in the northern red-backed vole in the middle (a) and in the mountain; (b) taiga zone.
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The examined populations at the time of our study were characterized by similar abundance levels, so the age-related differences between them can be attributed to differences in the climatic conditions of the regions. Regression analysis of combined data on variability in the FA level in small mammals in the studied regions demonstrated that a rather significant contribution to its dependence on environmental factors is made by the age of the individual (the regression coefficient is 0.35, p < 0.001). However, as mentioned above, an important contribution to the dependence comes from the impact of the climate and geographic range. Statistically significant differences in OFAM values were also observed when the data were analyzed using non-parametric statistics (p < 0.05). In our opinion, the data presented above suggest that there are age-related differences in the occurrence of asymmetry manifestations: in juvenile small mammals its value, as a rule, is higher than in adults. The extent of the differences between the juveniles of different ages is greater in harsher climatic conditions.




3.2.3. Changes in FA Level within One Generation Lifetime


In the previous cases, when examining age-related differences in the FA level, we examined the data collected within one summer, which means we compared the FA level of overwintered individuals and that of their offspring. Changes in FA level within one generation can be seen in the example of the wood lemming in the forest-tundra (Figure 7). During the three years of research at the same site, the OFAM in adult individuals was lower than in juveniles. The interannual differences in the FA level observed within both adult and juvenile groups are explained, apparently, by different abundance levels: in the summer of 1987 it was a population peak, and in 1988 a sharp decline followed, which gained momentum in 1989. As we mentioned above, there is information in the literature that testifies to the developmental stability decreasing as a result of social stress [5,27]. Nevertheless, in each case, within one reproductive season, the FA level in juvenile individuals is statistically significantly higher than in adults.


Figure 7. Changes in FA levels in the wood lemming following the overwintering.
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It is necessary to take into account that the juveniles born in 1987 and the adults in 1988 represent the same generation. As one can see, the average FA level for the generation decreases following the overwintering, the statistical significance of that being high (p < 0.001). For our analysis we used features with phenotypic expressions which are not subject to age-related variability [47]. Therefore, we believe that the age-related differences in the occurrence of asymmetry manifestations as a criterion of developmental stability may be due to different elimination rates. It can be assumed that the high occurrence of FA manifestations, while not compromising individual viability by itself, is a kind of a marker of other disorders, which results in more severe selection among the “asymmetric” individuals. This assumption is also confirmed by the fact that, among the small mammals and insects, “asymmetric” individuals are more vulnerable to elimination by predators [42,43].



The intensification of juvenile reproduction in the north is one of the necessary conditions for maintaining the population size, as low spring abundance (because of increased mortality during the winter) [46] creates certain difficulties for the reproduction of the population. At the same time, increased mobility of the males involved in reproduction and high energy expenditures for carrying and nourishing the offspring in females lead to an increased elimination in first generations of small mammals; as a result, the population that enters the winter consists almost exclusively of non-breeding animals. Therefore, it is interesting to look at how the impact of the reproduction affects the average developmental stability figures.



Consideration of the materials collected in different periods showed that the occurrence of asymmetry manifestations in small mammals, as a rule, was different in the groups of breeding and non-breeding animals. For example, in the northern red-backed vole of the Southern Yakutia, when low reproductive activity of juveniles was observed, virtually no difference in FA levels between one- and two- to three-month-old individuals was found (Figure 8); and with high reproductive activity, the differences between the animals of different ages collected in late summer were very significant (Figure 8). Perhaps this is explained by the intense participation of juveniles in reproduction: in late summer, in animals of two months of age that participated in reproduction, their FA level was 0.33, whereas in their immature peers it was 0.36. It is necessary to take into account that these differences can be called a tendency and do not reach a statistically significant level. However, it has been known that in northern populations of small mammals, the elimination of juvenile individuals during the summer is mainly associated with animals involved in reproduction [46]. We can assume that the taxing energy expenditures on reproduction lead to the intensive elimination of individuals characterized by disturbances in developmental stability, which are reflected in an increased FA level. In that case, the average FA level in the groups that were not involved in reproduction will change during the summer much less because they are, to a lesser extent, subject to selection pressure.


Figure 8. Comparison of FA levels in breeding and non-breeding juveniles of the northern red-backed vole in the Southern Yakutia (a); an Western Yakutia (b).
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4. Conclusions


The level of FA in cranial features of small mammals (orders Insectivora and Rodentia) was analyzed using mass species (the northern and grey red-backed voles, the root vole, the wood lemming, and Laxmann’s, tundra, and Siberian large-toothed shrews) as an example. The differences in OFAM levels between Microtina and Soricidae that were registered are explained by the differences in the skull structure, which dictated taking different complexes of features for evaluation of the FA level. It was found that, provided that their abundance levels and roles in the community were similar, the examined species are characterized by comparable OFAM values in rather vast territories of the taiga zone. On the ecological periphery of the range of taiga species, a severe pressure of abiotic factors leads to an increase in the occurrence of disorders of developmental homeostasis and is reflected in the increased FA level, which indicates an increased tension in the organism-environment relationship.



We suppose that similar FA levels in a significant part of even very vast geographic ranges indicate that natural selection maintains a certain level of developmental homeostasis, which is necessary for population existence. In conditions that are close to optimal, populations are relatively homogeneous in FA level, and when conditions deteriorate, an increase in the occurrence of disturbances in developmental stability is observed which leads, on one hand, to higher average FA levels for the population and, on the other hand, to heterogeneity of the population in this parameter.



The analysis of intrapopulation variability in OFAM in small mammals demonstrates that asymmetry manifestations are equally likely to occur in males and females. Any population is characterized by the presence of animals with different FA levels but, on the whole, OFAM values in juveniles are higher than in adults. The existence of differences in FA levels between juvenile and adult individuals within the same population indicates that there is a differentiated probability of elimination of individuals with increased occurrences of disturbances in developmental stability during the winter, and it is more pronounced in peripheral populations. Additionally, among the juveniles, relatively low FA levels are characteristic of individuals that reproduced. Supposedly, this is a consequence of increased mortality in individuals with developmental stability disturbances during the period of high energy expenditures with respect to reproduction. Thus, the risk of elimination of individuals with an increased FA level rises in stressful periods of life within the population.
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