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Abstract
Blood‐feeding invertebrates are emerging model taxa in biodiversity assessments,
both as indicators of mammal abundance and also as sources of mammal DNA for
identification. Among these, terrestrial leeches arguably offer the greatest promise;
they are abundant and widespread in the humid tropics, and their blood meals can be
easily assayed to establish diet. Unfortunately, terrestrial leeches are understudied,
with little known about their ecology and behavior. Such information is needed to
evaluate their utility as ecological indicators and to account for potential sampling
biases that might arise from habitat preferences. By combining occupancy modeling
and thermal tolerance assays, we determined the factors affecting species occurrence
in the related terrestrial brown (Haemadipsa sumatrana) and tiger leech (Haemadipsa
picta), both of which are widespread in tropical forests in Southeast Asia. We sam‐
pled both species across a degraded forest landscape in Sabah, Borneo, in wet and
dry seasons, associating occurrence with habitat‐level metrics. We found that, for
both species, detection probability increased with canopy height regardless of sea‐
son. Additionally, increased vegetation heterogeneity had a strong negative influ‐
ence on brown leech occurrence in the dry season, implying an interaction between
vegetation structure and climate. However, we found no difference in physiological
thermal tolerance (CTMAX ) between the two species. Finally, using a reduced dataset,
we found a small improvement in brown leech model fit when including mammal
abundance. Our results suggest that the presence of terrestrial leeches may act as
useful ecological indicators of habitat quality and potentially mammalian abundance.
Abstract in Indonesia is available with online material.
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1 | I NTRO D U C TI O N

preferences of the invertebrates themselves, which could result in
ascertainment biases and thus limit their usefulness as samplers.
emerging

Although Hirudiniformes leeches are likely to play important roles

model taxa in biodiversity assessments. Due to their dietary hab‐

in ecosystems, both as prey and as predatory parasites, very little

its, they might serve as useful bioindicators of mammal abundance.

is known about their general ecology and behavior (Sawyer, 1986).

Hematophagous

(blood‐feeding)

invertebrates

are

Additionally, they are increasingly used in molecular ecology as

Terrestrial species are mainly restricted to wet and humid ecosys‐

sources of mammal DNA for identification. Of all the blood‐feed‐

tems, where they are often abundant and widespread (Sket & Trontelj,

ing invertebrates, terrestrial leeches from the Haemadipsidae family

2008). As a group, the three‐jawed (trignathous) haemadipsid leeches,

perhaps offer the most promise as bioindicators (Calvignac‐Spencer,

containing members of the relatively speciose Haemadipsa (24 spe‐

Leendertz, Gilbert & Schubert, 2013). These leeches number ~70

cies), are generally abundant and found in South and Southeast Asia

species and, along with aquatic forms, belong to the order of jawed

(Borda & Siddall, 2010). In contrast, the two‐jawed (duognathous)

leeches (Hirudiniformes). In freshwater systems, in Europe and North

leeches, Chtonobdella spp, have more restricted distributions, in

America, aquatic leeches have been used as indicators of environ‐

Australia, Madagascar, Indonesia, and several South Pacific islands

mental stressors such as dissolved oxygen (Cortelezzi et al., 2018)

(Tessler et al., 2016).

and pollutants (de Campos Brites & Rantin, 2004), and their tissues

In this study, we set out to examine the ecological determi‐

can be examined to detect agricultural contaminants (Scrimgeour,

nants of leech distributions in Southeast Asian forests, focus‐

Wicklum & Pruss, 1998). Freshwater leech egg‐cocoons have even

ing on two species: Haemadipsa sumatrana (brown leech) and

been suggested as useful paleolimnological indicators for sub‐

Haemadipsa picta (tiger leech). These have distinct morphological

merged macrophytes in European lakes (Vad Odgaard & Rasmussen,

and behavioral characteristics that allow their separation in the

2001). Terrestrial haemadipsid leeches might also provide informa‐

field (Figure 1). Previous work in Borneo has suggested that the

tion on multiple aspects of ecosystem health, with previous work

tiger leech favors degraded forest habitat (i.e., encounter rate in‐

indicating that these taxa are influenced by vegetation cover in for‐

creases with declining forest quality), whereas the brown leech fa‐

est (Kendall, 2012) and plantations (Tan, Qian, Zhang & Chen, 1989).

