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ABSTRACT
Accurate estimation of species distribution and abundance depends on detection probability, which can vary with environ-
mental conditions. For amphibians, calling activity and detectability are strongly influenced by diel, seasonal and weather 
conditions. However, these relationships remain poorly quantified for many species, limiting the optimisation of survey 
planning. We used passive acoustic monitoring (PAM) to investigate environmental factors of call detection in the endan-
gered Romer's tree frog (Liuixalus romeri) in Hong Kong. Acoustic data were collected continuously across multiple sites 
to quantify the effects of time of day, season and weather variables on detection probability. We further compared PAM 
detections with active call surveys to assess concordance between methods. Detection probability exhibited strong diel and 
seasonal patterns, peaking during the wet season (June–August) and at night, with highest detection probability during early 
evening (20:00–22:00) and a secondary peak before dawn (03:00–04:00). Rainfall effects varied across the diel cycle, with 
positive effects during peak calling periods but negative or neutral effects at other times. Detection probability showed a non-
linear relationship with temperature, peaking at approximately 27.5°C, and declined with increasing wind speed. Agreement 
between PAM and active call surveys was moderate (Cohen's Kappa = 0.47), with concordant call agreement for 73% of sur-
vey nights. This indicates that the two methods are complementary rather than interchangeable. Based on these findings, 
we recommend conducting manual surveys during peak activity periods (June–August, 20:00–22:00), under conditions of 
low wind and following recent rainfall. PAM provides a valuable tool for continuous monitoring and detecting temporal 
changes in call detection, while manual surveys remain important for estimating abundance. Integrating both approaches 
can improve monitoring protocols for L. romeri and other amphibians.

1   |   Introduction

Monitoring distribution and abundance is fundamental to the 
management and conservation of endangered species (Moussy 
et  al.  2022). However, detection probability varies among 
taxonomic groups, with particular challenges for reliable 

assessment for species that are cryptic or whose activity is sen-
sitive to environmental conditions, such as amphibians and rep-
tiles (Baumgardt et al. 2021; Durso et al. 2011).

Amphibian surveys largely depend on the detection of calling 
activity, which is highly sensitive to environmental conditions. 
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Previous studies have found that calling activity is strongly influ-
enced by seasonality, diel cycles and weather variables such as rain-
fall, temperature, wind and moon phase (Leung et al. 2025; Oseen 
and Wassersug 2002; Ospina et al. 2013; Thompson et al. 2022). 
Consequently, surveys conducted under suboptimal conditions 
may yield inaccurate results, leading to biassed inferences and 
ineffective conservation actions. These environmental influences 
on calling activities highlight the importance of identifying appro-
priate environmental conditions for planning and implementing 
amphibian surveys and monitoring (Rush et al. 2025).

Romer's tree frog, Liuixalus romeri (Smith 1953), is an Endangered 
species with a highly restricted global distribution (IUCN 2024), 
inhabiting several islands in and near Hong Kong, China 
(Agriculture Fisheries and Conservation Department 2022). In the 
early 1990s, populations were translocated in response to habitat 
loss caused by the construction of the Hong Kong International 
Airport (Banks et al. 2008). Although populations have remained 
relatively stable since then, emerging threats—including the intro-
duction of the non-native greenhouse frog (Eleutherodactylus plan-
irostris) and the use of mosquito larvicides—may pose increasing 
risks through competition and potential toxicity (Agriculture 
Fisheries and Conservation Department  2022; Lee et  al.  2016). 
Effective population monitoring is therefore essential to detect 
changes in population status and evaluate these threats.

While it is well known that L. romeri is nocturnal and breeds 
during the wet season (Lau 1998), the precise diel and seasonal 
patterns of calling activity, and their relationships with environ-
mental conditions, remain poorly quantified. Such information 
is critical for optimising survey design and improving detection 
probability (Steelman and Dorcas 2010). To date, surveys of this 
species have relied primarily on active surveys, which sample 
only for limited durations and may overlook variation in calling 
activity across time and environmental conditions.

Passive acoustic monitoring (PAM) has been widely applied in 
ecological and conservation research (Darras et  al.  2025; Sugai 
et al. 2019), particularly in studies on amphibians. It offers a prom-
ising complementary approach to active surveys (Boullhesen 
et al. 2021; Hoefer et al. 2023; Lassandro et al. 2025). Application 
of PAM enables continuous, high-resolution recording of calling 
data to provide information on the relationships between calling 
activity, diel and seasonal patterns and weather conditions.

In this study, we deployed PAM to investigate how detection 
of L. romeri calls varies across diel and seasonal scales, as well 
as in relation to key weather variables. We further assessed the 
concordance between PAM and active call surveys in detecting 
the species. By integrating these approaches, we aim to provide 
recommendations for optimising survey conditions and im-
proving monitoring protocols for L. romeri, as well as provide a 
methodology to evaluate other amphibian species.

2   |   Methods

2.1   |   Study Species and Site

Liuixalus romeri is the smallest native amphibian in Hong 
Kong, with a snout–vent length of about 1.5 cm in males and up 

to 2.5 cm in females (AmphibiaWeb 2022). It has a tan brown 
dorsum with a dark, X-shaped marking behind the eyes, ex-
panded digital discs, and, in males, a single external subgular 
vocal sac (Chan et al. 2005). The species is nocturnal and oc-
curs in leaf litter and understorey vegetation in woodland, for-
est and plantations, feeding on small arthropods (Lau 1998). 
Breeding occurs in shaded, slow-flowing or standing water 
that is free of fish, where males produce short bursts of high-
pitched, cricket-like advertisement calls (Chan et  al.  2005). 
Females lay up to about 120 eggs, and larvae metamorphose 
within 4 to 6 weeks.

Hong Kong (22°090–22°370 N, 113°500–114°300 E) has a sub-
tropical monsoon climate, characterised by hot, wet summers 
(May to September) and cooler, drier winters (November to 
February), with two transitional seasons in between (Dudgeon 
and Corlett  2004). The breeding of L. romeri spans from 
February to September and is mainly associated with the wet 
summer months (Lau 1998).

This study was conducted on Lantau Island and Chek Lap Kok, 
Hong Kong Special Administrative Region, China, where L. 
romeri naturally occurs (Chan et  al.  2005; Lau  1998). We se-
lected seven sites known to support breeding populations based 
on previous surveys (Figure 1).

