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Predation is the leading cause of egg and nestling mortality in most bird
species. A number of ecological studies have identified snakes as important avian nest
predators. However, only a few studies have attempted to examine the predators
themselves and how their behaviour relates to nest predation. A nest monitoring study
has been conducted within the dry evergreen forests of the core area of the Sakaerat
Biosphere Reserve since 2013. This study revealed that Boiga cyanea is the most
locally-dominant snake predator responsible for 22% — 33% of egg and fledgling
mortalities.

In this research project we aimed to: (1) quantify B. cyanea space use across
the avian nesting and non-nesting seasons; (2) quantify B. cyanea activity across the
avian nesting and non-nesting seasons; and (3) explore B. cyanea activity patterns in
relation to avian nest predation at SBR. We radio-tracked a total of 14 adult B. cyanea
— 5 males and 9 females between 21 October 2017 and 8 June 2019. We recorded a

total of 1317 fixes — 907 during daylight and 410 at night.
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We used dynamic Brownian bridge movement models to derive estimates on
B. cyanea space use and activity during the study. On average, males used areas of
approximately 18.17 + 6.43 ha, while females used 3.11 + 0.72 ha. Our individuals
used approximately 11.81 + 4.27 ha during the avian nesting season, and 1.96 + 0.63
ha during the non-nesting season. Males appeared to move more frequently and
farther than females during our study. The motion variance for males was 5.08 + 1.50
G2, while that for females was 1.16 + 0.29 6,2 Males and females appeared to move
more during the nesting season than in the non-nesting season. The motion variance
for the nesting season was 3.73 + 1 6,2, while that for the non-nesting season was 0.5
+0.15 6,2

Our study provides insight into the foraging ecology of a primary avian nest
predator in a tropical ecosystem. Future research should focus on refining our
understanding of B. cyanea diet. Understanding B. cyanea dietary preferences for
specific avian life stages or species could elucidate conservation needs for B. cyanea,
as well as assist in developing conservation strategies for targeted bird species in

areas of high B. cyanea density.
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CHAPTER |

INTRODUCTION

1.1 Introduction

Tropical forests are being degraded and lost at an unprecedented rate due to
habitat loss, fragmentation and conversion, climate change and anthropogenic
exploitation (Turner, 1996; Robinson and Sherry, 2012). As a result, tropical forest
birds have suffered widespread population declines. Research shows that elevated
rates of avian nest predation is the leading cause for reduced avian reproductive
success (Robinson and Sherry, 2012).

Nest predation affects avian ecology by influencing nest site selection, life
history traits, and community structures (Weatherhead and Blouin-Demers, 2004;
Thompson, 2007). Declining avian populations and species richness are likely to
degrade vital ecological processes such as seed dispersal, pollination and invertebrate
population control (Sekercioglu et al., 2004). Research on avian reproductive ecology
identifies snakes as significant avian nest predators among the nest predator
community (Conry, 1988; Sperry et al., 2008; Pierce and Pobprasert, 2013). Most
research however, has focused primarily on birds and has typically inferred predator
behaviour through indirect measures of predator activity (visual encounter surveys,
capture rates etc.) and patterns of nest success (Weatherhead and Blouin-Demers,

2004a).



In order to fully understand these complex predator — prey interactions
between snakes and nests, ecologists ought to directly study the predators in addition
to their prey (Weatherhead and Blouin-Demers, 2004a). One approach towards
attaining this goal is radio-telemetry (DeGregorio et al., 2014). Radio-telemetry
allows us to not only examine space use and activity patterns of individuals and
populations, but also the cues likely eliciting these behaviours (Whitaker and Shine,
2003; DeGregorio et al., 2014). Recent technological developments in radio-
telemetry in fact, have allowed us to also study smaller species that often occur at low
densities, and are highly cryptic and secretive (Whitaker and Shine, 2003).

Boiga cyanea is a tropical, arboreal, nocturnal, colubrid snake that has been
recognized as a significant avian nest predator through ongoing nest monitoring
studies (Khamcha et al., 2018a; Pierce and Pobprasert, 2013; Angkaew et al., 2019;
Pierce et al., 2020). Until now, there has been little to no research attempting to
understand this species’ free-ranging ecology.

This research project aims to be the first radio-telemetry study to investigate
the space use and activity patterns of B. cyanea in relation to nest success. It is the
first attempt to explore snake-bird interactions simultaneously within the same study
site in southeast Asia. Our findings will help broaden our understanding of snake-bird
dynamics in tropical Asia, and might be applicable to other parts of Thailand, where
the species’ congeners are also important nest predators (Donald et al., 2009). This
project will focus within the dry evergreen forests of the core area of the Sakaerat

Biosphere Reserve (SBR) in Northeast Thailand.



1.2 Research objectives

1.2.1 Quantify space use of Boiga cyanea during the study period via daylight and
night-time locations across the avian nesting and non-nesting seasons.

1.2.2 Quantify activity of Boiga cyanea during the study period across the nesting
and non-nesting seasons.

1.2.3 Explore activity patterns of Boiga cyanea in relation to avian nest predation at

Sakaerat Biosphere Reserve.

1.3 Research hypotheses

1.3.1 Space use of Boiga cyanea during the study period will be reduced during the
avian nesting compared to the non-nesting season.

1.3.2 Activity of Boiga cyanea during the study period will be higher during the
nesting season compared to the non-nesting season.

1.3.3 Boiga cyanea activity will follow a similar trend to that of the nest predations

during the avian nesting season.

1.4 Scope and limitations of the study

The study was conducted within the dry evergreen forests of the core area of
the Sakaerat Biosphere Reserve (SBR), Northeast Thailand. Data were collected
between 21 October 2017 and 8 June 2019. We radio-tracked a total of 14 adult B.
cyanea — 5 males and 9 females.

This project gathers baseline information on the free-ranging ecology of a

relatively unstudied, major avian nest predator within the dry evergreen forests of



SBR. We attempted to explore the movements of a known, primary avian nest
predator in relation to avian nest predations of the local bird population, by
simultaneously documenting predator and prey activity. Our study adds to the current
knowledge on avian nest predation ecology within the tropics, in particular, in
Southeast Asia. This study further provides scope for improving methodologies in
data collection for similar future studies. The findings from this study could provide
preliminary information for research exploring the effects of anthropogenic
disturbance on primary nest predators inhabiting forest fragments.

This study suffered frequent losses of study individuals primarily due to
premature radio-transmitter failures. Because of this, we were unable to get much
long-term and overlapping data across individuals and across the avian nesting and
non-nesting seasons. Furthermore, due to the relatively slender and vertically
compressed body structure of B. cyanea, we had to bias our study sample towards
individuals big enough to accommodate a 1.8g transmitter in their coelomic cavities.
The avian nesting seasons 2018 and 2019 witnessed lower nest predations by B.
cyanea compared to the previous years. For these reasons, we ought to be cautious in

extrapolating inferences spatially and temporally.



CHAPTER 11

LITERATURE REVIEW

2.1 Predator-prey interactions

Predation is a major biotic interaction that leads to the removal of individuals
from ecological systems and influences population dynamics, species distributions
and community structures (Stenseth et al., 1997; Barbosa and Castellanos, 2005;
Mullin and Seigel, 2009; Tyson et al., 2010). Prey species avoid predation by
adopting anti-predator strategies that maximize foraging success and minimize
predation risk (Lima, 1998). Their anti-predator tactics include reducing activity or
shifting foraging patterns spatially or temporally, depending on the types of predators
and their respective foraging ecology (Kotler et al., 1992).

Birds are one of the most extensively researched taxon because of their
relative ease of being well-represented in studies of breeding biology (Weatherhead
and Blouin-Demers, 2004a). Avian nest predation is reported to be the primary cause
for egg and fledgling mortality in most bird species, accounting for approximately
80% of nest failures (Martin, 1993; Remes et al., 2012; DeGregorio et al., 2016a).
Nest predation influences nest site selection, life histories, and community structures
in birds (Thompson, 2007). The majority of nest predation research has primarily
inferred predator behaviour indirectly through capture rates, point counts, visual
encounter surveys and evidence of past predator activities (Weatherhead and Blouin-

Demers 2004a; Sperry et al., 2008). Researchers understand that there is a need to



directly examine the predators alongside their prey to better explore these complex
predator-prey dynamics (Menezes and Marini, 2017).

Evidence from nest monitoring studies using cameras and continuous
recording video systems suggest that snakes are major, widespread nest predators
(Robinson et al., 2005; Pierce and Pobprasert, 2007; Ribeiro-Silva et al., 2018).
Significant research on snake-bird interactions is limited. Snakes’ highly cryptic
nature and occurrences at low densities have challenged researchers wanting to
conduct meaningful predator research to explore dynamics between snakes and avian

nests (DeGregorio et al., 2014).

2.2 Snake predator ecology

There are over 3,400 extant snake species described today that occupy
fossorial, arboreal, terrestrial and aquatic environments, and range from arid deserts to
open oceans (Hsiang et al., 2015). Snakes are unrivaled among predators in their
ability to predate upon such a diverse array of prey items; their diets include
gastropods, arthropods, cephalopods, amphibians and their eggs and larvae, reptiles
and their eggs, birds and their eggs, and mammals. Diets of specialized predator
species can still vary between life stages, sizes, sexes, individuals, seasons and
geographic locations (Greene, 1997).

Snakes detect their prey by relying on a combination of sensory cues. Besides
vision and the perception of vibrations through the lower jaw, they have a heightened
sense of chemoreception thanks to the Jacobson’s organ, located in the roof of the
mouth (Berkovitz and Shellis, 2017). Some snake species initiate foraging as a

response to available volatile chemosensory information, and initiate predation as a



response to visual stimuli of parental activity, confirming the presence of the nests
(Mullin and Cooper, 1998). Nocturnal predators likely use diurnal nest activity as a
visual cue to predate upon nests at night when parental defenses are lowered (Stake et
al., 2005; DeGregorio et al., 2015). DeGregorio et al. (2016) reported that predation
probability reflected predator habitat use and accessibility to nests, and varied in
relation to the nesting characteristics of birds, such as body size, nesting habitat, and
nest height. Understanding predator movements and habitat use will likely elucidate

important links within natural predator-prey systems.

