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We examined both historical (1960s) and recent (2017) specimens of an insectivorous bat species (Hipposideros
armiger) and a phytophagous bat (Rousettus leschenaultii) from the same latitudinal range to explore phenotypic
responses to environmental change in China over the past 65 years. Hipposideros armiger exhibited significant
increases in forearm length and three diet-related cranial traits, as well as carbon and nitrogen stable isotope
composition, suggesting that modern H. armiger must travel farther for food and may now use different food
resources. In contrast, R. leschenaultii showed no change in forearm length but displayed significant increases in
diet-related cranial traits. This study provides evidence for differential responses to recent environmental changes
in bat species with different diets. The changes in diet-related traits of the two species and the forearm length
change on the insectivorous bats suggest that recent phenotypic changes may be adaptions to land-use changes

rather than to climate change.
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Both climate and land-use changes may affect biodiversity
patterns and processes (Pereira et al. 2012; Newbold et al.
2015; Scheffers et al. 2016). Studies quantifying the effects of
these changes at the species level are geographically and tax-
onomically limited (Pacifici et al. 2015; Tilman et al. 2017).
Fortunately, existing natural history collections constitute re-
sources for comparisons of historical and modern specimens
(Holmes et al. 2016). Recent studies using historical and
modern specimens to assess changes over time have revealed
both phenotypic and genetic alterations over short timescales.
These alterations may have been caused by contemporary en-
vironmental changes (Rubidge et al. 2012; Walsh et al. 2016).
Understanding the various components of how species respond
to environmental change and how these components interact is
essential to better assess the vulnerability of species and eco-
systems, and to inform efforts to manage biodiversity and ec-
osystem services (Bonebrake et al. 2018; Titeux et al. 2018).

Bats are the second-most diverse order of extant mam-
mals and are distributed across nearly all terrestrial biomes
(Simmons 2005). They perform many important ecosystem
services, including seed dispersal and pollination, and they
consume large quantities of insects (Kunz et al. 2011). Because
bats have low reproductive rates, long generation times, high
trophic positions, and high metabolic rates (Jones and Rebelo
2013), they are highly susceptible to environmental change.
Climate change may affect the distribution, physiology, habitat
use, and roosting sites of bats. Unfortunately, we know little
about the phenotypic responses of bats to climate change or re-
lated factors. Some studies have explored temporal trends in the
morphological traits of bats (Yom-Tov and Geffen 2006; Snell-
Rood and Wick 2013; Tomassini et al. 2014). These studies sug-
gest that anthropogenic environmental changes have imposed
selective pressures on bats that could lead to changes in bat
morphology and behavior. More study is needed to elucidate
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the responses of bats to environmental changes (Jones and
Rebelo 2013; Sherwin et al. 2013; Voigt and Kingston 2016).

Two principal hypotheses have been proposed to explain
phenotypic responses under climate change: body size changes
driven by increased need for heat dissipation (the selective pres-
sures that are usually proposed to explain Bergmann’s rule) and
the resource rule (McNab 2010; Yom-Tov and Geffen 2011).
Indeed, decreasing body size in response to climate warming
has been observed in a number of homeothermic species
(Millien et al. 2006; Sheridan and Bickford 2011). Although
the mechanisms underlying different hypotheses have yet to be
resolved, there have been few empirical tests, perhaps because
there are insufficient long-term collections of the specimens
necessary to perform such analyses (Boutin and Lane 2014;
Teplitsky and Millien 2014).

In addition to body size, bat morphology may be sensitive
to changes in habitat and prey availability, primarily caused
by local anthropogenic disturbances (Taylor et al. 2012; Jung
and Threlfall 2016). For example, wing morphology influences
flight characteristics, which directly influence foraging fitness
(Norberg and Rayner 1987; Furey and Racey 2016). Habitat
fragmentation may force bats to travel further to forage and to
move among distant fragments (Stoner et al. 2010; Fuentes-
Montemayor et al. 2013). Increased distances among patches
may select for reduced cost of transport and thus more effi-
cient flight. This may result in selection for longer, thinner
wings, which in turn could affect the individuals’ abilities
to acquire their preferred prey species (Norberg and Rayner
1987; Marinello and Bernard 2014).The response of wing mor-
phology to selection may be linked to diet, with greater effects
apparent for insectivorous rather than frugivorous bats because
the life histories and activity patterns of insects are more sen-
sitive and dependent on environmental conditions when com-
pared to plants (Kingsolver et al. 2011; Dirzo et al. 2014;
Séanchez-Bayo and Wyckhuys 2019).

Size and shape of the cranium are related to food resource
use and may be subject to selection pressure (Evin et al. 2011).
Variation in size and shape of cranial elements across bat spe-
cies is consistent with a priori predictions based on functional
demands of different diets (Santana et al. 2011, 2012). Cranial
morphology varies not only among different diets but also
within diet types (Freeman 1979; Dumont 1999; Santana et al.
2012). For example, Chiroderma (Phyllostomidae) has traits
that are adaptations to a granivorous diet, including a higher an-
terior zygomatic arch, longer masseter moment arm, and larger
masseter volume (Nogueira et al. 2009), while Myotis bats that
feed on hard-shelled diet items have relatively narrow skulls
and long tooth rows (Ghazali and Dzeverin 2013). Even within
dietary groups, insectivorous bats that eat soft-shelled insects
have long and delicate jaws, whereas those feed on hard-shelled
insects have short and thick-jawed skulls (Freeman 1981).

Differences between sexes in morphology, physiology, and
life-history traits may result in sex-specific responses to envi-
ronmental change (Hgye et al. 2009; Petry et al. 2016). Male
dispersal and female philopatry may subject the sexes to dif-
ferent selective pressures (Flanders et al. 2009; Lin et al. 2014).

Female reproduction may impose greater challenges than those
experienced by males when exposed to climate change and
other anthropogenic modifications (Ruedas et al. 1994; Cryan
et al. 2000; Adams 2010). Moreover, this dimorphic response
may be large in bats, because they have long gestation times
and relatively high embryo weights (Sherwin et al. 2013).

Over the past 60 years, significant and regionally specific cli-
mate change has occurred across China: a warming trend and
greater frequency of extreme weather, including extremely hot
and cold days, have dominated this period (Fang et al. 2017).
Annual precipitation has decreased (ca. 8.84 mm per decade)
between 1961 and 2010, with large fluctuations among years
(Wang et al. 2015). Increased risks of both drought and floods
were recorded throughout China since 1960 (Liu et al. 2014b;
Shao et al. 2015). In Yunnan Province, southwestern China, an-
nual temperature increased significantly at a rate of 0.17°C per
decade from 1961 to 2011 (Ren et al. 2017), which is slightly
higher than the global mean (0.12°C per decade for the period
1951-2012—Stocker et al. 2013). Furthermore, since 1960,
winter temperatures in Yunnan Province exhibited the most
pronounced increases and highest risk of concurrent extreme
flood and drought events (Shi and Chen 2018).

In addition to climate changes, China has seen substantial
spatial and temporal changes in land-use from 1990 to 2010
(Liu et al. 2014a). Forest cover has decreased, urban areas have
expanded, and habitat fragmentation has increased (Liu and
Tian 2010; Deng et al. 2015; Ning et al. 2018). Forest cover in
Yunnan Province decreased dramatically because of an expo-
nential increase in rubber plantations in southern Yunnan, in-
tensification of land-use change, and a history of poor water
management over the last few decades (Zhang et al. 2012;
Zomer et al. 2015).

A total of 134 bat species from seven families have been re-
corded in China, accounting for nearly 10% of the world’s de-
scribed bat species in just over 6% of the planet’s land surface
(Jiang et al. 2017; Burgin et al. 2018). One study of 17 bat
species in China indicated that nearly half of these species ex-
hibited changes at their northern distributional limit or at the
center of their ranges during the past few decades (Wu 2016).
This highlights the need to broaden our understanding of the
influence of environmental change on bats.

The aim of this study is to explore phenotypic variation in
bats as a function of its potential response to environmental
change. We assess whether anthropogenic environmental
changes, specifically climate and land-use changes, correlate
with phenotypic responses in bats. We used traditional mor-
phometric techniques to compare 310 museum specimens of
two bat species, Hipposideros armiger (Hodgson, 1835) and
Rousettus leschenaultii Desmarest, 1820, with those of 134 re-
cently collected specimens. All specimens were from the same
latitudinal range in China. We test four hypotheses. First, we
predict larger body size in response to increased growth periods
under climate change (Yom-Tov and Yom-Tov 2005; Yom-Tov
etal. 2010). Second, because of recent landscape fragmentation
in China (Liu and Tian 2010;Liu et al. 2014a; Song and Deng
2017), we predict that recently collected bats will have longer
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wings because habitat fragmentation imposes greater travel dis-
tances between foraging patches. Third, we predict that modern
samples of bats will exhibit greater variation in diet as revealed
by stable isotopes of carbon and nitrogen (Ben-David and
Flaherty 2012a), and that these changes will be accompanied
by variation in diet-related cranial traits. Fourth, because ener-
getic costs are likely higher for females than males, we expect
females to display greater change in all above-mentioned char-
acters over time than males.

