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Abstract

Despite suffering dramatic declines due to habitat loss and

overexploitation, tortoises and freshwater turtles in Southeast

Asia remain understudied. Sustainable forest management offers a

promising approach for advancing the conservation of threatened

turtle populations. This study examines the effect of reduced

impact logging (RIL), a sustainable forestry method, on 2

freshwater turtle species. We examined detectability patterns

and habitat relationships for the threatened Malayan flat‐shelled

turtle (Notochelys platynota) and the non‐threatened Malayan soft‐

shelled turtle (Dogania subplana) in 8 streams within a commercial

forest reserve between March and July 2019, in Sabah, Malaysian

Borneo. Using single‐species occupancy models, we identified

covariates associated with the detection and occupancy probabili-

ties of these species across a post‐harvest recovery gradient (1–21

years since logging). Covariates used in the models were obtained

directly from the field or from open‐source remote sensing data.

Results for soft‐shelled turtles were inconclusive. In contrast, we

found a negative association between monthly rainfall and flat‐

shelled turtle detectability. The occupancy probability of flat‐

shelled turtles was positively associated with greater distance from

logging roads and higher stream flow accumulation. Occupancy

probability for flat‐shelled turtles and soft‐shelled turtles was

relatively high throughout the reserve (0.79±0.1 [SD] and
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0.57±0.22, respectively). These results, suggest that appropriately

managed forests, could serve as invaluable conservation areas for

imperiled freshwater turtle species in the region.
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Freshwater turtles and tortoises are currently considered the most threatened vertebrate taxa, with more than half of

all 356 species classified as threatened (Stanford et al. 2018). While Southeast Asia represents a freshwater turtle

diversity hotspot with high levels of phylogenetic endemism (Roll et al. 2017, Gumbs et al. 2020), the region also faces

widespread species declines (Böhm et al. 2013, Roll et al. 2017). Turtle populations within Southeast Asia are

currently being extirpated because of urban development, commercial logging, agriculture, pollution, and climate

change (Stanford et al. 2018, Cox et al. 2022). Additionally, the region serves as both a source and market for a

thriving turtle trade, with the majority of species facing unsustainable levels of harvesting for regional and

international pet, medicine, and food markets (Dijk et al. 2000, Cox et al. 2022, Mohd Salleh et al. 2022). The growing

demand and increased market prices for freshwater turtles and tortoises drive an ever‐expanding, highly lucrative

trade in many Southeast Asian countries (Van et al. 2019, Shepherd et al. 2020, Nijman and Shepherd 2022). In

Kalimantan, Indonesia alone, up to 45,000 Southeast Asian box turtles are traded annually (Nijman and

Shepherd 2022). While trade in the region is well documented, quantitative data on freshwater turtle responses to

anthropogenic disturbance are lacking. Many studies (mainly conducted in America and Australia) of native freshwater

turtles have shown negative physiological and behavioral responses to anthropogenic disturbances such as agriculture

(Čapkun‐Huot et al. 2021, Fulton et al. 2022), urbanization (Selman et al. 2013), and roads (Cassel et al. 2019).

Determining the effects of human‐induced land use change in Southeast Asia is essential for quantifying these

impacts, damage mitigation, and identifying conservation priority areas for the region's threatened freshwater turtles.

Commercial logging activities occur in more than half of the remaining tropical forests (Food and Agriculture

Organization [FAO] and United Nations Environment Programme [UNEP] 2020) and represent one of the greatest

potential threats to freshwater turtle habitats in Southeast Asia (Huth and Ditzer 2001, Gaveau et al. 2014).

Unsustainable management of these timber concessions has led to widespread habitat degradation and declining

biodiversity throughout the region (Gibson et al. 2011, Burivalova et al. 2014).

Whilst many logging reserves in the region have been subject to conventional selective logging since the 1970s

(Gaveau et al. 2014), the implementation of sustainable forestry methods could present a promising, economically viable

alternative (Pinard et al. 1995). Although various sustainable forestry methods are available, reduced impact logging (RIL)

has been the most widely adopted and tested in the tropics (Dykstra 2007). This method implements strict timber

harvesting guidelines including reduced harvest rates ( < 30m³ timber per ha) compared to conventional logging, and a

series of best practice techniques including directional felling, reduced skid trail construction, pre‐ and post‐harvest

planning, and 30‐m riparian buffer zones along both sides of permanent water courses >5m in width (Pinard et al. 1995,

Putz et al. 2008, Sabah Forestry Department 2024). These methods result in 50% less damage to remnant forests, thus

maintaining watersheds while reducing sedimentation and riparian habitat disturbance (Pinard et al. 1995, Sabah Forestry

Department 2024). As such, RIL‐managed forests maintain higher biodiversity compared to conventionally logged sites

(Bicknell et al. 2014, Brozovic et al. 2018, Bohnett et al. 2022). While responses of various taxa to RIL practices are

documented (amphibians, Asad et al. 2021a; mammals, Brozovic et al. 2018, Guharajan et al. 2021, Bohnett et al. 2022;

birds, Edwards et al. 2012), the impact of RIL on Southeast Asia's freshwater turtles remains unstudied but should prove

valuable for informing future conservation measures (Cox et al. 2022).

