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Abstract

1. Habitat disturbance can alter the dynamics of the forest microclimate by disrupting

the canopy structure, particularly in structurally complex tropical forests. These
changes may impact ectotherms, of which performance and fitness are highly
sensitive to climatic conditions. Behavioural responses, such as changes in
activities, may help buffer forest ectotherms like butterflies from microclimate

changes in disturbed tropical forests.

. Using field surveys from four tropical forest sites in Asia, we compared flight

activity peaks, durations and intensity for populations of 21 forest-associated
butterfly species between open-canopy and closed-canopy forests. We then
compared the temperature and illumination that each species experienced during

its activity period between the two forest types.

. Although butterfly populations began their activity earlier and reached peak lev-

els sooner in open-canopy forests compared to closed-canopy forests, the dura-
tion and intensity of activity remained similar across populations. Despite these
shifts in activity timing between forest types, butterflies experienced compara-
ble temperature conditions in both forest types, but were exposed to higher il-
lumination levels in open-canopy forests.

. Overall, we demonstrate that tropical butterflies can compensate for microcli-

mate changes in tropical forests by shifting their activity patterns. This may help
butterflies buffer against temperature increases but not against higher illumina-
tion levels following forest canopy opening due to habitat disturbance. Our re-
sults emphasize the importance of understanding how animal activity responds
to habitat disturbance.
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1 | INTRODUCTION

The structure and microclimates of intact forests are complex and
diverse (Scheffers et al., 2017). High microclimate heterogeneity of
intact forests provides thermal refugia for diverse groups of forest
dwellers (Senior et al., 2018; Woods et al., 2015), particularly in the
tropics where ectotherms are under greater thermal stress under
climate change (Giam, 2017; Hoang & Kanemoto, 2021; Scheffers
et al., 2014; Zellweger et al., 2020). However, this buffering effect
may diminish with habitat disturbance caused by human activity and
extreme climatic events (Marsh et al., 2025; Senior et al., 2017; but
see Senior et al., 2018), which can reduce canopy cover and vegeta-
tion complexity, thereby simplifying the biotic and abiotic environ-
ments within forests (Santos et al., 2024; Senior et al., 2017).

When forest canopies become open, more sunlight heats the
forest understories, and the buffering effects of closed-canopy for-
ests are diminished (Senior et al., 2018). In general, open-canopy for-
ests are hotter and brighter than intact forests with closed canopies
(Pfeifer et al., 2019; Senior et al., 2017). Additionally, due to the buff-
ering effect of multiple layers and complex vegetation structures,
the peak of daily temperature usually lags behind daily illumination
peaks in the understorey of tropical forests (von Arx et al., 2012).
However, such mismatches between temperature peaks and illu-
mination peaks are expected to be smaller in open-canopy forests
(Reserve & Reserve, 2005; Figure 1a,b).

For many species, both temperature and illumination are import-
ant abiotic factors shaping performance, especially for ectotherms.
Extreme high temperatures may alter activity patterns (i.e. peak/dura-
tion/intensity in activity) across a wide range of taxa including tiger bee-
tles (Dreisig, 1979); tenebrionid beetles (Kenagy & Stevenson, 1982);
ants (Wetterer, 1990); stingless bees (Heard & Hendrikz, 1993); liz-
ards (Grant & Dunham, 1988); and butterflies (Agosta et al., 2017;
Roland, 1982). While air temperature is known to be a key factor shap-
ing activity intensity and duration for ectotherms (Franzén et al., 2022;
Gunderson & Leal, 2015; Xing et al., 2016), the effects of solar radia-
tion—the primary driver of air temperature changes (hereafter referred
to as illumination)—on ectotherm activity have been largely overlooked
(Niesenbaum & Kluger, 2006). Compared to temperature, illumination
can affect ectotherm activity differently, which often serves as a cue
for initiating and ceasing activities (Liao et al., 2017; Saunders, 2009;
Seymoure, 2018). For diurnal ectotherms, activity often starts earlier
or ceases later under higher illumination (Liao et al., 2017). However,
the role of air temperature and illumination, together with their inter-
actions, in influencing species activity patterns along forest canopy
openness is understudied.