MATERIALS AND METHODS

Study species.—In this study, we examined one insectivo-
rous and one phytophagous species, based on detailed sampling
records and well-preserved specimens held in six museums
in China: National Zoological Museum of China, Chinese
Academy of Sciences (NZMC, CAS); Kunming Institute of
Zoology, Chinese Academy of Sciences (KIZ, CAS); Northwest
Institute of Plateau Biology, Chinese Academy of Sciences
(NIPB, CAS); Shaanxi Institute of Zoology (SIZ); Guangdong
Institute of Applied Biological Resources (GIABR); and China
West Normal University (CWNU). A total of 310 specimens
were examined: Hipposideros armiger (234 specimens) and
Rousettus leschenaultii (76 specimens). Specimen data are
provided in Appendix I. The geographic range of the histor-
ical samples covered most of China with the majority from the
southeastern and southwestern regions (provinces of Hainan,
Guangdong, and Yunnan; Fig. 1).

Hipposideros armiger is one of the largest species of the
genus, typically roosts in caves, and feeds on insects in open
spaces in woodlands and around trees (Bates and Harrison
1997). It is widely distributed in mainland of Southeast Asia
(Bates et al. 2008).

Rousettus leschenaultii is the largest phytophagous bat in
China of the family Pteropodidae. It typically roosts in colo-
nies in caves, ranging from a few to several thousand individ-
uals, in caves and old and ruined buildings and tunnels, and
feeds on fruits and flowers (Bates and Harrison 1997). It oc-
curs from Pakistan to Sumatra and Java, incongruously skip-
ping Peninsular Malaysia (Bates and Harrison 1997; Bates and
Helgen 2008).

Data collection.—Adult bats were collected and measured
from across China. Two criteria were used to distinguish adults:
1) lack of metacarpal epiphyseal cartilages and 2) full closure of
cranial sutures and, when stripped wing joint specimens were
not available, full eruption of adult dentition (Handley et al.
1991). Due to historical specimens being dry, and wingspan
and area not being available for examination, we used forearm
length as a surrogate for both body size and foraging behavior
in our study (Kunz 1974). Forearm length was measured using
the right wing when possible. Greatest skull length (GSKL),
length of the lower tooth row (LLTR) from the anterior margin
of the incisors to the caudal terminus of the molars, and external
width across the lateral margins of the lower molars (EWALM)
were measured to describe diet-related cranial structures in
both historical and modern specimens (Supplementary Data

SD1; Yang et al. 2007). The mandibular symphysis is often
not fused; as specimen dry, the mandible can thus become dis-
torted. To determine if this was an issue in our mensural data,
our modern cranial specimens were prepared and preserved at
the Xishuangbanna Tropical Botanical Garden for 2 years, and
then remeasured. Because the EWALM for modern samples
of H. armiger (¢, , = —1.302, P = 0.1957) and R. leschenaultii
(t,, = =0.755, P = 0.452) did not change significantly, man-
dibular distortion is not likely to have influenced our results.
All phenotypic characters were measured using a digital caliper
(SF2000, Qualitot, 0.01 mm) and measured only by the senior
author to ensure consistency. Measurements were repeated
three times for each character, and the average value used in
subsequent analyses.

Based on the distribution of historical specimens collected in
the 1960's, we sampled bats from 18.73°N to 32.86°N to ensure
consistency between the 1960's and modern datasets for each
species (Fig. 1). Mist nets were used to capture insectivorous
bats near their roosts and phytophagous bats in their foraging
areas during April to September 2017 following guidelines of
the American Society of Mammalogists (Sikes et al. 2016).
A total of 134 individuals were captured in 2017. The cranium
of newly captured specimens was removed and cleaned, and
the GSKL, LLTR, and EWALM were measured. Including his-
torical samples, a total of 444 individuals were used for wing
forearm measurements and 385 for cranial measurements (Fig. 1;
Appendix I).

Land-use type conversion.—We obtained the land cover
dataset for China with a resolution of ca. 5 km from the National
Earth System Science Data Sharing Infrastructure, National
Science and Technology Infrastructure of China (http://www.
geodata.cn; Li et al. 2017). We then extracted land cover
data for our sampling sites using ArcGIS 10.0 and ArcMAP
(ESRI 2011, Redlands, California). For each sampling site, we
obtained land cover type for each decade from 1980 to 2010.
We classified land cover at each site based on the nearest date to
that of the sampling for the site. Because the earliest land cover
data that we were able to obtain were for 1980, we classified
land cover types for all historical sites based on this dataset. We
classified land-use types into two groups: modified and open
(farmland, prairie, and rice paddy) versus natural and closed
(closed shrub forest, broad-leaved evergreen forests, broad-
leaved evergreen forests, and deciduous broad-leaved forest) to
explore whether the composition of land-use type has changed
in the locations where the samples for the two bat species were
collected (Li et al. 2017).

Stable isotope composition over time.—We analyzed stable
carbon and nitrogen isotopes of wing membrane samples col-
lected from KIZ, CAS, and from the newly collected 2017 in-
dividuals. Dietary differences were inferred for the modern and
historical specimens for both H. armiger and R. leschenaultii.
We obtained 34 samples from historical specimens of the two
target species: 25 H. armiger were sampled from four popu-
lations, and nine R. leschenaultii were obtained from Mengla
Co., Yunnan Province (Supplementary Data SD2). Because
the turnover time of carbon in bats is 2-3 months (Voigt et al.
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Fig. 1.—Map of collection sites for 444 bat specimens from two species.

right side for each site.

2003; Dalerum and Angerbjorn 2005), samples for the present
day were collected from the same month as the historical spe-
cimens, and the sampled sites restricted to the same county.
Tissue samples were collected by removing a small amount
(~2 mm x 2 mm patch) of the wing membrane from each
specimen. The wing membranes of newly collected bats were
obtained after measurements were completed, air-dried, and
preserved in sampling tubes for subsequent processing. Both
historical and modern samples were preserved by air-drying,
which has no substantial effect on 8'°N or 8 '°C values (Barrow
et al. 2008; Bessey and Vanderklift 2014). In total, 44 new sam-
ples from the two species were collected de novo. Thus, a total
of 78 individuals were included for comparison of stable iso-
tope composition (Supplementary Data SD2).

A mixture of methanol and chloroform was used to wash
samples and remove contaminants (O’Connell et al. 2001).
Samples were then air-dried for 24 h. Dried samples were
ground into powder, and 1.4—1.7 mg was packaged into tin cap-
sules. The stable isotope composition of the wing membrane
was expressed as Oh X = (Rsample / Rstandard — 1) x 1,000,
where X is the element of interest, h is the stable isotope with
the higher mass number, and R is the ratio of the heavy to light
isotope in the sample or standard (Dawson et al. 2002). The

Species are color-coded, and the sample size is denoted on the upper

final values were expressed in parts per thousand (%) and are
denoted as 6'*C and 8N for the isotope compositions of C
and N respectively. The standard for carbon was CO, and the
standard used for nitrogen was N,. The 6"°C and 8N values of
samples were measured using a stable isotope ratio mass spec-
trometer (IsoPrime100; Isoprime, Stockport, UK) at the Central
Laboratory of the Xishuangbanna Tropical Botanical Garden.
Statistical analyses.—With respect to morphological param-
eters, because collection dates were concentrated during the
1960s (with some specimens collected until 1970) and after
2000, we treated collection date as a categorical factor; speci-
mens collected before 1970 were defined as historical and spe-
cimens collected after 2000 were defined as modern. Sex was
treated as an indicator variable in our data analysis. All vari-
ables were normally distributed; we performed a factor anal-
ysis on the original data of forearm length and three diet-related
cranial measurements with principal function in the “psych”
package in R (Revelle 2019). Because all three cranial vari-
ables loaded positively on the first principal component (PC1),
PC1 score was used as an estimate of allometric cranial size
(Supplementary Data SD3 and SD4). We then used a general-
ized least squares model analysis to account for spatial autocor-
relation between data points with the gls function in the “nlme”
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package in R (R Development Core Team 2017). This approach
is efficient for handling spatial autocorrelation in comparison
to other methods (Dormann et al. 2007; Bolker et al. 2009).
The full model tested was: Y ~ sex*era*latitude + longitude +
elevation. We modeled spatial correlation between data points
using exponential decay on Euclidean distance. We began with
the full model and conducted model selection by the stepwise
exclusion of nonsignificant terms using likelihood ratio tests
of nested models. Following model selection, we repeated the
analysis for the best models using restricted maximum likeli-
hood to estimate coefficient parameters.

For the stable isotope composition analysis, we used the oldest
historical sampling date for each population as the reference date
and calculated the time interval for each paired population. Then,
the &'°C values were corrected to account for deviation caused
by the Suess effect, i.e., the decrease of &'°C ratios because of
atmospheric CO, by approximately —0.015%o per year with in-
creased fossil fuel combustion (Keeling 1979), and the corrected
0!3C values = measured values + (time x 0.015). Four popula-
tions were obtained for H. armiger. A linear mixed-effects regres-
sion model was used to examine the differences in stable isotope
ratios in H. armiger using the “lme4” package in R (Bates et al.
2014). We included the sampling period (historical and modern)
as fixed effect and sampling county as a random effect. One pop-
ulation was obtained for R. leschenaultii; an independent-sample
t-test was used to compare &'°C and 8'°N values between histor-
ical and modern samples to explore dietary differences over time.
All statistical analyses were performed using R (R Development
Core Team 2017).

