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ARTICLE INFO ABSTRACT
Keywords: Seasonal fluctuations in food availability can shape foraging behavior in dietary specialists like
Alternative prey the Chinese pangolin (Manis pentadactyla), which relies almost exclusively on ants and termites.

Caste composition

Although seasonal shifts in diet have been reported, how prey availability relates to foraging
Foraging ecology

effort remains unclear. We integrated seasonal surveys of pangolin burrows, termite abundance,

Myrmecophagy s s . . s .

and fecal composition in Taiwan to explore potential associations between prey dynamics and
Odontotermes formosanus N R .
Pangolin foraging behavior. We recorded 82 newly excavated burrows and surveyed termite abundance

Taiwan near known burrow sites during 2020-2021. We analyzed 132 fecal samples collected during
2010-2016, focusing on caste ratios of Odontotermes formosanus, a key prey species of the Chinese
pangolin in Taiwan, to infer foraging depth as major workers forage at the surface and minor
workers remain underground. Although both burrowing activity and termite abundance fluctu-
ated seasonally, their peaks did not coincide. Burrow excavation was lowest in summer, whereas
O. formosanus abundance peaked in summer and fall. Fecal samples contained more major
workers in summer and more minor workers in winter and spring, suggesting seasonal shifts in
the depth of foraging. These patterns provide preliminary support for the hypothesis that seasonal
variation in pangolin burrowing activity reflect changes in prey accessibility or alternative prey
use, rather than prey abundance alone. However, differences in the spatial and temporal coverage
of the datasets preclude direct inference of causal relationships. Synchronous, multi-method
studies at comparable spatial scales are needed to test these relationships and improve under-
standing of seasonal foraging ecology in this endangered specialist.

1. Introduction

Access to sufficient and high-quality food resources is fundamental to animal survival, reproduction, and population persistence
(Boutin, 1990; Martin, 1987; Nielsen et al., 2010). Food availability influences energetic intake and can shape species’ spatial dis-
tributions, behavioral strategies, and reproductive cycles (Charnov, 1976; White, 2008). In environments where food abundance
fluctuates seasonally, animals are expected to adjust their foraging behavior to maximize energy intake, a strategy consistent with
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predictions from optimal foraging theory (Krebs and Davies, 1993; Stephens and Krebs, 1986). Such behavioral flexibility is especially
critical for dietary specialists, whose limited diet breadth makes them more vulnerable to temporal resource scarcity (Pietersen et al.,
2016; Redford and Dorea, 1984).

Myrmecophagy, or dietary specialization on ants and termites, is a foraging strategy shared by over 200 mammalian species
worldwide (Redford, 1987). While some species such as armadillos consume both ants and termites (Anacleto, 2007), others are
obligate myrmecophages, such as aardvark (Orycteropus afer), Chinese pangolin (Manis pentadactyla), and numbat (Myrmecobius fas-
ciatus), deriving over 90% of their diet from ants and termites (Redford, 1987; Sun et al., 2019a). Myrmecophagous mammals are often
characterized by convergent morphological adaptations, such as elongated tongues, strong forelimbs, and edentulous jaws, which
enhance their ability to access these patchily distributed, often subterranean prey (Gaudin et al., 2016, 2009; Kingdon, 1997; McNab,
1984). As important regulators of insect populations, myrmecophagous mammals play key ecological roles, underscoring the
importance of understanding their foraging ecology and dietary dynamics (Chao et al., 2020; Rodrigues et al., 2020).

Pangolins (Pholidota: Manidae) are highly specialized myrmecophagous mammals that feed almost exclusively on ants and ter-
mites. All four Asian species including the Chinese pangolin, Sunda pangolin (M. javanica), Indian pangolin (M. crassicaudata), and
Philippine pangolin (M. culionensis) are listed as Endangered or Critically Endangered due to habitat loss and illegal poaching
(Challender et al., 2019, 2014). Among these, the Chinese pangolin is distributed across subtropical and tropical Asia, including
Taiwan (Corlett, 2007; Wu et al., 2019b), where it inhabits diverse environments such as secondary forests, bamboo stands, and farm
lands (Chao, 1989; Chen et al., 2025; Sun et al., 2019b).

In Taiwan, the Chinese pangolin’s diet is composed primarily of ants and termites, and a total of 4 species of termites (belonging to
2 families and 4 genera) and 58 species of ants (from 5 families and 25 genera) were identified in feces (Sun et al., 2025a). Under-
standing the seasonal variation in foraging activity and dietary composition of Chinese pangolins is important for their conservation.
Field studies indicate that Chinese pangolins exhibit distinct reproductive phases, including mating, pregnancy, and birthing, that
appear to correspond with seasonal changes in food availability (Sun et al., 2024, 2021a, 2018). Seasonal dietary analysis based on
feces samples has shown that termite consumption by Chinese pangolins was higher in winter and spring, while ant consumption
increases in summer, but the seasonal change in ant consumption was not as significant as that of termites (Sun et al., 2025a). These
dietary shifts appear to correspond with reproductive phases (e.g., mating or lactation during winter/spring), suggesting that termites
may be the main source of nutrients during the breeding season of pangolins (Sun, 2020). In contrast, captive Chinese pangolins, which
lack exposure to seasonal food variation, do not exhibit consistent reproductive rhythms (Sun et al., 2024). Therefore, the seasonal
dynamics and distribution of termites may be important factors affecting pangolin behavior and reproductive cycles (Sun, 2020).

