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Abstract—The resultsof |ong-term fiel dstudiesshowed that fecundity of femaleRanaarvalis N_ilss_frogsrraé
increase on account of an increasein their body length or, dternatively, the shortening of their hindlimbs, wit
body length remaining unchanged. The type of reproductive strategy is independent of the annual dpopulation
dynamics, but gradually changes (toward an increased dependence on female body length) with a decreasein
the overall number of frogsinvolved in breeding, which occursastheresult of successionin the habitat studied.
The growth of hindlimbsonly, without an increase in body Iength, does nat contribute to fecundity but is nec-
essary for normdizing morphological proportions. Hence, fecundity and hindlimb length are the parameters
""competing' for the resource provided by the female's body. In general, fecundity %F)as afunctionof (L
and hindlimb length (f) may be represented as F= (Fp, LY/(L + /), where F,, iS the maximum possible lev
of fecundity. Morphologica proportions of females, rather than their absolute size, are the main parameters
determining the dynamicsof fecundity; hence, the abstract concept of sizes (as conventially used in ecology)
losesits meaning In this case. Hindlimbs may be regarded as the ™ viability component,” and body size, as the
"'reproductive component.” Taking into account that both of these components belong to the morphological
structure of the phenotype, it is principaly impossibleto distinguish between competition of adaptive compo-
nentsfor somecommon resource and their morphogeneticinteraction necessary for the maintenanceof normal

morphologica proportions.

INTRODUCTION

Theevolution of lifecycleshas usually been consid-
ered as the problem of the optimal distribution of
resources between growth and reproduction in a given
habitat, with regard to the ontogenetic limitations
(Schmalhausen, 1968; MacArthur and Wilson, 1967,
Begon et al., 1986). The effect of these limitationson
the structure of fitness remains unclear. Taking such
limitations into account is considered necessary, but
only to theextent to which they limit free redistribution
of the environmental resource between components of
the phenotype. Both adaptationists and their opponents
agreeonthis. Theformer proceed from the premise that
ontogenetic limitations leave sufficient space for selec-
tion of various ecological adaptations (for example, see
Maynard Smith, 1982), whereas the latter consider the
range of " ontogenetically admissible™ genotypes to be
so harrow that selection hasvirtually nothing to operate
upon (Gould and Lewontin, 1979). Both assume that
the redistribution of resources between the components
of fitness has no direct relation to the mechanism of
their formation during ontogeny.

Allometric relationships are a classic example dem-
onstrating that ontogenetic limitations affect theforma-
tion of components of reproductive fitness (Huxley,
1932; Gould, 1966; Shrnidt-Nielsen, 1984; Begon et
al., 1986). Ecologists rightfully assume that in the case
of a proven allometric relationship between fitness-
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related traits, it is unnecessary to know mechanisms of
their development to understand the limitations
imposed by allometry on the course of evolution of the
life cycle. Suppose, however, that this allometric rela-
tionship lacks biological significance, and a common
ontogenetic mechanism of interaction between the cor-
responding traits simply does not exist.

We have reason to believe that the latter appliesto
the allometric relationship between the components of
fitness (primarily fecundity) and body size. In amphib-
ians, corresponding correlation coefficients are
extremely variable and usually have low vaues
(Kozlowska, 1971; Koskelaand Pasanen, 1975; Kaplan
and Salthe, 1979; Kaplan, 1980; Gibbons and McCar-
thy, 1984, 1986). The dependence of fecundity on body
size is possible to approximate by exponential func-
tions, but this approach is arbitrary, and the resultsare
impossible to verify by any additional data. There is
one more circumstance that virtually excludes the very
possibility of adirect ontogenetic relationship between
fecundity and the " somatic™ components of the pheno-
type: variation in fecundity isfar greater than variation
in body size or any other somatic trait (Lack, 1954). In
terms of dynamic systems (see, for example,
Romanovskii et al., 1975), this means that dimensiona
characteristics should be regarded as control parame-
tersof the system, whereasfecundity isadynamic vari-
able. The biologica significance of this statement is
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Tablel. Meen vaues (m) and coefficientsof variation (cV, %) of analyzed traitsin frogs from samplestaken in different

years from the permanent and temporary (TB) basins

Trait L F D E f Lif

n year m cV m cV m cV m cV m cV m cV

75 | 1987 0S| 627 724 24.7 1.69 500 | 0.026 | 21.8 | 2431 | 9.75 2.10 6.67
I l 1

40 | 1988 51.89 | 4.99 910 18.4 1.67 299 | 0.030 | 154 | 2499 | 596 2.08 3.85
| | | I

82 | 1989 53.27 | 449 | 1029 252 1.77 395 | 0.038 | 23.7 | 2540 | 5.67 2.10 4.76

I I | I
103 | 1990 53.86 | 6.10 926 27.3 1.74 517 | 0.030 | 223 | 26.10 | 6.86 2.07 3.86
I I

90 | 1991 53.90 | 6.10 988 315 1.67 479 | 0.029 | 29.7 | 26.50 | 5.80 | 2.03 3.45