RESULTS

Variations in forearm length.—Of the two species, only
H. armiger showed a significant increase (P = 0.008) in the

forearm length from historical (X = 91.58 mm) to modern in-
dividuals (X = 93.08 mm). The increasing trend was 1.64%
during our study period when scaled by the historical mean
of forearm length. The species also showed a significant pos-
itive correlation between forearm length and latitude for all
specimens combined (P < 0.001), but not in modern speci-
mens; and males were larger than females (P < 0.001; Fig. 2;
Table 1). In addition, longitude was included and was statis-
tically significant in the best candidate model (P = 0.007%%).
In R. leschenaultii, males are larger than females (P = 0.002),
and only longitude and elevation were statistically significant
(P < 0.001 and P = 0.002, respectively) in the best candidate
model (Fig. 2; Table 1).

Variation in the PCI score of three diet-related cranial
structures.—In H. armiger, statistically significant increases
were found in the PC1 scores between historical and modern
specimens (P < 0.001). There was also a significant positive
correlation in this species between PCI1 score and latitude in
all specimens combined (P = 0.023) and males were larger
than females (P = 0.022). In addition, longitude was signifi-
cant and present in the best candidate model (P < 0.001). In
R. leschenaultii, PC1 scores increased significantly from his-
torical to modern specimens (P < 0.001) and were significantly
positively correlated with latitude for the data set containing
all specimens (P = 0.012). Males were larger than females
(P = 0.002). Longitude and interaction between latitude and
era were significant (P = 0.034, P < 0.001, respectively) and
present in the best candidate model (Fig. 3; Table 2).

Variation in stable isotope composition.—With respect
to H. armiger, both 8'°C and 0N differed significantly be-
tween historical and modern specimens (Fig. 4; Table 3).
For R. leschenaultii, 8"C increased significantly over time
(tg6s = —2.89, P = 0.02%; Fig. 4), but no significant change was
detected in 85N (¢, , = —0.54, P = 0.61; Fig. 4).
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Fig. 2.—Temporal and latitudinal pattern of forearm length in two bat species. The statistically significant predictors that were included in the best
models are indicated in the panels. Predictors included era (E), sex (S), latitude (La), longitude (Lo), and elevation (El). A significant increasing

trend from historical to modern was found only for H. armiger.
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Table 1.—The best models for the change in the forearm length of two bat species, as evaluated using generalized least squares. The values in
the tables are the coefficient estimates, together with their level of significance. Probabilities for #-estimates were estimated using Satterthwaite
approximation of denominator degrees of freedom. The significance levels are: *P < 0.05, **P < 0.01 and ***P < 0.001.

Species Predictors Estimate SE t P R
H. armiger (N = 317) Intercept 98.886 5.383 18.37 < 0.001 %% 0.180
Era modern 1.166 0.435 2.68 0.008%*
Sex male 2.376 0.416 5.71 <0.001 %%
Latitude 0211 0.060 351 < 0.001 %5
Longitude -0.132 0.048 -2.72 0.007%
R. leschenaultii (N = 127) Intercept 131.107 15.781 8.31 < 0.001 %5 0.172
Sex male 3.828 1.210 3.16 0.002%*
Elevation -0.004 0.001 -3.20 0.0027%
Longitude -0.502 0.148 -3.39 < 000155
H. armiger R. leschenauiltii
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Fig. 3.—Temporal and latitudinal variation of PC1 scores for diet-related cranial measurements in two bat species. The statistically significant
predictors included in the best models are indicated in each panel. Predictors included era (E), sex (S), latitude (La), and longitude (Lo), and E*La

indicates the influence of interaction between era and latitude.

Variation in land-use type.—There was a higher proportion
of modified and open land-use types present in the modern era
(0.400 versus 0.183) within the sampling range of H. armiger.
The ratio was relatively stable for R. leschenaultii (Fig. 5;
Supplementary Data SD5).

DI1SCUSSION

We found that H. armiger exhibited an increase in forearm
length and PC1 score for the three diet-related cranial dimen-
sions, as well as differences in stable isotope ratios of carbon
and nitrogen in wing membrane tissues. The phytophagous
bat species, R. leschenaultii, displayed significant increases in
PCI scores for three diet-related cranial traits and in values of
O3C. As a whole, this study provides evidence for significant
and consistent phenotypic variation in the two bat species in
response to recent environmental changes; these phenotypic
changes were more evidently associated with land-use changes
than climate change.

Forearm length is the standard general index of body size in
bats (Kunz 1974) and body size affects animal physiology and

life-history attributes (Calder 1984). There is partial support for
our first hypothesis of a significant body size increase for H. ar-
miger. The resource rule hypothesis provides a partial explana-
tion for the significant increase in forearm length in H. armiger.
Previous studies have shown that bats exhibit fluctuating repro-
ductive rhythms with climate change (Lucan et al. 2013; Linton
and Macdonald 2018). It is therefore possible that H. armiger
had an extended ontogenesis and growth period because of
earlier parturition resulting in a longer forearm during our ex-
perimental period.

In contrast, Bergmann’s rule predicts that selection imposed
by warming will lead to a reduction in body size (Gardner
et al. 2011). In this study, the significant positive correla-
tion between body size and latitude in H. armiger was con-
sistent with Bergmann’s rule at the spatial scale, although the
magnitude of the spatial elevational scales is a confounding
factor. Notwithstanding, previous research has suggested that
a warming climate may not necessarily result in selection for
increased heat dissipation in bats (Tomassini et al. 2014), as
most bats roost in caves, where temperature is moderated
and only relatively weakly correlated with temperature of the
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Table 2.—The best models for the change in the PC1 score of three diet-related cranial structure in two bat species, as evaluated using gen-
eralized least squares. The values in the tables are the coefficient estimates, together with their level of significance. Positive numbers indicate
significant positive correlation with corresponding predictor and vice versa. Probabilities for #-estimates were estimated using Satterthwaite ap-
proximation of denominator degrees of freedom. The significance levels are as follows: *P < 0.05, **P < 0.01 and ***P < 0.001.

Species Predictors Estimate SE t P R’
H. armiger (N = 276) Intercept 3.367 1.517 222 0.027* 0.197
Era modern 0.630 0.116 5.45 < 0.001%**
Sex male 0.260 0.113 2.30 0.022%*
Latitude 0.040 0.018 2.29 0.023*
Longitude —-0.045 0.013 -3.39 <0.001%**
R. leschenaultii (N = 109) Intercept —-13.525 3.273 -4.13 < 0.001%** 0.285
Era modern 13.790 3.515 3.92 < 0.001%**
Sex male 0.522 0.168 3.11 0.002%*
Latitude 0.314 0.122 2.57 0.012*
Longitude 0.053 0.024 2.15 0.034*
Modern & latitude —0.534 0.150 -3.57 < 0.001%**

E3 Historical
* Modern H. armiger R. leschenaultii
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Fig. 4.—Boxplot of corrected 8'*C (%0) and 85N (%0) values of his-
torical (1960) and modern (2017) specimens. Letters indicate statisti-
cally significant differences between variable means of historical and
modern specimens based on t-tests of model coefficients (the same
letter indicates no statistically significant difference).

external air (Park et al. 2000). Country-wide, average annual
mean surface air temperature in China has been rising at a rate
of 0.25°C per decade since the 1950's (Ren et al. 2017), which
is trivial when compared to the range of temperature across
their sampling range of 9.28-13.48°C for R. leschenaultii and
H. armiger, respectively (Fick and Hijmans 2017). Hence, our
results suggest that heat dissipation may not be critical for
bats under contemporary climate warming regime in China.
In contrast to birds, where body size and different annual
cycles have been significantly influenced by climate change
(Goodman et al. 2012; Tomotani et al. 2018), bats are less
threatened by contemporary climate change. Even so, ex-
tremely high temperatures have been reported to lead to the
death of large numbers of Pteropus sp. in Australia since 1994
(Welbergen et al. 2008). Such unpredictable extreme events

pose greater challenges to bats than increased mean tem-
perature. However, in the latter example, the two species of
Pteropus are tree roosting bats found in exposed, relatively
open and isolated trees, rather than the cave roosting species
that we examined in this study.

