ZOOLOGICAL SCIENCE 22: 653-658 (2005)

A Skeletochronological Study on a Subtropical, Riparian Ranid

(Rana swinhoana) from Different Elevations in Taiwan

Yung-Chih Lai', Tsung-Han Lee? and Yeong-Choy Kam®*

' Department of Biology, National Changhua University of Education, Changhua 500, Taiwan
2Department of Life Science, Chung-Hsing University, Taichung, Taiwan
3Department of Life Science and Center for Tropical Ecology and Biodiversity,
Tunghai University, Taichung 407, Taiwan

ABSTRACT—We estimated the age, longevity, and growth patterns of a subtropical ranid, Rana swinho-
ana from high (Lishing) and low (Wulai) elevations using skeletochronology. In addition, we also measured
body mass and length of frogs from five other localities. Results showed that both snout-vent length and
body mass of frogs were significantly correlated with altitudes for both sexes. Frogs of Lishing were sig-
nificantly larger and older than that of Wulai. We used LAGs to estimate the age and growth of frogs and
found that the growth of Wulai frog of both sexes slowed down at an earlier age than that of Lishing frogs.
Male and female frogs from Wulai did not exceed 6 and 7 years, respectively, while the maximum age of
males and females of Lishing was 7 and 11 years, respectively. Results suggest that the LAGs observed
in R. swinhoana correspond to low temperature and/or decreased food availability instead of desiccation
during the harsh annual period (November to February). Skeletochronological data suggest that the vari-
ations of body size of R. swinhoana among elevations are likely associated with the growth, age at sexual
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maturity, and longevity.
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INTRODUCTION

Skeletochronology in amphibians has been proven a
reliable technique for age and growth assessment in many
species where the age of animals can be inferred from
growth marks (lines of arrested growth or LAG) of phalanges
without sacrificing the animals (Kleinenberg and Smirina,
1969; Hemelaar and van Gelder, 1980; Gibbons and
McCarthy, 1983; Hemelaar, 1985; Acker et al., 1986;
Kusano et al., 1995; Castanet et al., 1996) The development
of this technique enables reseachers to collect demograhpic
parameters such as age, age at sexual maturity, past growth
history, and longevity in a relatively short time, which other-
wise can only be collected by a long-term mark-recapture
project. Subsequently, these parameters can be used to
understand many aspects of ecological and evolutionary
aspects of life history traits of anurans (Hemelaar, 1988;
Augert and Joly, 1993; Ryser, 1996; Marunouchi et al.,
2000; Miaud et al., 2000).

Earlier studies have repeatedly demonstrated that the
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formation of LAGs can be found in temperate amphibians
because of the alternation of seasonal climates (Hemelaar
and van Gelder, 1980; Gibbons and McCarthy, 1983;
Driscoll, 1999), and skeletochronological works have been
reviewed (Halliday and Verrell, 1988; Castanet and Smirina,
1990). Many of these studies have been done to address
the life-history characteristics of frog populations over differ-
ent latitudes or altitudes (Hemelaar, 1988; Caetano and
Castanet, 1993; Schabetsberger and Goldschmid, 1994;
Leclair and Laurin, 1996; Ryser, 1996; Miaud et al., 1999).
To date, however, very few skeletochronological studies
have been conducted on tropical and subtropical frogs,
partly because it has been thought that frogs in these bio-
geographical regions do not have LAGs due to the stable cli-
mates they experience. Only recently, pioneering skeleto-
chronological works have demonstrated that LAGs can be
observed in tropical and subtropical frogs (Guarino et al.,
1998; Khonsue et al., 2000; Kumbar and Pancharatna,
2001; Morrison et al., 2004). Nevertheless, due to limited
data on the demographic measurements of populations,
there is almost no study that adequately looked into the life
history traits in this biogeographical region (Morrison et al.,
2004). In addition, most studies to date suggest that the
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presence of LAGs in tropical and subtropical anurans is
likely caused by unfavorable conditions during the dry sea-
son (Guarino et al., 1998; Khonsue et al., 2000; Kumbar and
Pancharatna, 2001). However, for subtropical riparian spe-
cies such as R. swinhoana, water is readily available in
streams (Kam and Chen, 2000). In theory, if desiccation is
not a threat to frogs, we would expect that the LAGs may
not be found in R. swinhoana.