Quantifying abundance and occupancy are an effective approach for determining the effects of disturbances,

such as logging, on turtles (Horn and Gervais 2018, Čapkun‐Huot et al. 2021). However, the detection of turtles is
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typically imperfect because of observer error (Nichols et al. 2000), low population density, cryptic behaviors of

individuals, or environmental conditions that influence the likelihood of detection (Gu and Swihart 2004). As such,

failure to correct for imperfect detection can result in biased estimation of habitat associations and thus erroneous

conclusions (Gu and Swihart 2004, Kellner and Swihart 2014). Temporal or climatological variables have been

previously identified as factors associated with detection probability in diurnal (e.g., weather conditions, air and water

temperature; Brown 2001, Armstrong 2016, Ocock et al. 2018, Buchanan et al. 2019), and nocturnal freshwater

turtles (e.g., lunar phases and cloud coverage; Jensen and Das 2008). These climatological factors may influence the

availability of food resources, shelters, nesting sites, and predator activity (Parlin et al. 2018, Escalona et al. 2019,

Geller et al. 2022). Thus, it is essential to incorporate detection probability when studying the responses of freshwater

turtles to disturbance, and their compatibility with sustainable forest management (Buchanan et al. 2019).

In Malaysian Borneo, Deramakot is a sustainably managed forest reserve using RIL techniques and is

occupied by several freshwater turtle species. The Malayan soft‐shelled turtle (Dogania subplana) is a non‐

threatened (least concern; Cota et al. 2021), soft‐shelled Trionychidae and the Malayan flat‐shelled turtle

(Notochelys platynota) is a threatened (vulnerable; Kusrini et al. 2021) hard‐shelled Geoemydidae. Both are

harvested throughout the region for local food markets (Walter 2000, Jensen 2006, Jensen and Das 2008), while

flat‐shelled turtles are also traded internationally (Cheung and Dudgeon 2006, Gong et al. 2009). Several other

freshwater turtle species (spiny turtle [Heosemys spinosa], Southeast Asian box turtle [Cuora amboinensis], and

Asian leaf turtle [Cyclemys dentata]) occur in the reserve but are detected less frequently. The Malayan soft‐

shelled turtle is a medium‐sized (maximum carapace length = 310mm) predominately aquatic, omnivorous species

(Lim and Das 1999, Pritchard 2001). Although limited ecological information is available, the species is primarily

nocturnal and commonly found in small, silted forest streams and fast‐flowing rivers (Premono et al. 2015, Mohd

Ibrahim et al. 2019, Asad et al. 2021b). The Malayan flat‐shelled turtle is a medium‐sized (maximum carapace

length = 360 mm) primarily herbivorous species, although it is reported to occasionally prey or scavenge on

animals (Manthey and Grossmann 1997, Lim and Das 1999). This species is diurnal and nocturnal, preferring

shallow, clear, sandy‐bottomed streams in forested areas and is less aquatic than soft‐shelled turtles (Lim and

Das 1999, Asad et al. 2021b). Previous research indicates that potential fine‐scale spatial separation of the 2

species may occur along sedimentation gradients within the same stream (Asad et al. 2021b).

In the face of rapid economic development and accompanying road expansion in Borneo (Sloan et al. 2019) and

throughout the region (Bradshaw et al. 2009), we attempted to determine detectability and occupancy associations

of these 2 freshwater turtle species within Deramakot. Our first objective was to examine the effect of

climatological covariates on the detectability of these 2 species. We predicted that temperature and rainfall would

be important covariates, as found in previous studies (of other species in other geographic regions; North America,

Rowe 2003, Rowe et al. 2009, Anthonysamy et al. 2013; Oceania, Roe and Georges 2008). We also expected lunar

phases to play a significant role in the detectability of these nocturnally active turtles (Jensen and Das 2008). Our

second objective was to examine the effects of habitat and RIL‐associated covariates on the occurrence of these 2

species. We expected that occupancy would be negatively influenced by covariates associated with logging

(proximity to logging roads and time since logging). Our final objective was to determine the occupancy probability

of the 2 species at sites within an active sustainable logging reserve. Because RIL affects forest structures less than

other practices, and thus freshwater turtle habitat quality, we estimated moderate occupancy probabilities (<50%)

in the reserve for both species.