Variation in wing traits such as forearm length is often
considered an adaptation to foraging habitat (Marinello and
Bernard 2014; Furey and Racey 2016). Only H. armiger
showed a significant increase in forearm length, which sup-
ports our second hypothesis, given that we found significant
differences between natural and modified habitat use over
time in H. armiger but not R. leschenaultii. Wing morphology
is correlated with foraging strategy and flight performance in
bats (Furey and Racey 2016). Wing characters that allow for
flexible foraging strategies confer an advantage and should
be favored by selection under regimes of widespread anthro-
pogenic habitat change (Lewis and Maslin 2015; Voigt and
Kingston 2016). In China, human population growth, eco-
nomic development, and improvement of transportation in-
frastructure are degrading and fragmenting landscapes (Liu
and Tian 2010; Zhang et al. 2016). Further, the cave systems
that provide roosting sites for many bat species are threatened
because of the need for cement for infrastructure development
(Tanalgo et al. 2018). The significant increase in forearm
length of H. armiger may be a consequence of fragmenta-
tion of foraging habitat and a decrease in the prey base world-
wide (Hallmann et al. 2017, Sanchez-Bayo and Wyckhuys
2019). This idea is supported by the land-use change analysis
in which more open habitats were found in the modern sam-
pling range than in the historical era. Land-use change may
force modern H. armiger to travel further between fragments
to forage. The absence of significant change in the forearm
length of R. leschenaultii may reflect relatively less habitat
change together with less effect to its food base, which is also
supported by the land-use change analysis.

Food abundance and composition are fundamental factors
influencing the activity of bats, particularly insectivorous
bats (Wang et al. 2010). Climate warming can increase in-
sect overwinter survival (Kiritani 2006) and fecundity (Miles
et al. 1997). However, long-term records from many parts of
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Table 3.—Linear mixed-effect model analysis of the variation in 6'*C and 8'°N between historical and modern H. armiger specimens. “Era”

indicates the comparison between historic and modern specimens.

Parameters Predictors Estimate

SE df t P

d1C Intercept -21.330
Era modern -0.769
SN Intercept 8.765
Era modern -0.707

0.495 3.64 —41.00 <0.001 ##*
0.239 58.75 -3.18 0.002%*
0.283 6.23 30.94 < 0.001 ##*
0.261 60.83 -2.71 0.009 **

H. armiger R. leschenaultii

1.00 §

0.75 1

0.50 1

Ratio

0.25 1

Natural
Modified

0.00 1

Fig. 5.—The temporal conversion pattern of land-use type over the
past 60 years in two bat species. Ratio was calculated as the number
of individuals divided by the total number of individuals in the sam-
pling era.

the world indicate that the local abundance of Lepidoptera and
many other invertebrates have decreased significantly over the
past decades (Dirzo et al. 2014; Lister and Garcia 2018). In ad-
dition, continuing land-use changes will exacerbate fluctuations
in food resources for many insects (Williams-Guillén et al.
2016). Unfortunately, studies of variation in insect populations
over the past decades in China are lacking. The results of one
study on Pipistrellus kuhlii in Italy suggests that this species
increased tooth size to expand the bats’ access to varied food
resources. This change was considered an adaptive response
to increased abundance of larger insects near street lamps
(Tomassini et al. 2014). Both H. armiger and R. leschenaultii
showed statistically significant increases in PC1 scores from
the historical to the modern era, suggesting that the changes in
cranial measurements might be a common adaptation to envi-
ronmental change. In addition, the statistically significant in-
teraction between era and latitude implies site-based specific
land-use changes existed for R. leschenaultii, which in our
study ranged from 21.71°N to 26.53°N latitude. The exponen-
tial increase in rubber plantations and other cash crops over the
last few decades has resulted in a dramatic decrease in natural
forest cover in the Yunnan Province (Zhang et al. 2012; Zomer
et al. 2015). This is one possible explanation for the stronger
variation in forearm length of bats in this latitudal range be-
tween the historical and modern era.

The differences we observed in stable isotope composition be-
tween historical and modern specimens support the hypothesis

that food resources for bats have changed over time, especially
for insectivorous bats. Tissue composition of stable isotopes of
carbon and nitrogen is influenced by the foods they consume
(Kelly 2000, Fry 2006) or by changes in the stable isotopes in the
food itself. The different isotopic composition of wing punches
from historical and modern specimens of H. armiger suggests
that the food resources consumed have changed over time. In
contrast to insects, the response of plants to climate change in-
volves in situ accommodation through the adjustment of phe-
nology or distributional range (Kelly and Goulden 2008). Only
the isotopic composition of carbon showed significant differences
between the historical and modern specimens in R. leschenaultii.
Because water limitation and stomatal closure affect plant dis-
crimination of heavy and light carbon during carbon assimi-
lation, low levels of precipitation could lead to increased &'3C
ratios in C, plants (Fry 2006, Ben-David and Flaherty 2012a,
2012b). Thus, the change in isotopic carbon in R. leschenaultii
could also be caused by water supply changes in this region over
the past few decades (Shi and Chen 2018). Overall, the results in-
dicate fewer changes in food composition over the past 65 years
in R. leschenaultii than H. armiger. As noted above, it is possible
that changing isotope ratios in the food of the bats could lead to
changing isotope values in their tissues even if their diet remains
constant. Although we used the same resampling sites, with
time and tissue consistent between historical and modern eras,
we cannot exclude this possibility. However, combined with the
consistent variation in the PC1 score of the three diet-related cra-
nial structures for the two species, we believe their food resource
has changed over the past few decades. Thus, we hypothesize
that bats have experienced pressure from both climate change
and land-use change. These factors have in combination resulted
in changes in food resources although the magnitude of these
changes may vary among species. Hipposideros armiger appears
to have experienced greater pressure, because all three cranial
measurements showed consistent increases in this species, in ad-
dition to a significant increase in body size.

Temperature increases are projected to push many tropical
mammal species beyond their thermoneutral zones this century
(Khaliq et al. 2014). The absence of sample sites from Southeast
Asia, the core of R. leschenaultii’s range, may have resulted in
an underestimation of their response. However, despite admit-
tedly insufficient sampling for phytophagous bats, significant
changes were observed in the diet-related cranial structures and
in the stable isotope ratios in our study. This suggests that diet-
related structural changes may reflect general responses of bats
to current environmental changes.

Because females nurture offspring during pregnancy and lac-
tation, they face greater challenges than males when exposed to
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environmental changes. For example, the reproductive output
of Eptesicus fuscus was influenced by drought conditions in
Colorado from 1996 to 2008 (Adams 2010). The fact that sig-
nificant interactions between era and sex were not found in our
study implies that females did not suffer greater pressure than
males, although the requirements of females still should drive
choice of conservation efforts for bats in the future.

Anthropogenic environmental change has a significant effect
on biodiversity at the global scale (McGill et al. 2015). Bats
provide extensive ecosystem services; they can increase human
well-being via pollination, seed dispersal, and pest control, and
enhance agricultural yields (Kunz et al. 2011). While research
on effects of environmental change on bats is limited (McCain
and King 2014; MacLean and Beissinger 2017), our results in-
dicate that variation in diet-related structures is evident both in
insectivorous and frugivorous bats, suggesting this could be a
common phenomenon for bats facing contemporary environ-
mental change. Furthermore, it is necessary to determine if the
combination of phenotypic plasticity and adaptive evolution
will enable bats to respond to anthropogenic environmental
changes and whether we can distinguish the influences of cli-
mate and land-use change (Yom-Tov and Geffen 2011). These
questions deserve more attention (Merild and Hendry 2014;
Voigt and Kingston 2016). In this study, we present evidence
for rapid morphological change in concert with environmental
change over a small temporal gradient. Although changes were
small, they were consistent and reflected the ability of the spe-
cies to accommodate environmental change associated with
both climatic and land-use changes.
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SUPPLEMENTARY DATA

Supplementary data are available at Journal of Mammalogy
online.

Supplementary Data SD1.—Phenotypic cranial variables
measured. The photographed specimen is R. leschenaultii.
The measured variables were as follows: greatest skull length
(GSKL) (1-2), length of the lower tooth row (LLTR) (3—4), and
external width across lower molars (EWALM) (5-6).

Supplementary Data SD2.—Map showing the distribution of
78 isotopic samples from H. armiger and R. leschenaultii in

the two eras. Era is color-coded and sample size is noted at the
upper right side for each site. The site with black edge indicates
that both H. armiger and R. leschenaultii were sampled and the
number in brackets represents sample size for the two species,
respectively.

Supplementary Data SD3.—Standardized loadings based
varimax rotation of the first two components from a factor
analysis of forearm length and three diet-related cranial struc-
tures in the two bat species. The abbreviations for the three
cranial parameters are: greatest skull length (GSKL), length of
the lower tooth row (LLTR), and external width across lower
molars (EWALM).

Supplementary Data SD4.—Diagram of factor analysis for
forearm length and three diet-related cranial structures in the
two bat species. The abbreviations for three measured cra-
nial parameters are greatest skull length (GSKL), length of
the lower tooth row (LLTR), and external width across lower
molars (EWALM).

Supplementary Data SD5.—Variation of land-use type for two
bat species. Values in the tables are the number of individuals
captured in the corresponding land-use type. The modified group
of land-use types include farmland, prairie, and paddy field and
the natural group of land-use types includes closed shrub forest,
broad-leaf evergreen forests, broad-leaf evergreen forests, and
deciduous broad-leaf forest. The ratio was calculated as the
number of modified divided by the total number within the era.
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APPENDIX I

Specimens examined.—Detailed sampling information for two bat
species included in our study of phenotypic traits. The letter “B” in the
“Applied” column indicates that both the wing membrane and cranial
measurements were used in the final analysis, “S” indicates that only
cranial measurements were available; and “W” indicates that only

wing membrane was available. The acronyms for each museum are as
follows: Guangdong Institute of Applied Biology Resources (GIABR),
the Kunming Institute of Zoology, the Chinese Academy of Sciences
(KIZ), the National Zoological Museum of China (NZMC), the
Northwest Institute of Plateau Biology (NIPB), the Shaanxi Institute
of Zoology (SIZ), and the China West Normal University (CWNU).

