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Abstract—An example of Rana arvalis Nilss. was used to demonstrate specific features of the metabolism,
neuromuscular system, and skin permeability for sodium of amphibians from areas with different levels of
urbanization and environmental pollution. The difference in skin permeability between striated and nonstriated
morphs was revealed for the first time. Some regularitics revealed in the study indicate that parameters charac-
terizing the physiological state of amphibians can be used for more complete and unbiased asscssment of their
populations and the extent of changes occurring in them.

INTRODUCTION

Investigation of the physiological specificity of ani-
mals from populations exposed to extreme conditions
of the anthropogcnically transformed cnvironment is
the way to quickly obtain (in comparison with zoolog-
ical methods) new data on the processes of adaptation
and microevolution in populations inhabiting the corre-
sponding landscapes. According to Shvarts (1973), the
population determines its fate by controlling the physi-
ological state of its constituent individuals, but this
takes place only until these individuals remain in the
integrated population as its members.

As aquatic organisms are very sensitive to pro-

wnged action of low concentrations of pollutants, the
state of aquatic biocenoses is, in the end, the best crite-
nion of changes in water chemistry (Buyanovskaya,
1973). Many authors noted individual (and population-
specific) responses of amphibians to pollution and
urbanization (Pliss and Khudolei, 1979; Rose and
t{arshbarger, 1977; Ilosvay, 1977). The most informa-
sve parameters include normal and readily reversible
structural and functional reactions characteristic of
rhenotypically stable organisms (including amphibi-
ans) with largely autonomous development (Schmal-
aausen, 1983). Shvarts (1954) noticed that morpho-
physiological characteristics of amphibians are highly
sensitive to the contents of microclements in water.

MATERIALS AND METHODS

The present study is based on matcrials obtained by
investigating natural Rana arvalis Nilss. populations
widely distributed within the Ekaterinburg city limits.
With respect to the level of anthropogenic transformation,
w¢ distinguished in this large industrial city four zones to
»hich amphibian habitats are confined (Table 1). The
~asic criterion of zoning was the degree of housing

development (number of stories, density of buildings,
and other corresponding features, organization of the
territory in gencral, and the level of pollution).

The functional state of thc ncuromuscular system
was determined using an ESL-2 clectronic stimulator,
an accommodomcter, and silver chloride electrodes
with a screened chamber. Skin permeability for sodium
was measured by means of two pairs of silver chloride
electrodes with an agar electrolytic bridge. Oxygen
consumption was determined using an AKTs-2 digital
oxygen analyzcer.

RESULTS AND DISCUSSION

Effect of Urban Environmental Pollution
on Sodium Balance in Amphibians

Under conditions of considcrable pollution,
amphibians arc known to demonstratc changes in pro-
tein and lipid metabolism and an increase in the mass
of cell membranes, which may reflect their decreased
permeability for pollutants (Misyura, 1989). The anal-
ysis of skin permeability for sodium in adult and juve-

Table 1. Sodium permeability of skin in adult and juvenile
frogs, mV

Young of the year Adulis
Zone e e
REP N RLEP (with KI) N RLP N
II (19058 1S | 199£69 | 6 | 4951 2.05/24
I |308+58| 15| 286+£49 (12 | 6.88+2.89(12
IV |42.7£75| 9| 386157 | 9 {1247£2.05{24
K (47.1£4.6| 24| 309£69 | 6 |17.90+2.89 12

Note: Here and below, 11 is the zone of multistory housing, 111 is the
zone of low housing, 1V is the park forest zone, and K is a
suburban area.
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Table 2. Oxygen consumption and liver index in juvenile and adult R. arvalis frogs

VERSHININ, TERESHIN .

" O, consumption,ml | Average liver index, %
one
young of the ycar N young of the year N adults N
EURT | 0.000676 £ 0.000019 14 53.051£2.0 30 34.6£5.6 11
Il 0.001551 % 0.000023 10 5141054 651 104.317.5 5
I 0.001589 £ 0.000032 5 53.5x0.79 306 548158 8
v 0.002299 * 0.000028 7 53.07%£0.38 1350 56.7%5.5 9
K 0.000941 £ 0.000022 M 48910.53 666 43.1% 1.5 117