2.3 Snake activity

Activity patterns of snakes are generally either diurnal or nocturnal; some
species however, can alter their activity cycles daily or seasonally depending on local
climatic conditions or seasonal variations. Examples of strictly diurnal species are the
Rough green snake Opheodrys aestivus and the Orange-bellied racer Mastigodryas
melanolomus; examples of strictly nocturnal taxa instead, are Cat snakes (Boiga sp.)
and Cat-eyed snakes (Leptodeira sp.). Snake activity varies in relation to prey
availability, predator susceptibility, seasonal variation, temperature, humidity, lunar
light levels, and habitat connectivity and complexity (Greene, 1997).

Christian et al. (2007) observed a decrease in activity between foraging sites
during the dry season in comparison to the wet season in the Northern death adder
Acanthophis praelongus. Sperry et al. (2013) reported a positive correlation between
nocturnal activity and warmer nighttime temperatures in the Texas ratsnake
Pantherophis obsoleta. Daltry et al. (1998) documented a strong, positive correlation

between nocturnal activity and relative humidity in Malayan pit vipers Calloselasma



rhodostoma. Lillywhite and Brischoux (2012) found an increase in nocturnal foraging
behaviour with higher lunar illumination in Cottonmouth snakes Agkistrodon
piscivores. Koenig et al. (2007) suggested that predation probability by arboreal
snakes might be enhanced by vines along tree trunks and tree canopy connectivity, as
observed with the Puerto Rican boa Epicrates inornatus (Wunderle et al., 2004) and

the Jamaican boa Epicrates subflavus.

2.4 Radio-telemetry

The most conventional approach for studying the free-ranging ecology of
cryptic taxa, such as snakes, is radio-telemetry (Weatherhead and Charland, 1985;
Whitaker and Shine, 2003; Boback et al., 2020). This technique involves the
transmission of radio signals from a radio-transmitter attached to or implanted within
a free-ranging individual, to a radio-receiver (Andrusiak et al., 1998). Radio-telemetry
is used to gain valuable insights into species’ biology that would otherwise be
difficult to study, namely — animal physiology and behaviour, activity and movement
patterns, migrations and dispersals, home range sizes, habitat use, resource selection,
population size estimates, relative densities, survival rates, and fecundity (Millspaugh
and Marzluff, 2001). This technique has gained recognition thanks to its efficiency,
precision, and low time and energy requirements (Ujvari and Korsos, 2000); however,
its benefits should justify the potential negative effects on the radio-telemetered
individuals’ physiology and behaviour (Weatherhead and Blouin-Demers, 2004b).

Little was known about the biology, behaviour, life history, and thermal and
spatial ecology of free-ranging snakes until the early 1970s, when the first radio-

telemetric studies on snakes were carried out (Ujvari and Korsos, 2000). To our



knowledge, only the Texas ratsnake Pantherophis obsoletus, the Eastern ratsnake P.
alleghaniensis and the Corn snake P. guttatus in North America (Weatherhead and
Charland, 1985; Blouin-Demers and Weatherhead, 2001b; Sperry et al., 2008; Sperry
and Weatherhead, 2009; DeGregorio et al., 2014; DeGregorio et al., 2016a,
DeGregorio et al., 2016b) and the introduced Brown tree snake Boiga irregularis on
Guam (Conry, 1988; Savidge, 1988; Rodda et al., 1992) have been well-documented
with regards to avian nest predation through radio-telemetry.

Ratsnakes have been identified as significant nest predators across much of the
Southeastern and Central United States (DeGregorio et al., 2016a), with avian prey
becoming increasingly important to their diet, especially during the avian nesting
season (Sperry and Weatherhead, 2009). Radio-telemetric studies on North American
Ratsnakes have explored their habitat use and selection, daily and seasonal variations
in their activity patterns, and factors enhancing predation probability. Blouin-Demers
and Weatherhead (2001b) observed P. obsoletus exhibiting a stronger preference for
edge habitats compared to closed forest habitats, possibly for their thermoregulatory
properties. Sperry and Weatherhead (2009) reported a preference for refuge sites with
high vegetation cover during colder, inactive seasons and a preference for refuges in
open habitats during warmer, active seasons. Sperry et al. (2013) documented a shift
from primarily diurnal, to crepuscular, to completely nocturnal activity, depending on
the season and geographic location. DeGregorio et al. (2016b) found an increase in
predation by P. guttatus over the bird nesting season, and an increase in Ratsnake-
specific predation when the snakes moved the farthest.

The Brown tree snake, native to Indonesia, New Guinea, the Solomon Islands,

and parts of Australia, was accidentally introduced to Guam after World War 11,
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where it became responsible for the extirpation and decline of over 10 native forest
bird species (Conry, 1988; Rodda et al., 1992). Radio-telemetric studies on the
introduced Brown tree snake have explored their nightly and seasonal movements,
their habitat use, and the thermal profile and selection of their shelter sites (Santana-
Bendix, 1994; Tobin et al., 1999; Hetherington et al., 2006). The case study in Guam
provides evidence for the detrimental ecological impacts uncontrolled snake

predations can have on wild nesting bird populations (Fritts and Rodda, 1998).

2.5 Study species

Despite growing recognition implicating snakes as major avian nest predators
in southeast Asia, particularly nocturnal, arboreal species (Donald et al., 2009; Pierce
and Pobprasert, 2013; Pierce et al., 2020), there has been little to no research carried
out on the predators’ free-ranging ecology. Khamcha et al. (2018a) found that snakes
depredated 34% of 287 nests monitored for over 20 forest bird species. The Green cat
snake Boiga cyanea has been identified as the most locally-dominant snake predator
in the evergreen forests of Northeast Thailand, and is responsible for approximately
22% to 33% of egg and fledgling mortalities (Khamcha et al., 2018b; Angkaew et al.,
2019; Pierce et al., 2020).

The Green cat snake belongs to the genus Boiga. Species of this genus are
slender Colubrids ranging from medium-sized to large (1-2 meters) (Cox et al., 2012).
Currently, there are 34 Boiga species distributed across from tropical Africa through
Southern Asia to Melanesia and Australia. Boiga species are commonly referred to as
tree snakes or cat snakes, due to their vertical, elliptical pupils and large eyes. They

are primarily nocturnal, arboreal or semi-arboreal, oviparous, opisthoglyphic, and
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euryphagic (Rodda et al., 1999). The Brown tree snake is the only Boiga species
whose free-ranging ecology has been extensively researched, mainly because of its
costly ecological and economic impacts as an introduced species.

B. cyanea is a medium to long bodied, vertically compressed colubrid.
Hatchlings are approximately 35 cm in length, while adults can reach up to 186 cm
(Chan-ard et al., 2015; Cox et al., 1998). Females are typically larger than males,
which can reach up to 153 cm (Cox et al., 2012). Adults are uniformly olive-green in
color, displaying a bluish hue (Chan-ard et al., 2015). Juveniles and sub-adults have a
reddish-brown or greyish-olive dorsum respectively, a yellowish-green head, and
yellow supralabials (Ziegler et al., 2010). The ventral scales are greenish-yellow
anteriorly and greenish-white posteriorly, and the chin shields and gular scales are
white with a bluish tint (Cox et al., 1998). B. cyanea occurs in Thailand, Bangladesh,
Bhutan, Cambodia, China, India, Laos, Myanmar, Nepal and Vietnam, and ranges
across a variety of habitats from lowlands to 2100m above sea level (Cox et al.,
2012).

There is little to no literature available on the free-ranging ecology of B.
cyanea: our current knowledge on this species derives from occurrence records,
natural history notes (Bulian and Bannasan, 1999), captive husbandry and venom
studies (Mackessy, 2002). This study attempts to explore B. cyanea foraging ecology
as a major avian nest predator with the dry evergreen forests of the Sakaerat

Biosphere Reserve, Northeast Thailand.



CHAPTER 111

MATERIALS AND METHODS

3.1 Study site

We conducted our study within the core area of the Sakaerat Biosphere
Reserve (SBR; UNESCO-MAB Biosphere Reserve), Nakhon Ratchasima Province,
Thailand (14.44 — 14.55°N, 101.88 — 101.95°E). The core area of the SBR occupies
5,700 ha of protected landscape that ranges between elevations of 280 m and 762 m.
The core area comprises a matrix of dense dry evergreen forest, open dry dipterocarp
forest, transitional mixed deciduous vegetation, and a field research station that
occupies less than 2% of the core area. The dominant vegetation within the dry
evergreen forest includes Hopea ferrea, H. odorata and Hydnocarpus ilicifolia, while
that within the dry dipterocarp forest includes Shorea obtusa, S. siamensis,
Dipterocarpus intricatus and Gardenia sootepensis. Marshall et al. (2020)
summarized the annual seasonal weather patterns within the core area of SBR
between 2012 and 2018 as follows: the hot season (33.8 + 2.8 °C and 2.5 £ 7.9 mm
rainfall) , the wet season (29.9 = 2.2 °C and 5.9 + 11.1 mm rainfall), and the dry

season (29.0 £ 3.5 °C and 0.2 = 0.8 mm rainfall).
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Figure 3.1 Map of the core area of the Sakaerat Biosphere Reserve with its location

within Thailand (blue) and Southeast Asia.