2.2   |   Passive Acoustic Monitoring and Call 
Recognition

At each site, two automated recording units (AudioMoth; Open 
Acoustic Devices) were deployed, with paired recorders sep-
arated by 70–626 m (mean ± SD = 319 ± 236 m). At two sites, 
paired recorders were separated by < 100 m because of the avail-
ability of breeding sites, whereas the remaining five sites had 
separation distances > 100 m. Although these distances cannot 
guarantee complete acoustic independence, previous studies 
have reported shorter maximum detection ranges for some frog 
species, for example, approximately 50 m for Scinax fuscomar-
ginatus (de Souza et  al.  2020). Furthermore, a recent review 
reported that eight studies used recorders separated by ≤ 100 m 
(Lassandro et  al.  2025). During our field surveys, calls of L. 
romeri were barely audible at 70 m, which suggests that acoustic 
overlap is limited. Although acoustic overlap could not be com-
pletely excluded, the sensitivity analysis using one recorder per 
site produced qualitatively similar results and the conclusions 
remained unchanged (Appendix S1). We therefore retained both 
recorders of each site in the main analysis to maximise spatial 
sampling within sites, while recognising that the observations 
may not be fully acoustically independent. Recorders were 
mounted on trees approximately 1–1.5 m above ground, and op-
erated continuously from June 2023 to March 2025. Recordings 
were scheduled for 5 min per hour across a full 24-h cycle. Audio 
files were stored in WAV format (sampling rate: 48 kHz; bit-
depth: 16; medium gain).

Call detection was conducted using the ARBIMON web-based 
platform (Aide et  al.  2013), applying a template-based clas-
sifier. Templates were constructed from high signal-to-noise 
recordings without overlap from non-target organisms by 
manually selecting representative calls using the visualiser 
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on ARBIMON. Spectrograms were generated using a short-
time Fourier transform (STFT) with a 512-point FFT, a Hann 
window, and 50% overlap. Regions of interest were defined 
to include a four-note sequence (0.48 s duration; 4.7–7.6 kHz), 
which represents a subsection of the longer advertisement call 
type of L. romeri. We manually assessed 1195 recordings col-
lected from 10 sites across multiple days to evaluate the classi-
fier's performance. Precision and recall were calculated under 
different detection thresholds. At a threshold of 0.2, precision 
was 0.64 and recall was 0.83, whereas at a threshold of 0.3, 
precision increased to 0.89 but recall decreased to 0.34. The 
0.2 threshold had a higher F1 score than the 0.3 threshold 
(0.72 vs. 0.49). Given the trade-off between false positives and 
false negatives, a threshold of 0.3 was adopted for the main 
analysis to prioritise high-confidence detections. We acknowl-
edge that the low recall may bias detections toward periods of 
higher calling intensity and may lead to underestimation of 
overall detection probability.

2.3   |   Active Call Surveys

Active call surveys were conducted at all study sites monthly 
between August 2023 and September 2024. Surveys consisted 
of 5-min point counts conducted at least 1 h after sunset with 
a 5-min acclimatisation period before each count. At each site, 
two survey points 5–10 m from the recorder locations were 
sampled. During each survey, observers recorded the number 
of calling individuals detected. To evaluate the concordance 
between PAM and active call surveys, we quantified agree-
ment in detection outcomes at the level of Individual 5-min 
survey periods.

2.4   |   Environmental Factors

We selected seven environmental factors based on their known 
impacts on frog calling activity and data availability—hours of 
day, months, rainfall, air temperature, humidity, wind speed 
and moon phase. Daily weather data, including mean tempera-
ture, total rainfall, mean humidity and mean wind speed, were 
obtained from the nearest Hong Kong Observatory weather 
station at Hong Kong International Airport (Hong Kong 
Observatory 2026). Rainfall was calculated as the sum of pre-
cipitation on the sampling day and the preceding day (2-day cu-
mulative rainfall) to account for lagged rainfall effects.

2.5   |   Statistical Analysis

Acoustic data were aggregated to hourly sampling units. Each 5-
min recording was divided into five 1-min segments for analysis 
in ARBIMON. For each hour, we calculated a binary detection 
variable indicating whether at least one call was detected, and a 
calling index defined as the number of 1-min segments (out of 
five) detecting calls. Hours with incomplete sampling (i.e., < 5 
recordings) were excluded from the analysis.

To investigate the relationship between detection and calling 
index with environmental factors, we used generalised linear 
mixed models (GLMMs) implemented in the glmmTMB package 
(Brooks et al. 2017). Detection probability was modelled using 
a binomial error distribution, while calling index was modelled 
using a negative binomial distribution (Zuur et al. 2009). Fixed 
factors included hour of day, month, rainfall, temperature, hu-
midity, wind speed, moon phase and temporal autocorrelation 

FIGURE 1    |    Study area and study species. (a) Location of Hong Kong in southern China, indicated by a star. (b) Seven study locations on Lantau 
Island and Chek Lap Kok, Hong Kong, indicated by blue dots. (c) A calling male of the study species, Liuixalus romeri. Photographs of L. romeri were 
taken by Daphne Wong and James Kwok.
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represented by the lagged response variable (Zuur et al. 2010). 
We also included an interaction between rainfall and hour of 
day because rainfall may affect calling activity patterns. We 
included site and date as random factors to account for spatial 
and temporal dependence. Rainfall was transformed using a 
log function (Zuur et al. 2009). Diel cycle and moon phase were 
modelled using sine and cosine terms to account for cyclic pat-
terns (Stolwijk et al. 1999). To account for potential non-linear 
relationships, rainfall was included as both linear and quadratic 
terms to capture potential non-linear effects, while tempera-
ture was modelled using natural cubic splines. All continuous 
environmental factors were standardised before modelling. 
We tested for multicollinearity among fixed factors using ad-
justed generalised variance inflation factors (GVIFs; Fox and 
Monette  1992). Adjusted GVIFs were below 1.6 except for the 
linear and quadratic terms of rainfall, with GVIFs of 3.5 and 
3.7, respectively; all fixed effects were retained in the models. 
Model diagnostics were conducted using the DHARMa package 
(Hartig 2026).

To visualise interactions between rainfall and time of day, we 
fitted an additional model in which sine and cosine terms for 
hour of day were replaced with categorical hour of day, allow-
ing visualisation of hour-specific activity patterns of the rainfall 
effect.