STUDY AREA

We conducted this study between March and July 2019 in the Deramakot Forest Reserve (5°14‐28′N, 117°19‐

36′E), in the Malaysian state of Sabah, on the island of Borneo (Figure 1). The climate is humid equatorial (average

annual temperature = 26°C) and heavily influenced by both northeast (Nov–Feb) and southeast (May–Aug)
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monsoons with annual precipitation ranging between 1,700mm and 5,100mm (Kleine and Heuveldop 1993,

Huth and Ditzer 2001). Geologically, Deramakot is characterized by tertiary sediments, mostly mud and

sandstone (Huth and Ditzer 2000). The predominant Acrisols are poor in nutrients and easily eroded, especially

when plant cover is removed (Sabah Forestry Department 2024). The reserve encompasses a 550‐km² area of

predominantly hilly, lowland (50–350m above sea level) dipterocarp forest, dominated by Dipterocarpus, Shorea,

and Parashorea species (Sabah Forestry Department 2024). Sustainable forest management techniques

(predominately RIL) have been implemented in the reserve since September 1989 (Huth and Ditzer 2000). In

1997, Deramakot became the first tropical production forest to receive Forest Stewardship Council (FSC)

certification and has been recognized for its sustainable forest management (Lagan et al. 2007). Since 1997, RIL

techniques have been used throughout the reserve in accordance with the certified FSC guidelines (Pinard

et al. 1995). The reserve now contains a mosaic of dipterocarp forests at varying levels of regeneration following

logging (0–25 years). Previous research indicates that Deramakot contains a high diversity of mammals and

amphibians despite logging (Sollmann et al. 2017, Asad et al. 2022).

METHODS

Freshwater turtle sampling and covariate collection

Within Deramakot, we established 8 standardized visual encounter survey (VES) sites (800–3,000 m in length)

along separate river reaches (Figure 1). We selected these 8 sites within forestry compartments at varying levels

of forest regeneration following RIL (1, 2, 6, 10, 11, 19, and 22 years since logging; Table A1). To ensure

standardization of survey effort across reaches varying in length, we divided all VES sites into contiguous

subplots 200m in length (with varying widths depending on the river). We surveyed each VES and nested

subplots on 3 occasions between March and July 2019, with 30–55 days between surveys. Two surveyors

conducted surveys between 1830 and 2200 hours by walking the length of each subplot (0.33–0.66 m/sec), along

opposite banks of the river. We recorded all flat‐shelled turtles and soft‐shelled turtles detected within or directly

adjacent to the water body (<1 m removed). For detected turtles, we collected global positioning system location

F IGURE 1 Location of A) Sabah, Malaysian Borneo, B) the Deramakot Forest Reserve in central Sabah, and C)
the visual encounter survey (VES) stream sites within the center of the reserve used in single‐species occupancy
modeling of flat‐shelled turtles and soft‐shelled turtles in 2019.
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and time of observation. We hand‐captured all flat‐shelled turtles and determined adult or juvenile status, curved

carapace or straight plastron length, and parasite (e.g., freshwater leeches and nematodes) burden at the point of

capture (pausing the survey during processing). We took photographs of the carapace and plastron of flat‐shelled

turtles for individual identification. Only 8 flat‐shelled turtles were not captured (because of escape) during the

study (roughly 5%). We did not capture soft‐shelled turtles because of the difficulty in handling this species.

Following processing, we released turtles behind the observers to reduce the possibility of counting individuals

repeatedly. Because of the speed of these species and our personal observations in the field, we find it highly

unlikely that our study species swam past the observers and were thus double counted. For both species, we also

recorded the stream width, depth, and siltation cover at each turtle detection locality. As these data were not

collected systematically throughout each subplot, we could not include them in the modeling process, but

we conducted non‐parametric testing to determine variation between stream width, depth, and siltation at

flat‐shelled turtle and soft‐shelled turtle detection localities. This data, along with other observations of the

species' natural history can be found in Asad et al. (2021b).

We collected covariates associated with the detectability or activity of other freshwater turtle species in

Borneo (Jensen and Das 2008), and other geographic regions (Rowe 2003, Roe and Georges 2008, Rowe

et al. 2009, Anthonysamy et al. 2013): daily average temperature (°C) and humidity (%), maximum daily rainfall

(MDR; mm), 30‐day rainfall (mm), and lunar phase (%). We collected temperature and humidity daily averages and

maximum daily rainfall from the Sabah Forestry Department (SFD) weather station located 0.4–13.5 km from

survey sites. As 3 of the sampling months coincided with conditions caused by a dry El Niño event, we summed

rainfall to represent total rainfall over a 30‐day period before each survey to determine the impact of longer‐term

rainfall patterns on species detection probability. At the start of each transect visit, we recorded the moon phase

(0–100% of lunar disc visible).