35 | 1988TB | 50.56 | 4.98 839 25.8 1.64 348 | 0.028 | 18.2 | 24.16 | 6.17 2.10 4.28

25 | 1989TB | 52.04 | 5.15 963 18.9 1.75 320 | 0.037 | 154 | 24.56 | 5.00 2.12 4.72

Note: |—differences between samples taken from PB in consecutive yearsare significant

< 0.05); underlining shows that differences

between samplesof the same year taken from PB and TB are significant (» < 0.05). (L) Femalebody length, mm; (F) fecundity; (D)
egg diameter,rnm; (E)reproductiveeffort: (fy femoral length, mm; (L) theratio of body length to femoral length.

thet changes in body size, leading to changes in the
leve of fecundity, also modify the mechanism of these
changes, i.e., the type of dependence of fecundity on
body size. Thisis equivalent to the establishment of a
direct relationship between the mechanismsof ontoge-
neticdevel opment of phenotypictraits and theextent of
thelr contribution to reproductive fitness.

In this work, we used data from our long-term field
experiments (1987-1991) to reconstruct the mecha-
nismsinvolved in the development of reproductive fit-
ness in the moor frog, Rana arvalis Nilss.

MATERIALS AND METHODS

Mating R. arvalis frogs (pairs in amplexus) were
captured in their natural spawning groundsin the vicin-
ity of the Zvenigorod Biological Station of Moscow
State University. The main spawning ground of the
population under study, on which young of the year
emergeregularly, islocated in aformer peat mine aban-
doned approximately 60 years ago and overgrown with
vegetation (subsequently referred to as permanent
basins, PB), In 1988 and 1989, we also collected pairs
d frogsfrom various poolsin the forest (subsequently
referred to astemporary basins, TBs).

Pairs in amplexus were placed in individual aquari-
ums for spawning. Fecundity (F),i.e., the number of
egos per clutch, was determined asdescribed by Surova
and Cherdantsev (1987): we measured the volumes of
the entire clutch and of its small fragment and calcu-
lated the number of eggs in this fragment; the F value
was obtained by recal cul ating this number per total vol-
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ume of the clutch. Egg diameter (D) was measured
under a dissecting microscope fitted with an ocular
micrometer, with an accuracy of 0.01 mm. Our previ-
ous study showed that, at such an accuracy, differences
in the size of eggs within the same clutch were statisti-
cally insignificant compared to the interclutch variation
in this parameter (Surova and Cherdantsev, 1987);
hence, only ten eggs per clutch were measured. Mea-
surements were made during early cleavage, becauseat
later stages eggs accumul ate water and increasein size.
Infemal es after spawning, we measured the snout—vent
length (L) and femoral length (f). The age was deter-
mined according to aconventional procedure (Smirina,
1972) by counting the number of annual bone ringsin
the fourth digit of a hindlimb in its serial paraffin sec-
tions. The age of females captured in 1991 was not
recorded. The reproductive effort (E) was calculated

from the formula E= (FD?)/L>.

In addition to routine statistical treatment of experi-
mental data, we used the method of main components
(Jeffers, 1978) and analysis of variance (Scheffe, 1977)
to analyze the structure of interactions between the
components of reproductive fitness and between mor-
phological traits during the growth of frogs. Calcula-
tions were made with theaid of STATGRAPHICS and
STATISTICA software packages.

In addition, we used the data on the number of frogs
involved in breeding during the last 15 years (1981-
1995), estimated by S.M. Lyapkov by taking census of
clutches deposited within the home range of the popu-
lation studied.
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Fig. 1. Agedistribution of females in samples taken from 1987 to 1990 from the permanent and temporary (TB) basins. Abscissa
shows age of females (years), ordinate shows proportionsof females of different age (%).

RESULTS AND DISCUSSION

Long-Term Dynamicsd Body Size, Fecundity,
and Demographic Structure

We begin with frogs breeding in PB, because only
thelr progeny has aguaranteethat individualssurviving
the embryonic and larval development will success-
fully completemetamorphosisand beginterrestrial life.
The following chapters of the paper will also ded
largely with the data on these frogs, whereas frogs
breedingin TBs will be discussed separately.