Species Register number Sampling number Sex Sampling date Longitude (°N) Latitude(°E) Source Applied
H. armiger 0673 Male 19640918 109.451466 19.230122 GIABR B
H. armiger 0674 Male 19640918 109.451466 19.230122 GIABR B
H. armiger 0205 Female 19630404 109.827576 18.736005 GIABR B
H. armiger 0294 Male 19631116 109.681835 18.908357 GIABR B
H. armiger 0295 Male 19631116 109.681835 18.908357 GIABR B
H. armiger 0591 Female 19640718 109.055443 19.301261 GIABR B
H. armiger 0592 Female 19640718 109.055443 19.301261 GIABR B
H. armiger 87 Male 19611024 112.56609 23.162299 GIABR B
H. armiger 252 Female 19590907 114.678726 24.483399 GIABR B
H. armiger 0560 Male 19580711 109.120674 19.334794 GIABR B
H. armiger 0563 Male 19580711 109.120674 19.334794 GIABR B
H. armiger 0203 Male 19630404 109.827576 18.736005 GIABR B
H. armiger 0590 Female 19640718 109.054585 19.302881 GIABR B
H. armiger 0675 Female 19640918 109.451466 19.230122 GIABR B
H. armiger 0677 Male 19640918 109.451466 19.230122 GIABR B
H. armiger 0678 Male 19640918 109.451466 19.230122 GIABR B
H. armiger 0681 Female 19640918 109.451466 19.230122 GIABR B
H. armiger 0682 Female 19640918 109.451466 19.230122 GIABR B
H. armiger 55 Female 19580904 108.336182 23.099944 GIABR B
H. armiger 56 Female 19580904 108.336182 23.099944 GIABR B
H. armiger 253 Male 19590907 114.678726 24.483399 GIABR B
H. armiger 187 Male 19590819 114.487152 24.378372 GIABR B
H. armiger 188 Male 19530819 114.487152 24.378372 GIABR w
H. armiger 0676 Female 19640918 109.451466 19.230122 GIABR B
H. armiger 0680 Female 19640918 109.451466 19.230122 GIABR B
H. armiger 183 Female 19581023 106.766338 22.095462 GIABR B
H. armiger 185 Female 19581023 106.766338 22.095462 GIABR B
H. armiger 0558 Female 19580711 109.120674 19.334794 GIABR B
H. armiger 0559 Female 19580711 109.120674 19.334794 GIABR B
H. armiger 0679 Male 19640918 109.451466 19.230122 GIABR B
H. armiger 0561 Female 19580711 109.120674 19.334794 GIABR B
H. armiger 0562 Female 19580711 109.120674 19.334794 GIABR w
H. armiger 58 Male 19580904 108.336182 23.099944 GIABR B
H. armiger 57 Female 19580904 108.336182 23.099944 GIABR B
H. armiger 52 Female 19580904 108.336182 23.099944 GIABR B
H. armiger 54 Female 19580904 108.336182 23.099944 GIABR B
H. armiger 31 Female 19580903 108.336182 23.099944 GIABR B
H. armiger 32 Female 19580903 108.336182 23.099944 GIABR B
H. armiger 02899 631053 Male 19630705 104.891968 25.108606 KIZ B
H. armiger 02895 631054 Male 19630705 104.891968 25.108606 KI1Z B
H. armiger 02901 631055 Male 19630705 104.891968 25.108606 KiZ B
H. armiger 02896 631056 Female 19630705 104.891968 25.108606 K1z B
H. armiger 02906 631057 Female 19630705 104.891968 25.108606 KIZ B
H. armiger 02898 631058 Female 19630705 104.891968 25.108606 KIZ B
H. armiger 02903 631059 Female 19630705 104.891968 25.108606 KIZ B
H. armiger 02907 631060 Female 19630705 104.891968 25.108606 KiZ B
H. armiger 02897 631061 Female 19630705 104.891968 25.108606 KIZ B
H. armiger 02900 631062 Female 19630705 104.891968 25.108606 KIZ B
H. armiger 02904 631063 Female 19630705 104.891968 25.108606 KIZ B
H. armiger 02902 631065 Male 19630705 104.891968 25.108606 KIZ B
H. armiger 02908 631064 Female 19630705 104.891968 25.108606 KIZ B
H. armiger 02905 631066 Female 19630705 104.891968 25.108606 Kiz B
H. armiger 002881 631235 Male 19630630 104.726572 249182 KIZ B
H. armiger 002890 631236 Male 19630630 104.726572 249182 KIZ B
H. armiger 002888 631242 Male 19630630 104.726572 249182 K1z B
H. armiger 002889 631247 Male 19630630 104.726572 249182 KI1Z B
H. armiger 002887 631248 Male 19630630 104.726572 249182 KI1Z B
H. armiger 002893 631088 Female 19630707 104.891968 25.111715 KI1Z B
H. armiger 02894 631089 Female 19630707 104.891968 25.111715 KIZ B
H. armiger 02884 631238 Male 19630630 104.726572 249182 KI1Z B
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Species Register number Sampling number Sex Sampling date Longitude (°N) Latitude(°E) Source Applied
H. armiger 02882 631237 Male 19630630 104.726572 249182 KIZ B
H. armiger 02860 631239 Male 19630630 104.726572 249182 KIZ B
H. armiger 02867 631243 Male 19630630 104.726572 249182 KI1Z B
H. armiger 02863 631244 Male 19630630 104.726572 249182 KIZ B
H. armiger 02866 631245 Male 19630630 104.726572 249182 KIZ B
H. armiger 02885 631246 Male 19630630 104.726572 249182 KIZ B
H. armiger 02883 631241 Male 19630630 104.726572 249182 KIZ B
H. armiger 02880 631249 Male 19630630 104.726572 249182 KIZ B
H. armiger 02859 631250 Male 19630630 104.726572 249182 KIZ B
H. armiger 02865 631251 Male 19630630 104.726572 249182 KIZ B
H. armiger 02862 631253 Male 19630630 104.726572 249182 KiIzZ B
H. armiger 002864 631254 Male 19630630 104.726572 249182 KIZ B
H. armiger 02857 631255 Male 19630630 104.726572 249182 KIZ B
H. armiger 02861 631252 Male 19630630 104.726572 249182 KIzZ B
H. armiger 02891 631256 Male 19630630 104.726572 249182 KIZ B
H. armiger 02858 631111 Male 19630718 104.894028 25.104876 KIz B
H. armiger 02828 630679 Female 19631003 108.83812 27.715142 KIZ B
H. armiger 02830 630680 Male 19631003 108.83812 27.715142 KIZ B
H. armiger 02831 630681 Male 19631003 108.83812 27.715142 KIZ B
H. armiger 02829 630682 Female 19631003 108.83812 27.715142 KIZ B
H. armiger 02846 631196 Male 19630831 108.524323 25.943844 KIz B
H. armiger 02845 631202 Male 19630831 108.524323 25.943844 KIZ B
H. armiger 02849 631203 Male 19630831 108.524323 25.943844 KI1Z B
H. armiger 631204 Male 19600831 108.524323 25.943844 KIZ S
H. armiger 02850 631207 Male 19630831 108.524323 25.943844 KIZ B
H. armiger 02854 631208 Male 19630831 108.524323 25.943844 KiIZ B
H. armiger 02852 631209 Male 19630831 108.524323 25.943844 KIZ B
H. armiger 02851 631211 Male 19630831 108.524323 25.943844 KIZ B
H. armiger 02847 631214 Female 19630831 108.524323 25.943844 KIZ B
H. armiger 02853 631215 Female 19630831 108.524323 25.943844 KIZ B
H. armiger 02848 630615 Male 19630901 108.524323 25.943844 KIZ B
H. armiger 02834 630437 Male 19631024 106.21994 27.473552 KIZ B
H. armiger 02840 631299 Male 19630805 105.441284 25.116067 KI1Z B
H. armiger 02832 631385 Female 19631023 106.21994 27.473552 KIZ B
H. armiger 02839 630417 Male 19631025 106.747284 25.442655 KIZ B
H. armiger 02842 630418 Male 19631025 106.747284 25.442655 KIZ B
H. armiger 02844 630419 Male 19631025 106.747284 25.442655 KIZ B
H. armiger 02841 630420 Female 19631025 106.747284 25.442655 KIZ B
H. armiger 02843 630421 Female 19631025 106.747284 25.442655 KIZ B
H. armiger 02838 630422 Male 19601025 106.747284 25.442655 KIZ B
H. armiger 000826 612 Male 19600629 103.386412 29.553188 Kiz B
H. armiger 014692 811442 Male 19641022 101.509552 24.144952 KIZ B
H. armiger 015935 2004251 Male 20050919 100.083904 24.71405 Kiz B
H. armiger 015936 2004252 Female 20050919 100.083904 24.71405 KIZ B
H. armiger 57173 Male 19571103 100.622191 22.033019 KIZ S
H. armiger 000097 75938 Male 19590728 101.382694 21.711423 KIZ B
H. armiger 000098 75939 Male 19590728 101.382694 21.711423 KIZ B
H. armiger 000096 75940 Male 19590725 101.382694 21.711423 KIZ B
H. armiger 000117 75941 Male 19590728 101.382694 21.711423 KIZ B
H. armiger 000116 75883 Male 19590618 101.382694 21.711423 KIZ B
H. armiger 000114 75881 Male 19590618 101.382694 21.711423 KIZ B
H. armiger 000089 75882 Male 19590618 101.382694 21.711423 KIZ B
H. armiger 000118 75869 Male 19590620 101.382694 21.711423 KIZ B