To compare concordance between PAM and active call surveys, 
we evaluated PAM detections under two temporal sampling 
windows: (1) the exact hour corresponding to the active call 
survey; and (2) detection across the full night (19:00 to 07:00). 
Agreement between methods was quantified using a contin-
gency table and Cohen's kappa coefficient (Cohen 1960). We also 
compared naïve detection probability between the two methods, 
estimated as the proportion of paired survey nights on which 
the species was detected. We calculated Wilson 95% confidence 
intervals and compared the two methods using McNemar's tests 
(Brown et  al.  2001; McNemar  1947). All analyses were con-
ducted in R software (R Core Team 2024).

3   |   Results

A total of 834,180 1-min recordings (in 166,836 h) were anal-
ysed using automated PAM detection. Liuixalus romeri calls 
were detected in 15,943 recordings and 9722 h. Detection prob-
ability varied strongly with hour of day, rainfall, season, wind 
speed and temperature (Table 1). The cosine component of hour 
of day was strongly positive (β = 0.580, p < 0.001), indicating 
a pronounced peak in detection during specific periods of the 
daily cycle, whereas the sine component was not significant 
(p = 0.117). Model predictions revealed a clear diel pattern, with 
detection probability highest at night and low during the day 
(06:00–18:00; Figure 2a).

Temperature had a significant non-linear effect on detection 
probability (spline terms: p < 0.001 and p = 0.026), with a peak at 
around 27.5°C and declining at higher temperatures (Figure 2b). 
Wind speed had a mildly negative effect on detection probability 
(β = −0.090, p < 0.001; Figure 2c), whereas the effect of humid-
ity was not statistically supported (p = 0.966). Moon phase effect 

was weak, with only marginal evidence for an influence of the 
sine component (β = 0.063, p = 0.058).

Rainfall showed an overall negative association with detection 
(β = −0.154, p = 0.009) (Figure  2d), but its effect varied across 
the diel cycle, as indicated by a significant interaction between 
rainfall and hour of day (interactions with sine and cosine terms: 
both p < 0.001). The additional model with terms of categorical 
hours showed that rainfall effects on detection were positive 
during early evening hours (20:00–22:00) and late night before 
dawn (03:00–04:00), whereas effects were negative or neutral at 
other times of day (Figure 3).

Detection probability exhibited strong seasonal variation, in-
creasing from March and reaching a peak between June and 
August, before declining after September (Figure 2e). Detection 
probability was strongly positively autocorrelated, with the pres-
ence of calls in the previous hour substantially increasing the 
likelihood of detection (β = 2.470, p < 0.001).

Modelling results for calling index were consistent with the 
results for detection probability and are therefore presented in 
Appendix S2.

Concordance between PAM and active call surveys increased 
with the PAM sampling window (Table 2). Under exact tempo-
ral (hourly) matching, only 10 active detections were detected by 
PAM, with 47 active-only detections and one PAM-only detec-
tion (Cohen's kappa = 0.17). When PAM data were aggregated 
across the full night, concordant detections increased to 37, with 
20 active-only detections and 13 PAM-only detections (Cohen's 
kappa = 0.47). Active call surveys detected L. romeri with a naïve 
detection probability of 0.44 (95% CI = 0.36–0.53). PAM detec-
tion probability was low during the corresponding hour (0.08, 
95% CI = 0.05–0.14) but increased to 0.41 (95% CI = 0.32–0.50) 
when PAM data were aggregated across the full night. Detection 
probability from active call surveys did not differ from that of 
PAM when PAM data were aggregated across the full night 
(p = 0.30) but was higher than PAM detection probability during 
the corresponding hour (p < 0.001).

4   |   Discussion

In this study, we investigated how environmental factors influ-
ence detection probability using passive acoustic monitoring 
(PAM) for the Endangered L. romeri. We found that detection 
probability is influenced by multiple weather and temporal vari-
ables, and this information can help improve detection and esti-
mation of abundance in manual surveys. In addition, PAM and 
active call surveys' concordance broadly agreed on whether L. 
romeri was detected on a given night when aggregating PAM 
data across the full night.

4.1   |   Diel Activity Pattern and Rainfall

Our model of L. romeri call detection revealed a clear diel pat-
tern, with detection peaking during nighttime hours, consis-
tent with predominantly nocturnal calling behaviours reported 
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in other frog species (Callaghan and Rowley 2020). Modelling 
hour-specific detection probabilities across rainfall levels re-
vealed a bimodal distribution, with two peaks in detection 
during early night (20:00–22:00) and before dawn (03:00–04:00) 
(Figure  3). Such bimodal patterns have been documented in 
other species, where call detection is concentrated around dusk 
and dawn (Ospina et al. 2013; Van Sluys et al. 2012). The sec-
ond peak before dawn may be associated with increased calling 
activity to defend retreat sites and reduce intraspecific competi-
tion (Stewart and Rand 1992). Overall, the diel pattern suggests 
that early evening is the optimal survey window for detecting 
L. romeri. Although there is concordance with studies on other 
frog species, pilot studies on other target species may be needed 
to refine and understand their activity patterns.

Rainfall influenced detection probability, but its effect varied 
across the diel cycle, as indicated by a significant interaction 

with time of day. Although the main effect of rainfall was neg-
ative, this represents an average effect across all hours and 
should be interpreted cautiously. Previous studies have reported 
both positive and negative effects of rainfall on amphibian call-
ing activity. In some species, rainfall increases calling activity 
(Saenz et  al.  2006; Xie et  al.  2017), whereas in others, partic-
ularly small-bodied species, heavy rainfall may reduce activ-
ity due to risks of displacement or egg loss (Heard et al. 2015; 
Ospina et  al.  2013). In addition, rainfall can reduce detect-
ability through acoustic masking, where rain noise interferes 
with call detection (Sánchez-Giraldo et al. 2020). In L. romeri, 
detection generally decreased with increasing rainfall during 
most hours of the day but increased during peak calling peri-
ods (20:00–22:00 and 03:00–04:00; Figure 3). This suggests that 
rainfall may enhance detection during peak activity periods but 
reduce detectability or calling activity at other times. Although 
some studies have found rainfall to be a weaker determinant 

TABLE 1    |    Fixed factors included in generalised linear mixed models (GLMMs) used to model detection probability of Liuixalus romeri in Hong 
Kong (2023–2025). Fixed factors include diel cycle, rainfall, season (month), weather variables, moon phase and temporal autocorrelation. For 
season, January was used as the reference category. Significant effects (p < 0.05) are shown in bold. Conditional R2: 0.439; marginal R2: 0.251.