The activity of a species is closely linked to vital ecological pro-
cesses that impact its performance and fitness, such as dispersal and
mating (Kingsolver, 1983; Saastamoinen & Hanski, 2008). Species can

also adjust their activity patterns to optimize resource use based on
the suitability of environmental conditions (Vitt et al., 2005). Activity
responses of ectotherms to microclimate changes suggest that species
may exhibit a certain level of thermoregulatory behaviours, allowing
them to adapt to a limited range of environmental fluctuations (Abram
et al,, 2017; Huey et al., 2003; Logan et al., 2015). Many insects, par-
ticularly butterflies, are not only known to be sensitive to temperature
and illumination changes but can also adjust their behaviour to buffer
extreme temperatures (Laird-Hopkins et al., 2023; Wenda et al., 2021).
Through behaviour responses such as microclimate selection, basking
and activity shifts (Abram et al., 2017), ectothermic species are able to
cope with environmental changes such as climatic stress from micro-
habitat to elevational scale (Sun et al., 2020; Wang et al., 2024; Wenda
et al.,, 2021), as well as climate change impacts (Bladon et al., 2020;
Bonebrake et al., 2014). Understanding how activity patterns change
in response to microclimate alterations caused by habitat disturbance
may reveal the mechanisms through which such disturbances impact
population dynamics, species performance, and ultimately, its ecolog-
ical function (Bladon et al., 2020; Cosset et al., 2021). Here, we sur-
veyed forest-associated butterflies in understories of four tropical
forest sites. Using hourly-repeated field surveys, we quantified the
differences in butterfly activity patterns between cooler and dimmer
closed-canopy forests (hereafter referred to as closed forests) and adja-
cent hotter and brighter open-canopy forests (hereafter referred to as
open forests). We compared flight activity peak, duration and intensity
for each butterfly species between populations from closed and open
forest, and explored whether such activity differences were likely in
response to different temperature or illumination profiles within these
forests. We expected that changes in temperature and light condition
regimes with forest openness may alter the activity patterns of but-
terflies. We hypothesized that: (1) forest-associated butterfly species
shift activity times earlier (start activity earlier, peak earlier) in open
forests than in closed forests (Figure 1c); (2) forest-associated butterfly
species exhibit differences in activity duration and intensity between
closed and open forests (Figure 1d); and (3) the above differences in
activity patterns between forest types are non-random and associated
with air temperature and/or illumination differences (Figure 1e).

2 | MATERIALS AND METHODS
2.1 | Study sites and field sampling

We conducted intensive surveys of flight activities for adult butterflies
at four lowland sites in tropical Asia. These sites are biodiversity hot-
spots and widely distributed across tropical Asia: Tai Po Kau Nature
Reserve, Hong Kong S.A.R, China (TPK; 22°N 114°E); Xishuangbanna
Tropical Botanical Garden, Yunnan, China (XTBG; 21°N 100°E);
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FIGURE 1 Hypothetical illustrations of abiotic environment and activity differences between open and closed forests. Each dot
represents a butterfly population of the same species found in both forest types at the same locality. (a) Hypothetical diel illumination

and (b) temperature profiles of open (orange) and closed forests (black); (c, d) Hypothetical activity patterns with different shift scenarios
indicated with different colours. In our hypotheses, we posit that butterfly activity shifts earlier and activity intensity higher in open forests;
(e) Hypothetical illumination and temperature exposures during activity if species respond to illumination and/or temperature or (f) not. If
butterfly populations are adapted to changes in temperature and illumination regimes, their exposure to temperature and illumination during
their activities should match between closed and open forests as illustrated in (e).