H. armiger 000115 75884 Male 19590618 101.382694 21.711423 KIZ B
H. armiger 02926 640271 Male 19640731 100.580306 24.455705 KIZ B
H. armiger 640272 Female 19640731 100.961266 24.270049 KIZ B
H. armiger 02924 640273 Female 19640731 100.580306 24.455705 KIzZ B
H. armiger 02927 640274 Male 19640731 100.961266 24.270049 KIZ B
H. armiger 02939 640275 Female 19640731 100.580306 24.455705 KIz B
H. armiger 02922 640404 Male 19641110 100.961266 24.270049 KIZ B
H. armiger 02923 640405 Female 19641110 100.961266 24.270049 KIZ B
H. armiger 02940 640406 Male 19641110 100.961266 24.270049 KIzZ B
H. armiger 02929 640407 Male 19641116 100.961266 24.270049 KIZ B
H. armiger 02921 640408 Male 19641110 100.961266 24.270049 KIZ B
H. armiger 02932 640409 Male 19641110 100.961266 24.270049 KIZ B
H. armiger 02930 640369 Male 19640913 100.778575 24.544781 KIZ B
H. armiger 000091 57179 Male 19571020 100.749478 24.487031 KIZ B
H. armiger 000095 57178 Male 19571023 100.749478 24.487031 KIZ B
H. armiger 000088 57181 Male 19571029 100.749478 24.487031 KIZ B
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Species Register number Sampling number Sex Sampling date Longitude (°N) Latitude(°E) Source Applied
H. armiger 000093 57182 Female 19571115 100.749478 24.487031 KiIzZ w
H. armiger 015943 206120 Female 20060404 103.382936 25.099551 KIZ B
H. armiger 015944 206121 Male 20060404 103.382936 25.099551 KIZ B
H. armiger 015940 206117 Female 20060404 103.382936 25.099551 KIZ B
H. armiger 015942 206119 Female 20060404 103.382936 25.099551 KIZ B
H. armiger 000892 610033 Female 19610623 102.609987 25.059983 KIzZ B
H. armiger 000896 610036 Male 19610615 102.609987 25.059983 KIZ B
H. armiger 012364 205022 Female 20050520 102.464676 25.195777 KIZ B
H. armiger 012365 205023 Male 20050520 102.464676 25.195777 KIZ B
H. armiger 000898 610017 Male 19610809 104.702368 23.126784 KIZ B
H. armiger 016397 206785 Female 20060402 99.703889 24.197965 KIz B
H. armiger 016398 206786 Female 20060402 99.703889 24.197965 KIZ B
H. armiger 016401 206814 Female 20060502 99.703889 24.197965 KIzZ B
H. armiger 016399 206787 Female 20060402 99.703889 24.197965 KIZ B
H. armiger 016400 206813 Female 20060502 99.703889 24.197965 KIZ B
H. armiger 016016 206296 Male 20060602 98.801079 25.302131 KiIzZ B
H. armiger 016017 206297 Male 20060602 98.801079 25.302131 KIZ B
H. armiger 016018 206298 Male 20060602 98.801079 25.302131 KIZ B
H. armiger 016019 206299 Male 20060602 98.801079 25.302131 KIZ B
H. armiger 016020 206300 Male 20060602 98.801079 25.302131 KIZ B
H. armiger 206205 Female 20060521 98.762927 24.150865 KIZ S
H. armiger 016232 206720 Male 20070408 98.801079 25.302131 KIZ W
H. armiger 015939 206114 Male 20060328 102.464676 25.195777 KI1Z B
H. armiger 015938 206113 Male 20060328 102.464676 25.195777 KIZ B
H. armiger 21 3058 Male 19660712 105.583506 32.830738 SIZ B
H. armiger 00019 03056 Female 19660712 105.583506 32.830738 SIZ B
H. armiger 00023 03057 Male 19660712 105.583506 32.830738 S1Z w
H. armiger 00022 03055 Female 19660712 105.583506 32.830738 SIZ 4
H. armiger 00016 03051 Male 19660712 105.583506 32.830738 S1Z B
H. armiger 18 Male 19660712 105.583506 32.830738 S1Z B
H. armiger 23 Male 19660712 105.543981 32.880632 SIZ S
H. armiger 27 Male 19660712 105.543981 32.880632 S1Z S
H. armiger 25 Male 19660712 105.543981 32.880632 S1Z S
H. armiger 28 Male 19660712 105.543981 32.880632 S1Z S
H. armiger 26 Male 19660712 105.543981 32.880632 S1Z S
H. armiger 02002 Male 20020908 106.004505 31.562447 CWNU B
H. armiger 22948 265 Male 19630910 119.223933 25.976564 NZMC B
H. armiger 21441 91 Male 19580914 106.748013 22.120272 NZMC B
H. armiger 21440 53 Female 19580904 108.336182 23.099944 NZMC B
H. armiger 12761 71097 Female 19570310 108.902664 18.725763 NZMC B
H. armiger 12749 71098 Female 19570310 108.902664 18.725763 NZMC B
H. armiger 12750 71096 Female 19570310 108.902664 18.725763 NZMC B
H. armiger 04973 0164 Female 19560625 103.656006 23.180764 NZMC B
H. armiger 04953 0174 Male 19560625 103.656006 23.180764 NZMC B
H. armiger 04950 0171 Female 19560625 103.656006 23.180764 NZMC B
H. armiger 04951 0170 Female 19560625 103.656006 23.180764 NZMC B
H. armiger 24107 0200 Male 19640628 99.686637 23.401386 NZMC B
H. armiger 04967 0177 Male 19560625 103.656006 23.180764 NZMC B
H. armiger 04966 0176 Male 19560625 103.656006 23.180764 NZMC B
H. armiger 04959 0179 Female 19560625 103.656006 23.180764 NZMC B
H. armiger 24106 0401 Male 19640628 99.686637 23.401386 NZMC B
H. armiger 24104 0013 Female 19640411 99.73805 24.09987 NZMC B
H. armiger 24105 0198 Female 19640628 99.686637 23.401386 NZMC B
H. armiger 24101 0016 Male 19640411 99.73805 24.09987 NZMC B
H. armiger 24100 0014 Female 19640411 99.73805 24.09987 NZMC B
H. armiger 24108 0197 Male 19640628 99.686637 23.401386 NZMC B
H. armiger 24102 0199 Male 19640628 99.686637 23.401386 NZMC B
H. armiger 24103 0015 Female 19640411 99.73805 24.09987 NZMC B
H. armiger 24015 0815 Female 19640430 98.119454 24.748195 NZMC B
H. armiger 24014 0654 Male 19650408 97.929382 24.731864 NZMC B
H. armiger 24016 0811 Male 19650428 98.119454 24.748195 NZMC B
H. armiger 24019 0816 Male 19650430 98.119454 24.748195 NZMC B
H. armiger 24017 0655 Male 19650418 97.929382 24.731864 NZMC B
H. armiger 24012 0658 Male 19650418 97.929382 24.731864 NZMC B
H. armiger 24013 0656 Female 19650418 97.929382 24.731864 NZMC B
H. armiger 24018 0657 Male 19650418 97.929382 24.731864 NZMC B
H. armiger 24020 0848 Female 19650507 98.119454 24.748195 NZMC B
H. armiger 24011 0659 Male 19650418 97.929382 24.731864 NZMC W
H. armiger 17516 0733 Female 19600727 101.506805 27.454665 NZMC B
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H. armiger 17515 0732 Female 19600727 101.506805 27.454665 NZMC B
H. armiger 17511 00279 Male 19600629 103.386412 29.553188 NZMC B
H. armiger 17513 0721 Male 19600721 101.506805 27.454665 NZMC B
H. armiger 17512 0744 Male 19600728 101.506805 27.454665 NZMC B
H. armiger 17514 0729 Female 19600727 101.506805 27.454665 NzZMC B
H. armiger 17517 0746 Male 19600728 101.506805 27.454665 NZMC B
H. armiger BN-2017-01 Female 20170326 101.276253 21.921008 Resampled B
H. armiger BN-2017-05 Male 20170408 101.276253 21.921008 Resampled B
H. armiger BN-2017-06 Female 20170408 101.276253 21.921008 Resampled B
H. armiger BN-2017-07 Female 20170408 101.276253 21.921008 Resampled B
H. armiger BN-2017-08 Female 20170408 101.276253 21.921008 Resampled B
H. armiger BN-2017-09 Female 20170408 101.276253 21.921008 Resampled B
H. armiger BN-2017-10 Male 20170408 101.276253 21.921008 Resampled B
H. armiger BN-2017-11 Female 20170408 101.276253 21.921008 Resampled B
H. armiger BN-2017-12 Male 20170408 101.276253 21.921008 Resampled B
H. armiger BN-2017-13 Female 20170408 101.276253 21.921008 Resampled B
H. armiger CTD-2017-0 Male 20170519 99.212841 24.563708 Resampled B
H. armiger CTD-2017-0 Male 20170519 99.212841 24.563708 Resampled B
H. armiger EMS-2017-0 Female 20170608 103.460839 29.506348 Resampled B
H. armiger EMS-2017-0 Male 20170608 103.460839 29.506348 Resampled B
H. armiger EMS-2017-0 Male 20170608 103.460839 29.506348 Resampled B
H. armiger EMS-2017-0 Female 20170608 103.460839 29.506348 Resampled B
H. armiger EMS-2017-0 Male 20170608 103.460839 29.506348 Resampled B
H. armiger EMS-2017-0 Male 20170608 103.460839 29.506348 Resampled B
H. armiger GZ-2017-09 Male 20170416 114.796548 23.184034 Resampled B