To determine habitat associations and responses to RIL in flat‐shelled turtles and soft‐shelled turtles, we

collected environmental covariates previously linked to freshwater turtle occurrence, and covariates that have

direct or indirect associations with RIL. These latter covariates were time since RIL (in years), which was recorded

for each VES stream survey, and distance to logging road (m), forest height (m), and stream flow accumulation

value, which we recorded at each 200‐m‐long subplot. We obtained time since RIL (1–21 years) from SFD logging

records. As logging roads have a direct (Laurance et al. 2009, Yamada et al. 2014) and indirect (Kreutzweiser

et al. 2005, Mollinari et al. 2019) impact on biodiversity, we obtained a logging road map (shapefile) from the SFD

Deramakot management team. We then determined distance to nearest logging road from each VES subplot as a

function of Euclidean distance (m) calculated in ArcGIS 10.3.1 (Esri, Redlands, CA, USA). For quantification of

forest height (m), we used a recent model of forest canopy height estimation for the year 2019 provided by

Potapov et al. (2021). This new 30‐m resolution global forest canopy height dataset was derived from the

integration of the Global Ecosystem Dynamics Investigation (GEDI) lidar forest structure measurements and

Landsat analysis‐ready data time‐series (Potapov et al. 2021). It provides a measure of forest disturbance and

vegetation structural complexity (Potapov et al. 2021). We computed an average forest height (m) within each

VES subplot. Flow accumulation reflects the total flow into a downslope stream (Jenson and Domingue 1988,

Manchado et al. 2021) and may be used to identify stream channels and quantify their size (i.e., width and depth);

streams with high flow accumulation are areas of concentrated flow. As such, we used flow accumulation as a

rough proxy for river size. We calculated flow accumulation values from a 30‐m Shuttle Radar Topography

Mission (SRTM) digital elevation model using the hydrology tool kit within ArcGIS 10.3.1. The result is a raster of

accumulated flow value to each grid cell, as determined by accumulated weight for all cells that flow into each

downslope cell. Subsequently, we extracted the highest flow accumulation value within each VES subplot for our

analysis. Unfortunately, we were unable to collect measurements such as stream width, depth, siltation, speed,

and substrate at consistent intervals along the length of VES river reaches and their subplots. However, based on

stream width and depth measurements collected at each turtle capture location, all rivers within the study exhibit

similar structural dynamics (Table A1).
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Data analysis

To determine the association of flat‐shelled and soft‐shelled turtle detection and occupancy probability

associations with environmental metrics, we used single‐species occupancy models within a Bayesian

framework. This method allows the estimation of occupancy where species may be detected imperfectly

whilst allowing occupancy and detection probability to be modeled as a function of covariates (MacKenzie

et al. 2018).

We scaled all climatological, environmental, and logging‐associated covariates to have a mean of 0 and a

standard deviation of 1 prior to modeling. We tested collinearity between covariates using Spearman's rank

correlation in the package Hmsic version 4.2‐0 (Harrell 2019) and removed all correlated covariates ( | r | > 0.7) from

subsequent analysis. Additionally, as our data set consisted of 82 subplots (sampling units), with unique covariate

values nested within 8 VES river reach sites, we included a random effect in all models to account for the nested

spatial effect among subplots within the same VES river reach. Additionally, we treated the 3 survey periods as

separate survey occasions in subsequent analysis.

We conducted all single‐species occupancy models in the R package ubms version 1.1.0 (Kellner et al. 2022)

and used default vague priors for all models: normal distribution with mean = 0, and standard deviation = 10. We ran

3 parallel Markov chains with 10,000 iterations each discarding the first 5,000 as burn‐in. We assessed model

convergence via the Rhat statistics, whereby values between 1.05 and 1 indicate convergence. As occupancy

models assume a linear relationship between coefficients and covariates, we visually confirmed the direction of

effects prior to model selection. If species detections exhibited a non‐linear association with a covariate, we used a

squared version of the scaled covariate in place of the original.

For each species, we conducted model selection via a 2‐step process. First, we created single covariate models

for each detectability covariate (including a null model with no covariate effects on detection) to determine the

optimum detectability model for each species. Following this, we created single‐covariate models for each

occupancy covariate (including a null model with no effects on occupancy) in combination with the previously

selected optimum detection covariate to determine the optimum single‐covariate occupancy model for each

species. We used single covariates during model selection to determine individual associations between covariates

and species occupancy and detectability to avoid the masking of covariate associations, which can occur with

additive and interactive models.

For each model's covariate selection stage, we ranked candidate models in ubms using expected log pointwise

predictive density (elpd) as a measure of each model's predictive power. To calculate elpd, we used leave‐one‐out

cross validation for pairwise model comparisons (Vehtari et al. 2017). To assess model support in relation to the top

model, we calculated pairwise differences in elpd (Δelpd) between each model and the top model along with each

model's standard error (SE Δelpd). We considered models with an elpd difference greater than their standard error

to be less supported than the top model, and hence we considered the predictive inference of the associated

covariate to be limited.

