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Abstract

Recently, several diurnal nonhuman anthropoids have been identified displaying

varying degrees of nocturnal activity, which can be influenced by activity “masking

effects”—external events or conditions that suppress or trigger activity, temporarily

altering normal activity patterns. Environmental masking characteristics include

nocturnal temperature, rainfall, cloud cover, and moon brightness. Similarly, other

ecological characteristics, including proximity to humans and predators and daytime

activity, may also trigger or suppress nocturnal activity. Understanding the effects of

external conditions on activity patterns is pertinent to effective species conserva-

tion. We investigated the presence of nocturnal activity and the influence of masking

effects on the level of nocturnal activity displayed by wild proboscis monkeys

(Nasalis larvatus) in Sabah, Malaysian Borneo. Dual‐axis accelerometers were

attached by collar to six male proboscis monkeys from different one‐male, multi‐

female groups to record activity continuously (165–401 days each). We measured

the monkeys' nocturnal and diurnal activity levels and investigated the effects of

seven potential masking effects. Nocturnal activity was much lower than diurnal

activity. Still, proboscis monkeys did display varying levels of nocturnal activity.

Generalized linear mixed models identified higher nocturnal activity in the study

individuals during nights with cooler temperatures, higher rainfall, and after higher

diurnal activity. These three masking effects affected nocturnal activity levels during

the observation period that informed our model, although they did not predict

nocturnal activity outside of this period. While the generalizability of these results
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remains uncertain, this study highlights the utility of accelerometers in identifying

activity patterns and masking effects that create variability in these patterns.
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1 | INTRODUCTION

Most animals display regular diel activity patterns, meaning that they

are routinely active during certain spans of the approximately

24‐hour circadian period and not others (Fernández‐Duque, 2003;

Muñoz‐Delgado et al., 2004). With regular activity patterns, behavior

and physiology become adapted to the cyclical changes in the

circadian period, thereby optimizing survival and reproductive fitness

(Bartness & Albers, 2000; Krop‐Benesch et al., 2013). The most

common diel activity patterns exhibited by primate species are

diurnal and nocturnal activity patterns, followed by cathemeral

(activity occurring in bouts over the entire 24‐h period), and

crepuscular (active periods at dusk and dawn) activity patterns (Bray

et al., 2017; Campera et al., 2019; Eppley & Donati, 2019; Fernández‐

Duque et al., 2010; Tattersall, 1987). Quantifying diel activity

patterns and understanding activity pattern flexibility in primate

species is pertinent to their conservation in a world where

environments are being altered by anthropogenic disturbances such

as habitat loss, artificial light changes, climate change, and human

activities (Frey et al., 2017; Nowak & Lee, 2013). These anthropo-

genic changes may interrupt and change the timing of important

activities like foraging, sleep, and antipredator strategies, which may

have implications for individual survival and fitness (Costantini et al.,

2017; Frey et al., 2017; Nowak & Lee, 2013).

In mammals, including primates, diel activity patterns are

generally fixed, arising across an evolutionary timescale and result

from internal and external mechanisms (Aschoff et al., 1982;

Fernández‐Duque, 2003; Gervasi et al., 2006). An internal clock acts

as a pacemaker timing activity each day (Bartness & Albers, 2000).

This internal clock is synchronized with, or entrained to, the circadian

rhythm by external cues in the environment known as “zeitgebers”

(Aschoff et al., 1982; Aschoff & von Goetz, 1988; Fernández‐Duque,

2003). In general, the highly predictable daily light‐dark cycle acts as

the major zeitgeber on activity patterns (Ankel‐Simons & Rasmussen,

2008; Muñoz‐Delgado et al., 2004; Sharma & Chandrashekaran,

2005). However, factors such as temperature and social cues are

examples of other potential zeitgebers (Aschoff et al., 1982).