vors intact forest habitats (Kendall, 2012), and a similar difference

Indeed, these leeches are likely to be highly sensitive to processes

in microhabitat use was shown along trails in primary forest, with

that lead to structural changes in vegetation such as logging and

the tiger leech more commonly found at the edges of trails, and

fragmentation (Fogden & Proctor, 1985), probably mediated through

above ground level, than the brown leech (Gąsiorek & Różycka,

associated alteration to microclimate. Moreover, aside from the

2017). The brown leech has a more specialized habitat, in the leaf

utility of haemadipsid leeches as ecological indicators, their direct

litter compared to the tiger leech (Gąsiorek & Różycka, 2017).

dependence on vertebrate taxa means that they might, in theory,

These differences in tolerance to disturbed habitats demonstrate

also be useful biodiversity indicators. Such claims have been made

a potential for the use of these species as ecological indicators. To

for dung beetles due to their reliance on mammal feces, and several

better understand how these two species are distributed through‐

studies have suggested that dung beetle abundance and diversity

out the landscape, we use a single‐season occupancy approach.

decline with the hunting of mammals (Andresen & Laurance, 2006;

Occupancy models can be used to account for the inherent imper‐

Nichols, Gardner, Peres & Spector, 2009).

fect detection of any ecological sampling technique (MacKenzie

There is also growing interest in blood‐feeding leeches as so‐

et al., 2002). These models are highly versatile and allow the in‐

called “vertebrate samplers” in molecular studies of invertebrate‐

ference of species occurrence in a landscape using detection/

derived DNA (iDNA). Briefly, iDNA approaches quantify vertebrate

non‐detection data from repeated surveys at multiple sites (Bailey,

diversity through the sequencing of invertebrate blood meals, typi‐

Mackenzie & Nichols, 2014). Species occupancy can be defined

cally recovered from groups such as mosquitoes, terrestrial leeches,

as the probability a sampling unit (site) is occupied or used by the

or carrion flies (Calvignac‐Spencer, Merkel, et al., 2013; Kocher et al.,

species during a sampling season (Bailey et al., 2014). Detection

2017; Schnell et al., 2012). Comparative analyses of haemadipsid

probability, on the other hand, is a measure of the observation

leeches sampled from across their global range have indicated that

error during a given survey, which equates to the probability of

they exhibit generalist diets, featuring multiple vertebrate groups

detecting a species, given that it occurs at the site. Environmental

(Schnell et al., 2018; Tessler et al., 2018) although studies at a finer

covariates can also be included in the models, allowing occupancy

resolution have detected interspecific and site‐specific feeding

and detection probability to vary with site‐ and survey‐specific

differences in Bornean (Drinkwater et al., 2018) and Madagascan

differences (MacKenzie et al., 2002), making this a good approach

haemadipsid species (Fahmy, Ravelomanantsoa, Youssef, Hekkala

for understanding species occurrences across spatial gradients.

& Siddall, 2019). Several studies have also compared the effective‐

We had two main aims: first, to gain a deeper understanding of

ness of invertebrate samples against other biodiversity monitoring

the distribution of the sympatric brown (H. sumatrana) and tiger

techniques, such as camera traps (Lee, Gan, Clements, Wilson &

(H. picta) leech, we modeled species occupancy and detection

Adamowicz, 2016; Weiskopf et al., 2017). However, iDNA studies to

probability across a land‐use gradient. As terrestrial leeches are

date—of leeches and other groups—have not examined the habitat

restricted to humid and wet habitats, we carried out surveys in
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both wet and dry seasons to investigate any seasonal differences

3

Proctor, 1985; Kendall, 2012) (Fogden & Proctor, 1985; Kendall,

in the distribution of the two species. Secondly, to elucidate the

2012). Surveys consisted of searching within the boundaries of

underlying mechanisms determining distribution patterns we

the plot (25 m2) for 20 min and collecting individual leeches of

tested interspecific differences in physiological thermal tolerance

both morphotypes (Figure 1). Searching was conducted mostly by

for the two focal taxa.

either two or three researchers, but on nine occasions (due to lo‐
gistics) the survey was conducted by a maximum of five people;
we include this variation in sampling effort in our models as a sur‐

2 | M E TH O DS

vey‐specific covariate. At sites where individuals were detected,
we assigned the site as 1, and where no individuals were detected

2.1 | Field site and leech surveys

within the time, we assigned the site as 0. We did this for both

To analyze how forest structure influences the distribution of the

species and each replicate survey, to generate detection histories

two sympatric terrestrial leech types, we surveyed sites across a

for all sites.