H. armiger GZ-2017-10 Male 20170416 114.796548 23.184034 Resampled B
H. armiger GZ-2017-11 Male 20170416 114.796548 23.184034 Resampled B
H. armiger GZ-2017-12 Male 20170416 114.796548 23.184034 Resampled B
H. armiger GZ-2017-13 Female 20170416 114.796548 23.184034 Resampled B
H. armiger GZ-2017-14 Male 20170416 114.796548 23.184034 Resampled B
H. armiger GZ-2017-15 Female 20170416 114.796548 23.184034 Resampled B
H. armiger GZ-2017-16 Male 20170416 114.796548 23.184034 Resampled B
H. armiger GZ-2017-17 Male 20170416 114.796548 23.184034 Resampled B
H. armiger HXS-2017-0 Male 20170705 99.225007 24.600176 Resampled B
H. armiger HXS-2017-0 Male 20170705 99.225007 24.600176 Resampled B
H. armiger HXS-2017-0 Male 20170705 99.225007 24.600176 Resampled B
H. armiger HXS-2017-0 Male 20170705 99.225007 24.600176 Resampled B
H. armiger HXS-2017-0 Male 20170705 99.225007 24.600176 Resampled B
H. armiger HXS-2017-0 Male 20170705 99.225007 24.600176 Resampled B
H. armiger KM-2017-28 Male 20170502 102.293 24.483 Resampled B
H. armiger KM-2017-30 Male 20170502 102.293 24.483 Resampled B
H. armiger KM-2017-31 Male 20170502 102.293 24.483 Resampled B
H. armiger KM-2017-33 Female 20170502 102.293 24.483 Resampled B
H. armiger KM-2017-34 Female 20170502 102.293 24.483 Resampled B
H. armiger KM-2017-35 Female 20170502 102.293 24.483 Resampled B
H. armiger KM-2017-36 Male 20170502 102.293 24.483 Resampled B
H. armiger KM-2017-47 Male 20170503 102.293 24.483 Resampled B
H. armiger LX-2017-01 Male 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-02 Male 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-03 Male 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-04 Male 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-05 Female 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-06 Male 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-08 Female 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-09 Male 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-10 Male 20170710 100.707386 22.606501 Resampled B
H. armiger LX-2017-11 Male 20170710 100.707386 22.606501 Resampled B
H. armiger MB-2017-01 Male 20170515 98.82391 25.094888 Resampled B
H. armiger MB-2017-02 Male 20170515 98.82391 25.094888 Resampled B
H. armiger XM-2017-01 Female 20170513 97.582266 24.628573 Resampled B
H. armiger XM-2017-02 Female 20170513 97.582266 24.628573 Resampled B
H. armiger XMS-2017- Male 20170821 109.660385 18.883071 Resampled B
H. armiger XMS-2017- Male 20170821 109.660385 18.883071 Resampled B
H. armiger XMS-2017- Male 20170821 109.660385 18.883071 Resampled B
H. armiger XMS-2017- Male 20170821 109.660385 18.883071 Resampled B
H. armiger XMS-2017- Male 20170821 109.660385 18.883071 Resampled B
H. armiger XMS-2017- Male 20170821 109.660385 18.883071 Resampled B
H. armiger XMS-2017- Male 20170821 109.660385 18.883071 Resampled B
H. armiger XNH-2017-0 Female 20170617 107.014999 32.857642 Resampled B
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H. armiger XNH-2017-0 Male 20170617 107.014999 32.857642 Resampled B
H. armiger XNH-2017-0 Female 20170617 107.014999 32.857642 Resampled B
H. armiger XNH-2017-0 Male 20170617 107.014999 32.857642 Resampled B
H. armiger XNH-2017-0 Male 20170617 107.014999 32.857642 Resampled B
H. armiger XNH-2017-0 Female 20170617 107.014999 32.857642 Resampled B
H. armiger XNH-2017-0 Female 20170617 107.014999 32.857642 Resampled B
H. armiger XNH-2017-0 Female 20170617 107.014999 32.857642 Resampled B
H. armiger XNH-2017-0 Male 20170617 107.014999 32.857642 Resampled B
H. armiger XNH-2017-1 Male 20170617 107.014999 32.857642 Resampled B
H. armiger XY-2017-05 Male 20170810 104.847087 24.922542 Resampled B
H. armiger XY-2017-06 Female 20170810 104.847087 24.922542 Resampled B
H. armiger XY-2017-08 Male 20170810 104.847087 24.922542 Resampled B
H. armiger XY-2017-09 Female 20170810 104.847087 24.922542 Resampled B
H. armiger XY-2017-11 Female 20170810 104.847087 24.922542 Resampled B
H. armiger XY-2017-12 Female 20170810 104.847087 24.922542 Resampled B
H. armiger XY-2017-13 Female 20170810 104.847087 24.922542 Resampled B
H. armiger XY-2017-14 Female 20170810 104.847087 24.922542 Resampled B
H. armiger ZWY-2017-1 Male 20170717 101.25839 21.926604 Resampled B
H. armiger ZWY-2017-1 Female 20170717 101.25839 21.926604 Resampled B
H. armiger XTBG-2017 Female 20170912 101.25839 21.926604 Resampled B
R. leschenaultii 0337 Male 19631219 109.097414 19.123396 CIABR B
R. leschenaultii 0338 Male 19631210 109.097414 19.123396 CIABR B
R. leschenaultii 0344 Female 19631219 109.097414 19.123396 CIABR B
R. leschenaultii 0693 Male 19641011 109.054585 19.302881 CIABR B
R. leschenaultii 0575 Female 19640716 109.054585 19.302881 CIABR B
R. leschenaultii 0576 Female 19640716 109.054585 19.302881 CIABR B
R. leschenaultii 0341 Female 19631219 109.097414 19.123396 CIABR B
R. leschenaultii 0342 Female 19631219 109.097414 19.123396 CIABR B
R. leschenaultii 2022 Male 19701120 114.348621 23.661585 CIABR B
R. leschenaultii 2023 Male 19701120 114.348621 23.661585 CIABR B
R. leschenaultii 0430 Female 19640102 109.081321 19.118327 CIABR B
R. leschenaultii 0431 Female 19640120 109.081321 19.118327 CIABR B
R. leschenaultii 0343 Male 19631219 109.097414 19.123396 CIABR B
R. leschenaultii 0345 Male 19631219 109.097414 19.123396 CIABR B
R. leschenaultii 0339 Female 19631219 109.097414 19.123396 CIABR B
R. leschenaultii 0340 Female 19631210 109.097414 19.123396 CIABR B
R. leschenaultii 0348 Male 19631219 109.097414 19.123396 CIABR w
R. leschenaultii 0350 Male 19631219 109.097414 19.123396 CIABR w
R. leschenaultii 2018 Male 19701120 114.348621 23.661742 CIABR w
R. leschenaultii 2019 Male 19701120 114.348621 23.661742 CIABR w
R. leschenaultii 200 Male 19581027 107.032328 21.81772 CIABR B
R. leschenaultii 2024 Male 19701120 114.348621 23.661742 CIABR B
R. leschenaultii 2025 Male 19701120 114.348621 23.661742 CIABR B
R. leschenaultii 0571 Male 19640716 109.054585 19.302881 CIABR B
R. leschenaultii 0572 Male 19640817 109.054585 19.302881 CIABR w
R. leschenaultii 2016 Female 19701120 114.348621 23.661742 CIABR B
R. leschenaultii 2017 Male 19701120 114.348621 23.661742 CIABR W
R. leschenaultii 2030 Female 19701120 114.348621 23.661742 CIABR B
R. leschenaultii 0573 Female 19640716 109.054585 19.302881 CIABR B
R. leschenaultii 0574 Female 19640716 109.054585 19.302881 CIABR B
R. leschenaultii 256 Male 19581027 106.766768 22.095422 CIABR B
R. leschenaultii 2028 Female 19701120 114.348621 23.661742 CIABR B
R. leschenaultii 2029 Female 19701120 114.348621 23.661742 CIABR B
R. leschenaultii 2092 Male 19700903 111.829448 23.599071 CIABR B
R. leschenaultii 189 Male 19581029 107.032328 21.81772 CIABR B
R. leschenaultii 190 Male 19581029 107.032328 21.81772 CIABR B
R. leschenaultii 2020 Male 19701120 114.348621 23.661742 CIABR B
R. leschenaultii 2021 Male 19701120 114.348621 23.661742 CIABR B
R. leschenaultii 2093 Male 19700903 111.829448 23.599071 CIABR B
R. leschenaultii 194 Male 19581029 107.032328 21.81772 CIABR B
R. leschenaultii 196 Male 19581027 107.032328 21.81772 CIABR B
R. leschenaultii 012375 2005001 Male 20050520 102.464676 25.195777 KIZ B
R. leschenaultii 012376 205002 Male 20050520 102.464676 25.195777 KIZ B
R. leschenaultii 012377 205003 Female 20050520 102.464676 25.195777 KIZ B
R. leschenaultii 012378 205004 Female 20050520 102.464676 25.195777 KIZ B