The purpose of this study was to conduct a skeletochro-
nological study on a ranid, Rana swinhoana from a lowland
and highland population. Specifically, our aims were (1) to
assess the prevalence of LAGs in riparian anuran species
from the subtropical region, (2) to determine elevational vari-
ations in body size among frog populations, (3) to determine
the growth patterns of male and female frogs in lowland and
highland populations, and (4) to assess the life history char-
acteristics (longevity and age at sexual maturity) of frog pop-
ulations over different elevations.

MATERIALS AND METHODS

Study animal

Rana swinhoana is a mid to large-sized frog, widely distributed
from 100 to 1890 m in Taiwan (Wang and Chan, 1978; Kam et al.,
1998; Kam and Chen, 2000), and preliminary observations have
demonstrated that body size varies greatly among elevations (Kam,
unpublished data). This nocturnal, riparian species is found along
torrential streams, rivers, and rapids with scattered boulders of var-
ious sizes. Frogs retreat into crevices between boulders during the
daytime, and are active at night, perching on boulders or rocks in
the vicinity of rapids or riffles. Rana swinhoana is agile during activ-
ity, and it usually produces short, impulsive, high-pitched calls
(Wang and Chan, 1978) which are similar to those of many riparian
species (Duellman and Trueb, 1986).

Study sites and collection

We collected R. swinhoana from a high (Lishing) and low
(Wulai) altitudinal population from June to September of 2000. Lish-
ing is located at an elevation of about 1600 m (approximately
24°8'N, 121°11'E) with mean air temperature of 16.7°C (ranges
12.0- 20.1°C) whereas Wulai is located at an elevation of about
200 m (24°51'N, 121°40'E) with mean air temperature of 19.7°C
(ranges 13.1-25.4°C). The rainy seasons at both locations are sim-
ilar, with wet season in the spring-summer (rainfall: 975 and 1199
mm for Lishing and Wulai, respectively) and dry season in the fall-
winter seasons (rainfall roughly half that of wet season). From May
1999 to July 2000, we also collected more R. swinhoana from five
other locations for body size analysis. The locations are: Huisun
(1000-1100 m), Luengmei (720 m), Taiping (640 m), Dili (320—-420
m), and Shrtan (230-260 m).

For each field trip, we waded up selected streams and
searched for frogs in the stream and along the stream bed. Frogs
were easy to spot at night because they usually perched on boul-
ders or rocks, particularly in the vicinity of rapids or riffles. Male
frogs called year round and were identified by the presence of vocal
sacs and/or nuptial pads (Kam et al., 1998). Frogs showed sexual
dimorphism in body size where the SVL of female frogs rarely
smaller than 60 mm (Kam et al., 1998). Thus, frogs with SVL larger
60 mm and without vocal sac were categorized into adult females,
whereas frogs with SVL smaller than 60 mm and without vocal sac
were categorized into subadults or juveniles. We collected 77 indi-
viduals (46 adult males, 26 adult females, and 5 juveniles or sub-

adults) from Lishing and 64 individuals (20 adult males, 31 adult
females and 13 juveniles) from Waulai. In addition, we collected 30
(26 males and 4 females), 6 (6 males), 5 (5 males), 9 (7 males and
2 females), and 3 (2 males and 1 females) individuals from Huisun,
Luengmei, Taiping, Dili, and Shrtan, respectively for cross site com-
parisons. Snout-vent length was measured to the nearest 0.1 mm
with an electronic caliper and body mass was measured to the
nearest 0.5 g with a portable electronic balance. We removed the
third phalanx of the fourth toe from the right hind foot and stored in
70% alcohol for age determination. Frogs were released on site
after we had measured and sampled the body size and the phalanx,
respectively.