nile (young of the year) R. arvalis revealed some signif-
icant differcnccs in this parameter (Table 1). Skin per-
meability in frogs from the zones of multistory housing
and low buildings was more than twice as low as in
thosc from the park forest zonc and the suburban popu-
lation. In general, it decreased in inverse proportion to
the pollution gradient. The significance of this trend,
obtained in 1993 for juvenile R. arvalis and R. tempo-
raria, was very high (F = 8.432, p < 0.0001). Intcrspe-
cific differences were less significant (p = 0.002). On
the whole, however, skin pcrmeability for sodium in R.
temporaria was lower than in R. arvalis. According 1o
the data obtained in 1994, differences in skin perme-
ability in R. arvalis young of the year were also signif-
icant (F = 5.393, p = 0.002). Upon treating the skin flap

with KJ, REP values in juveniles from zone [l remained

virtually unchanged, whercas in animals from other
zoncs they decreased, and, hence, significant differ-
ences between zones disappeared. After skin flap wash-
ing with Ringer solution, the difference did not appear
again: the REP in juveniles from zone II remained at
the same level, and in those from other zones it did not
incrcase to the initial value.

The analysis of experimental data showed that mor-
phs of R. arvalis significantly differ in skin pcrmeabil-
ity: in striated frogs, this parameter was significantly
lower (under different testing conditions, significance
of differcnces varied considerably, with p values chang-
ing from 0.004 to 0.0005). It was found that zonal differ-
cnces in skin permeability resulted solely from an
increase in the proportion of striated individuals in pop-
ulations from zones II and III. Therefore, in this case we
arc apparently dcaling with preadaptation, which is an
important condition allowing animals to make the first
step toward colonization of a new cnvironment (Shvarts,
1980). Greater proportions of striated R. arvalis frogs in
urban populations is a marker of changes in their genctic
structure under new environmental conditions. Charac-
teristics of skin permeability explain how the striata
morph gained selective advantage in populations inhab-
iting anrthropogcnically transformed territorics.

Oxygen Consumption by Amphibians

Our results showed that oxygen consumption by
maturc malc R. arvalis significantly varicd from popu-
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lation to population and differed from that in the con-
trol group. Comparcd 1o control values, oxygen con-
sumption by frogs from diffcrent zones was higher: in
zone IV, by 17.3%:; in zonc 111, by a factor of 2; and in
zone 11, by 72.4% (data statistically significant) (Ver-
shinin and Tereshin, 1992).

Experiments on 14 animals captured in 1993 and
1994 in the 500-1000-Ci zone of the Eastern Ural radio-
active tracc (EURT) showed that the level of oxygen
consumption by adult R. arvalis dcpends both on body
weight and on the location of home range, but the former
dependence is morc significant (F = 8.832, p < 0.0001)
than the latter (zonal) onc (F = 4.987, p = 0.006). As the
degree of urbanization incrcascs (Table 2), oxygen con-
sumption initially incrcases as well (from the control to
zone 1) but then decreasces (in populations of zone II),
which may be evidence for adaptive modifications of
higher level than cnergy-consuming physiological ones
(Shvarts, 1980). In the sample from the EURT territory,
a considerable decrease in this parameter is noted,
which we attributed to specific featurcs of populations
living under conditions of radioactive contamination: it
was shown that exposure to radionuclide contamination
may lead to a sharp inhibition of mctabolic processes—
hypooxygeny (Testov, 1993).

Using traditional zoological methods, it was found
that large encrgy-consuming individuals and those with
a hereditary high level of metabolism (Dobrinskii and
Malafeev, 1974; Vershinin, 1995) prevail in amphibian
populations living within city limits, i.c., in the area
with the maximum level of anthropogenic impact.
Comparison of changes in the level of oxygen con-
sumption and the liver index in young of the year and
adult frogs depending on the degree of urbanization
demonstrated that the zonal dynamics of thcse parame-
ters is similar. This is evidence that the same changes
occur in populations of urbanized territories (Table 2).

Thus, frogs from the populations exposcd to anthro-
pogenic impact proved to have a higher level of metab-
olism. This fact suggests that the paramecter of oxygen
consumption by amphibians, combined with other bio-
physical (Tercshin and Vershinin, 1989) and clectro-
physiological tests (Vershinin and Tereshin, 1992), may
be used in the general complex of bioindication meth-
ods, in particular. for estimating the degree of adaptive
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Table 3. Excilability of nerve and muscie tissues of frogs

257

Neivi Muscle Hean index in juve-
Zone niles
Vot m N Vitm N Votm N Vitm N Cor, %o N
I1 10.579+0.059| 11 0.4540.78 9 267 +0.83 12 3.87+1.68 12 3.3810.04 708
11 {0.433 £0.069 8 03520388 7 2421 1.01 8 3.12+2.00 8 3.16 £ 0.06 300
IV {0.457£0.054] 13 0.546x0.78 9 1.72 £ 0.80 13 1.41 £ 1.76 I 3.03+£0.028 | 1376
K 10.383+0.038( 27 1.1 1046 26 2.26+0.53 30 4061 1.08 29 2.88+0.039 | 722

Note: V,and V) refer to excitability before and after washing. respectively.

shifts in populations inhabiting anthropogenic land-
scapes.