Factor category Fixed factor Estimate SE z p

Diel cycle Sine (hour) −0.036 0.023 −1.569 0.117

Cosine (hour) 0.580 0.024 24.188 < 0.001

Rainfall Log (rainfall) −0.154 0.059 −2.596 0.009

Log (rainfall)2 0.000 0.014 0.027 0.979

Season February 0.394 0.136 2.905 0.004

March 1.228 0.139 8.820 < 0.001

April 1.054 0.181 5.829 < 0.001

May 0.723 0.185 3.910 < 0.001

June 1.360 0.209 6.517 < 0.001

July 1.778 0.211 8.428 < 0.001

August 1.787 0.199 8.959 < 0.001

September 1.401 0.194 7.220 < 0.001

October 0.628 0.165 3.817 < 0.001

November 0.455 0.139 3.276 0.001

December 0.389 0.126 3.074 0.002

Weather Temperature (spline 1) 1.189 0.216 5.495 < 0.001

Temperature (spline 2) 1.366 0.615 2.220 0.026

Temperature (spline 3) 0.434 0.243 1.791 0.073

Humidity −0.002 0.038 −0.043 0.966

Wind speed −0.090 0.024 −3.671 < 0.001

Moon phase Sin (moon phase) 0.063 0.033 1.895 0.058

Cosine (moon phase) 0.022 0.033 0.667 0.505

Autocorrelation Lagged detection 2.470 0.029 85.598 < 0.001

Interactions Log (rainfall) × sine (hour) −0.068 0.013 −5.325 < 0.001

Log (rainfall) × cosine (hour) 0.261 0.016 16.270 < 0.001

 20457758, 2026, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74491 by Y

ung W
a Sin , W

iley O
nline L

ibrary on [15/10/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 11 Ecology and Evolution, 2026

FIGURE 2    |     Legend on next page.
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compared to other environmental variables (Steen et  al.  2013; 
Thompson et  al.  2022), rain may be more important for L. 
romeri. Compared to species breeding in larger water bodies 
or rivers, L. romeri relies on shallow or temporary water bod-
ies whose availability is greatly influenced by short-term cumu-
lative rainfall (Leung et al. 2025; Ospina et al. 2013). Overall, 
surveys conducted during peak calling periods following recent 
rainfall are likely to maximise detection.

The use of coarser environmental variables may limit a more nu-
anced understanding of calling behaviour. While such variables 
are practical for informing survey planning, some species may 

respond more strongly to short-term environmental changes, 
such as immediate rainfall events (Brodie et al.  2020). In this 
study, rainfall was quantified as a two-day cumulative total. 
Although this captures broader moisture conditions, shorter-
term rainfall (e.g., within the preceding few hours) may be 
more influential in shaping calling activity (Chirino et al. 2025). 
Future studies should therefore investigate finer temporal scales 
of weather variables to improve survey optimisation.

4.2   |   Seasonality, Temperature and Wind

Seasonality was observed in the acoustic breeding phenology 
of L. romeri, with call detections largely restricted to March to 
September, with the peak between June and August. This is 
consistent with the species' breeding phenology (Lau 1998) and 
supports previous studies showing that the time of year can be 
the strongest determinant of frog calling activity (Thompson 
et al. 2022).

Temperature exhibited a non-linear relationship with detection 
probability, peaking at approximately 27.5°C. This concords 
with studies demonstrating increased frog activity with rising 
temperature (Navas et al. 2008). However, excessively high tem-
peratures may increase desiccation risk (Chirino et  al.  2025). 
Wind speed was negatively associated with detection probabil-
ity, which may reflect increased desiccation as well as sound 
interference on detectability (Leung et  al.  2025; Oseen and 
Wassersug 2002).

FIGURE 2    |    Predicted detection probability of Liuixalus romeri in relation to (a) time of day, (b) temperature, (c) wind speed, (d) rainfall and (e) 
month. Predictions were derived from generalised linear mixed models, with continuous covariates held at their mean values. Grey shading and er-
ror bars represent 95% confidence intervals.

FIGURE 3    |    Predicted detection probability of Liuixalus romeri across the diel cycle and rainfall gradient. Predictions were derived from gen-
eralised linear mixed models, with continuous covariates held at their mean values and month fixed in August, corresponding to peak detection 
probability.

TABLE 2    |    Contingency table comparing detection of Liuixalus 
romeri using passive acoustic monitoring (PAM) and active call surveys 
in Hong Kong.

Exact hours

Active detected Active not detected

PAM detected 10 1

PAM not detected 47 65

Same night

Active detected Active not detected

PAM detected 37 13

PAM not detected 20 53
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We could not identify a specific temperature threshold to op-
timise survey conditions for two reasons. First, variation in 
temperature between days during the wet season is relatively 
limited compared to other variables such as rainfall and wind 
speed. Second, as temperature was measured at a daily scale, 
it may not accurately reflect microclimatic conditions during 
survey periods. In practice, targeting surveys within the peak 
season and time is likely to be more informative.

4.3   |   Application of PAM

Passive acoustic monitoring (PAM) and active call surveys 
showed moderate agreement (Cohen's kappa = 0.47), with 73% 
(90 of 123) of survey nights resulting in concordant detections 
or non-detections. Similarly, active call surveys and a full night 
of PAM recording resulted in similar naïve detection probabili-
ties (0.44 and 0.41). This level of agreement suggests that PAM is 
useful for detecting the presence of L. romeri, although neither 
method can fully replace the other (Hoefer et  al.  2023). PAM 
detected L. romeri on 13 nights where active call surveys did not. 
These PAM-only detections likely reflect the greater temporal 
coverage of continuous PAM sampling, which can capture inter-
mittent calling activity. In contrast, active call surveys detected 
L. romeri on 20 nights where PAM did not. These active-only de-
tections may reflect false negatives generated by the automated 
classifier because a conservative detection threshold (0.3) was 
used in this study.