Skeletochronological analyses

We conducted a skeletochronological study on 65 frogs (43
males and 22 females) from Lishing and 43 frogs (15 males and 28
females) from Wulai. Methods for skeletochronology are modified
from Kusano et al. (1995) and Leclair and Laurin (1996). Briefly, the
cut phalanges were fixed in 10% formalin for at least 5 days, decal-
cified in 3% nitric acid for at least 3 hr, placed in distilled water over-
night, cleaned of surrounding tissues, and mounted in cryocom-
pound. Cross-sections about 20 um thick were made with a
freezing microtome. All sections were stained with Ehrlich hematox-
ylin to reveal the lines of arrested growth (LAG) and mounted on
glass slides in glycerol- gelatin. One mid-diaphyseal section per
individual was photographed under microscope by using a CCD
camera and transferred as a digital photo on a computer screen.
The LAGs were examined independently by two observers, and the
age of each individual was determined by counting the number of
LAGs. In cases of disagreement, we reexamined the bone sections
and drew a consensus conclusion together.

Occasionally, hematoxylinophilic lines appeared as double
lines or false lines and were counted as one or no LAG, respec-
tively. In order to consider the possibility of resorption of the inner
LAGs due to bone restructuring, back calculation were necessary
as in Rana temporaria (Esteban, 1990) and Rana pipiens (Leclair
and Castanet, 1987). Because LAGs were nearly oval in R. swin-
hoana, we examined LAG resorption by comparing the major axis
of the innermost LAG of each adult with the mean of juveniles LAG
with no resorption at all (i.e., comparison of a single observation
with the mean of a sample, t-test, a type | error of 0.01; Pagano and
Gauvreau, 2000). For example, if the major axis of the innermost
LAG of an adult was significantly greater than the mean LAG of
juveniles with no resorption, then we would conclude that resorption
occurred and a LAG was added for that adult. The total number of
LAGs was assessed by counting visible LAGs plus those estimated
as totally destroyed by endosteal resorption. The major axes of all
LAGs were measured directly on the digital photograph and the
data transformed in real values (mm) were used as a “growth indi-
cator” to back calculate individual growth history and sizes patterns
(Leclair and Castanet, 1987; Ryser, 1996).

Statistical analyses

All tests were processed with the SAS statistical program (SAS
Institute Inc, 1996). We used the Students t-test to compare SVL,
body mass, mean age and growth indexes and Chi-square test to
compare age distributions. Pearson correlation coefficient was used
to examine the relationship between SVL and elevations (i.e., sam-
pling sites) and body mass and elevations. We designated a sam-
pling site as an experimental unit. We calculated the means of SVL
and body mass of male and female frogs from each sampling site
before we correlated them with the sites.
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RESULTS

Body length and mass

Frogs from Lishing were significantly larger and heavier
than those from Wulai (Table 1). Many male (76%) and
female (85%) frogs from Lishing were over 70mm and 80
mm in SVL, respectively, but none from Waulai attained these
sizes. Sexual dimorphism was also observed in SVL and
body mass (Table 1). When measurements from individuals
from other localities were included in the analysis, we found
a significant correlation between SVL and elevations for
both sexes (males: SVL=52.79+0.011 [elevation], r=0.84,
P=0.048, n=7; females: SVL=72.39+0.008 [elevation],
r=0.95, P=0.014, n=6). Similar results were found for the
body mass (males: Body mass=11.70+0.018 [elevation],
=0.87, P=0.026, n=7; females: Body mass=28.36+0.026
[elevation], r=0.94, P=0.016, n=6).

Skeletochronology

In all phalangeal cross-sections, clearly defined hema-
toxylinophilic lines, interpreted as LAGs, were clear and rel-
atively easy to count but those near the outer bone margin

Table 1.

were occasionally difficult to discern (Fig. 1). The distance
between LAGs was variable because of an inconstant rate
of periosteal bone growth, and the thickness of the growth
layers progressively declined from the inside to the outside
of the sections, representing a decrease in bone growth. We
have observed the presence of double lines and false lines
in R. swinhoana in which the proportion of frogs that had
double lines was 14% (15 of 109) and false lines was 7% (8
of 109) However, the appearance of double lines and false
lines did not cause any serious problems in the process of
counting. Endosteal resorption was observed in 69 and 77%
of individual from Lishing and Waulai populations, respec-
tively (Table 2).