3.2 Study sample

We obtained Boiga cyanea through opportunistic captures, notifications or
targeted nocturnal surveys in the dry evergreen forests of the SBR. Once captured, all
individuals were safely transported to the field station, where they were housed in
sterile plastic boxes until their biometric processing. During processing, we
determined individuals’ age class, body score, sex, tail lengths (TL), snout-to-vent
lengths (SVL), girths, head measurements, and mass. Upon collecting the snakes’
biometrics, we assessed their suitability for radio-telemetry. Our selection criteria for

including individuals into the sample required them to be adults with a high body
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score that were able to undergo an implantation surgery and accommodate a 1.89
VHF radio-transmitter (Model BD-2T or BD-2, Holohil Systems Incorporated,
Ontario, Canada) in their coelomic cavity. We ensured that the radio-transmitters
weighed less than 3% of the snakes’ body mass. We further excluded injured and
heavily gravid individuals from the sample.

Implantation surgeries on suitable individuals were strictly performed by Dr.
Wirongrong Changphet — a qualified wildlife veterinarian from Nakhon Ratchasima
Zoo, in accordance with the Veterinary Practices Act B.E. 2545. We anesthetized our
snakes via inhalation using Isoflurane, and followed a modified surgical technique
described by Reinert and Cundall (1982). The BD-2T and BD-2 radio-transmitters
had a standard battery life of 14 weeks at approximately 30 °C. The BD-2T model
was temperature sensitive, unlike the BD-2 model. The BD-2T’s pulse rate varied
with changes in the snakes’ internal body temperature: faster pulse rates indicated
higher body temperatures. The BD-2T and BD-2 model Holohil radio-transmitters
should provide a 500 — 1000 m signal range (Holohil Systems Incorporated, Ontario,
Canada). The topography at SBR however, typically reduced signal range to 150 —
250 m. We released all implanted individuals within 30m of their capture location,

within 12 hours post-surgery to allow for recovery and thermoregulation.

3.3 Radio-telemetry

We investigated the movement patterns of adult Boiga cyanea using manual
radio-telemetry. We located all individuals once, every day to identify snake refugia.
We also located individuals at night to assess snake activity. At night, we located each

individual between one to three times at approximately four hour intervals, every
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alternate night. Exceptional circumstances in which we did not locate the snakes
included equipment failures, staff unavailability, adverse weather conditions,
individuals awaiting transmitter replacement at the research station and inability to
detect radio-signal for extended periods of time despite intensive search effort. We
estimated snake locations via the homing method (Amelon et al., 2009) and pushed
for visual observations whenever possible at night to confirm the accuracy of the
telemetered locations. We moved discreetly around our snakes and limited the amount
of time spent in their vicinity once located, to minimize disturbance.

Each time we located a snake, we recorded the date and the pinpoint time. We
marked the snake’s location — most times a tree or a plant — with flagging tape with
the snake’s unique identification, the date and the time. We reported whether we
attained a visual observation on the snake and if so, we described the behaviour it was
exhibiting. We assessed whether the snake was stationary or moving through radio-
signal patterns and/or visual observations. We estimated the snake’s location along
with its accuracy with a hand-held global positioning system (GPS) unit (Garmin
GPSMAP 64s, Garmin Ltd., United States) using the Universal Transverse Mercator
(UTM; 47N World Geodetic System 84) coordinate system. We determined whether
the snake’s position was arboreal (>0 m) or terrestrial (<0 m), and measured its height
off the ground for each visual observation. We noted the ambient temperature (°C)
and relative humidity (%) at approximately 1.5 m above ground at the snake’s
location. We obtained daily minimum and maximum recorded temperatures (°C),
daily average humidity (%), and daily rainfall (mm) from five meteorological stations
at SBR. Approximately 10% of our dataset contained missing ambient temperatures

and relative humidity. To avoid losing the whole data point during which climatic
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variables were not recorded, we decided to impute missing values. To do this, we had
to ascertain that our data were missing completely at random. We ran Little’s test
(Little, 1988) to assess whether the probability of our missing data was unrelated to
other measured variables (Baraldi and Enders, 2010). We compared relative humidity
to the daily average humidity recorded by the meteorological stations and obtained a
p-value of 0.95 (a = 0.05), suggesting that our data are likely missing completely at
random. We used the mice package (van Buuren and Groothuis-Oudshoorn, 2011) to
impute missing ambient temperature and ambient relative humidity based on the daily
minimum and maximum temperatures, the daily average humidity and the daily
rainfall recorded at the meteorological stations closest to each individual’s locations.
We used the suncalc package (Thieurmel and Elmarhraoui, 2019) for daily lunar
illumination data specific to the snake’s geographic coordinates. We calculated the
snake’s internal body temperature by measuring its transmitter’s pulse interval and
inputting it into the unique 3™ degree polynomial equations for each BD-2T model

transmitter provided by Holohil Systems Incorporated, Ontario, Canada.

3.4 Nest monitoring

Researchers from King Mongkut’s University of Technology Thonburi
(KMUTT), Thailand have been monitoring avian nests every year since 2013, in the
dry evergreen forests of the Sakaerat Biosphere Reserve (SBR). They identified the
nest predators of 12 species of forest bird species during their nesting seasons —
typically from February to August, using continuous recording video systems
following Pierce and Pobprasert (2007). They have granted us access to the dataset of

nest predations caused by B. cyanea between 2013 and 2019. The dataset includes
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information on the bird species predated upon, the nest heights, the dates the nests
were found and filmed, and the date, time and geographic coordinates (UTM
projection) of the predation events. We defined the start of the avian nesting season as
the date of discovery of the first forest bird nest, and the end of the avian nesting
season as the date of last nest predation or nest abandonment. The 2018 nesting
season began on 4 February and ended on 31 July, and the 2019 nesting season began
on 4 March and ended on 5 August. We report the nesting season as between 4

February to 5 August for the duration of our study.

3.5 Data analyses

We used R v.4.0.3 (R Core Team, 2020) and R Studio v.1.3.1093 (R Studio
Team, 2019) for data manipulation, analyses and visualization. For data manipulation,
we used packages: dplyr v.0.8.5 (Wickham et al., 2020), lubridate v.1.7.8 (Grolemund
and Wickham, 2011), tidybayes v.2.1.1 (Kay, 2020), reshape2 v.1.4.4 (Wickham,
2007), raster v.3.1.5 (Hijmans, 2020). For data analyses, we used packages: mice
v.3.11.0 (van Buuren and Groothuis-Oudshoorn, 2011), suncalc v.0.5.0 (Thieurmel
and Elmarhraoui, 2019), move v.4.0.0 (Kranstauber et al., 2020), brms v.2.14.0
(Birkner, 2018), performance v.0.4.7 (Lidecke et al., 2020), Ime4 v.1.1.23 (Bates et
al., 2015), bestNormalize v.1.5.0 (Peterson, 2019), overlap v.0.3.3 (Ridout and Linkie,
2009), arm v.1.11.1 (Gelman and Su, 2020), wigid v.0.3.0 (Meredith, 2020),
adehabitatHR v.0.4.18 (Calenge, 2006), rgeos v.0.5.3 (Bivand and Rundel, 2020),
recurse v.1.1.2 (Bracis et al., 2018), cluster v.2.1.0 (Maechler et al., 2019), MASS
v.7.3.53 (Venables and Ripley, 2002), astroFns v.4.1.0 (Harris, 2012). For data

visualization, we used packages: ggplot2 v.3.3.0 (Wickham, 2016), ggpubr v.0.4.0
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(Kassambara, 2020), scales v.1.1.1 (Wickham and Seidel, 2020), scico v.1.2.0
(Pedersen and Crameri, 2020), ggspatial v.1.1.3 (Dunnington, 2020), gtable v.0.3.0
(Wickham and Pedersen, 2019), cowplot v.1.0.0 (Wilke, 2019), bayesplot v.1.7.2
(Gabry and Mahr, 2020), ggridges v.0.5.2 (Wilke, 2020b), ggtext v.0.1.0 (Wilke,

2020a), viridis v.0.5.1 (Garnier, 2018), plotrix v.3.7.8 (Lemon, 2006).

3.5.1 Space use

We conducted descriptive tests using the dplyr package (Wickham et al.,
2020) to report means + standard errors, or medians and their interquartile range
(IQR) when our data presented outliers. We used Markov chain Monte Carlo
(MCMC) simulations for Bayesian inference on posterior distributions between
groups. We report their 95% Bayesian credible intervals (BCrl) using the Highest
Density Interval (HDI) method, and their point estimates as the true difference
between group means. We checked for MCMC convergence by graphically assessing
their trace plots. We report Pearson’s Chi-squared test to assess significance (p =
0.05) between moving and stationary behaviours during the avian nesting and non-
nesting seasons.

We quantified space use by estimating utilization distributions and movement
pathways using dynamic Brownian bridge movement models (dBBMM). We
produced dBBMM estimates using the move package (Kranstauber et al., 2020). This
method was originally developed to analyze GPS telemetry data for mammals and
birds (Kranstauber et al., 2012); however, it has been recently applied to VHF
telemetry data on reptiles as well (Silva et al., 2018, Knierim et al., 2019, Smith et al.,

2020). Unlike traditional space use estimation methods like minimum convex
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polygons (MCP) and kernel density utilization distributions (KDUD), dBBMMs
account for spatial and temporal autocorrelation, accuracy of the GPS locations, and
irregular sampling intervals. We finalized on a moving window size of 9 data points
to detect variations in behavioural states between three day periods — the average time
our individuals would remain stationary. We finalized on a margin size of 3 data
points to detect variations between active and inactive behaviours. We had run
dBBMMs with larger window and margin sizes (w = 11, m = 5, Table S1; w = 15, m
=7, Table S2; w = 21, m = 9, Table S3) to assess how utilization distributions varied
for individuals. However, we settled on using a window size of 9 and margin size of
3, as we did not want to lose finer-scale variations given the very short tracking
durations of some individuals. We used the mean GPS accuracy of all telemetered
locations as the error associated with each data point. We selected 90%, 95% and 99%
dBBMM isopleth contours to delineate estimated utilization distributions during the

study period.