To determine the significance of covariate effects on detection and occupancy probabilities for optimum

models, we generated 95% credible intervals of the posterior distributions. We considered 95% Bayesian credible

intervals that did not overlap zero to indicate strong, significant support for covariate effects.

RESULTS

We detected 127 hard‐shelled turtles and 30 soft‐shelled turtles (all for turtles within water) during the study

period (Table A1). Although determining recaptures for soft‐shelled turtles proved unsuccessful, we recaptured 4

flat‐shelled turtles (within 2 sites on different surveys) during the study (details of recaptures and movements can

be found in Asad et al. 2021b). Hard‐shelled turtle and soft‐shelled turtle detections occurred at least once in
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64.6% and 28.1% of the 82 subplots, respectively, and in 100% of all sampled VES river reaches. Based on

Spearman rank correlations, no covariates were strongly correlated; thus, we included all covariates in the model‐

selection process.

Prior to the development of single‐species occupancy models, we determined that soft‐shelled turtle

detections exhibited a non‐linear relationship with time since RIL, with the majority of detections occurring in areas

subject to RIL 10–11 years ago (Figure B1). As occupancy models assume linear relationships between species

occurrence and covariates, we squared time since RIL to account for this non‐linear relationship, and included this

covariate in the subsequent model‐selection process.

Malayan flat‐shelled turtle

Within detection model selection, 30‐day rainfall had higher predictive power compared to other detectability

covariates (Table C1). Pairwise Δelpd values for the remaining single‐covariate (and null) models were greater than

their respective SE(Δelpd) values. Therefore, the detectability model based on 30‐day rainfall was the best

supported for this species; 30‐day rainfall exhibited a negative association with flat‐shelled turtle detection

probability (Figure 2A), with detectability reduced by approximately 15‐20% per 100‐mm increase in monthly

rainfall.

Within occupancy model selection, distance to logging roads had the highest predictive power (Table C1).

Pairwise Δelpd of the second ranked model (flow accumulation), was lower than its respective SE(Δelpd); thus, flow

accumulation and distance to logging roads were equally effective at predicting flat‐shelled turtle occupancy. In the

first ranked model, occupancy probability exhibited a positive relationship with distance to logging roads. Sites

adjacent to roads (<50m) exhibited an almost 50% lower probability of occupancy than those >1 km from roads

(Figure 3A). In the second ranked model, flow accumulation was positively associated with occupancy probability

(Figure 3B), indicating that flat‐shelled turtles occurred more frequently in wider or deeper river stretches (with

higher flow volume).

Despite negative associations with logging roads, the average occupancy probability (ψ) of flat‐shelled turtles

predicted by the distance to logging road model was relatively high (ψ = 0.79 ± 0.1 [SD]) at surveyed sites within the

reserve (Figure 4A).

(A) (B)

F IGURE 2 Marginal effect plots (posterior means and 95% credible intervals) displaying optimum detection
model associations for each of the turtle species in Deramakot Forest Reserve, Sabah, Malaysian Borneo, 2019: A)
effects of 30‐day rainfall on flat‐shelled turtle detection probability and B) effects of maximum daily rainfall on
soft‐shelled turtle detection probability.
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Malayan soft‐shelled turtles

Within detection model selection, maximum daily rainfall (MDR) displayed higher predictive power than the other

covariates (Table C2). This covariate exhibited a negative association with soft‐shelled turtle detection probability,

but 95% credible intervals overlapped zero indicating there was little to no evidence of an effect (Figure 2B). All

other detection covariate models (including the null model) produced Δelpd values that were lower than their

respective SE(Δelpd) values. Overall, the power of MDR (and other covariates) describing soft‐shelled turtle

(A) (B) (C)

F IGURE 3 Marginal effect plots (posterior means and 95% credible intervals) displaying optimum occupancy
model associations for each of the turtle species using data collected on 3 occasions in 8 sites using visual
encounter surveys between March to July 2019, in Deramakot Forest Reserve, Sabah, Malaysian Borneo: A) effect
of distance to nearest logging road on flat‐shelled turtle occupancy probability, B) effect of stream flow
accumulation on flat‐shelled turtle occupancy probability, and C) effect of time since reduced impact logging (RIL; in
years) on soft‐shelled turtle occupancy probability.