The Chinese pangolin is a fossorial specie that excavates burrows for both shelter and foraging (Wu et al., 2019b). Survey of burrow
has become a major tool to investigate pangolin habitat use and activity, especially for ground-dwelling species like the Indian and
Chinese pangolins (Chen et al., 2025; Dhami et al., 2023; Karawita et al., 2018; Sabin et al., 2024; Tamang et al., 2022). Because
pangolins typically excavate burrows to access termites (Fang and Wang, 1980; Heath, 1992), seasonal variation in burrowing activity
may provide an indirect indicator of subterranean foraging effort. Previous studies report a higher frequency of new burrows in winter
(Fan, 2005; Lin, 2011), suggesting that pangolins may increase foraging effort for termite during the period, which is consistent with
increased termite consumption in winter based on fecal samples (Sun et al., 2025a).

One potential explanation for the seasonal variation of diet lies in the relative seasonal availability of prey on the ground surface.
Despite the perennial nature of underground colonies of termites, their foraging activity on the ground could be seasonality and
affected by the climate conditions. For example, Microtermes subhyalinus and Macrotermes bellicosus present high foraging activity in
rainy season (Korb and Linsenmair, 2001; Mora et al., 1996). On the other hand, in Taiwan, O. formosanus are more active in dry and
cold season (Chiu et al., 2018). Given that pangolins depend significantly on their highly developed olfactory system to locate food
(Imam et al., 2018, 2017; Mohapatra and Panda, 2014), increased activity of prey on the ground surface may influence their feeding
behavior. Many termites build the underground tunnels to connect the underground chamber and ground surface. For instance,
O. formosanus uses an underground tunnel network to connect foraging area on the ground and multiple nest chambers underground
(Tsai et al., 1965). Increased activity of termite on the ground may enhance pangolin’s chance to find the nest of termite underground
though the tunnel, and therefore promote burrowing activity. However, studies examining seasonal variation in termite abundance
and its relationship with pangolin burrowing activity are still scarce. Thus, how seasonal changes in food resources influence foraging
activity remains poorly understood. Although foraging activity of termite is known to vary seasonally, systematic data on seasonal
changes in termite abundance within pangolin foraging areas are lacking. In Yangmingshan National Park, Taiwan, the presence of
pangolin burrows was not associated with higher termite abundance (Chen et al., 2025). However, the number of sites and intensity of
termite survey in that study was limited, making it difficult to inform temporal dynamics of termite abundance with pangolin bur-
rowing activity. Moreover, few studies have conducted continuous, seasonal burrow monitoring throughout the year, which constrains
our ability to detect seasonal patterns in burrowing activity.

In Taiwan, O. formosanus accounts for approximately 85% of the total termite biomass consumed by Chinese pangolin, while
termite taxa comprised nearly half of the total prey biomass. Furthermore, pangolins consume fewer termites in summer than in other
seasons (Sun et al., 2025a; Wu et al., 2005), suggesting that this species may be a key factor in feeding ecology of pangolin (Sun et al.,
2025b; Wu et al., 2019b). Another dietary study on Chinese pangolins in Guangdong Province, China, revealed similar results. The
prey of Chinese pangolins primarily consisted of termites and ants, exhibiting seasonal variations in prey composition. Specifically,
fungus-growing termites (Odontotermes) constituted the primary dietary component during the dry season, whereas the ant genera
Carebara and Pheidole were the major food components during the wet season (Ma et al., 2024). O. formosanus is the only member of
the Macrotermitinae subfamily in Taiwan and is widely distributed in subtropical forests (Chiu et al., 2010; Lin et al., 2024). This
fungus-growing species nests underground but constructs mud tubes that extend above ground onto tree trunks, logs, and leaf litter
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(Chiu et al., 2018). As fungus-growing termites, the caste structure of O. formosanus is behaviorally segregated: major workers forage
and construct mud tubes above ground, while minor workers remain in subterranean chambers and nests for feeding and nursing
(Badertscher et al., 1983; deOliveira et al., 2021; McMahan et al., 1984; Wang et al., 2009). These caste-specific roles provide a
potential opportunity to infer foraging depth from pangolin fecal samples. For instance, the high prevalence of underground-residing
minor workers in fecal samples suggests that pangolins engage in underground foraging and raiding of nests by digging burrows.
Conversely, a higher proportion of major workers may suggest more surface-level foraging. Therefore, caste composition of O. for-
mosanus in pangolins’ feces may provide a useful proxy for assessing seasonal changes in burrowing activity. In particular, if the
proportion of minor workers increases in feces during seasons of high burrowing activity, this would support a link between foraging
depth and subterranean prey intake.