3.5.2 Activity patterns
3.5.2.1 Seasonal activity

The dBBMM output includes estimates for an animal’s mobility — referred to
as the Brownian motion variance (62y). These estimates describe behavioural changes
along an individual’s movement pathways (Kranstauber et al., 2012), based on user-
defined, biologically relevant, window and margin sizes. Throughout this report, we
interpret motion variance as a proxy for B. cyanea foraging activity.

We used a Bayesian regressive model using the brms package (Burkner, 2018)

to assess how motion variance varied between the nesting and non-nesting seasons,
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and males and females. We used the bestNormalize package (Peterson, 2019) to
render our motion variance Gaussian. We opted for a Bayesian approach because the
assumptions for the normality of residuals are relaxed and the estimates are more
conservative. We incorporated the default priors into our model as we did not have
any reliable prior information to base our motion variance on. Our model parameters
included motion variance as the response variable, season and sex as the predictor
variables, and individual identification as the random effect [62,, ~ Season + Sex +
(1/1ID)]. We ran 5 chains with 5000 iterations to achieve model convergence. We
determined model convergence when Gelman and Rubin (1992) potential scale
reduction statistic, Rhat, equated to one. We created 3 models, and coded female B.
cyanea during the nesting season as the intercept, and the non-nesting season and
males as the two coefficients. We used the bayesplot package (Gabry and Mahr,
2020) as a visual diagnosis for autocorrelation of all model variables, and for posterior
predictive checking of observed data compared to simulated data. We used the
performance package (Lidecke et al., 2020) to derive the R-squared (R?) regression
metric to estimate the proportion of variation explained by the predictor variables. We

averaged our model and estimated the effects of season and sex on motion variance.

3.5.2.2 Nocturnal activity
We ran a generalized linear mixed-effects models (GLMM) with a binomial
distribution using the Ime4 package (Bates et al., 2015) to assess whether abiotic
variables were good predictors of whether a snake was detected moving or not during
our night-time fixes. Our model parameters included whether a snake was observed

moving or not during the fix, the imputed ambient temperature (°C) and imputed
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ambient humidity (%), daily rainfall (mm), or lunar illumination (%), and individual
identifications as the random effect [Nocturnal movement ~ Abiotic variable +
(1/ID)]. We used the performance package (Liudecke et al., 2020) to check model
assumptions, such as residual autocorrelation, multicollinearity, normality of residuals
and outliers, and error variance heteroscedasticity. We derived R-squared measures
(R% to indicate the variation explained by the fixed and random effects. We ranked
our models using Akaike’s Information Criterion (AIC; Akaike, 1973) corrected for
small sample sizes (AIC.; Hurvich and Tsai, 1989). We also used the performance
package (Lidecke et al.,, 2020) to compute indices of our regression models’
performance, and to compare their quality against each other.

We further explored nocturnal activity of our snakes in relation to nest
predation activity recorded by the nest monitoring cameras at SBR between 2013 and
2019 using the overlap package (Ridout and Linkie, 2009). This function helped
produce kernel densities of temporal activity patterns and estimate coefficients of

overlapping densities.



CHAPTER IV

RESULTS AND DISUSSION

4.1 Results

4.1.1 Biometric processing

We captured a total of 44 Boiga cyanea within the core area of the Sakaerat
Biosphere Reserve (SBR) between 1 June 2017 and 1 July 2019. Of the 44 individuals
captured, 18 were caught during 904 man hours of active surveys, 4 through
notifications from collaborating research teams, and 22 through opportunistic
encounters. The biometric processing data for the 44 individuals captured are as

presented in Table 4.1.

Table 4.1 Summary table of the biometric processing data collected for all the Boiga
cyanea captured and processed between 1 June 2017 and 1 July 2019 at Sakaerat

Biosphere Reserve.

Snout to Tail Total Body
Snake ID Sex  Age Class Length Lfcnng;h L(ecnrg;h Mass (g)
(cm)
BOCYO057 M Adult 112 32 144 104.8
BOCYO058 M Adult 93 29 122 98.2

BOCY059' F Adult 914 26.1 117.5 109.6
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Srl?:rftto Tail Total Body
Snake ID Sex  Age Class Length Length Length Mass (g)
(cm) (cm) (cm)
BOCY060" M Adult 104.0 33.9 137.9 131.9
BOCYO061" F Adult 95.2 26.6 121.8 107
BOCY062 M Neonate 50.7 14.1 64.8 13.1
BOCY063' M Adult 110 34.6 144.6 143.8
BOCY064 F Adult 117.4 335 150.9 266.6
BOCY065 M Adult 91 21.4 112.4 92.2
BOCYO066' F Adult 97.3 28.4 125.7 113.4
BOCY067 M Adult 104 33 137 129.4
BOCY068 M Adult 116.4 34.4 150.8 139.6
BOCY069" F Adult 108.6 22.7 131.3 121.3
BOCYO070" M Adult 104.6 32.1 136.7 135.9
BOCYO071" M Adult 120 31 151 108
BOCY072 M Adult 102.4 34.6 137 148.4
BOCY073 F Neonate 46.2 14.1 60.3 12.5
BOCY074 M Adult 115.4 35.4 150.8 141
BOCYO075 M Juvenile 80 24.9 104.9 534
BOCYO076' M Adult 115 36 151 123
BOCYOQ77 M Adult 109.4 26.7 136.1 145.7
BOCY078 F Adult 934 27.7 121.1 98.5
BOCY079 F Adult 90.8 27 117.8 111.4
BOCY080 F Juvenile 79.6 22.3 101.9 49.8
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Snout to Tail Total Body
Snake ID Sex  Age Class Length Léacnn%]l;h Lfcnrg;h Mass (g)
(cm)

BOCY081 M Juvenile 71.9 22.2 924.1 43.8
BOCY082' F Adult 120.4 30.2 150.6 98
BOCY083 M Juvenile 64.5 19 83.5 27.8
BOCY084 M Adult 116.3 37.6 153.9 175.8
BOCY085 M Adult 74 27 101 67.8
BOCY086' M Adult 96 30.2 126.2 107.4
BOCY087" F Adult 120.5 33.5 154 150.3
BOCY088' F Adult 111.4 30.8 142.2 155.1
BOCY089 M Adult 91.1 27.2 118.3 77.4
BOCY090' F Adult 102.8 23.7 126.5 122.6
BOCY091 M Adult 85.2 26.4 111.6 49.4
BOCY092'! F Adult 105 32.6 137.6 150.6
BOCYO093 M Neonate 42.8 11.8 54.6 10.8
BOCY094' M Adult 117.4 34.3 151.7 170.4
BOCY095 F Adult 78.7 23.3 102 40.5
BOCY096 F Adult 116.8 32.5 149.3 213.7
BOCY097 F Adult 110.2 20.8 131 140.1
BOCY098 M Adult 94.6 30.6 125.2 63.3
BOCY099 M Neonate 44 21 65 9.5
BOCY100 F Adult 90.6 25.4 116 97.9
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Figure 4.1 Photographs taken during morphometric data collection of captured Boiga
cyanea at Sakaerat Biosphere Reserve. A) Tail length; the snake was placed along a
measuring tube, on which we accurately measured tail length from the tip of the anal
scale to tip of the tail, and snout-to-vent length (SVL), from tip of the anal scale to tip
of rostral scale. B) Girth at 75% SVL; we collected girths with a dial caliper at 25%,
50% and 75% of the snake’s SVL. C) Head width; we collected head length from tip
of the rostral scale to behind the jaw, and head width at the widest point of the head,

using a dial caliper. D) Mass; we collected mass by placing the snake coiled up on a
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tray using a digital weighing scale. E) Snake brand; we used a heat brander to mark
the processed snakes with a unique identifying number. Branding our snakes allowed
us to readily identify them in the field with no / minimal disturbance, especially when
we did not have our radio-receiver with us to confirm whether the snake was radio-

tracked or not.

4.1.2 Radio-telemetry

We report the data collected from 14 radio-tacked adult B. cyanea — 5 males
and 9 females in the core area of SBR, and present their tracking summaries in Table
4.2. We recorded daylight locations between 21 October 2017 and 8 June 2019, and
night-time locations from 14 March 2018 to 3 September 2018, and from 15 January
2019 to 8 June 2019.

Tracking durations within the study sample varied considerably (Figure 4.2).
We lost individuals for different reasons: premature transmitter failures (n = 8),
inexplicable deaths (n = 3), predations (n = 2), and inaccessible capture locations (n =
1). Of the 14 radio-tracked B. cyanea, we were able to successfully recapture and re-

implant only 2 individuals — FO1 and M04.
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Figure 4.2 Tracking durations for our radio-telemetered individuals between October

2017 and June 2019.

We defined fixes as the number of times an individual was located, regardless
of whether it had moved or not. We defined relocations as the number of times an
individual had moved to a different location from its previous one. We recorded a
total of 1317 fixes and 640 relocations. We recorded 907 daylight fixes and 410 night-
time fixes. We recorded 780 fixes during the avian nesting season, of which 480 in
daylight and 300 at night. We recorded 537 fixes during the non-nesting season, of

which 427 in daylight and 110 at night.



Table 4.2 Tracking summaries of radio-tracked Boiga cyanea between 21 October 2017 and 8 June 2019.

Sr;%ke (?an]‘) Tracking Period Trl?;\acfe d Fixes  Relocations Tir?r(]erl)_ag frsgtjljesri]tcy sta-'[iioT]Zry
FO1 914 21/10/2017 - 17/02/2018 119 102 72 28.22+27 18.80+3.05 2.18+0.30
F02 973 23/10/2017 - 13/01/2018 82 79 40 2518+0.92 11.10+0.87 5.75+0.65
FO3 1086 28/12/2017 - 01/05/2018 124 146 69 2051+09 16.60+1.21 3.04+0.23
MO1 1046 23/03/2018 - 06/07/2018 105 134 59 1896+1.03 2260+1.62 9.59+1.27
M02 1200 03/03/2018 - 08/04/2018 36 48 25 1836 +1.13 228+023 1.60+0.18
MO03 1150 24/04/2018 - 28/07/2018 95 129 83 1781+117 1230+2.46 1.69+0.23
FO4 1204 11/08/2018 - 04/09/2018 24 44 28 1353+1.02 221+106 1.60+0.30
Mo04 960 06/11/2018 - 08/06/2019 214 395 168 13.03+05 28.10+1.35 225+0.13
FO5 1205 12/11/2018 - 16/01/2019 65 73 33 216+098 11.80+1.15 5.73%0.71

8¢



Table 4.2 (Continued).