In 1987, breeding frogs had the smallest body size,
the lowest fecundity, and the smallesteggs(Table 1). In
the following two years (1988 and 1989). the size and
fecundity of frogs increased considerably and, after a
small decreasein 1990, reached a plateau (datastatisti-
caly significant). Changes in the reproductive effort
coincided with thosein fecundity. Theegg size reached
a peak in 1989 and decreased by 1991. Body propor-
tions of females, estimated from the L/f ratio (Ter-
entjev, 1950), remained virtually unchangedfrom 1987
until 1989, but in 1990 and 1991 the relative length of
hind limbsincreased significantly (Table1).

Anayzing the age of reproductive females (1987-
1990), wefound that they begin to participate in breed-
ing at the age of three years and cease to reproduce at
theage of six years, the modal age at the peak of popu-
lation sizeis four years. During the study period, the
mean agedf femalesinvolved in breeding remained sta-
tistically similar, but in 1989 (the year of peak fecun-
dity) the proportion of five-year-oldsincreased signifi-
cantly (Fig. 1). Wefound only onefemalethat success-
fully spawned at the age of two years and few
reproductive females aged over six years (the oldest
frog was nine years old), but excluded them from anal-
yss.

Thus, the comparison of samplestaken in different
years provides evidence for a high plasticity of both
morphometric parameters and components of fitness.
In fact, each breeding season brings out a new pattern
of values taken by traits studied. Hence, pooling sam-

plesof different years and averaging the corresponding
data, as is common in ecological studies(Begon et al.,
1986). isinadmissiblein our case, both for forma rea
sonsand in essence.

On the other hand, seasona fluctuations provide a
background for relatively long-term changes, which
retain their trend for more than two consecutive sea-
sons. These are (1) an increase in the absolute body
Size, age (specificaly, an increase in the proportion of
five-year-old females), and fecundity during the period
from 1987 to 1989 and (2) relativestabilization of body
size and fecundity in the following years, with a con-
comitant shift in body proportions resulting from an
increasein therelativelength of hindlimbs.

The fact that long-term changes in body size more
or less correlate with those in fecundity may suggest
the existence of a common alometric relationship,
resistant to seasonal fluctuations, between these traits.
It iseasy to demonstrate, however, that any allometry is
lacking. When we approximated the function F(L) by
the exponential function F = aL® and evduated the
result by the least squares method (using STATISTICA
software), theerror was enormous(mean-square devia-
tion of about 10%). We failed to find any elementary
function sufficiently suitable for approximating the
empirical dependence. Such aresult is understandable,
because variation in fecundity isamost by an order of
magnitudehigher than that in body size (mean variation
coefficientssee in Table 1).

At the sametime, all samplesdemonstrated thefol-
lowing trend. On the plane (F, L), the empirical points
(individuals) were distributed in such a way that the
curve showing theregressionof Fwith respect to L for
the small females was obviously steeper than that for
the large females. We confirmed this finding when
approximating the empirical distributions by two linear
functions with domains defined according to a visble
difference in the shape of F(L) curves for small and
large females. The arbitrary boundary between small
and largefrogs naturally shifted depending on the sam-
ple. Thus, femalesclassifiedassmall in 1987 had body
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Table2 Coefficientsd allometric dependence b (fromy = ax ) of fecundity (y = ) and theaum of length and fem-
oral | (v =S) an body length (x = L), and coefficients of linear correlation between Fand L for | (SM) ad large
(LA) females (seetext)
. - 0 Ya
Trat Cosefficient
1987 1988 1988 TB 1989 1989 TB 1990 1991
L F b 1.08 1.79 3.20 2.10 2.84 1.74 1.94
corr 0.27* 0.47* 0.64* 0.40* 0.74* 0.27* 0.40*
LS b 1.04 0.98 0.97 0.91 0.86 0.97 0.93
corr 0.95* 0.97* 0.96* 0.94* 0.96* 0.98* 0.98*
LF corr '
M 0.29* 0.43* - 0.34%% - 0.37** 0.37**
LA -0.44 0.20 0.19 0.29 0.05

Note: (TB) temporary basin.
. *p<0.05;** p<0.01.

Sze bdow 54 mm; in 1988, bdow 53 mm; in 1989,
bdow 55 mm; in 1990, bdow 56 mm; and in 1991,
bdow 56 mm. The positive correlation between F and
L wes satisticaly significant only in small females
(Table2). In thistable, we did not include the data on
TBs because the corresponding samplesweretoo small
to dividefemal es into two groups.