gradient of habitat quality. Our naming of the two leech species
follows (Borda, Oceguera‐Figueroa & Siddall, 2008; Schnell et al.,
2018; Tessler et al., 2018), but we recognize that genetic relation‐

2.2 | Vegetation data

ships among leeches are not always well resolved, and it is pos‐

To model the impact of forest structure on the occupancy prob‐

sible that some taxa might in time become recognized as species

ability of our leech species, we utilized vegetation data which was

complexes (Borda et al., 2008; Schnell et al., 2018; Tessler et al.,

gathered from a LiDAR survey of the whole area conducted in 2014

2018). The surveys were conducted at the Stability of Altered

(Jucker et al., 2018). For each vegetation plot, we extracted data for

Forest Ecosystems Project (SAFE project), a 72,000 ha fragmen‐

three vegetation structure covariates, using a 50‐m buffer, which

tation experiment in Sabah, Malaysian Borneo (4°33′N,117°16′E)

we determined a priori might have an influence on the probability

(Ewers et al., 2011). Surveys were conducted during the dry sea‐

of occupancy and detection of the leech species. These covariates

son and drought associated with a particularly severe El Niño

were canopy height, habitat heterogeneity, and plant area index

event (March–June 2015) (Timmermann et al., 2018). The second

(PAI). Habitat heterogeneity ranges from −1 to 1, representing a

set of surveys was conducted during a more typical rainy season

gradient from evenly dispersed canopies up to perfect clustering,

(September–December 2016). During each of these periods, we

while a value of zero represents perfectly random canopy disper‐

made four repeated surveys at 179 of the long‐term vegetation

sion. In practice, values approaching 1 indicate greater clustering of

plots at the SAFE project. These vegetation plots are 25 m 2 and

the canopy and thus represent strong contrasts in habitat availabil‐

are spaced at least 174 m apart; they fall within broadly different

ity such as gaps or very large trees within a matrix of intermediate

land‐use histories including once‐logged, twice‐logged, heavily

canopy heights. Negative values are rare in natural forests, and in‐

logged, clear‐felled forest, riparian forest corridors, and oil palm

tact, homogenous canopies would have values closer to zero. PAI is

plantation habitats (Figure S1). Due to the habitat restrictions of

a measure of the density of leaves and branches in the canopy—their

terrestrial leeches, oil palm plots were not surveyed (Fogden &

total one‐sided area per unit area of ground. Before we used these

(a)

F I G U R E 1 Focal leech species (a)
brown leech, Haemadipsa sumatrana
(photograph credit: R. Drinkwater) (b)
tiger leech, Haemadipsa picta (photograph
credit: S. J. Rossiter) taken in forest in
Sabah, Borneo

(b)
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covariates in the models, we first tested for collinearity and found

Moussalli, 2011). All models were constructed and analyzed using

that canopy height and PAI have a strong and significant positive re‐

maximum likelihood methods in the unmarked package (Fiske &

lationship. Thus, we removed PAI from the models and began by fit‐

Chandler, 2011), and model averaging was conducted using the

ting models only using canopy height, as canopy height was found to

MuMIn package (Bartoń, 2018) in R (R Core Team 2018).

be a buffer of microclimate extremes in the SAFE project landscape
in a recent study (Jucker et al., 2018) (Figure S2). We used sampling
effort (number of collectors per survey) and date of survey (Julian

2.4 | Mammal abundance

day per year) as survey‐specific covariates.

To test whether abundance of available prey influences leech de‐

2.3 | Occupancy modeling

fit of models with and without the inclusion of mammal abundance

For each of the leech species, we constructed single‐season site‐

of available prey, because previous studies conducted in the same

tectability, we used a reduced leech survey dataset to compare the
as a covariate. In this study, we focus on mammals as a measure

occupancy models (MacKenzie et al., 2002) including the covari‐

area were unsuccessful in detecting any other vertebrate groups

ates described above. Firstly, to model the influence of habitat on

in the diets of these two Bornean leech species (Drinkwater et al.,

leech occupancy, we incorporated the vegetation structure metrics

2018; Schnell et al., 2018). Firstly, we generated the covariate for

(canopy height and habitat heterogeneity) as site‐specific covariates

mammal abundance from camera traps which had been deployed

which were modeled in relation to both occupancy and detection

across the SAFE landscape from 2015 to 2017. To identify the

probability. Survey‐specific covariates (survey day and sampling ef‐

leech survey locations which overlapped with cameras, first we

fort) relate to the observation process and reflect changes in detec‐

pooled all camera traps within 320 m of one another and recal‐

tion probability between surveys. All covariates were scaled prior to

culated a centroid point from their GPS locations. Total mammal

inclusion in the model by centering on the mean value and standard‐

abundance was calculated from the pooled camera detections

izing by the standard deviation. The global model was as follows:

and divided by pooled camera trap night to account for differen‐

zi ∼ Bernoulli(𝜓i ),logit(𝜓i ) = 𝛽0 + 𝛽1 ∗ canopy heighti + 𝛽2 ∗ habitat clusteringi
+ 𝛽3 ∗ canopy heighti ∗ habitat clusteringi

yij |zi ∼ Bernoulli(zi pij ),logit(pij ) = 𝛼0 + 𝛼1 ∗ canopy heighti

tial sampling effort. Next, from the new centroid coordinate, we
identified leech survey sites within 320 m and used these data
as spatial replication for the detection histories. This resulted in
a reduced number of leech surveys, which could be used in this
analysis. LiDAR metrics (canopy height and habitat heterogene‐

+ 𝛼2 + habitat clusteringi + 𝛼3 ∗ dateij + 𝛼4 ∗ effortij ,

ity) were also pooled from their associated leech survey points.

where z denotes the true occurrence state of species at site i (i.e., pres‐

the inclusion of mammals (identified from initial analysis of the full

Models were constructed which had the optimal structure without
ence z = 1 or absence z = 0). The parameter ψi is the estimated pro‐
portion of occupied sites, while pij is the probability of detecting the
species at a site, during a survey, given its presence at the site. β and α

dataset) and with the addition of mammal abundance. AIC values
were compared to evaluate whether the inclusion of mammals in‐
creases the model fit.

represent the site‐ and survey‐ specific covariates, which are incorpo‐
rated into the model using a log‐linear relationship to either occupancy
(ψ) or detection (p) probability.

2.5 | Thermal tolerance

Assessment of goodness of fit was conducted in the same way

Between May and October 2018, brown and tiger leeches were

for both sets of models; however, as the models on the reduced

collected along a 500‐m transect in the logged forest edge plot

dataset (including mammals) did not show overdispersion, AIC was

at the SAFE project. Leeches were placed individually into 25‐ml

used for model selection and averaging, whereas quasi‐AIC (QAIC)

polyethylene falcon tubes and kept in a cool, shaded location be‐

was used to evaluate the models on the full dataset (which did not

fore thermal tolerance assays were performed. We investigated the

include mammal abundance). We used the MacKenzie–Bailey good‐

maximum thermal tolerances for both leech species using the stand‐

ness‐of‐fit test, bootstrapped over 5,000 iterations, on the global

ard protocol dictated by (Chown, Jumbam, Sørensen & Terblanche,

model, to assess the lack of model fit. From this global model, we

2009). Individuals were placed in 25‐ml polyethylene falcon tubes

generated models with different combinations of covariates and

submerged in a water bath. Temperature was raised to 34°C for

evaluated them using QAIC (or AIC). In all four scenarios (the brown

5 minutes and subsequently increased by 0.1°C per minute up to

and tiger leech in both the dry and wet seasons), there was no sin‐

a maximum of 43°C, slow enough to decrease the chances of a de‐

gle best model where ΔQAIC (or ΔAIC) was greater than two to the

layed response to temperature increase, but fast enough to limit the

next best model. To account for this uncertainty, we used a model

chances of death through factors such as desiccation. The critical

averaging approach (Burnham & Anderson, 2002) using models with

thermal maximum (CTMAX ) is the temperature at which muscles begin

a cumulative weight ≤0.95 and a ΔQAIC (or ΔAIC) of less than two
to calculate the full model average of the coefficients (Symonds &

to spasm and behavior is uncontrolled (Lutterschmidt & Hutchinson,
1997). In these assays, the CTMAX was taken when individuals were

|
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unable to “walk” along the tubes; instead, they hung limply and spas‐
med, or were no longer upright and were contracting and relaxing
along the anterior–posterior axis. Body length and species were then
recorded for each individual.