Sr;%ke (?an]‘) Tracking Period Trl?;\acfe d Fixes  Relocations Tir?r(]erl)_ag frsgtjljesri]tcy sta-'[iioT]Zry
FO06 1114 12/11/2018 - 01/12/2018 18 25 2 18.45+131 0.61+0.08 5.49+0.62
FO7 1028 23/03/2019 - 30/03/2019 7 15 4 11.83+229 1.15+0.15 1.49+0.09
FO8 952 07/04/2019 - 29/04/2019 22 46 18 1155+191 270+000 222+0.34
FO9 1050 27/04/2019 - 24/05/2019 27 48 16 139+151 6.79+1.14 3.00+0.39
MO05 1174 19/05/2019 - 08/06/2019 19 33 23 1459 +2.19 - 0.54 +0.15

Female 1058+ 35 21/10/2017 —24/05/2019 54+15 64+14 31+8 2057+£0.64 797+229 3.39+0.59
Male 1106 £45 23/03/2018 — 08/06/2019 94 +34 148 £ 65 72+£27 1535+041 16.32+571 3.13+1.64
Total 1075+27 21/10/2017 —08/06/2019 68+16 94+ 26 46 + 12 17.63+£0.37 1054+249 3.29+0.66

*SVL.: Snout-to-Vent Length; Revisit frequency: mean number of days between revisits to a previously used location; Time

stationary: mean number of days spent sheltering.

6¢
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4.1.3 Space Use
4.1.3.1 Horizontal movements
4.1.3.1.1 Seasonal horizontal movements

We report the movement summaries of only 12 radio-tracked individuals in
Table 4.3. We chose to omit FO6 and FO7 because they were radio-tracked for only 18
and 7 days respectively, during which they did not move much, therefore limiting our
inferences on their movements.

We define mean daily displacement (MDD) as the average Euclidean distance
recorded between successive diurnal fixes (Figure 4.3). Males and females in general
moved about 50 m daily. Males moved approximately two and a half times more
between consecutive daylight fixes, than females (point estimate: 50.34; 95% BCrl:
8.19 — 95.8). On average, our snakes also moved over two and a half times more
during the avian nesting season compared to the non-nesting season (point estimate:
39.39; 95% BCrl: 7.04 — 71.11). The MDD during the avian nesting season (n = 9)

was 60.89 + 12.4 m, and that for the non-nesting season (n = 6) was 21.5 = 5.96 m.
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Figure 4.3 Euclidean distances between consecutive diurnal locations displayed for

each month of male and female individuals radio-tracked between 21 October 2017

and 8 June 2019 at SBR.

Table 4.3 Movement summaries of radio-tracked Boiga cyanea between 21 October

2017 and 8 June 2019.
MDD
Max. Max.
ID SVL MDD_(m) (m) MDD (m) Distance Days
(mm) Nesting Non-
. moved (m) Sta.
nesting
FO1 914 9 25 14 161 11
F02 973 - 9 9 132 24
FO3 1086 37 8 38 260 13
MO01 1046 88 - 88 385 33



Table 4.3 (Continued).
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MDD Max Max
ID SVL MDD.(m) (m) MDD (m) Distance Days
(mm) Nesting Non-
. moved (m) Sta.
nesting

Fo1 914 9 25 14 161 11
FO02 973 - 9 9 132 24
FO3 1086 37 8 38 260 13
MO1 1046 88 & 88 385 33
MO02 1200 46 - 46 190 4
MO03 1150 115 - 115 583 4
FO4 1204 - 28 28 68 3
MO04 960 41 13 50 245 11
FO05 1205 - 46 46 400 23
F08 952 45 2 45 402 4
F09 1050 50 F 50 167 9
MO05 1174 117 - 117 524 1

F 1055 + 44 35.3+9.2 2327 329+6.2 227.1+497 12+3

M 1106 £45 81.4+16.3 13 832+153 3854+76.2 116
Total 1076+31 609+124 215+6 53.8+10.2 293.1+47.1 12+3

*SVL: Snout-to-Vent Length; MDD: Mean Daily displacement.
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4.1.3.1.2 Nocturnal horizontal movements
On average, our snakes seemed to move the furthest Euclidean distances from
their daytime refugia by about 2000 hrs (Table 4.4), after which, they seemed to
decrease their straight-line distances from their refugia, foraging around an area for

the remainder of the night.

Table 4.4 Night-time movement summaries of radio-tracked B. cyanea from their
previous daytime refugia, and predations by B. cyanea recorded between 2013 and

2019 via the nest monitoring cameras at SBR.

Hour Mean Euclidean Max. distance Total Fixes Predation
distance (m) moved (m) events
1800 24 24 3 3
1900 26.2 £4.93 53 33 18
2000 49.1 +5.08 5 4 81 7
2100 54.4 + 8.16 212 56 8
2200 68.4 +14.2 187 21 4
2300 435+11.2 158 20 4
0000 48.6 +7.81 178 46 4
0100 73.4+10.9 250 38 3

0200 109 + 22.3 228 15 3
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Table 4.4 (Continued).

Mean Euclidean Max. distance . Predation
Hour X Total Fixes
distance (m) moved (m) events
0300 70.6 +19.2 179 14 4
0400 60.8 + 9.95 233 52 3
0500 72 +10.5 176 30 0

4.1.3.2 Vertical movements

We recorded a total of 158 confirmed height observations, of which 48 in
daylight and 110 at night. All daylight observations were below 10 m (range: 0 — 10
m). For the 48 out of 907 daylight fixes, our snakes sheltered in the understory (> 0
m) at a mean height of 3.26 + 0.48 m (n = 31). Our proximity and detection ability
heavily biased our daytime visual confirmations, so we cannot provide any
meaningful statistics on their diurnal sheltering heights. During the 862 diurnal fixes
for which we could not confirm their sheltering heights, our snakes were likely
located over 2 m above the ground.

At night, we observed our snakes to move between 0 and 17 m. Our snakes in
general, moved closer to the ground at night (median height: 1.5 m; IQR: 3.5). Of the
110 night-time locations during the study, we confirmed 102 visual observations
during the avian nesting season (Figure 4.4). During the nesting season, our snakes
moved closer to the ground (median height: 1.5 m; IQR: 3) compared to the non-

nesting season (median height: 3.25 m; IQR: 5.42).
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Figure 4.4 Density plot of nocturnal heights recorded for radio-telemetered B. cyanea

during the avian nesting and non-nesting seasons at SBR.

At SBR, the researchers from KMUTT monitored 856 avian nests between
2013 and 2019. The nests monitored were located between 0 and 25 m (median
height: 1.5 m; IQR: 4.51; Figure 4.5). The cameras recorded 53 nest predations by B.
cyanea between 2013 and 2019. The nests depredated were located between 0 and 6

m (median height: 1 m; IQR: 1).
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Figure 4.5 Comparison between heights of avian nests monitored and nests
depredated by B. cyanea between 2013 and 2019, and B. cyanea at night during our

study.

4.1.3.3 Occurrence distribution
We were unable to derive any dBBMM outputs for FO6 (tracking days: 18)
and FO7 (tracking days: 7), given the window (9) and margin sizes (3). We made
inferences based on the 95% contours to exclude exploratory movements (Table 4.5).
Our males used areas six times larger than females (point estimate: 15.09;
95% BCrl: -3.34 — 33). Because we only radio-tracked one male during the non-
nesting season, we cannot make any inferences on male space use across the nesting
and non-nesting seasons. Our females used areas twice as large during the nesting

season compared to the non-nesting season (point estimate: 1.80; 95% BCrl: -3.43 —
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7.02). In general, our snakes used areas six times larger in the nesting season than in

the non-nesting season (point estimate: 9.84; 95% BCrl: -0.02 — 20).



Table 4.5 Utilization distributions of radio-tracked Boiga cyanea between 21 October 2017 and 8 June 2019.

Snake Days 90% 95% 99% Days 95% Days 95% dBBMM
ID Tracked dBBMM dBBMM dBBMM Tracked dB_BMM Tracke_d Non-nesting
(ha) (ha) (ha) Nesting  Nesting (ha)  Non-nesting (ha)
FO1 119 1.66 2.13 3.17 13 0.32 105 2.19
F02 82 0.89 1.48 0 - - 82 1.48
FO3 124 4.09 6.31 11.40 86 7.55 37 0.09
M01 105 27.48 37.57 59.78 105 37.57 - -
MO02 36 1.99 2.85 421 36 2.85 - -
MO03 95 18.35 24.81 39.55 95 24.81 - -
FO4 24 0.56 0.84 1.45 - - 24 0.84
MO04 214 3.97 5.29 8.74 96 6.3 117 2.73

8¢



Table 4.5 (Continued).