Khao Chong, Trang Province, Thailand (KHC; 7°N 99°E); Maliau Basin
Conservation Area, Sabah, Malaysia (MBCA; 5°N 117°E; Figure S1).
We recorded butterfly activities in both closed forests and adjacent
(~1km) open forests within each site. Our closed forests were either
primary tropical rainforest with little disturbance (XTBG, MBCA and
KHC) or old regenerated (~70years) secondary subtropical evergreen
forests (TPK). Our open forests were those located near the closed

forest sites but with a more open canopy from disturbance due to road
construction (TPK, XTBG and MBCA). For KHC, the open forest was
due to disturbance by a seasonally flooded stream. At each site, we
set up butterfly survey transects of 400-600m in length in each for-
est type (two transects in MBCA and XTBG; one transect in TPK and
KHC). The transects were generally flat and on similar hill aspects, so
that the microclimate does not vary much within the same transect.
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Each transect is ~1km away from each other. For closed forest tran-
sects, the transects are narrow trails in the forest, while for open for-
ests, we selected transects depending on the way the forest canopy
became opened. In TPK, XTBG and MBCA, our open forest transects
were forest edges along a concrete road. In KHC, the open forest tran-
sect is one of the butterfly monitoring transects along a seasonally
flooded stream in the forest.

We surveyed butterflies in each location when adult butterflies
were most abundant: that is, in the middle of the wet season in July
2016 in TPK; in October-November 2017 in MBCA (no distinct wet
and dry seasons in MBCA); in the beginning of the wet season in June
2019 in XTBG; and in the middle of the wet season in July 2019 in KHC.
We conducted surveys on sunny and windless days. Sampling efforts
at each site are detailed in Table 1. In each study site, two experienced
observers recorded butterfly species and abundance using adjusted
Pollard walks (30 min at a constant pace, recording butterflies encoun-
tered within 5m of established transects; Basset et al., 2013) at each
transect every hour from morning (about half to 1h after sunrise) to
dusk (about half to 1 h before sunset). At each site, butterfly observers
were the same and were randomly switched between forest types or
surveys to minimize bias caused by different observers. We recorded
the presence of active (displayed flying, feeding, mud puddling, ter-
ritorial behaviour, mating and ovipositing) butterfly individuals during
the sampling. We used hand-held butterfly nets to capture butterflies
and 300mm digital single-lens reflex cameras to record butterflies
for species identification. In TPK and XTBG, where taxonomy is rela-
tively well resolved, butterflies were identified with local field guides
(Zhou, 1994). At MBCA and KHC, we also used local field guides (Ek-
Amnuay, 2012; Otsuka, 2001) but excluded records of cryptic species,
such as Arhopala spp. and Euthalia spp., which are relatively common
but difficult to identify to species level in the field.

To measure the microclimate difference between forest types,
we placed 1-2 data loggers (Onset HOBO UA-002-64) in each hab-
itat suspended 1m above-ground under vegetation (for avoiding
direct solar radiation). These data loggers recorded air tempera-
ture (°C) and illumination (Lux) at every 5-min interval in TPK and
KHC, at 1-min intervals in XTBG and MBCA. We aggregated (av-

eraged across) 1-min interval recordings to 5-min intervals to make

TABLE 1 Number of species used in this study for intra-specific
comparison and recordings in different sites and forest types.

Number of species Total
Sites Forest types occurring in both habitats  records
TPK Open-canopy 8 293
Closed-canopy 530
XTBG Open-canopy 7 84
Closed-canopy 185
MBCA Open-canopy 1 14
Closed-canopy 47
KHC Open-canopy 6 117
Closed-canopy 147

recordings in different sites comparable and used these 5-min inter-

val recordings in the subsequent analyses.

2.2 | Quantification of microclimates
We identified maximum temperature (Tmax), mean temperature
(Trvean and mean illumination
(HIm

in each forest type in each site as corresponding temperature and

), maximum illumination (llim__ )

mean) fOT €ach sampling day. We averaged the above daily values

illumination profiles for the subsequent analysis.

2.3 | Quantification of activity

We used the R package ‘activity’ to quantify butterfly activity pat-
terns (Rowcliffe et al., 2014). This package uses modified kernel
estimation with truncation and options for bootstrapping to obtain
activity probability density functions (i.e. activity curve). Although
designed for processing camera trap data, the package also applies
to other datasets from temporally standardized observations con-
fined to fixed areas, such as hourly repeated transect walks in our
case (Rowcliffe et al., 2014). For better model performance, only
species with eight or more recordings per forest type per site were
used, as recommended by Rowcliffe et al. (2014). Since our transect
walks were in 1-h intervals and not continuous as in camera trap
data, we adjusted the bandwidth of the kernel estimation by visu-
ally checking the best fits to our data (Zoller et al., 2020). We boot-
strapped the activity curve 100 times to obtain confidence intervals
(Rowcliffe et al., 2014).