The conservative threshold prioritised precision over re-
call, resulting in high precision (0.89) but low recall (0.34). 
Consequently, a substantial proportion of true calls may not 
have been picked up by the classifier at this threshold. Although 
the validation dataset included recordings from different times 
of day and rainfall conditions, we estimated overall classifier 

performance and could not determine whether recall varied sys-
tematically with time of day or rainfall. Variations in classifier 
recall could bias estimates of environmental effects if, for exam-
ple, calls are more difficult to detect on rainy and windier nights 
(lower signal-to-noise ratio) (Sánchez-Giraldo et al. 2020). Thus, 
detectability bias caused by environmental predictors should be 
considered when interpreting the diel and rainfall relationships 
in this study. Future studies should examine whether classifier 
performance varies with time of day and rainfall and whether 
the results are consistent across different detection thresholds.

Overall, our results suggest that PAM and manual surveys are 
complementary. PAM is particularly suitable for long-term mon-
itoring of species presence, occupancy, calling phenology and 
changes in distribution across multiple sites because of its ability 
to continuously sample over extended periods (Perea et al. 2026; 
Ross et  al.  2023). Detection performance may be further im-
proved through expansion of the training dataset and optimisa-
tion of classifier thresholds. Manual surveys remain valuable for 
estimating abundance and collecting demographic information 
that cannot be obtained acoustically, including observations of 
females, tadpoles and eggs (Kaczmarski et al. 2025).

Our results also have implications for survey duration. The short 
recording duration used in this study (5 min) may have limited 
detection probability. Under optimal conditions (June–August, 
20:00–22:00), a 5-min survey yielded a detection probability of 
> 0.3 and the detection curve was still increasing, suggesting 
that longer surveys would further increase detection probability 
(Figure  4). Based on these findings, a longer survey duration, 
such as at least 10 min per site following a 5-min acclimatisation 
period, would maximise detection of L. romeri calls. The same 
principle also applies to PAM, as extending the recording dura-
tion per hour beyond 5 min, where storage capacity and battery 
life allow, may further increase detection probability.

FIGURE 4    |    Predicted detection probability of Liuixalus romeri as a function of sampling effort (1–5 min), time of day and month. Predictions were 
derived from generalised linear mixed models, with continuous covariates held at their mean values.
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5   |   Conclusions

This study demonstrates the value of PAM as a complemen-
tary tool to manual surveys. PAM cannot replace manual sur-
veys, it provides continuous and standardised data that can 
inform survey optimisation. Based on our results, we recom-
mend conducting manual surveys during the peak breeding 
season (June–August), particularly between 20:00 and 22:00, 
under conditions of low wind and with rainfall occurring on 
the same or preceding days. Future applications of PAM could 
be improved by expanding the training dataset, refining the 
classifier and optimising detection thresholds. Although this 
study focuses on a single species, similar studies should be ex-
tended to other habitats (e.g., streams, rivers and ponds) and 
to other amphibian species. As factors influencing calling 
activity vary among species (Schalk and Saenz 2015), survey 
protocols should be tailored to the ecology and calling be-
haviour of the target species.

PAM has the potential to address current conservation con-
cerns for L. romeri. The introduced E. planirostris may affect 
L. romeri through competition for resources (Lee et al. 2016). 
Monitoring both species simultaneously by PAM could pro-
vide valuable information on whether the presence of E. 
planirostris may be associated with differences in L. romeri 
occurrence or calling activity, allowing comparison of L. 
romeri detection or calling phenology between introduced 
and unintroduced sites. Continuous recording at breeding 
sites could also establish standardised baselines against which 
reductions in calling activity following management interven-
tions, such as mosquito larvicide application near breeding 
pools, could be detected. Long-term PAM monitoring could 
track changes in occupancy and calling activity over time at 
key sites (Ross et al. 2023; Wood et al. 2019), including pop-
ulation strongholds and areas of conservation concern such 
as Chek Lap Kok, where remnant populations are suspected 
to be declining (Agriculture Fisheries and Conservation 
Department  2022). However, PAM measures acoustic de-
tection and cannot directly estimate abundance. Therefore, 
sites showing changes detected by PAM should be followed 
by manual surveys to determine whether frog abundance has 
also changed.

Author Contributions

Yik-Hei Sung: conceptualization (lead), data curation (lead), formal 
analysis (lead), funding acquisition (lead), investigation (lead), meth-
odology (lead), project administration (lead), resources (lead), soft-
ware (lead), supervision (lead), validation (lead), visualization (lead), 
writing – original draft (lead), writing – review and editing (lead). 
Amy Wing Lam Fok: data curation (equal), investigation (equal), 
methodology (equal), writing – review and editing (equal). Hiu 
Ching Yuen: data curation (equal), investigation (equal), methodol-
ogy (equal), writing – review and editing (equal). Franco Ka Wah 
Leung: conceptualization (equal), formal analysis (equal), method-
ology (equal), writing – review and editing (equal). Michael Wai-
neng Lau: conceptualization (equal), funding acquisition (equal), 
supervision (equal), writing – review and editing (equal). Jia Huan 
Liew: conceptualization (equal), funding acquisition (equal), writ-
ing – review and editing (equal). Simon Yung Wa Sin: conceptu-
alization (equal), funding acquisition (equal), writing – review and 
editing (equal). Jonathan J. Fong: conceptualization (lead), funding 

acquisition (lead), project administration (lead), supervision (lead), 
writing – review and editing (lead).

Acknowledgments

This study was supported by funding from the Lantau Conservation 
Fund, Hong Kong SAR Government, China (Project No. RE2021-05). 
We are also grateful to Mei Chan for administrative support and to 
Mark Bowler, Cameron Brown, Ka Lam Ching, Borislava Gacheva, 
Billy Lam, Alex Liu, Alexandria Sherman and Grace Tinklin for their 
help and advice on acoustic analyses.

Funding

This work was supported by the Lantau Conservation Fund, Hong Kong 
SAR Government, China, RE2021-05.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data has been submitted to Figshare data repository: https://​doi.​org/​10.​
6084/​m9.​figsh​are.​32591685.

References

Agriculture Fisheries & Conservation Department. 2022. “Romer's 
Tree Frog (Liuixalus romeri) Species Action Plan 2022–2027.” https://​
bih.​gov.​hk/​filem​anager/​newsl​etter/​​en/​upload/​33/​Romers_​Tree_​Frog_​
SAP_​2022-​2027.​pdf.

Aide, T. M., C. Corrada-Bravo, M. Campos-Cerqueira, C. Milan, G. 
Vega, and R. Alvarez. 2013. “Real-Time Bioacoustics Monitoring and 
Automated Species Identification.” PeerJ 1: e103. https://​doi.​org/​10.​
7717/​peerj.​103.