Snake Days 90% 95% 99% Days 95% Days 95% dBBMM
ID Tracked dBBMM dBBMM dBBMM Tracked dB_BMM Tracke_d Non-nesting
(ha) (ha) (ha) Nesting  Nesting (ha)  Non-nesting (ha)
FO5 65 121 4.45 12.34 - - 65 4.45
FO8 22 2.52 3.84 7.20 22 3.84 - -
F09 27 1.85 2.70 4.80 27 2.70 - -
MO05 19 15.84 20.32 29.80 19 20.32 - -
Female 66+ 17 1.82+0.44 3.11+0.72 6.15+1.63 87 + 1% 3.60+151 63 £ 15 1.81+0.75
Male 94+34 1353%4.73 18.17 + 6.43 28.42 +10.2 70+ 18 18.37 +6.33 117 2.73
Total 78 £ 17 6.7 +2.55 9.38 + 3.38 15.43+5.25 55+13 11.81 +4.27 72+15 1.96 + 0.63

*dBBMM: Dynamic Brownian bridge movement model estimate; Nesting: avian nesting season; Non-nesting:

season.

avian non-nesting

6€
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We illustrate the utilization distributions of our snakes during the study period

within 99% dBBMM isopleth contours in Figure 4.6.
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Figure 4.6 dBBMM utilization distribution map for all individuals between 21

October 2017 and 8 June 20109.

4.1.4 Activity patterns
4.1.4.1 Seasonal patterns
As a by-product of the dBBMM analyses, we interpreted the motion variance

(6n°) as a proxy for our snakes’ foraging activity during our study period (Figure 4.7;
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Table 4.6). Our males were approximately four times more active than our females
(point estimate: 3.91; 95% BCrl: -0.12 — 8.16; Figure 4.8) during the study. We
cannot make inferences on male activity across the nesting and non-nesting seasons,
because we only radio-tracked one male during the nesting season. Our females
however, were approximately 3 times more active during the nesting season compared
to the non-nesting season (point estimate: 1.08; 95% BCrl: -0.52 — 2.73). In general,
our snakes were over seven and a half times more active during the nesting season

compared to the non-nesting season (point estimate: 3.24; 95% BCrl: 0.874 — 5.56).
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Figure 4.7 Motion variance for each radio-telemetered B. cyanea between 21 October

2017 and 8 June 2019 with the avian nesting seasons highlighted in grey.
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Figure 4.8 Overlaid monthly motion variance for male and female radio-telemetered

B. cyanea during the study with avian nesting season (4 Feb — 5 Aug) in grey.

Table 4.6 Motion variance summaries of radio-tracked Boiga cyanea between 21

October 2017 and 8 June 20109.

Days 6%+ SE
Non- Non-
nesting nesting

Snake g Days 62 £ SE
ID Days On’ £ SE Nesting  Nesting

FO1 119 0.55+0.07 13 0.15+0.04 105 0.63 +0.07

F02 82 0.35+0.06 - - 82 0.35+0.06

FO3 124 1.62+0.21 86 2.17 +0.27 37 0.14 +0.07

MO01 105 8.34+0.91 105 8.49+0.91 - -



Table 4.6 (Continued).
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Snake Days 612 + SE Days On® £ SE Bgﬁs 6rTl]\zlc;_rn-SE
ID Nesting Nesting nesting nesting
MO02 36 0.90+0.19 36 0.90 +0.19 - -
MO03 95 7.77+0.77 95 7.76 £0.77 - -
FO4 24 0.34+0.10 - - 24 0.34+0.10
MO04 214 2.21+0.22 96 3.94+£0.38 117 0.36 £ 0.04
FO5 65 1.16 £ 0.37 - - 65 1.16 £ 0.37
FO8 22 1.87 £ 0.50 22 1.88 £ 0.50 - -
F09 27 2.24 +0.44 27 2.24 +0.44 - -
MO05 19 6.16 + 0.92 19 5.89+1.02 - -
Female 66+17 1.16+0.29 3717 1.61+0.49 63 + 15 0.52+0.18
Male 94+34 508+150 70+18 5.42+1.36 117 0.36
Total 78+17 279+0.84 55+13 3.73x1 72+15 0.5+0.15

*Om? £ SE: Motion variance and standard error; Nesting: avian nesting season; Non-

nesting: avian non-nesting season.

Our Bayesian regression model shows no evidence of autocorrelation between

the model variables; the autocorrelation parameters diminish to around zero by about
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25 lags. The posterior predictive check plot (Figure S4) suggests that our simulated
data does not perfectly replicate our observed data, thus reducing model fit. Our
Bayesian regression model results (Figure 4.9B) add support to the dispersion of
motion variances during the nesting and non-nesting seasons, across males and
females (conditional R* = 0.327; Figure 4.9A). In general, males and females
displayed higher activity during the nesting season compared to the non-nesting
season. The coefficients for activity during the non-nesting season (-0.5 £ 0.15, 95%
BCrl: -0.35 — 0.25), and for males (-0.11 + 0.33, 95% BCrl: -0.79 — 0.54) were both
negative, suggesting lower activity. Males exhibited more individual variation in
activity, compared to females — most likely because we only radio-tracked one male
during the non-nesting season. The overlap between coefficients suggest that seasons

and sex are not the only two factors affecting snake activity.
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Figure 4.9 Seasonal differences in motion variance between sexes. A) Box and
jittered scatter plots of seasonal motion variance values split between female and
male. B) Model averaging results with point estimates and 95% Bayesian credible

intervals.
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The nest monitoring cameras running between 2013 and 2019 recorded most
predations by B. cyanea between April and May (Figure 4.10). Unfortunately in 2018
and 2019, only 3 and 5 avian nests respectively had been depredated by B. cyanea
(Figure S5). We accounted for monthly trap effort by dividing the total number of
nest predations each month by the total number of exposure days each month of the

nest cameras.
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Figure 4.10 B. cyanea predation rate (monthly total of nests depredated over monthly
total of camera exposure days) during the 2018 and 2019 avian nesting seasons

superimposed on total monthly predations between 2013 and 2019.

4.1.4.2 Nocturnal patterns
Our snakes were typically observed moving throughout the night, if they had

moved from their diurnal refugia by approximately four hours after sunset (Table S4).
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There is considerable temporal overlap (Dhat = 0.68) between B. cyanea predation
activity recorded by the nest monitoring cameras, and radio-tracked B. cyanea
foraging activity (Figure 4.11). Most nest predations occurred just after dark, around
2000 hours, while foraging activity appears consistent throughout the night. We
observe three peaks in snake foraging activity because we located our snakes between

two to three times a night, at approximately four hour intervals.

Nocturnal snake activity and avian nest predations

. Snake aclivity

~E— Nest depredation

010
1
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|
12:00 18:00 0:00 6:00 12:00

Figure 4.11 Density curves for nocturnal snake activity and avian nest predations by
B. cyanea. The overlap coefficient of the two curves is equal to the shaded grey area

intersecting the two curves.

Our snakes travelled longer distances on average at night during the avian
nesting season (n = 300) compared to the non-nesting season (n = 110; Figure 4.11).

Movement and stationary behaviors were significantly different during the avian
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nesting and non-nesting seasons (Pearson’s Chi-squared Test, p-value = 0.003). We
detected our snakes moving 58% of the time (n = 174) during the nesting season, and

41% of the time (n = 45) during the non-nesting season.
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Figure 4.12 Euclidean distances between snake locations at specific nocturnal hours
and their previous daytime refugia during the avian nesting season and the non-
nesting season. The data illustrated are collected from individuals radio-tracked
between 14 March 2018 and 3 September 2018, and between 15 January 2019 and 8

June 2019.

4.1.4.2.1 Influence of abiotic variables
In general, abiotic variables (ambient temperature, relative humidity, rainfall
and moon illumination) seemed to be poor predictors of whether a snake was detected
moving or not moving. We added season — nesting and non-nesting, and sex as
additional variables to the single abiotic variable models to assess whether they
explained the variation in our data better (Table 4.7). All models presented low

correlation between predictor variables. There is a reoccurring oddness in the
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normality of residuals and the homogeneity of variance plots indicating that the
models are not fitting that well to our data. This is reflected in their low R® scores,
which suggest that models do not explain much of the variation in the data. The
variation might be due to other predictors we have not included in the models, or just
due to random variation. We also include model performance in Table to describe
how well the models fit our data based on model parsimony.

The best model for predicting nocturnal movement were the humidity and
temperature model, supported by the lowest AIC, value (AIC. = 505.68). However,
the relationship is weak (Figure 4.13), with low R® scores: 28.7% of the variation is

explained by the model, of which 19.5% by the fixed effects.

Probability of movement
Probability of movement

=}
18}
5

0.00 4 0.004

10 -5 10

0 5 0 5
Scaled Relative Humidity Scaled Ambient Temperature
— F03 — M03 — FO05 FO8
ID — M01 — F04 — FO0B FO9
— M02 — Mo4 FO7 MO05

Figure 4.13 Relationship between ambient relative humidity and ambient temperature

with real (black dots) and predicted values (colored lines).



Table 4.7 Candidate models assessing predictors of nocturnal movement. Models are ranked by Akaike’s Information Criterion corrected

for small samples (AIC.) with degrees of freedom (df), difference in AIC. (AAIC,), model likelihood, and Akaike’s weights (w;).

Model R AIC.  AAIC nk“ﬁ.?ﬁil, g o df Perfor”g;;‘)ce seore
Nocturnal movement ~ Humidity + Temperature 0.287  505.68 0.000 1.000 0916 4 63.86
Nocturnal movement ~ Humidity + Season 0.292 511.075 5.395 0.067 0.062 4 54.45
Nocturnal movement ~ Humidity + Sex + Season 0.291 513.097  7.417 0.025 0.022 5 51.84
Nocturnal movement ~ Humidity + Moon 0.198 524.609 . 18.929 0.000 0.000 4 39.36
Nocturnal movement ~ Humidity 0.188 524.802 19.122 0.000 0.000 3 39.14
Nocturnal movement ~ Humidity + Sex 0.186 526.079 20.398 0.000 0.000 4 37.49
Nocturnal movement ~ Moon + Season 0.268 532.773 27.092 0.000 0.000 4 47.89

6v



Table 4.7 (Continued).