In this study, we aim to assess how seasonal variation in termite abundance on the ground surface and top soil associated to the
burrowing activity and diet of the Chinese pangolin. We combine year-round seasonal surveys of burrow and termite with seasonal
fecal analyses to address the following questions: (1) How does burrowing activity of pangolin and termite abundance on the ground
surface and top soil vary among seasons? (2) How do seasonal changes in burrow activity of pangolin associate with temporal variation
of termite abundance on the ground surface and top soil? (3) How does the seasonal variation in diet, especially termite consumption
and caste ratios, correspond with seasonal changes in burrow activity? By linking burrowing behavior, prey availability, and diet, we
provide a more complete understanding of how temporal variation in food resources shapes the foraging strategies of a dietary
specialist. Such insights are critical for developing seasonally informed monitoring and conservation strategies for this endangered
species.

2. Materials and methods
2.1. Study area

Survey of pangolin’s burrowing activity and termite abundance were conducted in the Huisun Experimental Forest Station Nantou,
central Taiwan (24°04'26" N, 121°01'56.5" E). The forest station, managed by the Experimental Forest Management Office of National
Chung Hsing University, covers a total area of 7477 ha, with an elevation range of 450-2419 m. The terrain is highly diverse, sup-
porting subtropical, warm temperate, and temperate forest ecosystems along an altitudinal gradient. The average annual temperature
is 21.0°C, with seasonal variations ranging from 22 to 30°C in summer and 15-25°C in winter (Cheng et al., 2024). The area receives an
average annual rainfall of 2676 mm, with a rainy season spanning from April to September (Chen et al., 2023). The forest composition
includes 70% natural forest, 20% plantations, and 10% bamboo groves. The main plantation species are Taiwania cryptomerioides,
Chamaecyparis formosensis, and Calocedrus formosana (Lin, 2003)

2.2. Survey of burrow

Burrow surveys were conducted across six routes in Huisun Experimental Forest Station, Nantou, central Taiwan, from February
2020 to February 2021. The number of foraging burrows excavated by pangolins is greater than that of resting burrows. For example,
in eastern Taiwan, the burrow density without distinguishing between functions (e.g., resting or feeding) was 110.8 burrows per
hectare, whereas only 137 resting burrows were found across100 hectares (Sun et al., 2025b). Based on this disparity, it is likely that
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Fig. 1. Locations of the survey routes, burrows of the Chinese pangolin and termite survey sites in Huisun Forest Station, Taiwan.



N.C.-M. Sun et al. Global Ecology and Conservation 71 (2026) e04425

many of the burrows recorded in the field represent foraging burrows. Therefore, seasonal changes in burrow numbers may provide a
rough proxy for changes in pangolin foraging effort targeting subterranean prey.

In February 2020, we established six survey routes totaling approximately 14 km in the study area (Fig. 1). To investigate seasonal
variation in pangolin burrowing activity, we first surveyed all existing burrows in late February 2020. We defined seasons as following:
spring (March — May), summer (June — August), fall (September — November), and winter (December — February). Subsequent surveys
occurred at the end of each season: late May, August, November, and February 2021, to record new burrows created since the previous
survey. Each newly recorded burrow represented one that had been created or detected since the previous survey. For example,
burrows recorded in late May were those excavated between early March and late May (spring season). Surveys were conducted during
daylight hours (8:00 AM to 6:00 PM), with observers walking at a steady pace of approximately 1 km per hour. We searched within 5 m
on either side of the survey routes for pangolin burrows. Burrows were identified based on external characteristics such as entrance
shape, diameter, depth, surrounding soil mound, and presence of footprints or claw marks (Supplementary S1). Chinese pangolin
burrows are generally over 10 centimeters in diameter (Sun et al., 2025b). Burrows with entrance diameters smaller than 9 cm, which
were likely created by other species such as the Formosan ferret-badger (Melogale subaurantiaca) and the Formosan wild boar (Sus
scrofa taivanus) were excluded. Each burrow was marked and georeferenced to prevent duplicate counts. We measured the entrance
diameter and the maximum depth reachable using a flexible steel tape, following established method (Fan, 2005; Tsai et al., 2004). We
used a chi-square test to compare number of burrows among seasons. The effect size (Cohen’s w) was categorized as negligible (<
0.05), small (0.05-0.15), moderate (0.15-0.5), and strong (> 0.5) based on Cohen’s (1988) guidelines.

2.3. Seasonal variation of termite abundance

The termite dataset was collected at Huisun Experimental Forest Station, Nantou, central Taiwan, from 2021 to 2022, following the
burrow surveys conducted from 2020 to 2021. Thus, the termite and burrow datasets were collected at the same general study area but
were not fully synchronous in time. The termite surveys were conducted near previously identified pangolin burrows and were used to
characterize seasonal variation in termites active on the ground surface and topsoil.