Specific Functional Features of Excitable Tissues

In the course of cnvironmental transformation, ani-
mals specifically respond to changes in ambient condi-
tions. At the same time, individuals with more perfect
morphophysiological reactions arc sclected, and the
population acquires heritable morphophysiological
traits, This pathway is not advantagcous thermodynam-
ically. The next stage is selection of individuals capablc
of maintaining an cnergy balance without developing
pronounced morphophysiological adaptations

(Shvarts, 1980). The level of adaptation determines the

profoundness of transformations in the population.
This explains attention to the analysis of variation in the
functional state of cxcitable tissues of the organism,
i.c., of the nerve and musclc tissucs dctermining the
mobility of individuals, the rate of their reactions to
external factors, and eventually the statc of organism on
the whole and probably the stability of a species under
ncw conditions.

Onc of the intcgral parameters characterizing the
functional statc of excitable tissues, along with excit-
ability, is the capacity for accommodation (Khodorov,
1969). This parametcr reflects the level of functional
.ability of the tissuc and directly depends on the accom-
modation capacity of individual nerve and muscle
iibers (Bretag and Stampfl, 1975).

Accommodometry proved to be informative in the
comparative study on estimating physiological activity
- sapropel componcents (Tereshin er al., 1981), i.c., this
method dctected changes in concentrations of micro-
clements in the environment.

We analyzed specific features of excitability and
-ccommodation capacity in R. arvalis frogs exposcd to
Aferent levels of pollution and urbanization, and the
:clationships of these parameters with some character-
.tics of frog populations. Experiments were performed
n 18 maturc males during the field season of
‘y87-1988. The frogs were sampled from populations,

shabiting different zones of urban landscape distin-
.uished with respect to the level of housing develop-
Vol 30
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ment, pollution, and gencral exploitation of the terri-
tory by peoplc (Vershinin, 1995).

Table 3 shows the results of determining excitability
of the nerve and muscle tissues of frogs from these
zones. According 10 the results ol a two-way ANOVA,
excitability of the nerve tissue had a significant zonal
specificity (p = 0.05, /' = 2.632), which disappearcd
after 30-min washing of’ the tissue in Ringer solution,
A significant decrcasce in this parameter (i.e., higher
cxcitability threshold), compared to that in the cantrol,
was observed as the level of anthropogenic impact and
pollution incrcascd.

The muscle tissue excitability had certain specific
features but, as significance of differcnces was low, we
can only notc a ccrtain tendency.

Lower cxcitability (higher cxcitability threshold)
was revealed in animals from zones 11 and III, where
they are exposed to the greatest anthropogenic impact.
The decrease in excitability may be regarded as a sign
of adaptation of physiological systcms to new cnviron-
mental conditions. It should be noted that after washing
the preparations for 30 min in fresh Ringer solution, the
values of excitability of thc muscle tissue decreased
(cxcitability thresholds became higher) in frogs from
all investigated zonces (cxcept zone 1V), not differing
significantly between themselves. This fact suggests
that changes in muscle cxcitability in this case arc not
irreversible.

Thus, changes of muscle excitability in frogs from
territorics with different levels of urbanization differ
from corresponding changes in the nerve tissue. The
greater the anthropogenic transformation of the cavi-
ronment, the lower the excitability of nerve tissuc (the
excitability threshold for rectangular clectric pulses
progressively incrcases). The valucs of absolutc cxcit-
ability of thc amphibian ncrve tissuc may serve as a cri-
werion for estimating the level of anthropogenic impact
on the population and the ccosysiem.

The results of determining the accommodation
capacity of nerve and muscle tissucs in frogs from pop-
ulations living within city limits arc shown in Tablc 4.
The accommodation constant of the nerve tissuc had
significant zonal diffcrences (p < 0.05, F = 3.018). Its
values in frogs from zones 11 and IV were lower than
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Table 4. Accommodation capacity of nerve and muscle tissucs of frogs

Muscle Zone
Nerve Litm N Lytm N Litm N ' Lytm N
(T=0.25) (T'=25) (T=25) (T'=2.5)
T 5.00 £ 0.64 10 34.71 £ 4.75 9 0.529 £ 0.36 12 | 4.992 091 12
i 3.93 £ 0.69 8 14.90 £ 5.41 g 0.555+0.44 8 sS4t 0l 8
v 3.49 £ 0.58 12 2041 £4.75 9 0.726 £ 0.34 13 6.74 £ 0.88 13
K 5.39+0.38 g 2225+2.719 26 0.814+0.22 30 5.000.59 28

Note: L) and L, refer to accommodation constant betore and alter washing, respectively.

in frogs from zone Il and the control. After 30-min
washing in fresh Ringer solution, nerve tissue prepara-
tions retained this zonal specificity (p < 0.05, F =
2.894). Accommodation constants werc noticcably
reduced in zones 111 and IV, comparced to those in zonc
Il and the control.