Thus, the general trend is that the dependence of
fecundity on body sizein femal esdisappearsasthelat-
ter parameter increases (or reachesa certain threshold
levd). Bannikov and Denisova (1956) obtained similar
daaon R. arvalis many years ago. Hence, the mecha-
nismsdetermining fecundity of frogsappear to befairly
complex and principally nonlinear. We will discuss
them in thefollowing sections.

I nteraction between Components of Reproductive
Fitnessand the Pattern of Fecundity Formation

Variables directly related to reproduction are appar-
ently reproductiveeffort E, fecundity F, body length L,
ey szeD, and age T. Figure 2 shows their distribution
in the space of the first and second main components.
Inthesamplefrom 1987, L, D, and T areclosely related
to one another and contribute only to the first main
component, whereasE and F contributeonly to the sec-
ad man component. Hence, we can distinguish two
independent processes: changesin fecundity and repro-
ductive effort (""generative growth™) and the annual
increment in the egg size and body size (“'somatic
growth).

In samples from the following years (1988-1991),
the relationship between L, D, and T gradually weak-
ens and identification of the somatic and generative
growth as different processes becomes possible only
with respect to the second main component, because
thar contributionsto it are oppositein sign. Asfor the
fird man component, the dominant processis genera-
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tive growth, but variables characterizing the somatic
growth (primarily L) also contributetoit. Thus, the pos-
itive relationship between the somatic and generative
growth is possibleonly when thesomatic traits (includ-
ing egg Size in our case) can change independently of
one another.

As the variable characterizing the size of gametes
(D) fals within the space of somatic growthin al sam-
ples, only fecundity can serve as the measure of
“expenditure for reproduction.” The reproductiveeffort
in thiscaseis aformal variablelacking biological sig-
nificance. Fecundity has two intrinsically independent
sources, and one of them (the generative growth) is
""guaranteed" and independent from the body size of a
female. Thismeansthat both small and largefrogs have
a sufficient internal resource for developing a certain
minima fecundity (if fecundity in 1987 is taken as a
minimum). An increase in body size may provide an
additional source of fecundity, but only on the condi-
tion that it is excessivein relation to a certain minimal
annual increment correlating with an increase in egg
size. The positive correlation between the somatic and
generativegrowth appearsagainst the background of an
increasein body size, and the "excess" expended for
improving fecundity may result from the positive allo-
metric relationship between body weight and length,
described for many anuran species (Jorgensen, 1981).

An interestingfact is that we observe no significant
competition between growth and reproduction when
using the female body length as the only parameter
characterizing its size. This competition manifests
itself only at thelevel of the second main component in
samplestakenfrom 1989 to 1991 (Fig. 2). Hence, either
it is actually absent; i.e., only the excessive interna
resource is expended for an additional increase in
fecundity, or thisincrease competes with the devel op-
ment (or maintenance) of norma morphological pro-
portions rather than with an increase in the absolute
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Fig. 2. Digributionof componentsof reproductivefitnessin the spaceof thefirs (abscissa) and second (or dinate) main components.

For designations oOf traits, see text.

body size. In the latter case, we may reveal competition
by analyzing the relationship between the level of
fecundity and the interaction of growth processes that
determine body proportionsin females.

Relationship between the Patternsd Fecundity
Formation and Growth

Intuitively, female body length should be more
related to reproduction than hindlimb length. However,
the latter parameter is apparently more significant for
the survival of frogs (Salthe and Crump, 1977). To ana-
lyze the relationship between growth of the body and
hindlimbs, we performed the analysis of main compo-
nentsfor thefollowing variables: L,f (femoral length),
and UF (Fig. 3).

Theoretically defined variables alow us to distin-
guish three types of growth: a correlated change in the
length of the body and hindlimbs; hindlimb growth
without body growth, whichimpliesa negativecorrela
tion between UF and f; and body growth without hind-
limb growth, which implies a positive correlation
between L{f and L. In the samples taken from 1987 to
1989, the first and second types of growth fall within
the space of first main component (making a positive
and a negativecontribution toit, respectively), whereas
the third type of growth pertains to the second main
component. Apparently, the dynamic balance between
growth of the body and hindlimbsis lacking: indepen-
dent positive fluctuations of L are less probable than
those off. In biological terms, this meansthat **normal*'
growth (i.e., the correlated growth of the body and
hindlimbs) may be accompanied by 'regulatory”
growth, which occurs in frogs with shortened hind-
limbs (femurs) and is aimed at restoring the normal
relation between body length and hindlimb length.
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The negative contribution of UF to the first main
component significantly decreasesin the samplefrom
1990 and disappearsin the samplefrom 1991 (Fig. 3).
Note that a decrease in the average ¥ value was
observed in the same samples (Table 1). Hence, retar-
dation and eventua cessation of the regulatory growth
isobviously related to the relative elongation of hind-
limbs.

