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Abstract
Aim: Phenotypic shifts are commonly observed when animals face insular habitat 
change and may reflect ongoing stresses on individuals. However, the generality and 
the driving processes of this ‘island rule’ remain equivocal, notably in amphibians. 
Here, we investigate both morphological and dietary shifts in a frog using a mosaic of 
human- created islands to assess the potential operating mechanisms underlying these 
phenotypic responses.
Location: Thousand Island Lake, China.
Taxon: The Chinese piebald odorous frog, Odorrana schmackeri.
Methods: We compared body size between insular and mainland populations and be-
tween sexes. We examined the potential underlying mechanisms regarding body size 
shifts using structural equation modelling (SEM). Finally, we analysed changes in diet 
composition and compared intersexual diet overlap between islands and mainland 
sites.
Results: We found insular dwarfism in female but not male frogs. Meanwhile, insu-
lar females also had smaller gape widths than mainland females after accounting for 
snout- vent lengths (SVLs). According to SEMs, resource availability had a direct posi-
tive effect on body size. Finally, diet composition differed between the island and 
mainland populations but only in females. Males and females on islands exhibited 
greater overlaps in the diet.
Main conclusions: In contrast with most studies in amphibians, we found insular 
dwarfism rather than gigantism in females. The smaller gape width after accounting 
for SVL in insular females suggests potential changes in prey utilization or food avail-
ability on these human- created islands. This notion is further supported by the dif-
ferentiation of diet composition between island and mainland females. The higher diet 
overlap between sexes implies stronger intersexual competition for food resources 
after habitat fragmentation. Overall, we found rapid shifts in morphology and diet in 
frogs, which might result from habitat fragmentation in only 50 years and underscore 
the need to consider intersexual differences when assessing responses of species to 
anthropogenic disturbances.
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1  |  INTRODUC TION

Human activities have fragmented landscapes globally, resulting 
in a loss of habitat and an increase in isolation that greatly impairs 
key ecosystem functions (Haddad et al., 2015; Pereira et al., 2010; 
Rands et al., 2010). These changing environmental conditions can 
drive animals to exhibit phenotypic responses over ecological time 
scales, which in some instances may even lead to rapid evolution 
(Schoener, 2011). Among the many rapid phenotypic changes 
that have been documented (Reznick et al., 2004; Reznick & 
Ghalambor, 2001), the body size is one of the most important func-
tional traits linked with species ecology and evolution (Roff, 1993; 
White et al., 2007). Body size has been correlated with extinction 
risks for an enormous number of species (Brose et al., 2017) and is 
also one of the indicators of animals' tolerance to habitat modifica-
tion (Liu et al., 2021). Under accelerating socioeconomic scenarios, 
the construction of hydroelectric dams is a classical human- imposed 
habitat fragmentation that depauperates the remaining species (Eloy 
de Amorim et al., 2017; Jones et al., 2016). Thus, an in- depth un-
derstanding of body size changes in these human- converted habitat 
remnants can advance our knowledge about how animals are being 
influenced by anthropogenic disturbances.

Insular shifts in body size were firstly described by Foster (1964) 
on oceanic islands and later termed as the ‘rule of ecology’ (Van 
Valen, 1973). Researchers have tested the island rule on a broad 
range of taxa, such as fishes (Herczeg et al., 2009), amphibians 
(Montesinos et al., 2012), reptiles (Itescu et al., 2014; Meiri, 2007), 
birds (Boyer & Jetz, 2010; Clegg & Owens, 2002), mammals 
(Lomolino, 1985; Meiri et al., 2006) and plants (Biddick et al., 2019). 
However, debate persists as to the accepted generality of the island 
rule (e.g., Itescu et al., 2014; Meiri et al., 2006, 2008). The results of 
some prior studies were contested because of an oversimplification 
of a weak overall pattern, the use of different proxies for body size 
and the neglect of phylogenetic constraints (Adler & Levins, 1994; 
Lokatis & Jeschke, 2018; Lomolino, 2005; Meiri et al., 2008). 
Recently, a meta- analysis based on a larger global dataset found that 
the island rule is moderately supported in mammals, birds and rep-
tiles (Benitez- Lopez et al., 2021; but see Meiri, 2007). Yet, there still 
remains a lack of consensus on the body size shifts of amphibians 
(Benitez- Lopez et al., 2021). Given that body size is a reliable esti-
mate of the impact of habitat change and extinction risk on amphib-
ians (Chen et al., 2019; Liu et al., 2021), studies on driving processes 
of body size shifts may help to recognize threatening factors to insu-
lar amphibian populations.

Uncovering the underlying mechanisms of such variation in body 
size is difficult, however, as morphological shifts in isolated animal 
populations stem from interactions between multiple and intricate 
processes that can operate on different time scales (Benitez- Lopez 

et al., 2021; Durst & Roth, 2012; Lomolino et al., 2012). The po-
tential drivers range from biotic traits like diet (Lawlor, 1982) and 
relaxed competition (Raia & Meiri, 2006) to abiotic correlates such 
as island area, distance to the mainland (Heaney, 1978) and climate 
(Millien, 2004). Specifically, resource limitation, relaxed competition, 
reduced predation and immigration selection have been proposed 
as the most important mechanistic hypotheses to explain body size 
shifts on islands (Lomolino et al., 2012; White & Searle, 2007). These 
hypotheses are not mutually exclusive and may have synergistic or 
counteracting effects. For example, lower predation pressure on is-
lands can result in decreased extrinsic mortality of animals, leading 
to insular gigantism. Conversely, limited resource availability may 
restrict the growth rate and result in decreased body size. As a con-
sequence, mean body size is determined by the relative strength of 
reduced predation and resource availability (Palkovacs, 2003). As 
such, mechanistic analyses are necessary to elucidate the relative 
effects of different factors on body size variation.