R. leschenaultii 012379 205005 Female 20050520 102.464676 25.195777 KIZ B
R. leschenaultii 012380 2005006 Female 20050520 102.464676 25.195777 KIZ B
R. leschenaultii 012381 205007 Female 20050520 102.464676 25.195777 KIZ B
R. leschenaultii 012382 205008 Female 20050520 102.464676 25.195777 KIZ B
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leschenaultii 012366 205009 Female 20050520 102.464676 25.195777 KIZ
leschenaultii 012367 205010 Female 20050520 102.464676 25.195777 KIZ
leschenaultii 012369 205012 Female 20050520 102.464676 25.195777 KIZ
leschenaultii 012370 205013 Male 20050520 102.464676 25.195777 KIZ
leschenaultii 012371 205014 Female 20050520 102.464676 25.195777 KIz
leschenaultii 012372 205015 Female 20050520 102.464676 25.195777 KIZ
leschenaultii 012384 205062 Female 20050225 101.997972 23.597419 KIZ
leschenaultii 012385 205072 Female 20050525 101.997972 23.597419 KIZ
leschenaultii 012386 205073 Female 20050525 101.997972 23.597419 KIZ
leschenaultii 012387 205074 Female 20050525 101.997972 23.597419 KIZ
leschenaultii 012388 205075 Female 20050525 101.997972 23.597419 KIZ
leschenaultii 012389 205076 Female 20050525 101.997972 23.597419 Kz
leschenaultii 005757 077019 Female 19701113 102.550464 24.364612 K1z
leschenaultii 015989 206319 Male 20060608 99.081573 23.565875 KIZ
leschenaultii 016069 206656 Female 20070127 101.88858 25.971626 KIZ
leschenaultii 016070 206659 Female 20070127 101.88858 25.971626 K1z
leschenaultii 016071 206667 Male 20070127 101.88858 25.971626 KIZ
leschenaultii 016072 206670 Male 20070127 101.88858 25.971626 KIZ
leschenaultii 016073 206671 Male 20070127 101.88858 25.971626 KIZ
leschenaultii 016074 206672 Male 20070127 101.88858 25.971626 KIZ
leschenaultii 005736 780309 Female 19700808 98.896823 26.526263 K1z
leschenaultii 005737 780343 Female 19700811 98.896823 26.526263 KIZ
leschenaultii 005738 780344 Female 19700811 98.896823 26.526263 KIZ
leschenaultii 012204 2030001 Male 20030107 103.187027 26.089472 KIZ
leschenaultii 012205 2030002 Male 20030107 103.187027 26.089472 KIZ
leschenaultii 012206 2030003 Male 20030107 103.187027 26.089472 KIZ
leschenaultii 012207 2030004 Male 20030107 103.187027 26.089472 KIZ
leschenaultii 012210 2030007 Male 20030107 103.187027 26.089472 KIZ
leschenaultii 012209 2030006 Female 20030107 103.187027 26.089472 KIZ
leschenaultii 012208 2030005 Female 20030107 103.187027 26.089472 KIZ
leschenaultii 015629 2004327 Male 20040110 103.187027 26.089472 KIzZ
leschenaultii 012181 201075 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 012182 201076 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 201077 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 201078 Female 20041114 98.801079 25.302131 KIzZ
leschenaultii 201079 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 201081 Female 20041114 98.801079 25.302131 KIzZ
leschenaultii 201082 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 201086 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 201088 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 201092 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 201093 Female 20041114 98.801079 25.302131 KIzZ
leschenaultii 012190 201084 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 015982 2004200 Female 20050913 98.886952 24.983335 KIZ
leschenaultii 015983 2004201 Male 20050913 98.886952 24.983335 KIZ
leschenaultii 015987 206310 Male 20060604 98.815155 25.160201 KIZ
leschenaultii 015988 206311 Female 20060604 98.815155 25.160201 KIZ
leschenaultii 015985 206302 Female 20060602 98.815155 25.160201 KIZ
leschenaultii 015984 206301 Female 20060602 98.815155 25.160201 KIZ
leschenaultii 015986 206303 Male 20060602 98.815155 25.160201 KIZ
leschenaultii 012122 201072 Male 20041114 98.801079 25.302131 KIZ
leschenaultii 012179 201073 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 012180 201074 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 201085 Female 20041114 98.801079 25.302131 KIZ
leschenaultii 012193 201087 Female 20041115 98.801079 25.302131 KIZ
leschenaultii 012202 201096 Female 20041115 98.801079 25.302131 K1z
leschenaultii 00072 75914 Male 19590913 101.382694 21.711423 KIZ
leschenaultii 000063 75915 Male 19590913 101.382694 21.711423 K1z
leschenaultii 000074 75916 Female 19590913 101.382694 21.711423 KIZ
leschenaultii 000076 75917 Male 19590913 101.382694 21.711423 KIZ
leschenaultii 000070 75918 Female 19590913 101.382694 21.711423 KI1zZ
leschenaultii 000073 75919 Female 19590913 101.382694 21.711423 KIzZ
leschenaultii 000068 75920 Male 19590913 101.382694 21.711423 KIZ
leschenaultii 000067 75921 Male 19590913 101.382694 21.711423 KIZ
leschenaultii 000069 75922 Female 19590913 101.382694 21.711423 KIZ
leschenaultii 005834 84382 Male 19701231 103.057637 22.676986 KIZ
leschenaultii 005832 84383 Male 19701231 103.057637 22.676986 KIZ
leschenaultii 005833 84384 Male 19701231 103.057637 22.676986 KIZ
leschenaultii 32331 5103 Male 19700625 99.021149 25.862931 NZMC
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R. leschenaultii 32330 5104 Male 19700625 99.021149 25.862931 NZMC B
R. leschenaultii 195 21428 Male 19581029 107.032328 21.81772 NZMC B
R. leschenaultii 192 21429 Male 19581029 107.032328 21.81772 NZMC B
R. leschenaultii 96026 Male 19560602 101.519809 27.018455 CWNU w
R. leschenaultii 96027 Female 19560602 101.519809 27.018455 CWNU w
R. leschenaultii LT-2017-03 Male 20170701 99.253127 24.429283 Resampled B
R. leschenaultii LT-2017-04 Male 20170701 99.253127 24.429283 Resampled B
R. leschenaultii LT-2017-05 Male 20170701 99.253127 24.429283 Resampled B
R. leschenaultii LT-2017-06 Male 20170701 99.253127 24.429283 Resampled B
R. leschenaultii LT-2017-07 Female 20170701 99.253127 24.429283 Resampled B
R. leschenaultii LT-2017-08 Male 20170701 99.253127 24.429283 Resampled B
R. leschenaultii MM-2017-12 Female 20170729 99.22891 24.407752 Resampled B
R. leschenaultii MM-2017-15 Male 20170729 99.22891 24.407752 Resampled B
R. leschenaultii MM-2017-17 Female 20170729 99.22891 24.407752 Resampled B
R. leschenaultii MM-2017-18 Male 20170729 99.22891 24.407752 Resampled B
R. leschenaultii MM-2017-20 Male 20170729 99.22891 24.407752 Resampled B
R. leschenaultii PJG-2017-0 Female 20170726 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Female 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Female 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Male 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Male 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Female 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Female 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Male 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Female 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-0 Female 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-1 Female 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XSC-2017-1 Female 20170731 98.841678 24.966822 Resampled B
R. leschenaultii XTBG-2017 Female 20170912 101.25839 21.926604 Resampled B
R. leschenaultii XTBG-2017 Female 20170916 101.25839 21.926604 Resampled B
R. leschenaultii XTBG-2017 Male 20170918 101.25839 21.926604 Resampled B
R. leschenaultii XTBG-2017 Female 20170918 101.25839 21.926604 Resampled B
R. leschenaultii XTBG-2017 Male 20170918 101.25839 21.926604 Resampled B
R. leschenaultii XTBG-2017 Male 20170918 101.25839 21.926604 Resampled B
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