For the activity peak, we used the highest value estimated from
the activity curve. We only used the first peaks for populations with
a bimodal activity curve (Figure S2), as the change of temperature
and illumination was stronger in the morning than in the afternoon
(Figure 2). For activity duration, we defined the lower quantile of the

activity curve as activity start time (H and the upper quantile

Start)
of the activity curve as activity end time (H,, ). We calculated the
time between the upper and lower quantiles of the activity curve as
activity duration.

We also quantified the activity intensity as the area under the
activity curve. Apart from the whole activity duration, we also
calculated the activity intensity during the hottest time of the day
(10:00AM-02:00PM). We calculated activity peak, duration, inten-
sity and the activity intensity during the hottest time of the day sep-

arately for each population of each forest type in each site.

2.4 | Quantification of temperature and
illumination exposure during activity

We quantified the microclimate conditions that each butterfly popu-
lation experienced. We first summed the microclimate values (tem-
perature and illumination) measured at 5-min intervals during the
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FIGURE 2 (a) Recorded diel illumination and temperature profiles in each study site, points are mean values of illumination or
temperature every 30 min within each day and lines connect the mean values through time. Vertical dash lines indicate peak times. All times
are based on UTC+ 8. (b) Peak time lags of temperature behind illumination (diel peak temperature time- peak illumination time). Each dot
indicates one sampling day. Values higher than zero (red dashed line) indicated peak temperature time occurred later than illumination peak.

Different colours indicate different forest types.

activity time. Since these values are inherently higher for popula-
tions with longer activity durations, we divided the cumulative mi-

croclimate values by activity duration as follows:

T Y temperature
its | Hend - Hstart |

| Y illumination
s = ——————
e I Hend - Hstart |

where T, and I, are, respectively, the exposure of temperature and

illumination each butterfly population experienced from H,, . to H_, .

start

2.5 | Statistical analyses

To test if the effects of illumination were confounded with tempera-
ture, we ran pair-wise correlations between T, T. ... lllm__ and

llim .., each day using Kendall's rank test with tau-b (Kendall, 1945).
We used non-parametric correlation tests as none of the tempera-
ture and illumination variables were normally distributed despite
log transformation and identical values occurring in some sites. To
test whether open forest had higher temperature and illumination,
we used generalized linear mixed models (GLMM) with forest type
as the fixed factor and site as a random factor using the R package
glmmTMB (Brooks et al., 2017). We separately examined T__., T ..,

Illm Ilm and the time differences between daily temperature

max’ mean
and illumination peaks.
To test the differences in intra-specific activity patterns between

populations from closed and open forests, we used generalized

linear mixed effect models (GLMM) with the R package gimmTMB for
activity peak, duration and intensity metrics separately. To account
for potential site variation and confine the comparison of popula-
tions within species pairs within the same species and site, we set
forest type (closed vs. open) as a fixed factor, and species and site
as random factors.

To test whether activity responses were associated with tem-
perature and/or illumination, we compared the temperature and il-
lumination exposure during butterfly activities in two forest types
using the same GLMM model structure for intra-specific activity
pattern comparison. Specifically, we considered two scenarios: (1)
Comparing the exposure of temperature and illumination between
two forest types standardized by the observed activity duration
and (2) comparing the exposure of temperature and illumination
standardized by the same duration regardless of the actual activ-
ity duration of populations (assuming that open forest populations
keep the same activity time as populations in the closed forest,

thus butterfly populations had the same H and H, 4 regardless

start

of habitat types). All analyses were conducted in R 4.3.2 (R Core
Team, 2023).