The relation between body length and hindlimb
length may also change during the normal growth, pro-
videditisnotisometric. It isapparent, however, that the
existence of regulatory growth makesthe coefficient of
allometry impossibleto determineaccurately. The most
accurate method isto usethe valueof coefficient bfrom
the equation S =alL., where S = L +f. Thisalowsusto
avoid the effect of random (nondirectional) indepen-
dent fluctuationsoff and L that have no relation to the
growth of afrog asan entire organism (Table 2). How-
ever, the effect of a directed contribution of the inde-
pendent hindlimb growth to an increasein the absolute
sizeisnot excludedin thisway, and, hence, the value of
the coefficient is overestimated. Moreover, the degree
of overestimation variesdepending on the sample: it is
relatively high in samples from 1987 to 1989 and low
in samples from 1990 and 1991. Data in Table 2 show
merely that body and hindlimb growth in samplesfrom
1987 and 1988 were nearly isometric, whereasin sam-
ples from 1989 to 1991 the rate of body growth was
dlightly higher than therate of hindlimb growth.

Let us consider the probable relationship between
the above pattern of growth and the pattern of fecundity
formation in frogs. To thisend, we combined variables
F.L,f,and X inthe spaceof thefirst two main compo-
nents (Fig. 4). In every sample, the first main compo-
nent characterizesthe relation of fecundity to the nor-
mal growth (i.e., to the correlated change in L and f).
This relation provesto be the weakest in samplestaken
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Fig. 3. Distribution of traits characterizing the pattern of growth in the space of the first (abscissa) and second (ordinate) main com-

ponents. Foe designations, see text.

from 1987 to 1989, in which normal growth was sup-
plemented with regulatory growth. With respect to the
second main component, the same samples demon-
strate a strong positive correlation between fecundity
and the L/f value, whereas the total contribution of L
and f is relatively small. Therefore, the second main
component characterizes an increase in fecundity
accounted for by an increase in the L/f value, with the
absolute size of a frog remaining the same. If the regu-
latory growth is virtually lacking, as in samples from
1990 and 1991, the relationship between fecundity and
the L/f value is much weaker.

Thus, growth and fecundity demonstrate the follow-
ing relationships. Among frogs with similar body
length, those with shorter hindlimbs are more fecund.
Hence the mechanism for improving fecundity inde-
pendently of an increase in the absolute body size:
reproduction is provided for by the part of the intrinsic
growth resource that otherwise would have been
expended for the growth of hindlimbs (femurs). This is
the one and only instance of competition between gen-
erative and somatic growth. In some samples (e.g., of
1987 and 1988), the role similar to that of the regula-
tory growth of hindlimbs may belong to an increase in
egg size. Thus, if we introduce D into the space of traits
considered above, the contribution of fecundity to the
first main component will decrease to zero in these
samples. Therefore, egg size may also increase at the
expense of the growth resource that could have been
expended for an increase in fecundity.

Another mechanism providing for an increase in
fecundity is related to normal growth and is responsible
for the existence of a relationship between fecundity
and the absolute body size. Note that this relationship
manifests itself more clearly when body length
increases at a greater rate than hindlimb length, as in
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samples taken from 1989 to 1991. Taking into account
all of the limitations (see above), this formally means
that the absolute size may contribute to fecundity only
on the condition that the growth of body length relative
to hindlimb length demonstrates a positive allometry.

The relative significance of these mechanisms
depends on the ratio between regulatory and normal
growth, and this ratio, in turn, depends on morphologi-
cal features of females. Thus, a comparison between
samples taken in 1987 to 1989, on one hand, and in
1990 and 1991, on the other, shows that the regulatory
growth ceases and, therefore, the correlation between
fecundity and body size becomes stronger with an
increase in the relative length of hindlimbs. Note, how-
ever, that changes discussed here concern only the
mechanisms responsible for the formation of fecundity
and do not necessarily imply an increase in its level: in
samples taken in 1990 and 1991, fecundity was not
higher than in the sample taken in 1989.

Females Breeding in TBs

Frogs breeding in TBs have two distinctive features:
a delayed breeding period (the onset of spawning in
TBs virtually coincides with its cessation in PB) and
low reproductive success, because TBs usually dry up
before tadpoles enter metamorphosis.

In both samples (1988 and 1989), females from TBs
were significantly smaller than females sampled from
PB in the same years, but their fecundity was similar
(Table 1). The proportion of three-year-olds among
females from TBs was significantly higher than in PB
(Fig. 1).