While set internal clocks that are synchronized by external

zeitgebers regulate activity patterns in primate species, activity

patterns can have some flexibility in reaction to other external cues,

which are known as temporary “masking effects” (Fernández‐Duque,

2003; Nowak & Lee, 2013). These reactions to external cues help

buffer an individual against changes in their environment through

behavioral flexibility (Cristóbal‐Azkarate & Arroyo‐Rodríguez, 2007;

Jaman & Huffman, 2013; Nowak & Lee, 2013). External cues mask

activity patterns by either triggering or suppressing activity because

of conditions or events requiring the individual's immediate reaction

(Aschoff, 1989; Aschoff et al., 1982). Some abiotic factors which can

mask normal activity patterns include weather events (e.g. rain, wind,

storms), temperature and moon brightness whereas some biotic

factors include food availability, human presence, predator presence,

sympatric species presence and intraspecific social behavior

(Anderson, 2000; Gander & Moore‐Ede, 1983; Mochida & Nishikawa,

2014; Nishikawa & Mochida, 2010; Pruetz, 2018; Silva et al., 2014).

Understanding the degree to which a species' behavior is flexible can

help predict how species will adapt to environments increasingly

affected by humans, information that is critical to conservation

efforts (Jaman & Huffman, 2013).

Anthropoid primates are widely regarded as solely diurnal

primates, with the exception of the cathemeral and nocturnal owl

monkeys (genus Aotus) of Central and South America (Fernández‐

Duque et al., 2010; Fernández‐Duque & Erkert, 2006). As anthropoid

primates have specialized diurnal vision, activity at night may be

associated with higher risks because of poor nocturnal eyesight

(Fruth et al., 2018; Kay & Kirk, 2000; Kirk & Kay, 2004; Santini et al.,

2015; Van Schaik & Griffiths, 1996). Therefore, previous identifica-

tion of nocturnal activity in some diurnal anthropoids is surprising and

suggests further behavioral flexibility in these species than previously

thought (Isbell et al., 2017). Varying degrees of nocturnal activity

have been identified in anthropoids including chimpanzees (Pan

troglodytes) (Pruetz, 2018; Tagg et al., 2018; Zamma, 2014), vervet

monkeys (Chlorocebus pygerythrus) (Isbell et al., 2017), chacma

baboons (Papio ursinus) (Ayers et al., 2020), olive baboons (Papio

anubis) (Isbell et al., 2017), rhesus macaques (Macaca mulatta)

(Vessey, 1973), Japanese macaques (Macaca fuscata) (Mochida &

Nishikawa, 2014; Nishikawa & Mochida, 2010) and Guizhou snub‐

nosed monkeys (Rhinopithecus brelichi) (Tan et al., 2013).

Like other anthropoid primates, proboscis monkeys appear to be

a diurnal species (Matsuda et al., 2009b). Proboscis monkeys (Nasalis

larvatus) are folivore‐frugivore, arboreal colobine anthropoid pri-

mates endemic to Borneo (Harding, 2015; Matsuda et al., 2008; Stark

et al., 2018; Yeager, 1989). They typically live in one‐male, multi‐

female groups (one male, several females, and their offspring), or all‐

male groups (Murai et al., 2007). Proboscis monkeys feed across the

day, with most feeding occurring between 14:00 and 18:00 h and

peak feeding between 15:00 and 17:00 h (Matsuda et al., 2009a,

2014). Proboscis monkey groups settle into sleeping sites, usually

within 50m of rivers, before sunset (Bernard et al., 2011; Matsuda
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et al., 2014, 2009b; Thiry et al., 2016). A previous study identified

that proboscis monkey groups were in the same sleeping site

between 06:00 and 06:30 h as they had been observed settling into

the evening before, further suggesting they are a solely diurnal

species (Matsuda et al., 2014, 2009b).