3 | RESULTS

For a total of 49 sampling days, we recorded 4824 observations
of active butterfly presence from 252 species. Among those, 1417
observations (909 from closed and 508 from open forests) and 22
conspecific population pairs of 21 species (one species occurred in
both XTBG and TPK) met our criteria for intra-specific comparison
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FIGURE 4 Mean shifted value (effect size) of different activity metrics of butterflies from closed to open forests with 95% confidence
intervals. (a) for time metrics and (b) for activity intensity metrics. Significant results (p <0.05) from GLMM are indicated with *.

(Table 1). Species list and abundance measures in each habitat
are detailed in Table S1. Activity curves from kernel estimation
and activity patterns calculated for each species are illustrated in
Figures S2 and S3.

Illumination was significantly and positively correlated with tem-
perature (T, vs. llim_ . - rb(148)=0.32, p<0.001; see Supporting
Information for more details). Within the same site, Toaand T
in closed forests were significantly lower (;(2:24.96, p<0.001
and 4°=19.75, p<0.001) than open forests (Figure 2a). llim__, and
lllm_.., in closed forests were also significantly lower (;(2=6.36,
p=0.01 and ;(2=4.62, p=0.03) than open forests. Across four sites
and forest types, temperature peak times lagged behind illumination
peak times in both forest types (;?=68.38, p<0.001). With the ex-
ception of MBCA, the overall time lags between temperature peak
time and illumination peak time were greater in closed forests than
open forests (;(2=9.08, p=0.002; Figure 2b).

For activity pattern comparison, we found that populations
in open forests had earlier start times (H,,,) (;(2=6.99, p=0.008;
Figures 3a and 4). Populations in open forests also had earlier activ-
ity peaks than in closed forests (;(2:5.46, p=0.019; Figures 3b and
4). However, activity duration and end times (Hend) were similar be-
tween populations from different forest types (;(2=O.OOO9, p=0.98;
4*=0.61, p=0.44; Figure 4). No significant difference was found for

the activity intensity throughout the whole active period and during
the hottest time of the day between the two forest types (;(2:0.07,
p=0.78;;(2=3.77, p=0.052; Figure 5).

For the standardized temperature and illumination exposure
profile during activity, we found that observed populations were
exposed to the same standardized temperature exposure in two
forest types (;(2:0.49, p=0.48; Figure 6a) but were exposed to
significantly higher standardized illumination exposure in open for-
ests (;(2=8.15, p=0.004; Figure 6b). Assuming populations from
and H__,, both standardized
temperature exposure (y>=15.01, p<0.001; Figure 6c) and illumi-

open forests did not change their H

start end’

nation exposure were higher in open forests than in closed forests
(#*=10.86, p<0.001; Figure 6d).

4 | DISCUSSION

Our results demonstrate that butterfly species shift their activity
time to an earlier schedule, with earlier start times and peak times
in open-canopy forest. However, we observed a similar activity
duration and activity intensity between closed and open-canopy
forests. By comparing temperature and illumination experienced
by active butterflies, we found that by shifting activities earlier in
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open-canopy forest, butterflies were exposed to stronger light
conditions but similar temperature exposure relative to those
in closed forests, suggesting maintaining similar temperature
conditions is more important than illumination. Although complex
interactions between temperature and illumination contributed to
the changes in activity pattern, the earlier active start and peak
times in open-canopy forest are consistent across all tropical sites.
Our findings indicate the flight activity of butterflies responds to
habitat disturbance, and the altered temperature conditions could
explain butterfly activity change.

The climatic profiles presented across our four study sites sug-
gest that compared with closed-canopy tropical forest, open-canopy
tropical forest consistently exhibit higher air temperature and illumi-
nation conditions with larger variation. We demonstrate that tem-
perature peaks generally lag behind illumination peaks, and the lag
is generally higher in closed forest compared to that in open forest.
While previous studies have largely focused on the differences in
mean microclimatic conditions between closed and open forests
(Xing et al., 2016, 2018), our data show that the temporal dynamics
of microclimate within and across habitats are also an important di-
mension and need further examination (Stark et al., 2023). Although
our temperature and illumination profiles reflect the general climatic
conditions experienced by forest butterflies in each habitat, they
may not fully capture the heterogeneity of the microclimate shaped
by the complex vegetation structure. As such, the climatic profiles
presented in our study should be interpreted as the baseline envi-
ronmental conditions for each habitat, rather than precise represen-
tations of the microclimate experienced by each species. To better
capture the complexity of the microclimate affecting butterflies and
other ectotherms, future research utilizing ecologically relevant,
mechanistic microclimatic models (Maclean & Klinges, 2021) could
provide more comprehensive insights (Wang et al., 2024).