The highest accommodation capacity of the nerve
tissuc (thc lowest accommodation constants) was
revealed in animals from zones 11 and IV. The same is
true of the dynamics of the accommodation constant. It
may be assumed that (rogs suffering from relatively
low (zone IV) and modcrate (zone 11I) anthropogenic
impact arc characterized by a comparatively greater
adaptability of the nervous system.

The pattern of changes in the constant of muscle tis-
suc accommodation depending on the level of urban-
ization differs from that of nerve tissuec accommodation
(Tablc 4). The lowest constant (the highest accommo-
datipn capacity) for muscle tissue was found in frogs
from zone Il. Accommodation capacity decreased
(accommodation constant increased) at lower levels of
anthropogenic impact. After 30-min washing of musclc
tissue in fresh Ringer solution, this capacity becamc
slightly lower in frogs of the control group than in frogs
from other zoncs, although the diffcrence was nonsignif-
icant. These results demonstrate that frogs from popula-
tions exposcd to the strongest impact (zones 11 and III)
are characterized by relatively higher adaptability than
frogs from the control group and zone IV.

The accommaodation capacity of excitable tissues in
frogs from the urban territorics was also studied in 2
stronger gradicnt of the test stimulus (7= 2.5 m s). The
accommaodation constants for nerve and muscle tissues
of frogs from all the investigated zones did not differ
significantly from those in the control group. The same
was observed after 30-min washing in fresh Ringer
solution.

Thus, frogs from zones 11 and 1l proved to have
lower nerve excitability (a higher excitation threshold)
than control animals: 0.579-0.433 vs. 0.457-0.383 m s.
This may be associated with an increase in the cffect of
disturbance factor and a high locomotor activity of lar-
vac and juveniles in such populations. In larvac, hyper-
activity is conditioned, inter alia, by the action of pol-
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lutants (Taylor et al., 1990), which is indircctly con-
firmed by a high hcart index in juvenile frogs from such
zones (Vershinin, 1992). The paticmns of changes in the
excitation threshold and the heart index are very similar
(Table 3). The obscrved differences in excitability of
nerve tissuc and the excitation threshold indicate that,
in addition to previously revealed adaptive changes, the
frog populations under study are characterized by phys-
iological adaptation, as these differences leveled off
after tissuc washing in Ringer solution.

The constant ol nerve tissuc accommodation and its
dynamics in animals from zones [l and IV were signif-
icantly lower than in zonc 1l and the control group (3.49
and 3.92 vs. 5.0 and 5.38 ms, respectively; p = 0.038,
F = 3.018). This is cvidence for the highest accommo-
dation capacity of thesc frogs, i.c., for the existence of
adaptive physiological changes in the absence of signif-
icant population differences in zones where anthropo-
genic pressure did not rcach maximum values. Frogs
from the suburban population apparcntly have a lower
accommodation capacity, living beyond the zone of
strong anthropogenic impact, and animals from zonc 11
demonstrate some profound qualitative differences at
the population level (Vershinin, 1995), which makes
physiological adaptations less important. Physiological
compensations as a way of adaptation to different envi-
ronmental conditions arc very claborate but thermody-
namically incfficicnt (Shvarts, 1980). Apparently,
cxcitability of the nerve tissuc reflects the levels of dis-
turbance and pollution under conditions of urbaniza-
tion, while its accommodation capacity reflects the
degree of adaptive changes in populations living in the
anthropogenically transformed environment.

Our investigation revcaled some physiological
adaptations in populations of R. arvalis living within
city limits and provided the possibility of more detailed
and thorough cvaluation of previous results obtained in
the same populations by zoological mcthods. The
appropriatc combination of differcnt mecthods is a
promising approach to obtaining adcquate and compre-
hensive information on processcs occurring at different
structural levels of the biota. This should allow
researchers to reveal general regularities of the investi-
gated processes and to estimatce the cxtent and dircction
of the obscrved changes.
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