Females from TBs demonstrated the prevalence of
normal growth (Fig. 2) and a very strong positive
correlation between fecundity and the absolute size
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Fig. 4. Distribution of components of reproductive fitness and the traits characterizing the pattern of growth in the space of the first
(abscissa) and second (ordinate) main components. For designations, see text.

(Figs. 3 and 4). In other words, mechanisms determin-
ing the structure of fecundity in these frogs are very
similar to those in females sampled from PB in 1990
and 1991. Therefore, the main distinctive feature of
females from TBs is that a decrease (1988) or complete
cessation of regulatory growth (1989), with all of the
consequences they produce, occur against the back-
ground of arelatively small absolute size of these frogs.

Because of low (virtually zero) reproductive suc-
cess, females breeding in TBs do not form a separate
population. Their distinctive features provide evidence
for no more than the existence of a relationship
between their proper morphological development
(because of delayed breeding or, conversely, high
energy of somatic growth) and the choice of spawning
ground. It may well be that gathering in TBs is charac-
teristic mainly of frogs spawning for the first time
(independently of their age), in which homing has not
yet developed. Moreover, some frogs from TBs should
have accumulated more fat allowing them to prolong
wintering. A delayed exit from hibernacula, occurring
when vocalization of males in PB has already ceased,
implies a greater probability of breeding at random
sites, i.e., in TBs.

Probable Effects of Population Dynamics

The data considered so far applies mainly to the
ontogenetic mechanisms accounting for the pattern of
fecundity formation. In fact, we discussed the individ-
ual reaction norm, i.e., the limits of variation in this
mechanism as they would have been in an individual
capable of living several lives under different environ-
mental conditions. The problem at the population
level—why this mechanism is observed in a given
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group of individuals and in a given year—has not yet
been addressed.

Strictly speaking, the available data do not allow us
to answer this question, because field observations on
marked frogs are necessary for this (we intend to
describe them in the next publication). At the same
time, to gain better understanding of the mechanisms
responsible for fecundity, it is principally important to
estimate the ontogenetic plasticity of analyzed traits,
which determines the rate of their response to changes
in the environment. The degree of plasticity is possible
to estimate (roughly, of course) by relating changes in
these mechanisms to population dynamics and fluctua-
tions of environmental conditions.

During the period from 1981 to 1991, the number of
breeding frogs fluctuated over a four-year cycle (Fig. 5)
and, at the same time, gradually decreased (probably as
a consequence of succession in PB). The absence of
any relationship between fecundity and the absolute
body size, observed in 1987, coincided with the peak
phase of the population cycle, whereas the positive con-
tribution of body size to fecundity (with both parame-
ters increasing simultaneously) manifested itself
against the background of a decrease in population size.
Note that at the reverse phase (a population increase in
the period from 1989 to 1991), the positive correlation
between fecundity and body size did not decrease but
became even stronger.

Thus, there is no direct relationship between popu-
lation dynamics and the ‘“choice” of the pattern of
fecundity formation. A certain trend observed in this
population—the appearance and subsequent improve-
ment of a correlation between body size and fecundity,
and changes in morphological proportions of
females—is apparently associated with a gradual
decrease in the overall number of breeding frogs. Stud-
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ies on R. temporaria and R. arvalis frogs showed that
mortality at larval stages (Severtsov and Surova, 1979;
Severtsov, 1986) and during the first year of terrestrial
life (Berven, 1990; Lyapkov, 1995) depends on popula-
tion density; hence, a decrease in density is equivalent
to a change in the type of habitat in the way promoting
an increase in body size (Begon et al., 1986). Accord-
ing to our observations performed from 1988 to 1995,
the number of young of the year emerging from PB sig-
nificantly decreased from year to year. Therefore, the
load of population density on juveniles of the first (crit-
ical) year of life gradually decreased; i.e., the condi-
tions for their growth progressively improved, provid-
ing the possibility of accumulating a certain excessive
growth resource. This eliminated competition for the
resource between growth and reproduction and subse-
quently led to a positive correlation between them.

Such a change of reproductive strategy exemplifies
arelatively slow response to the modified environment,
and it is apparent that rapid types of response exist as
well. To reveal them, we grouped females with respect
to the year of breeding, age, and generation (females
bomn in a given year) and compared the first group with
the second and third by means of two-way analysis of
variance (hierarchic scheme, mixed model; see
Scheffe, 1977). The year of breeding, i.e., the environ-
mental conditions in the last summer before the current
breeding season, proved to have a significant effect on
F, E, and D, but the effect on L was insignificant. By
contrast, the effect of age on F and E was insignificant,
whereas that on L and D was significant. Finally, the
effect of generation on any parameter lacked statistical
significance.