As expected, we observed that butterfly populations shifted
their activity peak time and start time with the change of tempera-
ture and illumination profiles. However, we found that butterfly
activity duration and intensity remained stable across forest types.
This suggests that butterflies do not strictly follow pre-set circa-
dian rhythms and show changes in activity patterns in response
to microclimate change at the habitat scale. While environment-
associated activity shifts have been shown in previous studies using
laboratory experiments or model predictions, mostly focusing on
single species (Jiang et al., 2023; Landry Yuan et al., 2018), our
results confirmed such phenomena in the field and across multiple
species. Nevertheless, such ecophysiological responses have a lim-
ited capacity to buffer ectotherms from environmental changes in
the long term due to increasing energy costs (Buckley et al., 2015;
Jiang et al., 2023). Shifting activity may also generate extra costs
for butterflies who may be under higher predation risk or pheno-
logical mismatch with plant nectar secretion rhythm (Freimuth
et al., 2022; Kharouba & Vellend, 2015). Moreover, for many forest
species, behavioural response depends on available microclimate
heterogeneity (Senior et al., 2018; Woods et al., 2015; Zellweger
et al.,, 2020). Understanding the holistic microclimate impact on

ectotherms also requires relevant information across different life
stages. For instance, Agosta et al. (2017) found that the perfor-
mance of Rothschildia lebeau caterpillars was reduced in second-
ary forest compared to closed-canopy forest, which is associated
with differences in climate between the habitats. Future studies
should further investigate the extent to which forest ectothermic
species can buffer changes in both average microclimate condi-
tions and heterogeneity, and how these shifts may influence their
performance across life cycles and population dynamics (Agosta
et al,, 2017; Senior, 2020).

In particular, by comparing the exposure of temperature and il-
lumination butterfly populations experienced between closed and
open forests during activity, we found the shift in butterfly activ-
ity patterns did not cause any changes in the exposure of tempera-
ture that the species experienced, but the exposure of illumination
experienced was higher (Figure 6a,c). While in the absence of ac-
tivity response, butterflies would inevitably be exposed to higher
temperature and illumination levels (Figure 6b,d). This suggests that
activity shifts effectively mitigate the intensity of temperature, but
not illumination exposure for forest-associated butterflies. Those
findings all together indicate that although temperature and illumi-
nation are highly correlated in tropical forests, temperature is likely
a more important factor in influencing the activity pattern of forest
butterfly species. This is expected as for tropical butterflies, flight
activity is closely related to low temperatures and may be even lim-
ited by them (Wenda et al., 2021). However, our results do not rule
out the importance of illumination for forest butterflies, which can
also affect butterfly performance depending on their morphological
traits such as body size and body colour (Xing et al., 2016, 2018).
In addition, higher illumination exposure in open forests may pose
species under additional abiotic or biotic pressures such as climatic
extremes or higher predation rates (Cheng et al., 2018; Nokelainen
et al., 2022; Sunday et al., 2014).

With considerable field sampling across multiple sites, our spe-
cies pool covers the major butterfly families and includes most
common forest-associated species in the region. However, further
observations covering more rare species would provide valuable
insights in the future (Leitao et al., 2016). Although we observed
consistent patterns of activity shifts between forest types across
the four sites, specific site characteristics should be considered. For
example, in TPK, we recorded notably higher illumination exposure
in open forests (Figure 6c), which may be due to a larger difference
in illumination between forest types at this old regenerated second-
ary subtropical forests site (Figure 2a). This suggests that the magni-
tude of microclimate exposure could be influenced by local climatic
conditions and geographical variation. While the limited number of
sites in our study restricts a comprehensive analysis of site-specific
effects, future research investigating how butterfly responses to
habitat disturbance-induced microclimate differences vary across
broader geographical scales could offer valuable insights into these
patterns. Furthermore, other abiotic factors, such as humidity and
wind speed, may also play a role. For example, studies in temper-
ate regions show that damp wings can reduce flight performance
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(Ide, 2010). In more open habitats with fewer obstacles, wind speed
may be stronger (Laurance & Curran, 2008), potentially enhancing
cooling mechanisms for butterflies (Kingsolver & Moffat, 1982) and
counteracting the effects of higher temperatures on their ther-
moregulation. Additionally, biotic factors, such as diel variations in
flower closure times (Schwarz et al., 2021), may influence butterfly
activity patterns. However, these effects are likely species-specific
and difficult to quantify across species to establish a general pattern