Chinese pangolins rely on olfaction to search for food on the ground surface, and the depth of foraging burrow can even exceed 1 m
(Trageser et al., 2017). The termite active on the ground surface could serves as an indicator of the presence and relative activity of
termite colonies accessible to pangolins. To investigate seasonal variation in termite activity and relative abundance on the ground
surface and top soil. We selected 40 burrows of pangolin marked in 2020 survey and established termite sampling sites in 2021 (Fig. 1).
We assume that the seasonal trends observed in sampling plots broadly represent patterns across the Huisun Forest Station and are
consistent between years. The distance between adjacent termite sampling sites was at least 20 m (Fig. 1). At each site, we established a
2 m x 5 m plot within 10 m of a marked burrow, located approximately 1 m from and parallel to the pangolin burrow survey routes.
Seasonal surveys (spring, summer, fall, and winter) were conducted from 2021 to 2022. The surveys were conducted in the mid to end
of the season. Locations of survey plot for each site were shifted each season to minimize microhabitat variation while maintaining
proximity (Fig. 2).

The survey method was adapted from Chen et al. (2025). Each 2 m x 5 m plot was subdivided into ten 1 m? subplots (Fig. 2). After
clearing ground vegetation, termites were searched for and collected from each 1 m? subplot. Because termites typically inhabit the top
0-15 cm of soil (Abe and Matsumoto, 1979), searches included litter, topsoil (to a depth of 10 cm), snags, and decaying logs. For each
subplot, termite was searched with a small shovel (total length: 36 cm; blade width: 7.6 cm; blade depth: 11 cm, made of stainless
steel) for 2 min per person. The presence or absence of termites was recorded for each 1 m? subplot. The number of subplots in which
termites were detected was used as an index of termite abundance. For example, if termites were found in 5 out of 10 subplots, the
termite abundance at that site was recorded as 5. This method enabled to standardized termite relative abundance based on spatial
coverage. Moreover, this method allowed us to survey termites across termite functional groups in the ground surface and top soil.

Termites found in each subplot were collected with an insect aspirator and preserved in 95% alcohol. Specimens were deposited in
the Termite Collection of National Chung Hsing University. Species identification followed the morphological keys provided by Li
(2010) and Wu et al. (2019). Species identification primarily relied on the soldier caste. Whereas only worker castes were
collected, making species-level identification infeasible for Sinocapritermes mushae, and Pericapritermes nitobei, both soil-feeding ter-
mites with overlapping ecological niches, differ functionally from other termite species in Taiwan (Eggleton et al., 1997). Because the
worker castes of S. mushae and P. nitobei are morphologically indistinguishable, they were treated as a single group in our analysis.
Similarly, the worker castes of Reticulitermes spp. exhibit highly similar morphology and possible hybridization (Wu et al., 2019a).
Therefore, individuals from this genus were identified only to the genus level.

We use Kruskal-Wallis test to evaluate whether the termite activity was seasonal, and infer the season that had the highest
abundance on the ground surface. The effect size was calculated as eta-squared (n?). The post-hoc pairwise comparisons were

Summer(2021/8/13~15) Fall(2021/11/26~28) Winter(2022/2/26~28) Spring(2022/6/3~4)

Burrow of
pangolinzm12345123451234512345
"""""""" 6 7 8 9 10 6 7 8 9|10 6 7 8 9110 6 7 8 9 |10
<10m —_—T
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Fig. 2. Schematic diagram of termite survey sample site and relative position with burrow and transect.
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conducted using Dunn’s tests with Bonferroni correction to identify specific differences between seasons.
2.4. Pangolin fecal sample collection, processing, and analysis

The fecal dataset was collected in the southern Coastal Mountain Range of Taitung, eastern Taiwan, from December 2010 to
September 2016, and therefore differed from the burrow and termite dataset in both location and sampling period.

To understand whether caste composition of O. formosanus in fecal samples of pangolin can serve as an indicator to estimate the
frequency of foraging activity. We surveyed the caste ratio of O. formosanus between nest and ground wood from two types of envi-
ronments during 2018-2020. Supplementary S2 presents the mandible characteristics of different castes of O. formosanus. Supple-
mentary S3 presents the method of caste ratio investigation. According to the results of caste ratio investigation in the environments
(Supplementary S4), we propose that the caste composition of O. formosanus in fecal samples of pangolin could serve as an indicator to
estimate the frequency of foraging activity that targets subterranean termite by burrowing.

The fecal samples of pangolins collected from the southern Coastal Mountain Range in Taitung, Taiwan (22°54'38.6" N,
121°11'13.6" E) between December 2010 and September 2016, were used for the analysis. The area where the feces were collected
spans approximately 1000 ha, with elevations ranging from 100 to 700 m. Samples were collected from 35 radio-tracked and 20
untracked wild Chinese pangolins. After capture, pangolins were held at the Pingtung Rescue Center for Endangered Wild Animals,
Pingtung, Taiwan for 1-2 days to collect fecal samples prior to release at their original capture sites (see (Sun et al., 2019b) for ethical
guidelines, housing, and sampling procedures). A total of 132 fecal samples were collected, numbered, weighed and stored at —20°C
refrigerators for further analysis.