5

3.2 | Impact of site and sampling differences on
species detection probability
Detection probabilities are positively influenced by canopy
height (Figure 3a,d,g,j, full model‐averaged coefficients: brown‐

3 | R E S U LT S
3.1 | Occupancy and detection probability

DRY = 0.63 ± 0.11 SE, tigerDRY = 0.80 ± 0.12 SE, brownWET = 0.46 ± 0.14

SE, tigerWET = 0.47 ± 0.14 SE). Only the tiger leech surveyed during
the wet season showed a negative relationship with habitat het‐
erogeneity, increasing heterogeneity reduced detection probability

Before accounting for the effects of site‐ and survey‐specific dif‐

(Figure 4k, tigerWET = −0.23 ± 0.12 SE). Sampling effort showed vari‐

ferences, there were no significant differences between the prob‐

ous responses; during the dry survey season, the detection probabil‐

ability of occupancy and detection probability between species in

ity of the brown leech has a positive relationship with sampling effort

either season (Figure 2, Table S1). In the dry season, the occupancy

(Figure 4c, 0.23 ± 0.13 SE). In the wet season, counterintuitively, de‐

probability at a site without accounting for habitat variability was

tection probability has a negative relationship with increasing effort

0.89 (±0.03 SE) for the brown leech and 0.83 (±0.03 SE) for the

(Figure 4i,l, brownWET = −0.36 ± 0.36 SE, tigerWET = −0.85 ± 0.34 SE).

tiger leech. During the wet season, occupancy was 0.82 (±0.05

Sampling effort has no effect on the detectability of the tiger leech

SE) for the brown leech and 0.86 (±0.05 SE) for the tiger leech.

during the dry season and was not retained in the optimal model.

Detection probabilities were also similar for both species in both
seasons: 0.56 (±0.02 SE) and 0.63 (±0.02 SE) for the brown and
tiger leech, respectively, in the dry season, and 0.59 (±0.03 SE)
and 0.54 (±0.03 SE) for the brown and tiger leech, respectively, in
the wet season.

3.3 | Impact of habitat variability on site occupancy
Across seasons and for both species, the top‐ranked models, i.e.,
those within a ΔQAIC of 2 of the model with the lowest QAIC, show a
high degree of consistency in model structure (Table 1). These models
were averaged, accounting for uncertainty in model choice, and the
average coefficient estimates (Table 2) were used to predict the site‐

(a)

occupancy probability across a range of the site‐specific covariates of
canopy height and habitat heterogeneity. Canopy height was retained
as a covariate in the optimal model for all four scenarios, yet the proba‐
bility of site occupancy only shows a small relationship with increasing
canopy height in the wet survey seasons and for the tiger leech in the
dry season (Figure 4c,e,g, full model‐averaged coefficients: brown‐
WET

= 0.79 ± 0.44 SE, tigerWET = 0.22 ± 0.5 SE, tigerDRY = 0.28 ± 0.28

SE). However, there is no effect of canopy height on brown leech oc‐
cupancy in the dry season (Figure 4a, brownDRY = 0.04 ± 0.21 SE).
Habitat heterogeneity has little effect on occupancy, expect for on
the brown leech during the dry season, where heterogeneous habi‐
tats have lower occupancy (Figure 4b, brownDRY = −0.81 ± 0.43 SE).
(b)

3.4 | Effect of mammalian prey abundance
For each scenario, we used the optimal model structure from the
model selection above, as the basis for the addition of the mammal
abundance covariate and assessment of model fit (Table 1). The ini‐
tial structures used were as follows:
brownDRY = 𝜓(.) p(effort + height)
tigerDRY = 𝜓(height) p(date + height)
brownWET = 𝜓(.) p(effort + height)

F I G U R E 2 (a) Occupancy probability and (b) detection
probability for both leech species, shown for both surveys in the
wet and dry seasons, including standard errors. Estimate for models
which include no site or survey covariates

tigerWET = 𝜓(.) p(effort + height)
We find that for the brown leech in both the dry and wet seasons,
the inclusion of mammal abundance increases the model fit for the

6
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F I G U R E 3 Leech detection probability
with site‐ and survey‐specific covariates.
Brown leech responses are shown in gray
(a–c & g–i), and tiger leech responses are
shown in yellow (d–f & j–l). The top half
shows changes in detection probability
in the dry season, depending on canopy
height (a, d), habitat heterogeneity (b, e),
and sampling effort (c, f). The bottom half
shows changes to the same covariates
(canopy height = g & j, heterogeneity = h
& k, and sampling effort (i & l) for
surveys conducted during the wet
season. Sampling effort is measured as
the number of collectors searching for
individuals during each survey; canopy
height is in meters, and heterogeneity is
measured using Moran's I
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0

reduced dataset as shown by a reduction in the AIC value between the

Sampling effort
Mann–Whitney U test, W = 178.5, p = 0.75, Figure 5). CTMAX was

original model and those models which include mammal abundance

predicted by a second‐degree polynomial of log10 leech length (poly‐

(Table 3, brownDRY ΔAIC = 2.52, brownWET ΔAIC = 3.18). The impact of

nomial regression, p < 0.01, df = 36).