Except the impacts of environmental changes induced by insu-
larity, body size variation may also be influenced by sex, especially 
for species with sexual size dimorphism (SSD) (Fairbairn et al., 2007). 
Differences in morphological traits between sexes can reflect eco-
logical differences (Bolnick et al., 2011; Shine, 1989). Hence, it is 
reasonable to expect that males and females respond differently to 
environmental alternations (Algar & López- Darias, 2016). It is well- 
known that numerous amphibian species exhibit SSD (Pincheira- 
Donoso et al., 2021), and many populations can be found on small 
islands (Marino et al., 2021). Yet, far fewer studies have addressed 
the differentiation of body size shifts between sexes on islands 
for amphibian populations (but see Baxter- Gilbert et al., 2020; Li 
et al., 2011).

Furthermore, little research has simultaneously considered 
the shifts in diet composition when analysing body size, especially 
given that the ability to modify diet is tightly linked with individual 
fitness (Costa- Pereira et al., 2019). In a study by Eloy de Amorim 
et al. (2017), they found that a termite- eating gecko Gymnodactylus 
amarali persists through exhibiting morphological shifts following 
the change of prey size, while other four lizard species that fail to 
adapt to prey changes went extinct on human- created islands. This 
finding strongly suggests parallel morphological evolution following 
insular diet changes and indicates the importance of diet analysis in 
studies of insular body size shifts. Most amphibians, especially some 
frogs, are gape- limited predators, such that their foraging strategies 
and resource utilization may be constrained by the gape width and 
related body dimensions (Vidal- García & Keogh, 2017). Thus, if dif-
ferences in morphology are produced between sexes or between is-
lands and the mainland, one might expect to observe correspondent 
differences in diet resource utilization. On the other, one should 
also be cautious that the diet composition of amphibians can be 
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affected by multiple intrinsic and extrinsic factors instead of body 
dimensions, such as ontogeny, seasonality, habitat use and human 
activities (Chang et al., 2016; Whitfield & Donnelly, 2006). In island 
systems, diet resource has usually been proposed as one mechanism 
to explain body size variation, but it is also possible that the insular 
shift of diet composition can arise independently. For instance, the 
diet disparity between different populations is only associated with 
island size in a study of two Podarcis species (Taverne et al., 2019). 
Regardless of the scenarios enumerated, there is no doubt that 
resource utilization is a key element for individual fitness (Costa- 
Pereira et al., 2019). Some studies have addressed the body size of 
frogs by considering intersexual differences or dietary changes (e.g., 
Baxter- Gilbert et al., 2020; Li et al., 2011) but most focussed on oce-
anic islands. Nowadays, most ecosystems are threatened by habitat 
fragmentation (Haddad et al., 2015) and the amphibian decline has 
already become a global crisis (Collins et al., 2009). Thus, investigat-
ing the body size and diet variation of frogs in fragmented habitats 
can provide implications for amphibian population health and con-
servation in the Anthropocene.

The Thousand Island Lake (TIL, China) is a subtropical land- bridge 
island system that was created by the construction of a hydroelectric 
dam. The quick flooding converted previous mountaintops into is-
lands and shrank the continuous range of habitats. In the TIL region, 
there is a total of nine amphibian species. Among them, the Chinese 
piebald odorous frog (Odorrana schmackeri) is the prevailing one that 
occurs on every study island, whereas the other species are only 
found on one or two large islands (Wang et al., 2018; Wang, Wang, 
& Ding, 2012a). After inundation, the newly created islands are eco-
logically different compared with the mainland, with fewer species 
of insects and predators inhabiting the islands and having compara-
tively simple ecosystems. This creates a gradient of resource avail-
ability, predation stress and distance to the mainland for odorous 
frogs, thus providing an opportunity to test potential drivers of in-
sular shifts in body size and diet composition. Furthermore, it is also 
possible to examine the differences in body size variation between 
the sexes, as odorous frogs display an obvious female- biased SSD 
in their distributional range (Huang et al., 1987). Lastly, the short 
formation history of the TIL land- bridge islands (only 53 years when 
sampling) also gives the advantage to reveal whether phenotypic re-
sponses of amphibians could take place faster than what previous 
studies have speculated or reported (e.g., Baxter- Gilbert et al., 2020).

In this study, we used the O. schmackeri in the TIL system to 
test the following hypotheses: (i) Island populations exhibit body 
size shifts compared with their mainland counterparts and the di-
rection of change depends on the potential driving mechanisms; (ii) 
Females and males display divergent trends in body size changes, in 
amplitude and/or direction, because dimorphic sexes can respond 
differently to environmental alternations; (iii) Diet resource utiliza-
tion (either in terms of niche breadth or diet composition) differs 
between the island and mainland populations or between sexes. To 
test these hypotheses, we sampled odorous frogs on 11 islands and 
three mainland sites in the TIL region, where we measured frog body 
size and gut contents. We collected first- hand information on island 

attributes, predator species richness, amphibian species richness 
and food resource availability to examine the impacts of these abi-
otic and biotic factors in driving body size shifts.