Model

Performance score

Model R AIC.  AAIC: oo o df (%)
Nocturnal movement ~ Moon + Sex + Season 0.264 534565 28.884 0.000 0.000 5 45.91
Nocturnal movement ~ Rain + Season 0.221 538.710 33.029 0.000 0.000 4 48.60
Nocturnal movement ~ Temperature + Season 0.226 539.679 33.998 0.000 0.000 4 45.48
Nocturnal movement ~ Rain + Sex + Season 0.216 540.440 34.760 0.000 0.000 5 46.44
Nocturnal movement ~ Temperature + Sex + Season  0.223  541.519  35.839 0.000 0.000 5 44,17
Nocturnal movement ~ Rain + Moon 0.123 554.747  49.067 0.000 0.000 4 26.11
Nocturnal movement ~ Moon 0.112  555.696 50.016 0.000 0.000 3 29.33
Nocturnal movement ~ Moon + Sex 0.110 555.722  50.041 0.000 0.000 4 22.99

05



Table 4.7 (Continued).

Model R? AIC.  AAIC, |il|<\é||?ﬁ§|o g o df Perfom(’f/(r)')ce score
Nocturnal movement ~ Temperature + Moon 0.127 555.773  50.093 0.000 0.000 4 25.55
Nocturnal movement ~ Rain 0.104 556.512 50.831 0.000 0.000 3 33.41
Nocturnal movement ~ Rain + Sex 0.100 556.551 50.871 0.000 0.000 4 29.40
Nocturnal movement ~ Temperature + Rain 0.115 556.897 51.216 0.000 0.000 4 23.58
Nocturnal movement ~ Temperature + Sex 0.100 557.464 51.784 0.000 0.000 4 24.06
Nocturnal movement ~ Temperature 0.105 557.498 51.818 0.000 0.000 3 26.19

*Humidity: Ambient relative humidity; Temperature: Ambient temperature; Rain: Daily average rainfall; Moon: Lunar

illumination; Season: Avian nesting or non-nesting season; Sex: Male or female.

1S
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4.1.5 Refugia use

Out of the 907 diurnal locations, we determined 892 locations to be arboreal
and 15 terrestrial. Unfortunately, we were only able to accurately determine refugia
for 37 arboreal locations (Figure 4.14) and 11 terrestrial refugia (Figure 4.15).

Our snakes primarily sheltered above ground (> 0 m) within tree cavities and
broken branches (Table 4.8). Our snakes were observed to return to previously used
shelters multiple times. On the few occasions our snakes were observed on the

ground, they primarily sheltered among forest litter (Table 4.8).

Table 4.8 Diurnal arboreal and terrestrial refugia used by our radio-tracked

individuals.

Arbo!real Total UniqL_Je Terres_trial Total Uniqge

refugium refugia refugium refugia
Broken trunk/branch 15 10 Forest litter 5 5
Tree cavity 12 12 Open / low vegetation 3 3
Liana B 3 Fallen log 1 1
Foliage 3 3 Termitarium 1 1
Under bark 2 2 Manmade 1 1

*Total: Total number of times a refugium type was used.
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4.1.6 Natural history
4.1.6.1 Boiga cyanea as a predator
We have recorded two visual confirmations of M04 preying upon two lizard
species: Calotes sp. and Acanthosaura sp. The Calotes sp. predation was observed on
13 February 2019 at 00:39 during which the snake was about 5 m off the ground. The
Acanthosaura sp. predation was observed on 21 April 2019 at 05:02 during which the
snake was 2 m off the ground.
4.1.6.2 Boiga cyanea as prey
We had two of our radio-tracked individuals preyed upon — FO8 by a King
cobra Ophiophagus hannah on 30 April 2019 and MO02 by an unidentified mammal on

8 April 2018.

4.2 Discussion

4.2.1 Space use

Our male and female radio-tracked snakes moved and used spaces differently
during the study. Our males moved two and a half times farther daily, and used spaces
five and a half times larger than our females. Daily movements of our snakes (53.83 +
10.17 m) appear comparable to those reported on the congeneric B. irregularis by
Santana-Bendix (1994; 54.5 + 7.7 m, n = 11) and by Tobin et al. (1999; 64.4 + 4.7 m,
n = 60) on Guam. While the straight-line distances are comparable, we only know
about B. irregularis movements and space use from its invasive range. These
movements therefore, are likely influenced by the lack of predators, abundance of
prey species, and the lack of predator-specific defenses of prey species in Guam, at

the time of these studies (Fritts and Rodda, 1998). Because our native B. cyanea
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moved similarly, it may likewise indicate fairly abundant prey within SBR. The
habitat in Guam where telemetry studies were conducted — edge habitats (Santana-
Bendix, 1994) and primary and secondary-growth forests with dense sub-canopy and
understory vegetation (Tobin et al., 1999), is broadly comparable to the vegetation in
the dry evergreen forests of SBR. This might further strengthen our comparisons of
the movements across the two congeneric species.

Most studies on snakes report males typically using larger spaces than females
(Weatherhead et al., 2002; Whitaker and Shine, 2003; Hyslop et al., 2014). Previous
studies on B. irregularis have quantified space use using Minimum Convex Polygons.
These estimators are not comparable with the estimates derived from dynamic
Brownian bridge movement models. The inferences we can make are therefore
limited to the variations in the predictions of distribution occurrences during the study
period between the 90%, 95% and 99% isopleth contours. On average, the 90% and
99% contours are one and a half times smaller and bigger respectively of the 95%
contour. Had we located our snakes at regular intervals every night, rather than every
alternate night, we might have estimated more fine scale locations and distribution
occurrences during the study period. We chose to limit the number of night-time fixes
as we did not want the constant presence and necessary light use by observers to
affect snake movement behaviour. We felt that alternate night fixes maintained a good
balance of regular locations and movement data, whilst allowing for natural
observations and unbiased behavior. This is supported by simulations run on several
reptile species, indicating reduced tracking intensity from every night to alternate

nights, can still provide accurate space use estimates (Silva et al., 2020).
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Our snakes typically (=95% daylight fixes) sheltered higher up in the canopy
during the day and descended closer to the ground at night to forage. Our observations
are similar to those reported on B. irregularis (Rodda et al., 1992) and B. nigriceps
(Fujishima et al., 2020; In press). Rodda (1992) observed most B. irregularis (=77%)
foraging within 3 m off the ground, suggesting that this might reflect active foraging
of quiescent prey species in the understory. At SBR, the nest predation records reveal
that B. cyanea primarily depredated White-rumped Shama Copsychus malabaricus
and Scaly-crowned Babbler Malacopteron cinereum nests. White-rumped Shamas
typically nest at around 2.32 m and Scaly-crowned Babblers at 0.98 m (Somsiri et al.,
2020). Our snakes also primarily moved within 3 m off the ground (median: 1.5 m;
IQR: 3) during the avian nesting season. Similar to B. irregularis, this might reflect
active foraging of understory nesting birds. Additionally, since White-rumped Shamas
are open-cavity nesters (Khamcha et al., 2018a), the head morphology and gape size
(Shine, 1991) of B. cyanea might be particularly adapted to depredating these cavity

nesters.

4.2.2 Activity patterns

Our snakes moved approximately seven times farther and more frequently
during the avian nesting season compared to the non-nesting season. The nesting
season spans from February to August and overlaps with the wet season, which spans
from May to October. Khamcha et al. (2018a) suggested that the correlation between
nest predations by B. cyanea and rainfall might be due to increased B. cyanea activity
— which our data seem to also support. The rains might trigger increases in

invertebrate and herpetofauna activity, which in turn might trigger activity increases
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in higher trophic levels (Saenz et al., 2006; lllera and Diaz, 2008). Higher activity of
prey species might increase their detectability by predators. Multiple biotic (Kotler et
al., 1992; Horesh et al., 2017) and abiotic factors might be simultaneously driving
increases in B. cyanea activity during the avian nesting season at SBR. Tobin et al.
(1999) however observed no difference in the congeneric B. irregularis’ activity
between the rainy and dry seasons on Guam.

Differences in activity between the nesting and non-nesting seasons, were
more pronounced in males than in females. This might be because we only radio-
tracked one male during the non-nesting season and we do not know whether its
activity reflects that of the general male population at SBR. Higher male activity
during the avian nesting season at SBR, might also be associated with B. cyanea
mating season (Bulian and Bannasan, 1999). Typically, during the snake mating
seasons, males are known to display higher activity.

We did not detect any movement behaviour from our snakes during daylight
hours throughout our study, suggesting that B. cyanea are primarily nocturnal. Bulian
and Bannasan (1999) report similar observations with regards to movement
behaviour, but has observed individuals copulating during the early hours of daylight,
around 0700 hours. Only on one occasion — 20 May 2019, we located our male MO05
and female FO9 within the same shelter during our daylight fix. B. cyanea might
copulating during daylight hours, but restricts movements to the night. B. cyanea
appear to start their foraging activity at dusk, just after sunset, and end it at dawn, just
before sunrise. B. irregularis on Guam appear to display similar nocturnal foraging

patterns (Fritts and Chiszar, 1999; Lardner et al., 2014).
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Our data suggest that our snakes were likely to move throughout the night if
they were detected moving within 4 hours after sunset. This activity pattern might
indirectly imply that B. cyanea are primarily active foragers rather than ambush
predators. If they are hunting for relatively stationary prey, such as eggs and nestlings,
an active foraging strategy might be more efficient. B. irregularis exhibit a
combination of the two hunting modes (Rodda et al., 1992); B. cyanea might also
display both modes, but our tracking regime might have failed to infer them.

We did not observe any avian nest predations by our study individuals during

their radio-telemetry. This could suggest that our individuals might have depredated
avian nests when we were not locating them, or they had not depredated avian nests at
all. The nest monitoring cameras recorded only 3 and 5 nest predations by B.cyanea
during the nesting seasons in 2018 and 2019 respectively. The low number of
predations might be a result of changes in avian nesting ecology or changes in B.
cyanea populations or foraging — for example, low encounter rates of active avian
nests, active selection of prey sizes or gape limitations (Shine, 1991). Additional
reasons might include lower nest detection rates or lower field effort.
Active foraging increases the probability of encountering a high diversity of sedentary
and active prey species (Beaupre and Montgomery, 2007); this suggests that our B.
cyanea might have still fed frequently on smaller, sparse and more abundant prey
items like forest lizards (Calotes sp.), geckos or frogs (Bulian and Bannasan, 1999).