Thus, environmental factors affecting body length
and fecundity of females do not correlate with one
another: the rates of their response to environmental
fluctuations are different. It is remarkable that fecun-
dity proves to be the most labile parameter (in terms of
dynamics, fast variable) immediately responding to liv-
ing conditions of the last year, independently of the age
of a female. In this respect, body length is a stable
parameter (slow variable), and egg size occupies an
intermediate position.

Model of Fecundity Formation

The problem is to find a model combining both
mechanisms—dependent on and independent of body
size—that provide for an increase in fecundity. The
basis for constructing this model is the fact that the
same growth resource (determined by female body
length) can be used to improve fecundity at the expense
of hindlimb (femoral) length or, alternatively, to
increase the length of hindlimbs at the expense of
fecundity. Morphological proportions of females,
rather than their absolute size, are the parameter con-
trolling the dynamics of fecundity (the pattern of its
formation) and its level attainable at a given body size;
hence, the abstract concept of sizes (as conventially
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Fig. 5. Female population dynamics from 1987 to 1994.
Ordinate shows the number of females breeding in the per-
manent (PB) and temporary (TB) basins.

used in ecology) loses its meaning in this case. In a
rough but plausible approximation, hindlimbs may be
regarded as the “viability component,” and body size,
as the “reproductive component.” Taking into account
that both of these components belong to the morpho-
logical structure of the phenotype, it is principally
impossible to distinguish between competition of adap-
tive components for some common resource and their
“morphogenetic” interaction necessary for the mainte-
nance of normal morphological proportions.

Thus, fecundity and hindlimbs compete for the
resources provided by the female body. Assuming that
this resource is distributed proportionally (according to
the principle of golden section, see Goodwin, 1994),

F/F,,. = L/(L+f) W
or F = (FL)/(L+f),

where F,, is the maximum possible level of fecundity.

The dependence of F on L resembles the saturation
curve for an enzymatic reaction, where L is the *“sub-
strate” and f is an analogue of the Michaelis constant,
i.e.,, the parameter determining saturation rate (the
lower the fvalue, the higher this rate). In the space (f, L,
F), the dependence of fecundity on body and hindlimb
length forms a surface that may be regarded as an
“evolvent” of saturation curves with different f values
(Fig. 6). This surface has the following property: lin-
earizing the equation (1) as

and taking a partial derivative df/dL, i.e., calculating
the rate of change in body length with respect to hind-
limb length (with fecundity remaining unchanged), we
obtain

df/dL = f/L. 3)

Equations (2) and (3) are not dynamic; i.e., they do
not define the law of motion of a system in the space
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Fig. 6. Model of fecundity formation: the dependence of
fecundity on female body length at different values of fem-
oral length, resolved in space. Solid lines show motion on
the plane (L, f) with positive (curve sloping toward L) and
negative (curve sloping toward f) contributions to fecun-
dity; dashed lines show reflection of this motion on the
plane F(L, f).

shown in Fig. 6. They only indicate that the regulatory
growth (an increase in f with L remaining constant)
causes a decrease in fecundity, and the normal growth
(a correlated change in f and L) can contribute to fecun-
dity only if f grows at a lower rate than L. This condition
is fulfilled in the case of any nonlinear function L(f) that
describes the motion of a system on the plane (f, L) by
the curve sloping up, toward the L axis (Fig. 6). In par-
ticular, this is possible in the case of a negative allom-
etric dependence of hindlimb length on body length.
Thus, this model naturally integrates seemingly alter-
native mechanisms providing for an increase in fecun-
dity: an increase in the absolute body size, on one hand,
and the redistribution of growth resource between the
body and hindlimbs without changes in the absolute
size, on the other.

The correspondence with the data of field observa-
tions proves to be fairly rough, largely because hind-
limb growth is not the only competitor for the growth
resource (in the absence of this competition, the
resource might have been expended for an increase in
fecundity). As noted above, an increase in egg size (D)
can also lead to competition. In the sample from 1988,
this effect is comparable to that of regulatory growth. It
may explain the fact that, notwithstanding a relatively
weak regulatory growth in this sample (Fig. 4), the con-
tribution of absolute body size to fecundity, estimated
with reference to the D value (Fig. 3), was only slightly
greater than in the sample from 1987, in which the reg-
ulatory growth was significantly more intense. Never-
theless, the number of factors potentially competing for
the resource is limited, because otherwise they would
have been impossible to distinguish.