AmphibiaWeb. 2022. “Liuixalus Romeri: Romer's Treefrog.” https://​
amphi​biaweb.​org/​speci​es/​4450.

Banks, C. B., M. W. N. Lau, and D. Dudgeon. 2008. “Captive 
Management and Breeding of Romer's Tree Frog Chirixalus romeri.” 
International Zoo Yearbook 42, no. 1: 99–108. https://​doi.​org/​10.​1111/j.​
1748-​1090.​2007.​00034.​x.

Baumgardt, J. A., M. L. Morrison, L. A. Brennan, M. Thornley, and T. 
A. Campbell. 2021. “Variation in Herpetofauna Detection Probabilities: 
Implications for Study Design.” Environmental Monitoring and 
Assessment 193, no. 10: 658. https://​doi.​org/​10.​1007/​s1066​1-​021-​
09424​-​0.

Boullhesen, M., M. Vaira, R. M. Barquez, and M. S. Akmentins. 2021. 
“Evaluating the Efficacy of Visual Encounter and Automated Acoustic 
Survey Methods in Anuran Assemblages of the Yungas Andean Forests 
of Argentina.” Ecological Indicators 127: 107750. https://​doi.​org/​10.​
1016/j.​ecoli​nd.​2021.​107750.

Brodie, S., S. Allen-Ankins, M. Towsey, P. Roe, and L. Schwarzkopf. 2020. 
“Automated Species Identification of Frog Choruses in Environmental 
Recordings Using Acoustic Indices.” Ecological Indicators 119: 106852. 
https://​doi.​org/​10.​1016/j.​ecoli​nd.​2020.​106852.

Brooks, M. E., K. Kristensen, K. J. van Benthem, et al. 2017. “glmmTMB 
Balances Speed and Flexibility Among Packages for Zero-Inflated 
Generalized Linear Mixed Modeling.” R Journal 9: 378–400.

Brown, L. D., T. T. Cai, and A. DasGupta. 2001. “Interval Estimation for 
a Binomial Proportion.” Statistical Science 16, no. 2: 101–133. https://​
doi.​org/​10.​1214/​ss/​10092​13286​.

Callaghan, C. T., and J. J. L. Rowley. 2020. “A Continental Assessment 
of Diurnality in Frog Calling Behaviour.” Austral Ecology 46, no. 1: 65–
71. https://​doi.​org/​10.​1111/​aec.​12959​.

 20457758, 2026, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74491 by Y

ung W
a Sin , W

iley O
nline L

ibrary on [15/10/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.6084/m9.figshare.32591685
https://doi.org/10.6084/m9.figshare.32591685
https://bih.gov.hk/filemanager/newsletter/en/upload/33/Romers_Tree_Frog_SAP_2022-2027.pdf
https://bih.gov.hk/filemanager/newsletter/en/upload/33/Romers_Tree_Frog_SAP_2022-2027.pdf
https://bih.gov.hk/filemanager/newsletter/en/upload/33/Romers_Tree_Frog_SAP_2022-2027.pdf
https://doi.org/10.7717/peerj.103
https://doi.org/10.7717/peerj.103
https://amphibiaweb.org/species/4450
https://amphibiaweb.org/species/4450
https://doi.org/10.1111/j.1748-1090.2007.00034.x
https://doi.org/10.1111/j.1748-1090.2007.00034.x
https://doi.org/10.1007/s10661-021-09424-0
https://doi.org/10.1007/s10661-021-09424-0
https://doi.org/10.1016/j.ecolind.2021.107750
https://doi.org/10.1016/j.ecolind.2021.107750
https://doi.org/10.1016/j.ecolind.2020.106852
https://doi.org/10.1214/ss/1009213286
https://doi.org/10.1214/ss/1009213286
https://doi.org/10.1111/aec.12959


10 of 11 Ecology and Evolution, 2026

Chan, S. K. F., K. S. Cheung, C. Y. Ho, et al. 2005. A Field Guide to the 
Amphibians of Hong Kong. Agriculture, Fisheries and Conservation 
Department, Friends of the Country Parks and Cosmos Books Ltd.

Chirino, F., B. Willink, J. Elizondo-Calvo, et al. 2025. “Environmental 
Drivers of Calling Activity in the Critically Endangered Lemur Leaf 
Frog, Agalychnis lemur (Hylidae: Phyllomedusinae).” Philosophical 
Transactions of the Royal Society B 380, no. 1928: 20240050. https://​doi.​
org/​10.​1098/​rstb.​2024.​0050.

Cohen, J. 1960. “A Coefficient of Agreement for Nominal Scales.” 
Educational and Psychological Measurement 20, no. 1: 37–46. https://​
doi.​org/​10.​1177/​00131​64460​02000104.

Darras, K. F. A., R. A. Rountree, S. L. Van Wilgenburg, et  al. 2025. 
“Worldwide Soundscapes: A Synthesis of Passive Acoustic Monitoring 
Across Realms.” Global Ecology and Biogeography 34, no. 5: e70021. 
https://​doi.​org/​10.​1111/​geb.​70021​.

de Souza, A. O., S. R. Oliveira, G. P. Dias, R. P. Bastos, and A. R. d. 
Morais. 2020. “Annual and Daily Patterns of Calling Activity in Male 
Scinax fuscomarginatus (Anura: Hylidae) From Central Brazil.” 
Zoologia 37: 1–6. https://​doi.​org/​10.​3897/​zoolo​gia.​37.​e54148.

Dudgeon, D., and R. T. Corlett. 2004. The Ecology and Biodiversity of 
Hong Kong. 1st ed. Agriculture Fisheries and Conservation Department, 
Government of Hong Kong SAR & Joint Publishing Company.

Durso, A. M., J. D. Willson, and C. T. Winne. 2011. “Needles in 
Haystacks: Estimating Detection Probability and Occupancy of Rare 
and Cryptic Snakes.” Biological Conservation 144, no. 5: 1508–1515.

Fox, J., and G. Monette. 1992. “Generalized Collinearity Diagnostics.” 
Journal of the American Statistical Association 87: 178–183.

Hartig, F. 2026. “DHARMa: Residual Diagnostics for Hierarchical 
(Multi-level/Mixed) Regression R Package Version 0.5.0.” http://​flori​
anhar​tig.​github.​io/​DHARMa/​.