but should be considered in the future.

5 | CONCLUSIONS

By examining changes in activity patterns for multiple forest but-
terfly species in four tropical sites, we demonstrated activity shifts
in butterfly species across close and open-canopy tropical forest.
Our work highlights how changes in microclimate due to changes
in forest structure can lead to changes in butterfly activity pattern,
an important ecological mechanism through which species respond
to forest environmental changes. Such behavioural response can
help mitigate the impact of temperature changes on butterfly activ-
ity, but it has limited capacity to buffer changes in illumination. Our
study highlights both the sensitivity and resilience of some tropi-
cal butterfly species to forest disturbance through changes in their
activity pattern and also the importance of monitoring and under-
standing changes in animal activity in anthropogenic disturbance in

the future.
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Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Sampling sites in our study.

Figure S2. Activity patterns of the 22 butterfly populations used in
the study.

Figure S3. Activity peak and duration distribution in different times
of the day of our 22 butterfly population pairs.

Figure S4. NMDS results of butterflies recorded from intact forests
(blue) and degraded forests (yellow).

Figure S5. Model diagnostics for the best model testing the effect
of habitat (open forest vs. closed forest) on intra-specific butterfly
activity peak comparisons.

Figure S6. Model diagnostics for the best model testing the effect
of habitat (open forest vs. closed forest) on intra-specific butterfly
activity start time comparisons.

Table S1. Sampling efforts for different sites and forest types.

Table S2. Detailed 21 Species (22 populations) and numbers of

recordings in different forest types and sites used for the analysis.

How to cite this article: Wenda, C., Luk, C.-L., Benedick, S.,
Nakamura, A., Basset, Y., Bonebrake, T. C., Scheffers, B. R.,
Ashton, L. A., & Xing, S. (2025). Butterflies respond to
habitat disturbance in tropical forests through activity shifts.
Journal of Animal Ecology, 00, 1-11. https://doi.
org/10.1111/1365-2656.70053

B5USD 17 SUOWILLOD) BAIERID qed|dde au Aq pauenob e SapIe YO B8N JO S9N o} ARIqIT8UIUO A8]IM UO (SUORIPUOD-PUR-SLLBY WD A8 | I ARR1q 1 BU1IUO//SHNU) SUORIPUOD PUe SWB L 3L3 385 *[5202/50/0¢] U0 AriqTauliuo Ao|im ‘Uepe9 Eoltelog ealdos L euuegbuenusix Ad €500L'9592-G9ET/TTTT OT/I0PALI0D M| ARIq1feul|UO'S eUIN0 530/ SdNY W1} popeojumod ‘0 ‘9592G9ET


https://doi.org/10.1093/icb/icae043
https://doi.org/10.5061/dryad.prr4xgxzc
https://doi.org/10.5061/dryad.prr4xgxzc
https://doi.org/10.1002/ece3.2464
https://doi.org/10.1093/biolinnean/blx159
https://doi.org/10.1111/1365-2656.70053
https://doi.org/10.1111/1365-2656.70053

	Butterflies respond to habitat disturbance in tropical forests through activity shifts
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Study sites and field sampling
	2.2  |  Quantification of microclimates
	2.3  |  Quantification of activity
	2.4  |  Quantification of temperature and illumination exposure during activity
	2.5  |  Statistical analyses

	3  |  RESULTS
	4  |  DISCUSSION
	5  |  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