including mammal abundance on tiger leech detection is less clear. In
both seasons, for the tiger leech, the inclusion of mammal abundance
shows some improvements in model fit; however, these are small

4 | D I S CU S S I O N

(within ΔAIC <2). In all cases, however, the original model structure
(without including mammals) for all four scenarios has strong support,

Terrestrial leeches are an abundant yet poorly studied invertebrate

and thus, no clear conclusions can be drawn about the influence of

group in tropical ecosystems. We compared the factors affect‐

mammals driving leech detection probability.

ing leech occurrence in a degraded landscape in Sabah, Borneo.
Our findings revealed that across wet and dry seasons, the brown

3.5 | Thermal tolerance

and tiger leeches are both more easily detected in forest with a

Physiological thermal tolerance (CTMAX ) did not differ between the

that allows leeches to be active and thus more visible during day‐

brown and tiger leeches (40.3 ± 0.29°C SE vs. 40.2 ± 0.32°C SE,

time surveys. Indeed, a recent study from Borneo indicated that

higher canopy. This is probably due to a more humid microclimate
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and habitat heterogeneity are shown for
both seasons. Canopy height is measured
in meters, and habitat heterogeneity is
measured using Moran's I

7

0.00

0.00
12

20

28

37

Canopy height

45

53

−0.2

Habitat heterogeneity

canopy height has a dampening effect on microclimatic extremes

radiation, which lead to soil desiccation and elevated evapotran‐

in both temperature and humidity (Jucker et al., 2018). In contrast,

spiration (Laurance, 2004). If terrestrial leeches are susceptible

we found no clear effect of habitat heterogeneity on leech de‐

to drier soil conditions, we may thus expect leeches to respond

tectability. In terms of occupancy, similar broad trends were ob‐

negatively to forest degradation and fragmentation, symptoms of

served for the tiger leech, with a positive effect of canopy height

which are likely to include elevated habitat heterogeneity and de‐

on presence regardless of season. However, for the brown leech

creased canopy height.

this association was only seen in the wet season, with no appar‐

Although there has been little work to date on terrestrial leech

ent effect of canopy height during the dry season. Habitat het‐

habitat preferences, Tan et al. (1989) studied Haemadipsa hainana in

erogeneity showed the opposite trend to occupancy; the brown

rubber (Hevea brasiliensis) plantations on Hainan, a tropical offshore

leech was less likely to occur in heterogeneous habitats during the

island in Southeast China. By investigating the influence of abiotic

extended dry season of the El Niño year. Given that this heteroge‐

conditions and vegetation on leech abundance, the authors demon‐

neity is characteristic of heavily degraded forest, our results may

strated a positive correlation with precipitation and also showed a

imply that brown leech presence is influenced by an interaction

positive but nonsignificant association with canopy cover. Follow‐

between habitat quality and microclimate. Previous studies have

on work showed that leeches were less abundant in the dry season

shown that heavily fragmented tropical forests are particularly

and that rainfall was the most important explanatory variable (Tan &

vulnerable to the effects of wind disturbance and increased solar

Liang, 2000). However, given that these studies were conducted in

8
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TA B L E 1 Candidate set of models, selected for model
averaging which had a ΔQAIC value of two. This is the model set
with approximately 95% confidence levels. ψ denotes occupancy
probability, and p denotes detection probability
Model structure

QAIC

ΔQAIC

Weight

Brown leeches—Dry

TA B L E 3 Model selection using AIC for the effects of including
mammal abundance per camera trap night as a detection covariate.
Models are tested using a reduced dataset which is spatially
matched to camera trap data
Model structure

AIC

ΔAIC

AICweight

Brown leeches—Dry

ψ(.) p(effort + height)

245.75

0.00

0.47

Mammal + effort

308.63

0.00

0.33

ψ(moran) p(effort + height)

246.31

0.56

0.36

Mammal only

309.20

0.57

0.25

ψ(height) p(effort + height)

247.74

1.99

0.17

Mammal + original

310.36

1.72

0.14

Mammal + habitat

311.04

2.41

0.1

Tiger leeches—Dry
ψ(height) p(date + height)