Proboscis monkeys are listed as Endangered in the IUCN Red List

and inhabit some of the most quickly degrading and fragmented

habitats in Borneo (Meijaard & Nijman, 2000; Meijaard & Sheil, 2007;

Sha et al., 2008; Toulec et al., 2020). Their habitats are impacted by

illegal logging, fire, swamp to plantation conversion, increased

tourism activity, agriculture, and aquaculture (Bismark, 2010;

Boonratana, 2013; Sha et al., 2008; Stark et al., 2018; Toulec et al.,

2020). Additionally, examples of proboscis monkey behavior being

affected by human activity already exist. For example, they avoid

sleeping sites close to tourism accommodation and boat landing

activity (Boonratana, 2013). Therefore, understanding behavioral

flexibility and how proboscis monkeys react to changes in their

environment is critical to understanding how they live and will

continue to do so in human‐affected environments (Jaman &

Huffman, 2013). However, little research on their nocturnal activity

exists. Proboscis monkeys inhabit mangroves, riverine forests, and

peat swamps, which are inherently challenging terrains for humans to

follow monkeys, meaning that no studies focusing on nocturnal

activity have been published to date (Kawabe & Mano, 1972;

Matsuda et al., 2008).

Recent advances in accelerometer technologies have allowed

circumvention of the difficulties faced by challenging observational

environments. These devices allow for long‐term, continuous data

collection, that can give comprehensive insight into activity patterns

across the 24‐h circadian period in species and individuals (Zenone

et al., 2020). Accelerometers, also known as activity sensors, are

small devices (usually weighing a few grams) that register body

movements by measuring acceleration (the rate of change in velocity)

using a piezoelectric sensor on one to three axes (Brown et al., 2012,

2013; Costantini et al., 2017). When used on individuals, accel-

erometers can identify active behaviors such as locomotion, full‐body

movements, feeding and grooming (Papailiou et al., 2008; Starr et al.,

2012) as well as inactive behaviors such as sleep, rest, and alertness

(Starr et al., 2012).

In this study, we used accelerometers to investigate activity

patterns in proboscis monkeys living in the Lower Kinabatangan

Floodplain, Sabah, Malaysia. Specifically, we quantified the degree of

nocturnal activity and the impact of several external cues on the

nocturnal activity displayed by six male proboscis monkeys from

different one‐male, multi‐female groups. The proboscis monkeys

living in Sabah are the largest known population of proboscis

monkeys, and only 15% of the monkeys in Sabah are living in fully

protected areas (Sha et al., 2008). Therefore, this population remains

of high conservation importance. We investigated the following six

expectations.

1. We expected that proboscis monkeys would display very low

levels of activity during the night compared to the day. Previous

studies have identified that proboscis monkeys remain at the

same sleeping sites from evening until the following morning,

which suggests a diurnal activity pattern (Matsuda et al., 2009b,

2014). Furthermore, proboscis monkeys' diurnal‐specialized eye

morphology likely limits their nocturnal activity (Anderson, 2000;

Kirk & Kay, 2004).

2. We expected that proboscis monkeys' nocturnal activity would

exhibit flexibility and respond to weather conditions, as these

would mask their diurnal activity patterns by disturbing sleep

(Anderson, 2000). Specifically, we expected that proboscis

monkeys would show more nocturnal activity in response to

higher temperatures and higher rainfall (positive masking)

(Anderson, 2000; Ayers et al., 2020; Pruetz, 2018; Tagg et al.,

2018). Temperature and rainfall mask nocturnal activity in some

anthropoid primates, likely because of thermoregulatory stress

and sleep disturbance (Ayers et al., 2020; Muñoz‐Delgado et al.,

2004; Tagg et al., 2018).

3. We expected that brighter nights would trigger proboscis

monkeys' nocturnal activity (positively masking activity patterns),

influenced by both cloud cover and/or moon brightness (Aschoff

& von Goetz, 1988). Thus, activity would occur during bright

nights. Moonlight is a common mask of activity patterns in many

anthropoid species, including chacma baboons, and rhesus

macaques (Ayers et al., 2020; Vessey, 1973). Because of increased

light, brighter moonlight conditions may allow anthropoids to

extend daytime activity into the night (Anderson, 1984, 2000).

Alternatively, sleep may be more often disturbed by sympatric

species, predators, and humans during brighter moonlight, causing

activity to be triggered (Anderson, 1984, 2000). Sunda clouded

leopards (Neofelis diardi) are a predator of proboscis monkeys that

may be more active during bright moonlight, potentially disturbing

proboscis monkeys (Ampeng et al., 2018; Matsuda et al., 2008)

4. We expected that smaller distances to plantations would trigger

proboscis monkeys' activity (positively masking activity patterns).