(A) (B)

F IGURE 4 Probability of average occupancy (PAO) violin plots generated from the 2 best supported occupancy
models for each species using data collected on 3 occasions in 8 sites using visual encounter surveys between
March to July 2019, in Deramakot Forest Reserve, Sabah, Malaysian Borneo: A) flat‐shelled turtle occupancy based
on models including distance to logging road or flow accumulation, and B) soft‐shelled turtle occupancy based on
the null model and a model including the quadratic effect of time in years since reduced impact logging (RIL2). White
bar represents the interquartile range with the black bar in the middle representing the median and the thin black
line representing the rest of the distributions. Grey shades on each side of the bar constitutes a kernel density
estimation indicating the distribution of the data with wider sections reflecting higher concentrations or
probabilities for occurrence of individuals.
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detectability was low. Despite its weak performance, we used MDR as the detectability covariate in subsequent

models to improve model fit.

Within occupancy model selection, the quadratic form of time since RIL (RIL²) had the greatest predictive power

(Table C2). This covariate displayed a weak negative relationship with occupancy but indicated a slightly higher

probability of soft‐shelled turtle occurrence 8–12 years after RIL (Figure 3C). However, as with the detection

covariates, the Δelpd of the null model (no effects of covariate on occupancy) was lower than its SE(Δelpd). The

Δelpd of all other occupancy covariates were only slightly higher than their respective SE(Δelpd). Therefore,

although the model containing time since RIL had similar predictive power as the null model, its performance was

considerably higher than all other covariates.

Although Rhat values for soft‐shelled turtles were within the parameters of model fit (1‐1.05), support for

optimum detection and occupancy models was considerably poorer than flat‐shelled turtle models. Our models did

suggest that soft‐shelled turtles occupied roughly half (ψ = 0.57 ± 0.22 [SD]) of all surveyed sites within the reserve

(Figure 4B).

DISCUSSION

Our study is the first to examine the impacts of RIL practices on freshwater turtles and could provide an essential

foundation for future studies and management decisions. While we could not determine detectability or occupancy

patterns for the soft‐shelled turtles, we successfully identified detection and occupancy relationships for the

globally threatened flat‐shelled turtle. This turtle exhibited a negative association between its detectability and

monthly rainfall. Occupancy was positively associated with higher stream flow accumulation and greater distance

from logging roads and was more common in wider or deeper stream stretches, suggesting that flat‐shelled turtles

may be negatively affected by roads. Regardless, our models predicted high levels of occupancy ( > 50%) for both

species throughout the reserve.

Influence of rainfall on detectability

Long‐term (30‐day) rainfall patterns appeared to be the best predictor of detectability for flat‐shelled turtles in this

study. Higher rainfall is generally expected to decrease the risk of desiccation while increasing the availability of

aquatic and fossorial prey, thus favoring increased turtle activity (Rowe 2003, Roe and Georges 2008). Flat‐shelled

turtles were also encountered during periods of low rainfall in our surveys. This observation could be attributed to

the exposure of riverine sandbanks suitable for nesting during low water volume periods caused by low

precipitation. This, in turn, could increase rates of nest establishment and related behavior (Eisemberg et al. 2015).

A recent review showed that nests of some species of freshwater turtles experience enhanced survivorship if

constructed before rainfall (Geller et al. 2022), possibly owing to the removal of olfactory and physical signs of nest

deposition. Although the authors also observed potential lekking behavior in flat‐shelled turtles (Asad et al. 2021b),

we cannot determine if rain‐associated shifts in breeding caused increased detection during periods of low rainfall.

Although the relationship was weak, maximum daily rainfall was the covariate that best described soft‐shelled

turtle detectability. Water turbidity and increased silt deposition may have reduced visibility of this species

immediately after rainfall. However, more data and further analysis would be required to confirm this linkage. Based

on the literature (see Introduction), we assumed both species to be nocturnal. More nocturnal (n = 151) compared

to diurnal (n = 7) encounters with flat‐shelled turtles during 3 years of co‐occurring amphibian and habitat sampling

(S. Asad, Tomorrow University of Applied Science, personal observation) support this assumption. Although

primarily nocturnal (Lim and Das 1999), we encountered soft‐shelled turtles much less frequently during our

surveys (only 30 sightings vs. 127 for flat‐shelled turtles). Lower detection rates could accurately reflect lower
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occurrence of soft‐shelled turtles in the reserve consistent with our models. However, such rates could also reflect

the difficulty in detecting this species with visual surveys because it can bury itself in sand to hide or ambush prey

(Lim and Das 1999, Asad et al. 2021b). During surveys, we observed disturbed individuals rapidly burying

themselves within sandy substrates. As such, future surveys should combine visual survey methods with traditional

trapping to quantify the utility of visual sampling methods for detecting this species.