342.88

0.00

0.49

Null

311.11

2.48

0.1

ψ(moran) p(date + height)

343.73

0.85

0.32

Original

311.15

2.52

0.09

ψ(height + moran)
p(date + height)

344.88

1.99

0.18

Mammal only

206.49

0.00

0.34

Brown leeches—Wet

Brown leeches—Wet
Mammal + habitat

207.54

1.05

0.20

ψ(.) p(effort + height)

174.24

0.00

0.48

Null

207.94

1.45

0.16

ψ(height) p(effort + height)

175.08

0.84

0.32

Mammal + effort

208.14

1.65

0.15

ψ(moran) p(effort + height)

176.04

1.80

0.20

Mammal + original

209.23

2.75

0.09

Original

209.67

3.18

0.07

ψ(.) p(effort + height)

219.16

0.00

0.72

ψ(moran)
p(effort + height + moran)

221.08

1.92

0.28

Tiger leeches—Wet

TA B L E 2 The coefficient estimates from the model average for
each leech species and season with the associated standard errors
Dry surveys
Occupancy

Detection

Detection

Mammal + habitat

272.37

0.00

0.46

Original

273.04

0.67

0.33

Mammal + original

273.97

1.60

Mammal + date

294.14

21.78

<0.001

Mammal only

294.34

21.97

<0.001

Null

295.02

22.66

<0.001

0.21

Brown

Tiger

Covariate

Estimate

Estimate

Intercept

2.48 (0.57)

1.81 (0.27)

Mammal + habitat

214.80

0.00

0.30

Height

0.037 (0.21)

0.28 (0.28)

Null

215.12

0.31

0.25

Heterogeneity

−0.81 (0.43)

0.02 (0.17)

Original

215.44

0.64

0.21

Height/
Heterogeneity

−0.008 (0.12)

–

Mammal + original

216.80

2.00

0.11

Intercept

0.23 (0.11)

0.53 (0.11)

Mammal only

216.95

2.15

0.10

Height

0.63 (0.11)

0.80 (0.12)

Mammal + effort

218.93

4.13

0.04

Tiger leeches—Wet

Moran

–

–

Effort

0.23 (0.13)

–

Date

–

−0.38 (0.10)

Brown

Tiger

Estimate

Estimate

that individuals were unable to survive on soil with <15% water con‐
tent, which is expected to be higher than the water content of soils

Wet surveys
Occupancy

Tiger leeches—Dry

Covariate
Intercept

1.83 (0.46)

2.33 (0.61)

Height

0.79 (0.44)

0.22 (0.50)

Heterogeneity

−0.15 (0.31)

0.42 (0.48)

Height/
Heterogeneity

0.03 (0.18)

0.14 (0.40)

Intercept

0.54 (0.27)

0.66 (0.26)

Height

0.46 (0.14)

0.47 (0.14)

Heterogeneity

–

−0.23 (0.12)

Effort

−0.32 (0.36)

−0.85 (0.34)

Date

–

–

plantations, which are typically characterized by low levels of under‐
story and few vertebrates, they provide few insights into natural for‐
est dynamics. Using an experimental approach, Tan (2001) exposed
leeches to a gradient of soil moisture in the laboratory and found

exposed to sunlight. In an unpublished study of the brown and tiger
leech at our focal site, Kendall (2012) showed that the encounter
rate of brown leeches decreased in logged forest. More recently,
Fahmy et al. (2019) also found differences in the abundance of
Madagascan terrestrial leeches (Chtonobdella spp.) across sites with
different levels of forest disturbance, indicating that these species
could be potential indicators of forest quality.
Interestingly, the inferred sensitivity of leeches to drier con‐
ditions was also supported indirectly by the results of our assays
of physiological thermal tolerance, which showed no difference
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defining spatial extent and resolution of covariates can influence
occupancy probability (Niedballa, Sollmann, Mohamed, Bender &
41

Wilting, 2015). Furthermore, different biodiversity metrics could

CTmax (°C)

be used instead of mammal abundance, such as biomass or even‐
ness, which might be more realistic and/or important for leeches.