2  |  METHODS

2.1  |  Study area

The Thousand Island Lake (TIL, 29°22′ –  29°50′ N, 118°34′ –  
119°15′ E) is a large hydroelectric reservoir, which was created in 
1959 because of the construction of the Xin'anjiang Dam in eastern 
China (Figure 1). Flooding an area of 580 km2, the inundation cre-
ated 1078 islands (former hilltops), each >0.25 ha when the reservoir 
reaches its maximum capacity (108 m). The vegetation types on the 
islands are characterized by natural secondary forests, mainly Pinus 
massoniana (Yu et al., 2012). The whole lake region shares a typical 
subtropical monsoon climate, with remarkable seasonality (Wang 
et al., 2011).

The islands in the TIL were created simultaneously (Yu et al., 2012) 
and share similar vegetation and the same ancestral species pool (Hu 
et al., 2011; Wang et al., 2011). In addition to the 11 study islands 
(see below), we also chose three mainland sites (Figure 1, inset), in-
cluding Xiayuan reservoir (XY), Longyao reservoir (LY) and Meifeng 
reservoir (MF). These three reservoirs were all built in the 1960s, 
have similar ages of formation and have similar vegetation compared 
with islands in the TIL (Wang, 2009).

2.2  |  Island attributes

We chose 11 islands to encompass as much variation in area and 
isolation as possible, with island area ranging from 0.57 to 1289 ha 
and distance to the mainland ranging from 20 m to over 3.7 km 
(Figure 1, Table 1). For each island, we measured the area in hectares 
and the distance to the mainland (DM) in metres using ArcView 3.2. 
Habitat richness was represented by the total number of vascular 
plant species on each island, which was determined from a previous 
publication (Hu et al., 2011). During the growing season in 2007 and 
2008, plant surveys were conducted along transects on all islands. 
Species accumulation curves indicated that the surveys were suf-
ficient to capture most plant species present on islands in the TIL 
(Hu et al., 2011).

2.3  |  Frog sampling and gut contents investigation

We used the line transect method (Heyer et al., 2014) to detect 
amphibian occurrence on study islands and mainland sites during 
the breeding season between June and August in 2012 and 2013. 
Transects were established 2 m wide and 200– 1000 m long, de-
pending on the area of the particular study sites (Wang, Wang, & 
Ding, 2012a). Amphibian richness on the study sites was derived 



4  |    WU et al.

from a combination of data from a previous study (Wang, Wang, & 
Ding, 2012a, each transect was surveyed 15 times) and data from 
our survey, which enables a more comprehensive measurement of 
the taxonomic diversity of amphibians (Wang et al., 2018). During 
the survey, we searched for amphibians with a 12- V DC lamp at night 
(18:00– 24:00 h) and captured odorous frogs by hand or by using 
nets. The frogs were housed in plastic bags with holes for airflow 
and then brought to the field laboratory. There are nine amphibian 
species in the whole TIL region and the odorous frog. O. schmackeri 
is the pervasive species on all study sites (Table S1).

We measured snout- vent length (SVL) and gape width (GW) 
using a digital calliper (±0.01 mm) and body mass using a digital 
scale (±0.1 g). We used SVL and GW rather than body mass to 

represent the morphological traits because they are less sensitive 
to short- period changes of body condition in amphibians, such as 
prey consumption and reproduction (Pough, 2007). Males were 
identified by the presence of nuptial pads during the breeding sea-
son. Based on O. schmackeri specimens collected in Jiande (which 
is within the TIL lake region), we only considered males with SVL 
≥33 mm and females with SVL ≥64 mm as mature adults (Huang 
et al., 1987). Amphibians can continue to grow after reaching sex-
ual maturity. However, due to time and labour constraints during 
the experiment, we were unable to estimate the age of frogs by 
using skeletochronology methods (Leary et al., 2005). We here 
provided a density plot to show the body size distribution of dif-
ferent frog populations (Figure S1).

F I G U R E  1  Map showing the 11 study 
islands and three mainland sites (inset) 
in the Thousand Island Lake, China. The 
study islands are highlighted by black and 
numbered by decreasing area. The while 
polygon area represents water, and the 
grey polygon area represents continuous 
forests on the mainland. The inset photo 
(credits: Di Zeng) shows the fragmented 
island landscape of Thousand Island Lake.

Island Area DM PR PSR ASR APABUN NT TLT

S01 1289.23 897.41 198 18 9 – 8 3200

S02 143.19 1451.09 99 11 5 – 4 1600

S03 55.08 953.95 59 12 1 228 2 800

S04 32.29 1936.95 57 9 1 205 2 800

S05 5.69 21.85 69 9 1 – 1 375

S06 2.90 1785.3 85 5 1 54 1 275

S07 2.23 3261.96 53 2 1 387 1 400

S08 1.74 2293.25 100 5 1 65 1 300

S09 1.26 54.86 65 5 1 – 1 200

S10 1.17 2453.37 69 4 1 85 1 250

S11 0.57 3712.31 47 2 1 117 1 200

Note: ‘– ’ means that the data are not available for that island.