Age structure

The age distributions were significantly different
between Lishing and Wulai populations in both sexes (Fig.
2; Chi-Square test, males: x2=9.92, P=0.007; females:
x?=21.43, P=0.0003), with individuals from Lishing being
older than those from Wulai (Table 1). Male and female
frogs from Wulai did not exceed 6 and 7 years, respectively;
while the maximum age of males and females from Lishing

Snout-vent length (SVL), body mass, and estimated age of adult frogs from highland and lowland populations. The sample sizes are

in parentheses. M and F represent male and female, respectively. t and P represent t values and significance probability, respectively.

Estimated age

SVL (mm) Body mass (g) means Maximum Minimum

M F M F M F M F M F
Highland 72.5+4.5 84.6+£3.9 43.02+7.37 72.59+4.80 5.12+1.28  6.55+1.82 7 11 2 4
(Lishing) (46) (25) (46) (25) (43) (22) (43) (22) (43) (22)
Lowland 57.5+2.8 72.613.8 17.64+2.49 34.8116.70 3.73x1.10  4.71+1.01 6 7 2 2
(Wulai) (20) (31) (20) (31) (15) (28) (15) (28) (15) (28)
t 16.69 11.61 20.78 11.83 4.02 4.23
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Fig. 1.

A cross section of the diaphysis of a phalange showing lines of arrested growth (LAGs) of Rana swinhoana.
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Table 2. Percentage of individuals with none, one, or two LAGs
removed by endosteal resorption. Sample sizes are in parentheses.

0 LAG (%) 1 LAG (%) 2 LAGS (%)
Highland (65) 31 65 4
Lowland (43) 23 77 0
[ Lishing (n=43)
40+ (a) Male . Wulai (n = 15)
30
—_ 20-
X
S
8 10+ H
=
[
& 2 3 4 5 6 1 8
60+
(b) Female
50 [_Lishing (n = 22)
I Wulai (n = 28)
40
30
201

Age (years)

Fig. 2. Distribution of estimated age of (a) male and (b) female
Rana swinhoana.

was 7 and 11 years, respectively.

Growth patterns

The growth rates for males in the two populations were
similar up until 3 years of age when growth rates slowed
dramatically in males from Wulai (Fig. 3). We compared
growth indexes of two populations each year and found sig-
nificant differences at 3 years of age or older (t test, P<0.05;
Fig. 3a). Similar results were observed for females, how-
ever, the differences in growth indexes between females
from the two populations were statistically significant at 4
years of age or older (t test, P<0.05; Fig. 3b).

DISCUSSION

Our histological results revealed that LAGs were
present in R. swinhoana, as observed in other temperate
zone amphibians for which annual periodicity of bone marks
have been studied. These results and those of previous
studies suggest that the presence of the LAG in tropical and
subtropical regions is more common than originally thought.
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Fig. 3. Relationship between the growth indexes and estimated
age for (a) male and (b) female Rana swinhoana. Growth indexes
were compared between highland and lowland populations, and sig-
nificant differences were labeled. ** and *** represent significant dif-
ferences at a 0.01 and 0.0001 level, respectively. Sample sizes are
labeled next to the symbols. Values are means+SE.