Habitat and disturbance associations with occupancy

Although habitat associations of flat‐shelled turtles are poorly documented, previous research by the authors

identified this species in moderately sized, relatively shallow rivers, with an average width of 459 cm (104–964)

and depth of 37 cm (11–100; Asad et al. 2021b). Shallow, fast‐flowing streams with sandy bottoms and an

abundance of water plants have been associated with previous records of this species (Lim and Das 1999,

Mohd Ibrahim et al. 2019). Data presented herein suggest an association with relatively larger streams as

flat‐shelled turtle occupancy was positively associated with higher flow accumulation. However, the broadest

stream section surveyed was <12 m in width; thus, flat‐shelled turtle associations with even wider, higher order

streams is untested. The morphological adaptations and ecology of the species are poorly suited to large rivers.

Our results likely pertain to streams within hilly forest areas rather than large rivers in lowland or swamp forest

areas (>20 m in width). Regardless, larger streams in similar land cover types (hilly, lowland dipterocarp forest)

may serve as an important habitat for this species, and as such should be protected for its conservation. We

recommend habitat measurements (e.g., stream depth, width, siltation) at finer spatial scales to clarify its

habitat associations.

Most records of flat‐shelled turtles are restricted to clear streams of undisturbed forests (Sharma and

Tisen 2000, Mohd Ibrahim et al. 2019). Our findings somewhat support this, we recorded lower flat‐shelled turtle

occupancy closer to logging roads, suggesting that roads negatively affected the species. Roads result in mortalities

during overland movements, create dispersal barriers, and elevate predation risk (Laurance et al. 2009, Rytwinski

and Fahrig 2012, Steen et al. 2012). Although logging roads support less traffic than wider or paved roads, they can

cause major changes to the soil, hydrology and water quality of surrounding habitats (Kleinschroth and

Healey 2017, Laurance, Goosen and Laurance 2009). Furthermore, logging roads often provide easier accessibility

for poachers (Laurance et al. 2006, Kleinschroth and Healey 2017).

Although our results for soft‐shelled turtles were less conclusive, we detected the greatest number of

soft‐shelled turtles in sites subject to RIL 10–11 years earlier, consistent with predicted increased occupancy of

these sites (although support for this pattern was weak). Previous research identified a preference by this species

for sites experiencing heavy siltation (Asad et al. 2021b), which could align with an intermediate level of

disturbance. More data and analysis are required to confirm these relationships. Exploring other potential habitat

covariates (such as siltation cover and substrate type) that may better describe the occupancy patterns of this

species could be useful in future studies.

Freshwater turtle responses to RIL

Although our lack of data from undisturbed primary forests undermines our ability to determine baseline occupancy

patterns of these 2 species, they exhibited high occupancy of streams throughout Deramakot Forest Reserve.

Previous research indicates that RIL has less impact on forest structure compared to conventional logging methods

(Zarin et al. 2007, Putz et al. 2008), and subsequently maintains higher biodiversity (Bicknell et al. 2014, Bohnett

et al. 2022). Additionally, the preservation of 30‐m riparian buffers throughout the reserve potentially reduces

the negative impacts of logging on sensitive aquatic habitats (Asad et al. 2021a 2022). Our findings support these
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conclusions and suggest that sustainably managed forests using RIL methods maintain habitat for some turtle

species at the landscape scale. Although logging impacts may penetrate into adjacent buffer zones and streams

(Gomi et al. 2006), the terrestrial habitat features assessed in this study (forest height, time since RIL, proximity to

logging roads) did not appear to affect adjacent riparian areas, and therefore may not affect the ecology or behavior

of primarily aquatic freshwater turtles (particularly for soft‐shelled turtles).

Besides forestry practices, another explanation for the high occupancy probabilities of the 2 turtle species in

Deramakot Forest Reserve is reduced poaching activities. Thanks to passive (secured gates on reserve borders and

forest department presence within the reserve) and active (frequent river and ground patrols and aerial surveillance)

site security within the reserve (Lagan et al. 2007), trade‐driven poaching of freshwater turtles appears to be

minimal.

CONSERVATION IMPLICATIONS

Our study suggests that soft‐shelled turtles and particularly flat‐shelled turtles can thrive within sustainably

managed forests using RIL methods in Southeast Asia. This could be due to the creation of riparian buffers,

maintenance of forest structure, and reduced poaching pressure. We recommend that logging roads should be

carefully managed in reserves, for example, placing them at a greater distance from larger stream networks, to

reduce their negative impact on flat‐shelled turtle occupancy. Our detectability results suggest that weather

conditions (namely long‐term rainfall) should be incorporated into further monitoring of turtle populations

(particularly flat‐shelled turtles) to ensure reliable population and occurrence estimates. Finally, we strongly

recommend that future comparative studies examine occupancy between RIL, conventionally logged, and primary

forest sites to resolve the impacts of logging and the role of key habitat features on the distribution of turtles on

forest streams in Malaysia.
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F IGURE B1 Soft‐shelled turtle detections and non‐detections throughout all 82 surveyed subplots within the
8 visual encounter survey transects at varying levels of regeneration following reduced impact logging (RIL;
1–22 years since logging). Survey data were collected on 3 occasions between March and July 2019 in Deramakot
Forest Reserve, Sabah, Malaysian Borneo.