Heard, G. W., S. Canessa, and K. M. Parris. 2015. “Interspecific Variation 
in the Phenology of Advertisement Calling in a Temperate Australian 
Frog Community.” Ecology and Evolution 5, no. 18: 3927–3938. https://​
doi.​org/​10.​1002/​ece3.​1666.

Hoefer, S., D. T. McKnight, S. Allen-Ankins, E. J. Nordberg, and 
L. Schwarzkopf. 2023. “Passive Acoustic Monitoring in Terrestrial 
Vertebrates: A Review.” Bioacoustics 32, no. 5: 506–531. https://​doi.​org/​
10.​1080/​09524​622.​2023.​2209052.

Hong Kong Observatory. 2026. “Climatological Information Services.” 
http://​www.​hko.​gov.​hk.

IUCN. 2024. “IUCN Red List of Threatened Species.” Version 2024-2. 
http://​www.​iucnr​edlist.​org.

Kaczmarski, M., J. M. Kaczmarek, A. Radzinska, and M. Budka. 2025. 
“Passive Acoustic Monitoring Reveals Seasonal Patterns in European 
Green Toad Calling Activity but Fails to Accurately Reflect Population 
Abundance.” Scientific Reports 15, no. 1: 26447. https://​doi.​org/​10.​1038/​
s4159​8-​025-​11706​-​3.

Lassandro, M., L. Bolitho, and D. Newell. 2025. “A Systematic Review 
of Passive Acoustic Monitoring for Anuran Conservation.” Bioacoustics 
34, no. 5: 579–628. https://​doi.​org/​10.​1080/​09524​622.​2025.​2518486.

Lau, M. W. N. 1998. Habitat Use by Hong Kong Amphibians: With Special 
Reference to the Ecology and Conservation of Philautus Romeri. (Ph.D 
Thesis). University of Hong Kong.

Lee, W. H., M. W. N. Lau, A. Lau, D. Q. Rao, and Y. H. Sung. 2016. 
“Introduction of Eleutherodactylus planirostris (Amphibia, Anura, 
Eleutherodactylidae) to Hong Kong.” Acta Herpetologica 11, no. 1: 85–
89. https://​doi.​org/​10.​13128/​​Acta_​Herpe​tol-​16491​.

Leung, F. K. W., S. Allen-Ankins, and L. Schwarzkopf. 2025. “Acoustic 
Monitoring of Invasive Species: Continental Patterns in Calling Activity 
of the Invasive Cane Toad.” ARPHA Preprints 108: e182228. https://​doi.​
org/​10.​3897/​neobi​ota.​108.​181967.

McNemar, Q. 1947. “Note on the Sampling Error of the Difference 
Between Correlated Proportions or Percentages.” Psychometrika 12, no. 
2: 153–157. https://​doi.​org/​10.​1007/​BF022​95996​.

Moussy, C., I. J. Burfield, P. J. Stephenson, et al. 2022. “A Quantitative 
Global Review of Species Population Monitoring.” Conservation Biology 
36, no. 1: e13721. https://​doi.​org/​10.​1111/​cobi.​13721​.

Navas, C. A., F. R. Gomes, and J. E. Carvalho. 2008. “Thermal 
Relationships and Exercise Physiology in Anuran Amphibians: 
Integration and Evolutionary Implications.” Comparative Biochemistry 
and Physiology, Part A 151, no. 3: 344–362. https://​doi.​org/​10.​1016/j.​
cbpa.​2007.​07.​003.

Oseen, K. L., and R. J. Wassersug. 2002. “Environmental Factors 
Influencing Calling in Sympatric Anurans.” Oecologia 133, no. 4: 616–
625. https://​doi.​org/​10.​1007/​s0044​2-​002-​1067-​5.

Ospina, O. E., L. J. Villanueva-Rivera, C. J. Corrada-Bravo, and T. M. 
Aide. 2013. “Variable Response of Anuran Calling Activity to Daily 
Precipitation and Temperature: Implications for Climate Change.” 
Ecosphere 4, no. 4: 1–12. https://​doi.​org/​10.​1890/​es12-​00258.​1.

Perea, S., T. A. Rhinehart, L. Bouffaut, et  al. 2026. “The Role of 
Conservation Bioacoustics in Achieving Global Biodiversity Goals.” 
Nature Reviews Biodiversity 2, no. 9: 565–581. https://​doi.​org/​10.​1038/​
s4435​8-​026-​00189​-​3.

R Core Team. 2024. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing. https://​www.​R-​
proje​ct.​org/​.

Ross, S. R. P. J., D. P. O'Connell, J. L. Deichmann, et al. 2023. “Passive 
Acoustic Monitoring Provides a Fresh Perspective on Fundamental 
Ecological Questions.” Functional Ecology 37, no. 4: 959–975. https://​
doi.​org/​10.​1111/​1365-​2435.​14275​.

Rush, E. R., C. J. Hoskin, and W. Edwards. 2025. “Assessing Detection 
Probability and Survey Frequency for the Threatened Magnificent 
Broodfrog, Pseudophryne covacevichae.” Austral Ecology 50, no. 3: 
e70040. https://​doi.​org/​10.​1111/​aec.​70040​.

Saenz, D., L. A. Fitzgerald, K. A. Baum, and R. N. Conner. 2006. 
“Abiotic Correlates of Anuran Calling Phenology: The Importance 
of Rain, Temperature, and Season.” Herpetological Monographs 20, 
no. 1: 64–82. https://​doi.​org/​10.​1655/​0733-​1347(2007)​20[64:​Acoacp]​
2.0.​Co;​2.

Sánchez-Giraldo, C., C. L. Bedoya, R. A. Morán-Vásquez, et  al. 2020. 
“Ecoacoustics in the Rain: Understanding Acoustic Indices Under the 
Most Common Geophonic Source in Tropical Rainforests.” Remote 
Sensing in Ecology and Conservation 6, no. 3: 248–261. https://​doi.​org/​
10.​1002/​rse2.​162.

Schalk, C. M., and D. Saenz. 2015. “Environmental Drivers of Anuran 
Calling Phenology in a Seasonal Neotropical Ecosystem.” Austral 
Ecology 41, no. 1: 16–27. https://​doi.​org/​10.​1111/​aec.​12281​.

Smith, M. A. 1953. “Description of a New Species of Frog of the Genus 
Philautus.” Annals and Magazine of Natural History 6: 477–478.