Although fecal samples were collected from a different site than the burrow and termite surveys, we integrated these historically
available datasets as an exploratory approach. Previous studies suggest some broad-scale dietary consistency. For example, O. for-
mosanus is a widely distributed species in Taiwan, and its colony and swarming cycle show consistent variations across the Taiwan
(Chiu et al., 2010, 2018; Lin et al., 2024). In addition, according to Chi (2020), an analysis of 35 Chinese pangolin fecal samples
collected from wildlife rescue centers across Taiwan identified 3 termite species and 45 ant species. The study found no significant
differences in the composition and occurrence frequency of major prey species between western and eastern Taiwan. For example, the
primary prey of Chinese pangolins includes the termites O. formosanus and Nasutitermes parvonasutus (Termitidae), as well as ants such
as Pheidole spp., Carebara spp., and Crematogawster spp. (Myrmicinae), and Polyrhachis spp. and Camponotus spp. (Formicinae).
Nevertheless, we acknowledge that assuming identical ecological conditions across these distinct regions is tenuous due to the Central
Mountain Range barrier and the 4-10 year temporal gap. Therefore, the integration of these datasets is intended to formulate sug-
gestive hypotheses regarding seasonal foraging behavior rather than to provide definitive correlative evidence.

Each fecal sample was oven-dried, and a 10 g subsample was used for diet analysis. Fecal filtering procedures were applied to
separate the prey items and debris (Sun et al., 2020). The filtered prey items were then subsequently macro-photographed and
digitized (See (Sun et al., 2020) for the fecal sample filtering method, prey species identification, and quantification). Recovery rates
were applied to account for digestion bias: 65% for ant head capsules and 35% for termite mandibles (Sun, 2020). Supplementary S2
illustrates the mandible characteristics used to distinguish between the various castes of O. formosanus recovered from the fecal
samples. The number of prey individuals adjusted with recovery rates was subsequently converted to the quantity of 10 g of dry feces.

To determine variation of caste ratio for O. formosanus in the fecal samples, the number of individual castes, i.e. major worker,
minor worker, and soldier, was calculated and then represented by average percentages monthly. We performed the Kruskal-Wallis
ANOVA test to examine variations amongst average percentages for the major worker, minor worker, soldier and alate of O. for-
mosanus over the four different seasons as defined earlier. To assess the magnitude of the differences between groups, the effect size for
the Kruskal-Wallis test was calculated as eta-squared (n?). The resulting values were interpreted based on the benchmarks proposed by
Cohen (1988). In this study, the effect size of eta-squared (n?) was interpreted based on the following thresholds: n? > 0.01 indicates a
small effect, n> > 0.06 represents a medium effect, and n* > 0.14 denotes a large effect.

The average of caste ratio of O. formosanus that collected from foraging tubes and underground nest chambers were used as the
baseline for comparing the caste ratios in the fecal samples. We performed a chi-square test to compare monthly differences in the
proportions of minor workers, major workers, and soldiers between termites collected from the field and those detected in fecal
samples. The level of significance was set to a = 0.05. The effect size (Cohen’s w) was categorized as negligible (< 0.05), small
(0.05-0.15), moderate (0.15-0.5), and strong (> 0.5) based on Cohen’s (1988) guidelines.

Additionally, to provide regional context on seasonal ant availability for the fecal sampling area, supplementary pitfall trap data
collected at the same site in Taitung (2013-2014) within the study area of the pangolins from which fecal samples were obtained are
referenced in the Discussion, with further detailed description provided in Supplementary S6 and S7.

3. Results
3.1. Seasonal variation of burrowing activity

From February 2020 to February 2021, we recorded a total of 290 burrows of Chinese pangolin along the survey routes in the study
area (Fig. 1). During the initial survey in February 2020, we identified 208 existing burrows. In the subsequent seasonal surveys, we
recorded 82 newly excavated burrows: 27 in May 2020 (spring), 8 in August (summer), 27 in November (fall), and 20 in February 2021
(winter). The number of new burrows were significantly different across seasons x2% = 11.756, df = 3, p-value = 0.008, Cohen's ® =
0.38). Post-hoc comparisons based on adjusted standardized residuals with a Bonferroni correction indicated that the number of
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burrows observed in summer was lower than expected (z = -3.19, pagj < 0.05). In contrast, the number of burrows in spring, fall, and
winter did not differ from the expected distribution. The mean diameter of burrow entrance was 18.78 cm (SE: 0.34), and the mean
depth was 42.05 cm (SE: 1.37). The widest burrow measured 55 cm in diameter and approximately 33 cm in depth, while the deepest
burrow reached a measurable depth of 130 cm, followed by another at 120 cm. While the presence of termite remains at some en-
trances supports feeding activity, this evidence was not consistent across all burrows. However, Sun et al. (2025b) reported most
resting burrows (66.7%) had a depth of 100-250 cm, and no depth less than 50 cm was recorded. Therefore, most of the burrows we
surveyed were likely to represent foraging burrows rather than resting burrows. However, the number of burrows should still be
regarded as an indirect indicator of foraging activity. It is also important to note that not all burrows may be linked to termite foraging;
some could be excavated for ant predation, which this study could not directly verify.