APPENDIX B: DETECTION AT SITES VARYING IN YEARS SINCE RIL
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TABLE C1 Model covariate selection by ranking single‐species occupancy models using expected log
pointwise predictive density (elpd), number of parameters (nparam), and pairwise differences in elpd (Δelpd)
between each model and the top model along with their standard errors (SE Δelpd) for flat‐shelled turtle in
Deramakot Forest Reserve, Sabah, Malaysian Borneo, 2019. We obtained the estimated effect sizes (estimate) of
each covariate on the detection and occupancy probability from the models, with an asterisk (*) indicating
significant evidence of an association (95% credible intervals not overlapping zero). Covariate abbreviations are as
follows: MDR =maximum daily rainfall and RIL = years since reduced impact logging.

Covariate elpd nparam Δelpd SE Δelpd Weight Estimate

Detection

30‐day rainfall 152.887 3.927 0.000 0.000 0.999 −0.493 *

Temperature 156.455 4.211 −3.568 2.494 0.000 0.301

Humidity −156.65 4.399 −3.763 2.152 0.000 −0.299

Null 157.179 3.011 −4.292 2.804 0.000

MDR 157.642 4.211 −4.754 2.742 0.000 −0.193

Lunar phase 158.235 4.118 −5.348 2.799 0.000 −0.008

Occupancy

Distance to logging road 150.064 4.325 0.000 0.000 0.609 2.058 *

Flow accumulation 150.347 4.513 −0.282 1.665 0.391 1.373 *

30‐day rainfall 152.887 3.927 −2.823 1.879 0.000

RIL 153.681 4.696 −3.617 1.987 0.000 0.0417

Forest height 153.736 4.961 −3.672 2.045 0.000 −0.225

Null 157.179 3.011 −7.115 3.277 0.000

APPENDIX C: MODEL RESULTS
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TABLE C2 Model covariate selection by ranking single‐species occupancy models using expected log
pointwise predictive density (elpd), number of parameters (nparam), and pairwise differences in elpd (Δelpd)
between each model and the top model along with their standard errors (SE Δelpd) for soft‐shelled turtle in
Deramakot Forest Reserve, Sabah, Malaysian Borneo, 2019. We obtained the estimated effect sizes (estimate) of
each covariate on the detection and occupancy probability from the models. Covariate abbreviations are as follows:
MDR =maximum daily rainfall and RIL = years since reduced impact logging.

Covariate elpd nparam Δelpd SE Δelpd Weight Estimate

Detection

MDR −85.084 6.395 0.000 0.000 0.731 −0.749

Null −85.594 5.006 −0.510 2.084 0.269

Humidity −86.038 5.964 −0.954 2.211 0.000 −0.246

30‐day rainfall −86.219 6.159 −1.135 2.321 0.000 −0.230

Lunar phase −86.311 6.167 −1.227 2.276 0.000 −0.178

Temperature −86.56 6.302 −1.476 2.198 0.000 0.104

Occupancy

RIL2 −83.739 5.523 0.000 0.000 0.836 −1.076

MDR −85.084 6.395 −1.345 1.203 0.000

Null −85.594 5.006 −1.855 2.420 0.164

Forest height −85.699 6.774 −1.961 1.548 0.000 −0.524

Distance to logging road −85.751 6.800 −2.013 1.393 0.000 −0.033

Flow accumulation −86.710 7.940 −2.971 2.657 0.000 −0.373

TURTLE OCCUPANCY IN BORNEO | 19 of 19

 19372817, 0, D
ow

nloaded from
 https://w

ildlife.onlinelibrary.w
iley.com

/doi/10.1002/jw
m

g.22633 by L
eibniz-Institut zur A

nalyse des B
iodiversitaetsw

andels, W
iley O

nline L
ibrary on [02/07/2024]. 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


	High freshwater turtle occupancy of streams within a sustainably managed tropical forest in Borneo
	STUDY AREA
	METHODS
	Freshwater turtle sampling and covariate collection
	Data analysis

	RESULTS
	Malayan flat-shelled turtle
	Malayan soft-shelled turtles

	DISCUSSION
	Influence of rainfall on detectability
	Habitat and disturbance associations with occupancy
	Freshwater turtle responses to RIL

	CONSERVATION IMPLICATIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	APPENDIX
	SITE AND SURVEY SUMMARY
	APPENDIX
	DETECTION AT SITES VARYING IN YEARS SINCE RIL
	APPENDIX
	MODEL RESULTS