TA B L E  1  Overview characteristics 
of the 11 study islands in the Thousand 
Island Lake, including island area (hm2), 
distance to the mainland (DM, m), plant 
richness (PR), predator species richness 
(PSR), amphibian species richness (ASR), 
approximate prey abundance (APABUN), 
number of transects (NT, n) and total 
length of transects (TLT, m)
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Stomach contents of adult frogs were obtained by stomach 
flushing (Measey, 1998). The flushed contents of each frog were 
collected in a plastic box, filtered and then preserved in 95% etha-
nol. After sampling, all captured frogs were released at their capture 
locations the next morning. We identified prey items with the aid 
of an entomological laboratory at Zhejiang University. We placed 
the stomach contents of each frog in a petri dish and identified all 
prey items to the lowest possible taxonomic level (usually family) by 
using a stereoscope (SteREO Discovery V8, Carl Zeiss AG, Germany). 
The length and width (±0.01 mm) of each prey item were measured 
under the scale of the stereoscope.

2.4  |  Predator surveys

We defined a species to be a potential predator of odorous frogs 
if (1) the diet of the species was reported to include frogs and (2) 
the distributional range of the species on our islands and main-
land sites overlapped or shared similar habitats with odorous 
frogs (Li et al., 2011). To do so, we scrutinized the diet of the spe-
cies based on the ‘Fauna of Zhejiang’ (Huang et al., 1987; Zhuge 
et al., 1988, 1989). The potential predators consisted of species 
of birds, snakes and mammals (Table S2), and we obtained the 
richness of predator species from both previous studies and our 
surveys.

For birds, we only considered residents and summer migratory 
birds that inhabit the TIL during the breeding season. Birds were 
annually surveyed by using the transect methods from 2006– 2014. 
During the breeding season, we recorded the species, abundance 
and behaviours of birds. Each island and transect on the mainland 
were surveyed 15 times during 2006– 2010 and 9 times during 
2011– 2014 (Ding et al., 2013; Si et al., 2017).

The species richness of snakes was based on previously pub-
lished data (Li et al., 2021; Wang, Wang, & Ding, 2012b) and a re-
cent survey during the breeding season between April to July from 
2009– 2013. We surveyed snakes on islands and mainland sites 30 
times in total (15 times in daytime and 15 times at night) to detect 
as many species as possible, as snake species differed in their diurnal 
and nocturnal activity periods (Wang et al., 2015).

Carnivores and small mammals were monitored by using cam-
era traps combined with live traps from 2011 to 2014 and from 
2015 to 2017 for both islands and mainland sites (Li et al., 2021; Xu 
et al., 2014; Zeng et al., 2019). The camera trap photos and rodents 
were identified as species by professional researchers from our lab-
oratory and rodents were released after measurements. None of the 
surveys were conducted during inclement weather, such as heavy 
rains or strong winds. The sampling effort was sufficient to measure 
the species richness of predators as demonstrated by species accu-
mulation curves in the above references. Overall, the data showed 
that there is a higher predator species richness on the mainland than 
on islands, and this pattern has also been reinforced by a recent 
study, which included snakes, carnivorous mammals and birds (Li 
et al., 2021).

2.5  |  Food resource surveys

For food resource availability, we extracted the data of potential 
prey from previous studies and combined it with unpublished data. 
We collected ground- dwelling spiders and beetles using pitfall traps 
(Wu et al., 2017; Zeng et al., unpublished data). During the breeding 
seasons of frogs in 2013– 2014 and 2018, we placed the pitfall traps 
in groups of three cups positioned 2 m apart at the vertices of an 
equilateral triangle. Each group of traps was spaced about 50 m from 
each other to achieve group independence. We filled each cup with a 
3:1 mixture of ethanol and monoethylene glycol and left them open 
for five days. The number of traps on islands was proportional to the 
island area. We additionally derived insect data on mainland sites 
from a later study to confirm that mainland sites hold both a higher 
species richness and a higher abundance of insects than islands in 
the whole TIL region (Ren et al., 2022). The sampling effort of each 
study site was deemed sufficient based on species accumulation 
curves in these studies. As our estimates of prey availability from 
publications only contained ground- dwelling spiders (Table S3) and 
beetles (Table S4), the prey abundance therefore can only be con-
sidered as an approximate of prey abundance (APABUN). The APABUN 
was computed by merging the abundance of spiders and beetles, 
which was available for seven study islands (Table 1).

2.6  |  Statistical analyses

2.6.1  |  Body size shifts between islands and 
mainland sites

The snout- vent length (SVL) and gape width (GW) of frogs were 
log- transformed to achieve normality. Because SSD is marked in O. 
schmackeri (Table 2), we analysed the body size of males and females 
separately. We used linear mixed models to examine the body size 
differences between islands and mainland sites by setting either SVL 
or GW as the dependent variable, while population type (island vs. 
mainland) was included as the fixed variable. The identity of study 
sites (11 islands and three mainland sites) was included as a random 
effect to account for the nonindependence of frog measurements 
from the same site.

To further determine which particular islands were colonized by 
frogs that had different body sizes compared with the mainland, we 
used one- way ANOVA by setting individual measurements of SVL as 
the response and population identity as a factor. A similar ANOVA 
was also built by setting GW as the response. These analyses were 
conducted separately for males and females, which resulted in four 
ANOVAs in total. We then used Tukey's test for post hoc analyses 
to investigate the adjusted significance of each island- mainland pair.

Following Eloy de Amorim et al. (2017), we further conducted 
analyses on the residuals of GW against SVL based on linear regres-
sions for each sex separately. We computed the mean of residuals 
for each site (signed) and then ran a t- test to compare the mean 
values of residuals between islands and the mainland. This analysis 



6  |    WU et al.

allowed us to test whether frogs of the same SVL had different GWs 
between islands and mainland sites.