3.2. Seasonal variation of termite abundance

In total, six termite species from five genera and two families were collected in Huisun Forest Station, including O. formosanus, N.
parvonasus, Sinocapritermes mushae, Pericapritermes nitobei, Reticulitermes flaviceps, and Reticulitermes leptomandibulus (Table 1). Across
all four seasonal surveys, a total of 1600 subplots were examined. Combining data from all seasons, O. formosanus and the soil-feeding
termites (S. mushae and P. nitobei) were the most dominant termite taxa in Huisun Forest Station. Specifically, O. formosanus in 70
subplots, soil-feeding termites were recorded in 72, Reticulitermes spp. in 55, and N. parvonasus in 36 subplots. Although overall termite
abundance showed no significant seasonal variation (Kruskal-Wallis test: X2 = 3.037, p = 0.386, 11> < 0.001), the abundance of
O. formosanus exhibited significant seasonal variation (X2 = 8.147, p < 0.05, n* = 0.03), and the significant difference was found
between spring and fall (p,g; < 0.05). The other species groups showed no significant seasonal variation: soil-feeding termites x2=
1.2762, p = 0.735, 12 = 0), Reticulitermes spp. (X = 0.956, p = 0.812, 12 = 0), and N. parvonasus (X? = 0.289, p = 0.962, 2 = 0). The
n? of soil-feeding termites, Reticulitermes spp. and N. parvonasus were negative and were interpreted as 0.

3.3. Seasonal variation of caste ratio of O. formosanus

The caste ratio of O. formosanus in the fecal samples showed clear seasonal variations. The ratio of major workers was significantly
higher (Kruskal-Wallis test: X2 = 22.57, p < 0.001) from June to August (summer), while the ratio of minor workers was significantly
lower (X2 = 24. 87, p < 0.001) during the same period. For soldiers, the number was significantly lower from June to November
(summer and fall) (X2 = 27. 40, p < 0.001) (Fig. 3A, B and C). In all cases, large effect sizes were observed (n?> = 0.153, 0.171, and
0.191 for major workers, minor workers, and soldiers, respectively), indicating substantial seasonal variations in the caste proportions
found within the pangolin fecal samples.

The Chi-square analysis revealed that the deviation of caste proportions of O. formosanus in fecal samples from field availability
varied by month and caste, with several months exhibiting moderate effect sizes (Cohen's w > 0.15) (Supplementary S5) (Fig. 3). For
major workers, moderate associations were observed in January (w = 0.169) and throughout the period from July to October, with the
highest effect size occurring in July (w = 0.423) (Fig. 3A). In contrast, minor workers showed a more prolonged period of moderate
deviation, spanning from May to November, as well as in January, with effect sizes peaking in August (w = 0.406) (Fig. 3B).
Conversely, soldiers consistently displayed negligible to small effect sizes (w < 0.073) across all months (Fig. 3C), indicating that their
proportions in fecal samples remained relatively consistent with field distributions compared to the worker castes.

4. Discussion

We found that both burrowing activity of Chinese pangolin and the abundance of O. formosanus on the ground surface and top soil
varied seasonally. However, the temporal pattern of newly excavated burrows did not correspond with overall trends of abundance of
O. formosanus. During the study period, we recorded 82 newly excavated burrows, of which only 8 were observed in summer. The
remaining 75 were distributed relatively evenly across spring, fall, and winter. This seasonal pattern is consistent with previous studies
that report increased burrow numbers in winter and spring (Fan, 2005; Wu et al., 2004). In contrast, the abundance of all termites in
the ground surface and top soil showed no significant seasonal variation. However, species-specific differences were observed.
O. formosanus, key dietary components of the Chinese pangolin in Taiwan (Liang, 2017; Sun et al., 2025a), were more abundant in the
ground surface and top soil in summer and fall. Nevertheless, burrowing activity of Chinese pangolin was lowest during this season,
suggesting that the seasonal abundance of termites in the ground surface and top soil does not directly drive underground foraging
effort of pangolin. One possible explanation for the low summer burrow count is reduced detectability due to heavy rainfall. The rainy

Table 1

Number of cells of termite presence in each survey across four seasons in Huisun Forest.
Taxa Spring Summer Fall Winter
Odontotermes formosanus 7 20 29 14
Nasutitermes parvonasutus 8 8 9 11
Soil-feeding termites 15 22 22 13
Reticulitermes spp. 19 8 11 17
Total 46 54 65 53
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Fig. 3. Analysis of the caste proportion of the fungus-growing termite Odontotermes formosanus in fecal samples from the Chinese pangolin (Manis
pentadactyla). The average percentages of minor workers, major workers, and soldier termites were assessed across four seasons using a Kruskal-
Wallis ANOVA test to evaluate variations. Additionally, a chi-square test was performed to compare the ratios of different termite castes
collected from the field (Supplementary S4) with those identified in the fecal samples. Sample sizes for the fecal samples are indicated in paren-
theses. The effect size (Cohen’s w) was categorized as negligible (< 0.05), small (0.05-0.15), moderate (0.15-0.5), and strong (> 0.5).
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season in Huisun Forest typically spans from April to September (Chen et al., 2023), and heavy rainfall during this period may obscure
or wash away visible signs of newly excavated burrow entrances, potentially leading to underestimation of burrowing activity.
However, if rainfall were the primary factor, we would also expect reduced burrow counts in May, which was not observed.