Consider again the dynamic interpretation of equa-
tion (2). According to a common approach to the anal-
ysis of nonlinear dynamic systems, a qualitative
description of the dynamics of our system will be based
on the hierarchy of rates (characteristic times) of
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changes in its variables (Romanovskii et al., 1975). As
noted above, fecundity is the most labile trait which
responds to environmental conditions during the period
of active feeding that immediately precedes the current
breeding season. Hence, as a first approximation,
assume that the level of fecundity is determined in the
last summer before a given breeding season. Changes
in L and f occur at a lower rate: as body size strongly
correlates with age, L has insufficient time to respond
adequately to seasonal fluctuations of environmental
conditions. This allows us to refrain from considering
the dynamics of fecundity, assuming that the time
required for changes in it is negligible compared to the
time required for changes in morphological parameters.
Therefore, we assume that the actual motion occurs in
the plane (f, L) and the moving point is immediately
reflected on the surface defined by the equation (2).

In a very rough approximation, the motion in the
plane (f, L) might correspond to the allometric depen-
dence f(L). Such a dependence, however, can pertain
only to normal growth of the body and hindlimbs. This
type of growth prevailed in samples from 1990, 1991,
and, to a lesser extent, from 1988 (Fig. 3); hence,
allometry in them may be regarded as actual. These
samples demonstrated weak negative allometry of
hindlimb growth with respect to body growth (Table 2)
and a strong positive correlation between the absolute
body size and the level of fecundity, which generally
agrees with the predicted (model) data (specific fea-
tures of the sample from 1988 were described above).

In general, neither allometric nor any other depen-
dence regarding fand L as mere dynamic variables can
describe the dynamic of growth adequately, because
they do not take into account the regulatory growth. In
fact, we should regard f as both a dynamic variable and
a parameter of the equation describing an increase in
body length. Hence, growth dynamics prove to be prin-
cipally nonlinear, which makes its reconstruction on
the basis of field data impossible. The only fact relevant
for our work is that the regulatory growth reduces and
sometimes even eliminates the dependence of fecun-
dity on the absolute body size. We may regard growth
of this type as an inevitable consequence for an
increase of fecundity in females with imperfect mor-
phological proportions (excessively short legs).

CONCLUSION

Modem ecological theory (MacArthur and Wilson,
1967; Pianka, 1970; Begon et al., 1986) regards pheno-
type as a two-component system comprising the repro-
ductive and survival components, and this is a prereg-
uisite to the concept of r/K-selection. An analysis of
mechanisms determining the pattern of fecundity for-
mation in R. arvalis suggests a principally different
idea. One of the components of the phenotype—in our
case, female body length—is both its structural part
(i.e., belongs to the survival component) and an ele-
ment of the reproductive component. Changes in the
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reproductive strategy are possible only via changes in
the structure of growth, and, conversely, changes in the
structure of growth will inevitably lead to the redistri-
bution of resources between growth and reproduction,
i.e., to a change in reproductive strategy.

This postulate may be of general significance,
because any component of reproductive fitness is even-
tually a structural and, hence, potentially morphoge-
netic component of the phenotype. A distinctive feature
of R. arvalis frogs (and possibly of all anurans) is the
role of hindlimbs in the regulatory processes. A similar
role may belong to an increase in egg size (Gibbons and
McCarthy, 1986). It appears that the model described in
this paper is applicable to all cases when (1) the struc-
wural elements of the phenotype are possible to differ-
entiate into the survival and reproductive components
and (2) the ontogenetic interaction between these com-
ponents is not reduced to simple linear (e.g., allometric)
relationships.

In our case, the obligatory maintenance of a certain
proportion between body length and hindlimb length,
which most likely affects the survival of frogs, is the
only analogue of “ontogenetic limitations” as they are
understood by ecologists. Within these limits, direct
selection for higher fecundity is equivalent to selection
for excessively short legs, i.e., for frogs that use their
growth resource for reproduction at the expense of
proper morphological structure. Such selection is
apparently impossible because of at least two reasons.
First, selection for short legs reduces and eventually
eliminates the dependence of fecundity on body size;
second, an increase in fecundity achieved in this way is
inevitable followed by the transition to regulatory
growth (probably ‘as soon as in the next breeding sea-
son). In essence, an “absolute” increase in fecundity
(e.g., as in R. temporaria compared to R. arvalis) may
result only from the episelective effect (Severtsov et al.,
1991; Cherdantsev et al., 1996) of changes in the rate
and structure of growth or in behavior (e.g., when poly-
cyclic reproduction becomes monocyclic).
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