Finally, we compared the magnitude of SSD between popula-
tions on islands and on mainland sites. We defined SSD as the mean 
SVL of females divided by the mean SVL of males for each popula-
tion (Fairbairn, 1997). We tested for differences in SSD between the 
island and mainland sites using the Kruskal– Wallis test.

2.6.2  |  Potential mechanisms of insular body 
size changes

To determine the potential mechanisms that influence the insular 
body size of O. schmackeri, we used structural equation modelling 
(SEM) for males and females, respectively. We hypothesized that is-
land attributes including area, distance to the mainland and plant 
species richness directly determine the distribution and species rich-
ness of predators and preys on islands by fitting simple linear regres-
sions. We further predicted that the insular body size of frogs was 
influenced by the species richness of predators, the abundance of 
prey and distance to the mainland by building linear mixed models 
with island identity as a random effect. Because of limited data avail-
ability of the approximate prey abundance, we used seven islands 
in the SEM analysis (119 females and 153 males). We could not test 
the effects of interspecific competition based on this resulting data-
set because O. schmackeri is the only amphibian species that occurs 
on these seven islands. All continuous variables in the SEM were 
scaled to obtain standardized path coefficients. As our models in-
cluded random structures, we fitted a piecewise SEM by using the 

‘piesewiseSEM’ package in R (Lefcheck, 2016). This method allows 
a test of whether any paths are missing from the SEM by using the 
Shipley's test of d- separation (Shipley, 2013). If any missing path was 
detected, we then added the missing path to assess whether this 
significantly improved the model with the criterion of ΔAIC >2. We 
examined the goodness fit of final SEMs by a nonsignificant p- value 
(p > .05) based on a Chi- squared test (Shipley, 2009).

2.6.3  |  Diet niche and composition analyses

We examined diet composition by using the nonmetric multidimen-
sional scaling (NMDS) based on the presence- absence matrix of prey 
families × island. We transformed the presence- absence matrix into 
a Bray– Curtis distance matrix during the calculation. We also tested 
whether the population type (island vs. mainland) could explain a 
significant amount of the variation in diet composition by using the 
permutational multivariate ANOVA (PERMANOVA) with 999 per-
mutations. We first analysed the diet of pooled sexes and then per-
formed the calculation separately for males and females. The NMDS 
and PERMANOVA analyses were conducted using the ‘vegan’ pack-
age (Oksanen et al., 2019).

To explore sexual divergence in food resource use, we measured 
the diet overlap between males and females for each population fol-
lowing Costa et al. (2008). We used the ‘RInSp’ package (Zaccarelli 
et al., 2013) in R to partition the total niche width of a population 
(TNW) into the within- sex component (WSC) and between- sex com-
ponent (BSC). These were calculated as:

where ps is the proportion of all prey categories used by sex s, psj is the 
proportion of jth category used by a given sex s, qj is the proportion of 
jth prey category used by pooled sexes and γsj is the proportion of a 
given prey category j used by the sex s. We estimated the ratio WSC/
TNW as the index of sexual diet overlap within each population. WSC/
TNW values range [0, 1], where higher values indicate a greater over-
lap in resource use between sexes. We compared the WSC/TNW ratio 
between the island and mainland sites using the Kruskal- Wallis test.

Finally, to elucidate the individual variation of the diet, we calcu-
lated the dietary niche variation index for each population (Araújo's 
E) according to Araújo et al. (2008). The range of E is [0, 1]: when E is 
0, all individuals in the same population forage on the same prey cat-
egories; when E is 1, different individuals in the same population con-
sume totally different prey categories. We compared the individual 
dietary variation index E between insular and mainland populations 
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TA B L E  2  Sample size (N), mean snout- vent length (SVL) and 
sexual size dimorphism (SSD) of all adult frogs (separated by sex) 
from the 11 islands and three mainland study sites in the Thousand 
Island Lake

Site

Females Males

SSDN SVL ± SD (mm) N SVL ± SD (mm)

S01 14 68.66 ± 3.05 46 38.34 ± 2.06 1.78

S02 15 67.51 ± 2.59 34 38.86 ± 1.83 1.73

S03 22 70.39 ± 3.00 40 39.47 ± 2.00 1.81

S04 11 68.60 ± 2.93 38 39.90 ± 2.44 1.71

S05 19 69.28 ± 3.12 31 39.15 ± 3.56 1.78

S06 28 68.86 ± 3.27 15 38.67 ± 2.64 1.84

S07 28 75.22 ± 5.39 9 40.48 ± 2.13 1.88

S08 13 67.23 ± 2.34 23 39.55 ± 2.69 1.75

S09 13 70.53 ± 4.70 34 38.05 ± 2.37 1.90

S10 8 68.35 ± 1.93 16 41.49 ± 3.01 1.70

S11 9 67.75 ± 2.79 12 37.96 ± 4.19 1.88

LY 8 77.74 ± 7.14 3 39.63 ± 1.32 1.94

MF 15 73.98 ± 4.24 28 40.65 ± 2.95 1.83

XY 22 72.19 ± 4.00 32 38.55 ± 1.42 1.85
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using the Kruskal- Wallis test. All the statistical analyses in this study 
were conducted in the R version 4.0.2 (R Core Team, 2022).