Alternatively, the low number of new burrows in summer could indicate higher foraging efficiency. However, seasonal variation in
the foraging patterns of Chinese pangolins is unlikely to result from greater efficiency of foraging. If the low number of new burrows in
summer is due to less digging needed to locate termite nest underground, we would expect termite consumption and caste ratios in the
fecal samples to be similar in summer and other seasons. Instead, the results show that pangolins exhibited less nest-raiding or bur-
rowing during summer, as evidenced by the highest proportion of major workers and the lowest proportion of minor workers during
this season (Sun et al., 2025a). In fungus-growing termites, major workers typically serve as foragers, whereas minor workers primarily
act as nest-keepers. The ratio of major to minor workers, thus, can differ significantly depending on their activity location. For
example, in fungus-growing termites, O. distans and Macrotermes subhyalinus, a high percentage of individuals collected from ground
feeding sites are major workers (94.8% and 88.8%, respectively), while those from queen chambers or nests are predominantly minor
workers (95.1% and 56.1%, respectively) (Badertscher et al., 1983; McMahan et al., 1984). In our study, the percentage of major
workers exhibited significant variation, with 90.2 + 5.1% on the ground and 55.2 + 14.8% inside the nest. Similarly, the proportion of
minor workers also demonstrated considerable variation, showing 2.6 + 1.7% observed on the ground and 32.8 4+ 16.5% within the
nest. The seasonal shift in caste ratios suggests that pangolins forage less intensively underground during summer, with relatively more
surface feeding. For example, the high proportion of major workers in feces in January, July, August, September, and October implies a
decline in nest excavation. In contrast, a greater proportion of minor workers in December, February, March, and April indicates
increased nest-raiding behavior. Accordingly, previous studies on the burrowing and dietary habits of Chinese pangolins in mainland
China showed that in winter, they consume at least two termite species, including Macrotermes barneyi, by raiding nests located up to
2 m beneath the surface; in contrast, they target shallower food resources (15-50 cm) during the summer (Fang and Wang, 1980;
Heath, 1992). However, it is important to note that while caste ratios offer insight into the depth or intensity of termite foraging, they
do not directly reflect foraging quantity. Previous studies have shown that total termite biomass consumed is lowest in summer (Sun,
2020; Sun et al., 2025a; Wu et al., 2005), despite the higher proportion of O. formosanus in fecal samples during this period. Therefore,
the proportion of caste ratios of O. formosanus in the fecal samples can only be used as an indicator of depth of termite foraging or
nest-raiding behavior in pangolins, rather than diet quantity.

Overall, we found that the temporal pattern of Chinese pangolin burrowing activity did not align with the seasonal abundance of
termites on the ground and top soil, suggesting that factors beyond termite availability influence foraging behavior. Reduced digging
in summer may result from the preference for surface foraging and the presence of alternative prey, particularly ants, on the ground
surface. The ants activity likely increases in summer due to higher temperatures and humidity (Kaspari and Weiser, 1999; Levings and
Windsor, 1984; Swart et al., 1999), making them more accessible and energetically favorable than deeply burrowed termites. While
ants were not systematically surveyed alongside termites in Huisun Forest Station, supplementary ant abundance from pitfall trap
surveys collected between 2013 and 2014 in the southern Coastal Mountain Range in Taitung, (Supplementary S6, S7) support this
hypothesis. As observed, ant abundance from the pitfall trap surveys exhibited a distinct seasonal pattern, with ant abundance peaking
in August and September (Supplementary S6, S7). Studies conducted in low-elevation montane areas in Taiwan also indicate that
worker ant abundance positively correlates with temperature. Furthermore, ant species richness exhibits significant seasonal fluctu-
ations, peaking during the warmer months or summer (Chen et al., 2019; Lin et al., 2016). Correspondingly, previous diet analyses
show that ants comprise the bulk of pangolin prey during summer, coinciding with a decline in termite consumption (Sun et al.,
2025a). In contrast, during fall and winter, ants retreat to deeper soil layers, prompting pangolins to dig more frequently or deeply
to reach subterranean prey such as termites (Sun, 2020; Wu et al., 2004). This pattern suggests that termites may function as an
alternative prey resource for pangolins when surface-active ants become less accessible. The hypothesis was further supported by the
caste composition of O. formosanus in fecal samples. The high proportion of major workers in feces in summer and fall suggest that
pangolins forage on the ground and excavate the termite nests less frequently.