Guarino et al. (1998) first conducted a skeletochronological
study on Mantidactylus microtympanum in a subtropical
region (latitude 24°C) on Madagascar where the climate is
characterized by warm, wet summers and dry, cool winters.
They hypothesized that the relatively harsh climatic winter
condition (i.e., low temperature and dry season) couples
with reduced food availability, are likely to affect bone
growth over seasons. Two studies conducted in tropical
regions in Thailand (latitude 13°N; Khosue et al., 2000) and
southern India (15°N; Kumbar and Pancharatna, 2001) also
found LAGs in most of the species examined. These tropical
areas experience relatively warm temperatures with fluctua-
tions of less than 10°C and dry season, thus, researchers
contended that the moisture rather than the temperature
and/or food availability retarded growth of bone of frogs.
The presence of LAGs in R. swinhoana suggests that
environmental variables other than moisture regimes is the
cause for the formation of LAGs, which may differ from
results of earlier studies on tropical and subtropical anurans
(Guarino et al., 1998; Khonsue et al., 2000; Kumbar and
Pancharatna, 2001). Rana swinhoana is a riparian species,
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and water is readily available in streams, thus, desiccation
is unlikely to be a threat to frogs. Kam and Chen (2000)
reported that R. swinhoana is active year round, however,
seasonal abundance fluctuated greatly in that significantly
more frogs are found in the warm and wet summer than in
the cold and dry winter. Seasonal activity of amphibians is
principally regulated by environmental temperature and
moisture (Duellman and Trueb, 1986), and activity levels
reflect the physiological conditions of organisms (Wiest,
1982; Pough et al., 1983). The result of stepwise regression
reveals a significant relationship between frog abundance
and air temperature, but not precipitation (Kam and Chen,
2000), suggesting that seasonal activity of R. swinhoana is
associated more with changes in temperature than with
changes in rainfall. It is most likely that low temperatures in
winter depress physiological functions and reduce activity of
frogs, resulting in the formation of LAGs. Due to the limita-
tion of time and accessibility, we were unable to establish a
field study to successfully recapture frog to confirm the num-
ber of LAG deposited in a year. However, based on the
activity pattern of frogs, we believed that the LAGs observed
in R. swinhoana correspond to the harsh annual period
(November to February) during which temperature and/or
food availability decrease. Consequently, one LAG is depos-
ited each year as in other ranid frogs (Leclair and Castanet,
1987; Ryser, 1988; Bastien and Leclair, 1992; Esteban et
al., 1995; Kusano et al., 1995; Platz et al., 1997; Khonsue
et al., 2001a, b).

Our findings that the body size of R. swinhoana varied
among elevations in both sexes are similar to results of ear-
lier studies where life history traits of populations were
related to latitudinal or altitudinal variation in habitats (Licht,
1975; Berven, 1982a, b; Hemelaar, 1988; Caetano and Cas-
tanet, 1993; Ryser, 1996; Morrison and Hero, 2003; Morri-
son et al.,, 2004). We contend that the large variations in
body size of R. swinhoana among elevations are likely asso-
ciated with the growth, age at sexual maturity and longevity
of frogs. Growth can be inferred from LAGs which become
closer to each other from the center of the bone toward the
periphery, a sign of slowing of the growth rate (Kleinenberg
and Smirina, 1969; Gibbons and McCarthy, 1984; Heme-
laar, 1988; Caetano and Castanet, 1993). The growth indi-
ces of Lishing populations were initially similar to those of
the Wulai population. However, growth rate in male and
female frogs of the Wulai populations slowed down at age
two and three, respectively, whereas growth in individuals
from the Lishing population remained relatively constant
until four years of age when it slowed down for both sexes.
Differences in the timing of the slowing of growth rate may
due to the early sexual maturity of Wulai frogs which invest
more energy in reproduction instead of growth (Hemelaar,
1988). In contrast, individuals from Lishing populations con-
tinue to grow and reach sexual maturity at the later age.
This delayed sexual maturity, in turn, enables the frogs to
maintain longer periods of high growth rate and therefore
reach larger body sizes. It is important to note that even

though the Lishing population encounters colder tempera-
ture, their initial growth rate did not differ from that of the
Waulai population. It is possible that countergradient selec-
tion effects may have offset the detrimental effects of colder
temperature on growth of Lishing population (Berven et al.,
1979; Ryser, 1996). In addition, field observation revealed
that highland population is sympatric with less species (Bufo
bankorensis and Rana sauteri) when compared to lowland
population which coexists with at least eight species (B.
bankorensis, Polypedates megacephalus, Rhacophorus
moltrechti, Rana kuhlii, Rana latouchii, Rana limnocharis,
and R. sauteri; Kam, unpublished data). Among them, B.
bankorensis, R. kuhlii, R. latouchii, and R. sauteri to some
extent overlap in microhabitats and food with R. swinhoana
(Do and Lue, 1980; Kam et al, 1998; Lue et al., 1999).
Thus, it is also possible that high food availability and less
interspecific competition in highland may have resulted in
faster growth rate of frogs that offsets the cold temperature
effects.
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