3  |  RESULTS

3.1  |  Comparison of body size and SSD between 
islands and the mainland

We captured 586 adult frogs in total, including 225 females and 361 
males from 11 islands and three mainland sites (Table 2). All popula-
tions showed obvious SSD trends (range 1.70 ~ 1.94) with females 
having larger body sizes than males. We found no significant dif-
ferences in SSD between islands and mainland sites (Kruskal- Wallis 
test, χ2 = 2.19, df = 1, p = .14).

The linear mixed models showed that GW (Type II sum 
of squares: χ2 = 17.05, df = 1, p < .0001, Figure 2a) and SVL 

(χ2 = 11.57, df = 1, p = .0007, Figure 2b) differed between insular 
and mainland populations for females. However, we found no sig-
nificant differences for males (SVL, χ2 = 0.30, df = 1, p = .58; GW, 
χ2 = 0.11, df = 1, p = .74, Figure 2). We also found no significant 
differences in SVL or GW among the three mainland sites irrespec-
tive of sex (all p > .05, Figure 3). Furthermore, Tukey post hoc anal-
yses revealed that female frogs on most islands had smaller GWs 
(Figure 3a) and SVLs (Figure 3c) than females on three mainland 
sites. In contrast, males on most islands showed no differences 
in body size compared with males on the mainland (Figure 3b,d). 
These results suggested female- biased insular dwarfism of odor-
ous frogs.

Analysis of the residuals showed that island populations had 
a smaller mean GW relative to SVL than mainland populations. 
However, this pattern was only evident for females (t = −5.096, 
df = 10.753, two- tailed, p = .0004, Figure 4a) but not for males 
(t = −0.277, df = 2.841, two- tailed, p = .80, Figure 4b).

F I G U R E  2  Violin plots showing 
gape width (a) and snout- vent length 
(b) of odorous frogs by sex from island 
and mainland sites. Significance levels: 
*** p < .001; ns, p > .05.

(a)

(b)



8  |    WU et al.

3.2  |  Factors influencing body size on islands

The piecewise SEM models for examining factors influencing the 
SVL of female (n = 119, Fisher's C = 2.27, df = 4, p = .69) and male 
(n = 153, Fisher's C = 2.18, df = 4, p = .70) odorous frogs both exhib-
ited high goodness- of- fit values. For the model examining the body 
size of females, we found approximate prey abundance (APABUN) to 
positively affect the SVL (p = .004), while the effects of predator 
species richness and distance to the mainland (DM) were insignifi-
cant (Figure 5a). When we focussed on the body size of males, we 
found no evidence that predators, prey abundance or DM affected 
the SVL of males (all p > .38), but island attributes were still strong 
predictors for predator species richness and APABUN (Figure 5b). 
Moreover, female SVL had more variance being explained than male 
SVL (female marginal R2 = .39, male marginal R2 = .01). The results 
from the SEM indicated that approximate prey abundance was one 
of the main predictors of the body size of females, yet no significant 
explanatory variables were detected for the body size of males.

3.3  |  Diet composition

We analysed individuals with identifiable prey items (60.92% of total 
captured frogs), which included 147 females and 210 males. The diet 
composition consisted of 81 invertebrate families in total (Tables S5 
and S6).

We found no significant differences in total diet niche width 
(TNW) between insular and mainland populations (t- test, t = −1.72, 

df = 3.87, p = .16). We found similar results when using Simpson's 
index to calculate the food niche breadth. However, the Kruskal- 
Wallis test revealed that island populations had a marginally signifi-
cantly higher WSC/TNW ratio than mainland populations (χ2 = 3.79, 
df = 1, p = .05). This result suggested that males and females had 
higher diet overlaps on islands than on mainland sites. We did not 
find significant differences in Araújo's E between insular and main-
land populations when analysing either pooled sexes or males and 
females separately (Table 3).

The results of PERMANOVA indicated that the overall diet com-
position of pooled sexes did not differ between populations orig-
inating from the mainland and from islands (R2 = .12, F1,12 = 1.57, 
p = .08). However, when separated by sex, the population type 
(mainland vs. island) explained a significant variation in the diet com-
position of females (R2 = .14, F1,12 = 1.96, p = .038; Figure 6a) but not 
of males (R2 = .12, F1,12 = 1.68, p = .085; Figure 6b).

4  |  DISCUSSION

In this study, we observed rapid body size shifts of O. schmackeri 
frogs, which might be associated with islands formed through the 
construction of a hydroelectric dam. We found that females exhib-
ited dwarfism and dietary shifts on all islands visited compared with 
the mainland, while no such trend was found in males. According 
to SEMs, female dwarfism was mainly explained by food resource 
availability, with weak support from reduced predation and immi-
grant selection factors. Finally, habitat fragmentation may also lead 

F I G U R E  3  Mean differences in body size of adult frogs by sex between 11 islands and three mainland sites. (a) Gape width differences of 
females; (b) gape width differences of males; (c) SVL differences of females; (d) SVL differences of males. Confidence intervals that do not 
overlap with zero (adjusted p- value <.05) are labelled in red.
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to stronger intersexual competition for food resources as males and 
females have higher diet overlaps on islands. These results demon-
strate that rapid morphological shifts can take place over short time 
scales in only 50 years and underscore the need to consider inter-
sexual differences when assessing phenotypic responses regarding 
anthropogenic stressors.