Steelman, C. K., and M. E. Dorcas. 2010. “Anuran Calling Survey 
Optimization: Developing and Testing Predictive Models of Anuran 
Calling Activity.” Journal of Herpetology 44, no. 1: 61–68.

Steen, D. A., C. J. W. McClure, and S. P. Graham. 2013. “Relative 
Influence of Weather and Season on Anuran Calling Activity.” 
Canadian Journal of Zoology 91, no. 7: 462–467. https://​doi.​org/​10.​1139/​
cjz-​2012-​0266.

Stewart, M. M., and A. S. Rand. 1992. “Diel Variation in the Use of 
Aggressive Calls by the Frog Eleutherodactylus coqui.” Herpetologica 
48: 49–56.

Stolwijk, A. M., H. Straatman, and G. A. Zielhuis. 1999. “Studying 
Seasonality by Using Sine and Cosine Functions in Regression 
Analysis.” Journal of Epidemiology and Community Health 53, no. 4: 
235–238. https://​doi.​org/​10.​1136/​jech.​53.4.​235.

 20457758, 2026, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74491 by Y

ung W
a Sin , W

iley O
nline L

ibrary on [15/10/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1098/rstb.2024.0050
https://doi.org/10.1098/rstb.2024.0050
https://doi.org/10.1177/001316446002000104
https://doi.org/10.1177/001316446002000104
https://doi.org/10.1111/geb.70021
https://doi.org/10.3897/zoologia.37.e54148
http://florianhartig.github.io/DHARMa/
http://florianhartig.github.io/DHARMa/
https://doi.org/10.1002/ece3.1666
https://doi.org/10.1002/ece3.1666
https://doi.org/10.1080/09524622.2023.2209052
https://doi.org/10.1080/09524622.2023.2209052
http://www.hko.gov.hk
http://www.iucnredlist.org
https://doi.org/10.1038/s41598-025-11706-3
https://doi.org/10.1038/s41598-025-11706-3
https://doi.org/10.1080/09524622.2025.2518486
https://doi.org/10.13128/Acta_Herpetol-16491
https://doi.org/10.3897/neobiota.108.181967
https://doi.org/10.3897/neobiota.108.181967
https://doi.org/10.1007/BF02295996
https://doi.org/10.1111/cobi.13721
https://doi.org/10.1016/j.cbpa.2007.07.003
https://doi.org/10.1016/j.cbpa.2007.07.003
https://doi.org/10.1007/s00442-002-1067-5
https://doi.org/10.1890/es12-00258.1
https://doi.org/10.1038/s44358-026-00189-3
https://doi.org/10.1038/s44358-026-00189-3
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/1365-2435.14275
https://doi.org/10.1111/1365-2435.14275
https://doi.org/10.1111/aec.70040
https://doi.org/10.1655/0733-1347(2007)20%5B64:Acoacp%5D2.0.Co;2
https://doi.org/10.1655/0733-1347(2007)20%5B64:Acoacp%5D2.0.Co;2
https://doi.org/10.1002/rse2.162
https://doi.org/10.1002/rse2.162
https://doi.org/10.1111/aec.12281
https://doi.org/10.1139/cjz-2012-0266
https://doi.org/10.1139/cjz-2012-0266
https://doi.org/10.1136/jech.53.4.235


11 of 11Ecology and Evolution, 2026

Sugai, L. S. M., T. S. F. Silva, J. W. Ribeiro, and D. Llusia. 2019. 
“Terrestrial Passive Acoustic Monitoring: Review and Perspectives.” 
Bioscience 69, no. 1: 15–25. https://​doi.​org/​10.​1093/​biosci/​biy147.

Thompson, M. M., J. J. L. Rowley, A. G. B. Poore, and C. T. Callaghan. 
2022. “Citizen Science Reveals Meteorological Determinants of Frog 
Calling at a Continental Scale.” Diversity and Distributions 28, no. 11: 
2375–2387. https://​doi.​org/​10.​1111/​ddi.​13634​.

Van Sluys, M., R. V. Marra, L. Boquimpani-Freitas, and C. F. D. Rocha. 
2012. “Environmental Factors Affecting Calling Behavior of Sympatric 
Frog Species at an Atlantic Rain Forest Area, Southeastern Brazil.” 
Journal of Herpetology 46, no. 1: 41–46. https://​doi.​org/​10.​1670/​10-​178.

Wood, C. M., V. D. Popescu, H. Klinck, et  al. 2019. “Detecting Small 
Changes in Populations at Landscape Scales: A Bioacoustic Site-
Occupancy Framework.” Ecological Indicators 98: 492–507. https://​doi.​
org/​10.​1016/j.​ecoli​nd.​2018.​11.​018.

Xie, J., M. Towsey, M. Zhu, J. Zhang, and P. Roe. 2017. “An Intelligent 
System for Estimating Frog Community Calling Activity and Species 
Richness.” Ecological Indicators 82: 13–22. https://​doi.​org/​10.​1016/j.​
ecoli​nd.​2017.​06.​015.

Zuur, A. F., E. N. Ieno, and C. S. Elphick. 2010. “A Protocol for Data 
Exploration to Avoid Common Statistical Problems.” Methods in Ecology 
and Evolution 1, no. 1: 3–14. https://​doi.​org/​10.​1111/j.​2041-​210X.​2009.​
00001.​x.

Zuur, A. F., E. N. Ieno, N. J. Walker, A. A. Saveliev, and G. M. Smith. 
2009. Mixed Effects Models and Extensions in Ecology With R. Vol. 1. 1st 
ed. Springer.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Appendix S1: Fixed factors included 
in generalised linear mixed models (GLMMs) used to model detection 
probability of Liuixalus romeri in Hong Kong (2023–2025). One of the 
two recorders was excluded at each site to examine whether the results 
were robust to potential spatial independence. Fixed factors include diel 
cycle, rainfall, season (month), weather variables, moon phase and tem-
poral autocorrelation. For season, January was used as the reference 
category. Significant effects (p < 0.05) are shown in bold. Appendix S2: 
Fixed factors included in generalised linear mixed models (GLMMs) 
used to model calling index (number of 1-min recordings with detec-
tions per hour) of Liuixalus romeri in Hong Kong (2023–2025). Fixed 
factors include diel cycle, rainfall, season (month), weather variables, 
moon phase and temporal autocorrelation. For season, January was 
used as the reference category. Significant effects (p < 0.05) are shown 
in bold. 
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