40

As previous molecular work has demonstrated, both of our focal
species of leech tend to feed preferentially on larger‐bodied mam‐

39

mals, with very little DNA from small mammals detected in their
blood meals (Drinkwater et al., 2018). Therefore, a more nuanced
metric of mammalian biodiversity, that considers leech feeding be‐

38

havior, may yet reveal stronger associations.
37

Although our study suggests occupancy models are useful
Brown

Species

Tiger

F I G U R E 5 Violin plot showing the variation in critical thermal
maxima (CTMAX ) between the brown and tiger leeches

for understanding the habitat requirements of leeches, these ap‐
proaches require that a set of assumptions are met (MacKenzie
et al., 2006). Meeting the assumption of site closure, i.e., sites are
closed to changes in occupancy over a sampling period, is import‐
ant in ensuring unbiased estimates of occupancy. The indepen‐

between the brown and tiger leeches to temperature per se. CTMAX

dent mobility of ectoparasitic invertebrates, including terrestrial

were highly left‐skewed with many low values given the medians,

leeches, or the extent to which their movement is mediated by

potentially demonstrating the difficulties with using these methods

their hosts, is a factor that has the potential to violate the clo‐

on leeches. Leech behavior was difficult to quantify, and thus, accu‐

sure assumption. While we attempted to compensate for this by

rate readings of CTMAX were hard to ascertain. We suggest that the

conducting our replicate samples over a short time‐frame, the

cause of our non‐normal error distributions was the early desicca‐

dispersal ability of terrestrial leeches is still poorly understood.

tion of leeches with smaller surface area: volume ratios during the

Nevertheless, the foraging strategy of leeches, in which individu‐

assay. This would explain the apparent relationship between leech

als “sit‐and‐wait” for passing prey, would imply that active disper‐

length and CTMAX . Therefore, it is probable that desiccation toler‐

sal is limited. Additionally, differences in species’ behaviors may

ance, rather than thermal tolerance, is a more important determi‐

also affect the assumption of constant detection probability across

nant of leech occurrence, and certainly this is consistent with the

sites (MacKenzie et al., 2006); for example, the brown leech tends

restricted distribution of terrestrial leech species to humid biomes,

to forage on the forest floor and is camouflaged in the leaf litter,

rather than to hot ones (Mann, 1962). The sensitivity of soft‐bod‐

whereas the brighter‐colored tiger leech is more conspicuous and

ied invertebrates to desiccation rather than high temperatures has

tends to forage from vegetation in the understory. Additionally,

also been shown for termites from work in degraded Malaysian for‐

our results suggest that there is a negative relationship between

ests (Woon, Boyle, Ewers, Chung & Eggleton, 2019). For terrestrial

sampling effort and detection probability, but only in the wet sea‐

leeches, additional experimental work is thus needed to test the ex‐

son. Potentially this observation is due to overharvesting, where

plicit effects of humidity.

populations of leeches are declining as sampling effort increases.

Aside from examining their potential value as ecological indi‐

This is a concern that has been raised in molecular blood‐meal

cators, we set out to examine whether leeches could be used to

studies for biodiversity monitoring, especially concerning terres‐

noninvasively estimate mammal abundance or diversity (also see

trial leeches (Schnell et al., 2015).

Fahmy et al., 2019); such a finding would indicate that leeches

It is over 30 years since Fogden and Proctor (1985), in a paper

could complement other sampling methods such as camera traps.

published in Biotropica, suggested that haemadipsid leeches are at

Our models of leech detection probability that included mammal

risk of declines with increased logging. We show that leech occur‐

abundance as a covariate fitted the data better than those with‐

rence is influenced by differences in vegetation structure associated

out mammals, indicating a relationship between detectability of

with forest degradation. Yet despite Fogden & Proctor's warning,

leeches and mammalian prey presence. However, the overall ef‐

and the burgeoning interest in terrestrial leeches for biomonitor‐

fect size was small, and the improved fit was only apparent for

ing, surprisingly little is known about their ecological roles and the

the brown leech detection models. Additionally, our results were

consequences of their loss from ecosystems. Certainly, our findings

based on a substantially reduced subset of leech surveys as a

suggest that, in the face of large‐scale habitat degradation in the

consequence of the paucity of spatially matched sampling sites

tropics, logged forests with some degree of canopy will be important

for leeches and mammals. Therefore, to demonstrate more com‐

for the persistence of terrestrial leeches and other invertebrates. As

prehensively the potential link between terrestrial leech pres‐

such, our findings add to the growing body of work that supports the

ence and mammalian abundance, both spatially and temporally,

conservation value of selectively logged forest in human‐modified

cohesive sampling designs would be needed. Indeed, as ecolog‐

tropical landscapes (Deere et al., 2017; Edwards et al., 2011; Senior,

ical processes tend to be scale dependent, the importance of

Hill, Benedick & Edwards, 2018).
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