Amphibian body size is very sensitive to environmental alterations 
(Cogălniceanu et al., 2021) and the ability to modify diet is intricately 
linked with individual fitness pay- offs (Costa- Pereira et al., 2019). 
Therefore, it is of paramount importance to understand changes in 
body size and diet composition in fragmented habitats for the sake 
of amphibian conservation (Carlson et al., 2014). After the creation 
of the hydroelectric dam, the fragmentation greatly altered the abi-
otic and biotic environments of remnant islands. Previous studies 

suggest that animals that respond rapidly to changing environments 
may increase their chance to survive or persist in fragmented hab-
itats (Eloy de Amorim et al., 2017). In the Thousand Island Lake, O. 
schmackeri is the only pervasive species that occurs on all islands, 
whereas other amphibian species were almost extirpated (Table S1). 
Our findings thus implicate that the prevailing occurrence of odor-
ous frogs after habitat fragmentation might be associated with their 
rapid shifts in morphology and diet composition.

The driving force of body size shifts of odorous frogs, how-
ever, seems to involve multiple factors including resource avail-
ability and potential predation. Compared with the mainland, food 
resources on islands are generally less abundant (Lomolino, 2005; 
Palkovacs, 2003). However, a higher prey resource availability on 
islands may also arise, probably because of the insular loss of their 

F I G U R E  4  Mean of the residual gape 
width from linear regression of gape width 
against SVL of female (a) and male (b) 
odorous frogs from 11 islands and three 
mainland sites in the Thousand Island 
Lake.
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interspecific competitors (e.g., Wu et al., 2006). In the TIL system, 
by combining recent surveys of insects on 41 islands and 16 main-
land sites (Ren et al., 2022; a total of 313 insect species within 70 
families), we found that species richness and abundance of insects 
are both higher on the mainland than on islands. The lower resource 
availability on islands can reduce individual growth rates and result 
in smaller body sizes. Simultaneously, fewer food resources mean 
that animals need to invest more time in foraging, and small- bodied 
forms might therefore be favoured because of their relatively lower 
energy requirements (Melton, 1982). However, insular size can also 
be determined by predation stress (Palkovacs, 2003). Indeed, we 
also found a trend, albeit weak, of predation stress negatively affect-
ing the body size of females (p = .053). According to Li et al. (2011), 
predators may affect insular body size in two major ways. First, 
reduced predation pressures on islands may increase the foraging 
opportunities of frogs, successively leading to larger body size at 
maturity (Ball & Baker, 1996). Alternatively, reduced extrinsic mor-
tality may increase the survival rates of individuals, which results 
in a higher average age and a higher density of frog populations. 
Individuals within these populations may thus mature later and at 
a larger size to gain an advantage in intraspecific competition (Adler 
& Levins, 1994; Palkovacs, 2003). In our SEMs, the relative strength 

of predation stress was a bit smaller than food resource availability 
(Figure 5a). This result suggests that the insular dwarfism of female 
odorous frogs may be due to the interactive effects of limited re-
source availability and alleged predation pressure. However, we did 
not estimate the age structure of frog populations and the potential 
mechanisms warrant further validations in this system.

Importantly, the insular dwarfism was only observed in female 
odorous frogs, with males showing no differences between islands 
and the mainland. This sexual asymmetry may be driven by multiple 
interacting mechanisms. Our SEMs showed that female SVL was in-
fluenced by resource availability, yet this linkage was not significant 
for males. This suggests that differences in body size shifting trends 
between sexes may result from their distinct tolerance to diet or 
foraging- related factors. In amphibians, gape width is tightly linked 
to diet composition. A previous study of odorous frogs also showed 
that body size can, to some extent, influence food preferences (Wu 
et al., 2015). Thus, we expect this intersexual difference in body size 
shifts also concomitantly manifests in the diet composition. In fact, 
we found that population type (island vs. mainland) can explain a 
significant amount of variation in female diet but not in the male diet. 
This result suggests that insular females have different diet com-
positions compared with their mainland counterparts, while males 
share the same diet preference, regardless of whether they occur 
on islands or on the mainland. Smaller residual GW (Figure 4a) of in-
sular females may limit their preference for prey or ability to pursue 
different foraging strategies and further lead to the diet differences 
between islands and the mainland. For instance, individuals with re-
duced GW may be unable to swallow large prey or cannot handle 
the prey efficiently (Christensen, 1996; Nilsson & Bronmark, 2000). 
Moreover, variation in GW may alter its covarying factors that are 
associated with the foraging process, such as bite force, locomo-
tor performance and foraging strategy (Nilsson & Bronmark, 2000; 
Verwaijen et al., 2002), which also contributes to diet composition. 

F I G U R E  5  Structural equation 
model (SEM) showing effects of island 
environmental and ecological parameters 
on the snout- vent length (SVL) of 
female (a) and male (b) odorous frogs. 
Nonsignificant relationships (p > .05) 
are shown by dashed lines; while solid 
arrows indicate significant relationships 
(p < .05), which are black when positive 
and red when negative. The thickness of 
the lines is proportional to the strength 
of the relationship. Standardized path 
coefficients are shown in line with the 
arrows.
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TA B L E  3  Results of comparison of the degree of diet variation 
(Araújo's E) and intersexual diet overlap (WSC/TNW) between 
populations originating from mainland and island study sites

Island versus mainland N Df χ2 p- value

Overall E 14 1 2.19 .14

Female E 14 1 0.30 .59

Male E 14 1 0.15 .70

WSC/TNW 14 1 3.79 .05

Note: Values shown in boldface are significant p- values.
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However, it is difficult to reveal the cause- and- effect chain between 
body size shifts and diet preference here.