The alternative prey hypothesis is normally described for generalist predators, stating that when the availability of the primary prey
decreases, predators shift to alternative prey, and vice versa (Angelstam et al., 1984; Kjellander and Nordstrom, 2003; Poysa et al.,
2016). In this case, ants likely serve as the preferred prey during periods of high surface activity, with termites acting as seasonal
substitutes. Indeed, the contrasting seasonal activity of ants and O. formosanus have been evidenced in Taiwan (Chiu et al., 2018). In
detail, ants were more active on the ground surface during the hot and wet seasons and showed a strongly negative correlation to
foraging activity of O. formosanus (Chiu et al., 2018) which may alternatively enhance seasonal variation in pangolins’ dietary intake.
Similar seasonal adjustments have been observed in Temminck’s pangolins (Smutsia temminckii) in the Kalahari, where prey avail-
ability declines during dry winters due to reduced grass cover from low rainfall. In response, individuals increased foraging time and
shifted their diet toward more energy-rich termites (Panaino et al., 2022).

Our findings suggest that seasonal variation in burrowing activity may be more likely influenced by the accessibility of surface-
dwelling ants than by the abundance of termites. Pangolins may reduce their digging effort during summer when ants are plentiful
and easier to access, and intensify burrowing when ants become less accessible, relying more heavily on termites. Another explanation
for burrow excavation may relate to prey nutritional value. For instance, the relative contribution of termites to the nutritional intake
(specifically protein and fat) of pangolins is at its annual minimum during the summer months (Sun, 2020). Furthermore, protein levels
in the ants consumed during summer were higher than those in the termites ingested by pangolins (Sun, 2020). This behavioral
plasticity allows pangolins to optimize energy intake across fluctuating environmental conditions, a strategy consistent with optimal
foraging theory (Stephens and Krebs, 1986). Nonetheless, further research is required to test whether fluctuations in surface prey
availability are indeed the primary driver of burrowing effort.
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While our study offers insights into the seasonal drivers of pangolin foraging behavior, several methodological limitations affect our
interpretations. The surveys of burrow and termite were not conducted simultaneously or at identical locations in the Huisun Forest
Station and fecal data were collected independently from the southern Coastal Mountain Range (Taitung) during different years.
Although previous studies suggest broadly similar ecological conditions and prey use patterns across regions in Taiwan (Chi, 2020),
these assumptions remain uncertain given the spatial separation across the Central Mountain Range. The spatial and temporal het-
erogeneity introduces potential geographical bias, limiting our ability to make direct correlative inferences between local prey
availability and specific foraging behavior. Because these datasets are not perfectly synchronized, developing quantitative mathe-
matical models to validate the correlation between fecal caste ratios and burrowing activity would be statistically unreliable.
Therefore, our comparisons remain qualitative. Consequently, our findings should be interpreted as suggestive hypotheses requiring
validation through synchronized sampling, rather than definitive evidence. Validating the alternative prey hypothesis warrants a
simultaneous assessment of the abundance and availability of both ants and termites in the environment, integrated with long-term
burrow monitoring and dietary analyses of pangolins. In addition, Chinese pangolins construct burrows for various purposes,
including foraging for termites or ants and seeking shelter (Sun et al., 2021b; Sun et al., 2025; Wu et al., 2019). Differences in habitat
and food resource availability across geographical regions likely drive spatio-temporal variations in their burrowing behavior. This
study explores the use of dietary composition as a proxy to infer burrowing activities in Chinese pangolins, using Taiwan as a case
study. Although our findings identify O. formosanus as the primary prey and suggest a correlation between burrowing frequency and
the presence of the O. formosanus worker caste, several factors remain unaddressed. Specifically, this study did not analyze how the
seasonal caste fluctuation of O. formosanus within the nest influences the termite castes recovered in pangolin feces. Furthermore, we
did not quantify the differential digestibility of various termite castes in fecal samples, which may confound the interpretation of
burrowing frequency. Consequently, more detailed experimental designs are required to optimize data interpretation. Future studies
should implement multi-method, synchronous monitoring within the same geographic scale to better link prey dynamics with foraging
behavior, enabling the development of predictive models and more robust tests of these patterns.

This study provides an integrated understanding of association between seasonal variation in prey availability and the foraging
behavior of the Chinese pangolin, a highly specialized and critically endangered species. Our findings carry several important im-
plications for conservation. First, we highlight the need for long-term, seasonally aware monitoring of pangolin activity based on
burrow counts. Seasonal variation in burrowing behavior, combined with the influence of rainfall on burrow visibility, means that
summer surveys may underestimate actual activity level. Accurate estimates of activity thus require consistent survey timing and
consideration of weather-related detection biases. Second, inferences about pangolin diet and burrowing behavior based solely on ant
or termite surveys may be misleading. Comprehensive surveys that include both ants and termites, across surface and subterranean
environments, are needed to better characterize prey dynamics. While such work is labor-intensive, it is essential for understanding the
full spectrum of pangolin foraging ecology and guiding habitat management.
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