The nest monitoring cameras recorded most predations by B. cyanea during
the early hours after sunset, at around 1900 hours. The ornithologists observed
individual B. cyanea depredating single nest contents from the same nest on

consecutive nights, until depredating all of the eggs and fledglings (Personal
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communication, Angkaew). This suggests that the predators were likely to select
refugia close to the birds’ nests to maximize foraging success and minimize predation
risk. Our data suggest that B. cyanea can travel an average of 26.2 + 493 m, and a
maximum of 53 m by 1900 hours. Fledglings and avian eggs might be effective prey
items for B. cyanea (Pleguezuelos et al., 2007): the faster B. cyanea are able to
subdue and ingest prey, the faster they are able to return to their refugia, thus reducing

their exposure to potential predators (Mullin and Cooper, 1998).



CHAPTER V

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

This study is the first to explore space use and activity patterns of a regionally
important snake predator, in relation to its prey. We quantified B. cyanea foraging
activity during our study period assuming their movements, particularly during the
avian nesting season, were related to foraging rather than other biological functions.
For this reason, our findings regarding B. cyanea foraging behaviour must not be
overstated. We must also be cautious in drawing inferences regarding space use and
activity across sexes and across the avian nesting and non-nesting seasons, because of
possible sources of sampling biases, as detailed in the STRANGE framework
(Webster and Rutz, 2020).

Most study individuals were caught opportunistically during the study period,
making our sample non-random and possibly not representative of the population at
SBR. We chose to locate our snakes at night on alternate nights to compensate for our
push for nocturnal, visual observations. Our presence undoubtedly caused behavioural
changes in our snakes despite our efforts to minimize disturbance. Additionally, the
avian nesting seasons in 2018 and 2019 witnessed lower nest predations by B. cyanea
compared to previous years. Reasons for these natural changes in responsiveness are

unknown. Therefore, the association between B. cyanea activity and avian nest
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predations by B. cyanea during our study period might not reflect those of previous
years.

In order to account for these limitations, we tried to use analyses appropriate
for the data collected. Our findings suggest that our individuals used space and moved
differently across sexes and across seasons.

Future research exploring the foraging ecology of B. cyanea should attempt to
expand the sample size in order to reduce bias and increase local population
representation. Khamcha et al. (2018a) reported higher rates of nest predation by B.
cyanea towards forest interiors compared to forest edges. Future studies should
attempt to sample individuals across a gradient of distances from forest edges, to
explore edge effects on B. cyanea foraging. Being nocturnal, generalists, and
exceptionally good climbers, B. cyanea can exploit multiple levels within the forest
canopy, giving them a predatory advantage over other sympatric snakes. This
highlights the need to explore the diet of B. cyanea to quantify what proportion avian
eggs and nestlings constitute at SBR. Furthermore, studying B. cyanea patterns of
prey selection — whether active or opportunistic, and how they locate avian nests
could help refine our understanding of these predator — prey interactions.

Bird populations at SBR face significant predation pressure not only from
nocturnal snakes, but also from the Northern Pig-tailed Macaque Macaca leonina
(Kaisin et al., 2018; Khamcha et al., 2018a). Understanding the combined effect of
these two major sympatric predators on nest survival could help develop management
strategies to increase nest success. Lastly, our findings might be applicable to other
parts of Thailand, where B. cyanea or its congeners might be important nest predators,

especially of bird species of conservation concern (Donald et al., 2009).
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Figure S1 Density plot of the average time lag (=18 hours) between fixes of our
radio-tracked individuals. The peak around 48 hours most likely represents the
intervals during which our snakes were missing because we were unable to detect
their radio-signal despite intensive search effort. The peaks between 72 hours and 288
hours represent the intervals during which our snakes were likely awaiting transmitter

replacement surgery at the research station.
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Recursion summaries of radio-tracked Boiga cyanea
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Figure S2 Recursion summaries for each of our radio-tracked B. cyanea withina 5 m

radius around telemetered locations.
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Figure S3 dBBMM utilization distribution (window size = 9, margin size = 3)

depicting 90%, 95% and 99% contours for our longest radio-tracked male, M04

between 6 November 2018 and 8 June 2019.
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Table S1 Utilization distributions and motion variances of radio-tracked Boiga

cyanea between 21 October 2017 and 8 June 2019 using window size 11 and margin

size 5.
Snake Days 90% 95% 99%
ID Tracked dBBMM dBBMM dBBMM 6%+ SE
(ha) (ha) (ha)
FO1 119 1.63 2.10 3.11 0.53+0.06
F02 82 0.98 1.53 2.64 0.37 £ 0.05
FO3 124 4.17 6.40 11.25 1.52 +£0.19
MO01 105 28.13 37.54 57.78 8.59+0.91
MO02 36 1.90 a8 4.06 0.66 +0.14
MO03 95 18.43 24.88 39.89 8.02+0.78
FO4 24 0.56 0.82 1.38 0.34+01
MO04 214 3.93 521 8.58 217 +0.21
FO5 65 1.58 4.88 12.53 1.27+£0.35
FO8 22 2.24 3.26 5.72 1.33+£0.37
F09 27 1.88 2.70 4.72 2.23+0.45
MO05 19 16.70 21.08 30.61 744 +1
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*dBBMM: Dynamic Brownian bridge movement model estimate; *6,,2 + SE:

Motion variance and standard error.

Table S2 Utilization distributions and motion variances of radio-tracked Boiga

cyanea between 21 October 2017 and 8 June 2019 using window size 15 and margin

size 7.

Snake Days 90% 95% 99%
D Tracked dBBMM dBBMM dBBMM 6%+ SE

(ha) (ha) (ha)
FO1 119 1.70 2.17 3.15 0.5+ 0.05
F02 82 0.99 1.48 2.45 0.35+0.05
FO3 124 3.86 5.89 10.27 1.64+0.21
MO01 105 27.68 36.31 54.35 8.37+0.81
MO02 36 1.80 2.67 4.16 0.69+0.16
MO03 95 18.70 25.06 39.66 8.11 £ 0.67
FO4 24 0.53 0.77 1.29 0.32+£0.09
MO04 214 4.01 5.27 8.57 2.08 £0.19
FO5 65 2.19 5.53 12.68 1.33+0.33
FO8 22 1.88 2.60 4.26 1.31+0.23
F09 27 1.81 2.52 4.19 211+041
MO05 19 11.86 15.34 22.92 7.85+0.88
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*dBBMM: Dynamic Brownian bridge movement model estimate; *6,,2 + SE:

Motion variance and standard error.

Table S3 Utilization distributions and motion variances of radio-tracked Boiga

cyanea between 21 October 2017 and 8 June 2019 using window size 21 and margin

size 9.

Snake Days 90% 95% 99%
ID Tracked dBBMM dBBMM dBBMM 6%+ SE

(ha) (ha) (ha)
FO1 119 1.79 2.26 3.25 0.5+0.04
F02 82 0.86 1.34 2.32 0.36 £ 0.04
FO3 124 3.77 5.56 9.24 1.51+0.15
MO01 105 27.23 35.39 51.96 8.02+0.7
MO02 36 1.63 208 4.03 0.97 £0.29
MO03 95 18.67 25.08 39.34 7.62+£0.61
FO4 24 0.65 0.87 1.35 0.42 +£0.09
MO04 214 4.12 5.39 8.60 2.17+£0.19
FO5 65 2.82 6.24 12.76 1.57+0.33
FO8 22 212 2.90 4.70 1.77 £0.26
F09 27 1.76 241 3.88 1.88 £ 0.36
MO05 19 5.67 7.37 11.38 6.47 +0.59
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*dBBMM: Dynamic Brownian bridge movement model estimate; *6,2 + SE:

Motion variance and standard error.

-_)
Yrep

Figure S4 Posterior predictive check for Bayesian regression model plotting observed

data (y) and simulated data (Yrep).
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Table S4 Tracking interval summaries of nights with > 2 nocturnal fixes, during

which the snakes had moved from previous fix, or were observed moving.

Nocturnal fix Fixes Moved Moving
1% interval
110 (35%) 66 (34%) 62 (37%)
(18:00-21:59)
2" interval
97 (31%) 64 (33%) 58 (35%)
(22:00-01:59)
3 interval
105 (34%) 66 (34%) 47 (28%)
(02:00-07:00)
Total 312 196 (63%) 197 (54%)
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Figure S5 Nest predations by B. cyanea recorded via the nest monitoring cameras at

SBR, broken down by year and by hour.
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Table Al Descriptions of refugia used by our radio-tracked B. cyanea.

Refugium

Description

Broken trunk/branch A tree hollow formed as a result of a ruptured tree trunk or

Tree cavity

Liana

Foliage

Under bark

Forest litter

Open / low
vegetation

Fallen log

Termitarium

Manmade

branch, big enough to shelter an adult B. cyanea.

A semi-enclosed cavity which has naturally formed in the
trunk or branch of a tree, big enough to allow an adult B.
cyanea to enter and shelter in.

Climbing, twining or winding plants, usually with a woody
stem.

Leaves that constitute the crown of a tree.
Under the bark of a tree trunk that has not detached from the

tree yet, that is big enough to accommodate an adult B.
cyanea under it.

Forest surface layer comprising loose, non-living organic
debris

An area of ground having no plants, or sparse, short
vegetation growing on it.

Any naturally fallen trees or logs that are big enough to
shelter an adult B. cyanea.

An aboveground termite nest growing beyond its initially
concealing surface

Any non-vegetative, manmade structure that is big enough to
shelter an adult B. cyanea.
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