Finally, we found the diet overlap between sexes to be higher in 
insular populations than in mainland populations. First, amphibians 
are gap- limited foragers (Vidal- García & Keogh, 2017), the decre-
ment in SVL and GW may force insular females to forage on smaller 
prey, which increases the chance to overlap with food items used 
by males who are smaller- bodied. Additionally, insect richness and 
abundance are lower on TIL islands; limited resources may also at-
tenuate niche partitioning between males and females and further 
lead to a higher diet overlap between sexes on islands. The individ-
ualization of diet may also arise within the same population (i.e., the 
degree of individuals differing in prey utilization, Bolnick et al., 2003; 
Van Valen, 1965). If individualization is lower on islands, then we 
might observe higher diet overlap between individuals irrespective 
of sexes. However, this is not the case as we found no differences 
in the degree of diet variation (Araújo's E) between islands and the 
mainland, for overall individuals or when separated by sex (Table 3).

In this study, several previous environmental factors such as 
island area and isolation (Adler & Levins, 1994; Lomolino, 2005) 
showed very weak effects on body size. By contrary to the immi-
grant selection hypothesis, we found a marginally insignificant neg-
ative association between distance to the mainland and body size 
of females (p = .078), which implies that small- bodied individuals 
colonize distant islands. The pattern may arise because the average 
age of populations on remote islands is younger than on islands that 
are closer to the mainland. It is also possible that our snapshot sam-
pling efforts are not enough to depict the full distribution of body 
size on islands, which may generate this counterintuitive observa-
tion. Another explanation is that odorous frogs' dispersal ability is 

restricted by distance to the mainland as suggested by a previous 
study (Wang, Lane, & Ding, 2012). Thus, larger individuals on the 
mainland may not be able to disperse to distant islands after the for-
mation of TIL, which results in a distribution of smaller body sizes 
on distant islands. Further data on age structure, dispersal ability 
and increased sampling efforts may better explain this phenomenon. 
There are also studies that proposed that the effects of isolation can 
arise because of its co- linearity with island area (e.g., Li et al., 2011). 
However, this is not the case in our study, where area and isolation 
are not correlated (r = −.25, p = .47). Rather, we found that the island 
area, isolation and plant species can indirectly affect the body size of 
female frogs through the effects of resource availability (Figure 5). 
Similarly, one study by Raia and Meiri (2006) reported that the island 
area was an indirect factor in the body size of animals by mediating 
the distribution and abundance of prey. Our findings reinforce the 
indirect effects of the environment, which might be neglected by 
other studies.

Though we found phenotypic shifts of frogs on human- created 
islands, there are several ways that this study can be improved. 
First, the food resource availability we used here is an approxi-
mate index that does not capture all potential prey, and one should 
collect data on real growth rates and extrinsic mortality when-
ever possible. Second, increasing the sampling efforts to include 
more islands and mainland sites and to collect the age structure 
of frog populations is also necessary to improve the estimates of 
our results. In addition, although TIL was formed relatively re-
cently, some studies indicate that evolutionary processes can take 
place over ecological time scales (Donihue et al., 2020; Phillips 
et al., 2006; Schoener, 2011). Hence, data on molecular/genetic 
analyses and common garden experiments are warranted to help 

F I G U R E  6  Nonparametric multidimensional scaling (NMDS) of diet composition from 14 study populations for females (a) and males (b). 
Population type (mainland vs. island) explained a significant variation in diet composition of females (explained var. = 14%, p = .038) but not 
of males (explained var. = 12%, p = .085).

(a) (b)
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to tease apart the relative influence of phenotypic plasticity and 
natural selection in our system (Measey, 1998). Finally, we have no 
solid information about the body size of odorous frogs before the 
formation of TIL islands 50 years ago, thus one should be cautious 
about the cause- effect chain between phenotypic shifts and hab-
itat fragmentation.

Amphibians are the most affected group among terrestrial ver-
tebrates (Collins et al., 2009; Stuart et al., 2004) and are facing 
global declines triggered by habitat fragmentation (Cushman, 2006). 
Understanding such processes is essential to increase our abilities to 
predict population health and develop conservation strategies for 
amphibians and most vertebrates. In this study, we found a perva-
sive frog species to exhibit phenotypic changes in morphology and 
diet in an anthropogenic fragmented landscape. Since rapid phe-
notypic responses in changing environments can increase animals' 
potential to persist (Eloy de Amorim et al., 2017), our results may re-
flect the current stresses being imposed on individuals and also their 
capacity to adapt to major changes in the environment. Our findings 
thus are helpful to understand the patterns and mechanisms of phe-
notypic responses and have implications in terms of conservation for 
endangered species that are facing human- imposed disturbances. 
We suggest conservation programmes to incorporate phenotypic 
variation in the monitoring and management of vertebrates and call 
for more conservation biologists to study the fauna on islands, es-
pecially those islands created or heavily disturbed by human beings, 
to facilitate their conservation. Considering the accelerating ef-
fects of anthropogenic habitat fragmentation on ecosystems (Jones 
et al., 2016), our study should provide broad suggestions for the con-
servation of amphibians and even biodiversity.
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