Nights spent near plantations may be associated with higher

human density, which could disrupt sleep or cause increased

vigilance in proboscis monkeys (Gaynor et al., 2018; Leasor &

Macgregor, 2004; Muñoz‐Delgado et al., 2018; Tagg et al., 2018).

Proboscis monkeys avoid sleeping sites near high human activity,

which could indicate increased stress in the presence of humans

and, thus, presence of nocturnal activity around plantations

(Boonratana, 2013).

5. We expected that proboscis monkeys' activity would be triggered

(positively masked) by the greater the distance that groups spent

the night from rivers. Proboscis monkeys generally spend nights

within 50m of rivers and nights spent inland are uncommon for

proboscis monkeys, potentially indicating increased external

disturbance and consequently higher activity (Bernard et al.,

2011; Matsuda et al., 2010; Thiry et al., 2016).

6. Lastly, we expected that high daytime activity levels would

negatively mask nocturnal activity. Therefore, proboscis monkeys

would be less active at night following days of high activity as

reported in chimpanzees (Tagg et al., 2018).
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2 | METHODS

2.1 | Study site and subjects

Six male proboscis monkeys from different one‐male, multi‐female

groups were fitted with Lotek Biotrack GSM WildCellSD collars

which weighed <2% of the individual's body weight (LotekWireless,

2011; Stark, 2018; Stark et al., 2017). These individuals were living in

the Lower Kinabatangan Floodplain in Sabah, Malaysian Borneo

(5°35′ N and 118°20′ E) and were studied between August 2011 and

May 2015 (Stark, 2018). Individuals were collared more than 2 km

apart or on different sides of the Kinabatangan River to limit overlap

between home ranges (Stark, 2018). During the data collection

period, average monthly minimum temperatures ranged between

23°C and 25°C, average monthly maximum temperatures ranged

between 28°C and 36°C and average annual rainfall was 3004mm

(Stark, 2018). The Lower Kinabatangan Floodplain is approximately

280,000 hectares and has 42,000 hectares of protected land,

including the Lower Kinabatangan Wildlife Sanctuary (Goossens

et al., 2005; Hai et al., 2011). Collared individuals were living in

lowland dry forest and seasonally flooded forest.

2.2 | Data collection

The Lotek Biotrack GSM WildCellSD collars collected GPS and

accelerometer data for 165–401 days per individual (Table 1). Data

collection ended for each individual either after the collar fell off at a

pre‐programmed time (after either 12 or 18 months), if the battery

died prematurely or if the collar malfunctioned (Stark, 2018; Stark

et al., 2017). The collars were programmed to collect GPS fixes hourly

from 05:00 to 19:00 h (Stark, 2018). The accelerometer measured

activity continuously, 24‐h a day by the accelerometer on two axes (x

and y) (LotekWireless, 2011). Every 5min, the accelerometers

recorded the average activity values from the previous 5min per

axis. The accelerometers were located on the back of an individual's

neck. The x‐axis recorded movement along the spine and y‐axis

recorded side‐to‐side movement.

All data preparation and further analysis were conducted using R

(version 3.5.1) and Stata (version 8.2) (R CoreTeam, 2013; StataCorp,

2003). We divided the activity data set into day and night data sets.

We decided to remove all twilight periods (civil, nautical, and

astronomical twilight) from the data to incorporate only nocturnal

and diurnal activity in analyses and not crepuscular activity. By

removing civil twilight, nautical twilight and astronomical twilight,

periods excluded were from when the sun was ∘0 below the horizon

to when night began and the sun was ∘18 below the horizon (Bikos &

Kher, n.d.). We organized the data into day and night data sets on R

using the suncalc package and the “getSunlightTimes” function

(Thieurmel & Elmarhraoui, 2019). During this study, day began

between 05:55 and 06:35 h, and ended between 17:40 and 18:25 h.

Night began between 19:05 and 19:50 h, and ended between 04:30

and 05:10 h.

2.3 | Activity data background

Acceleration was used as a proxy for animal activity. Acceleration is

defined as the rate of change in velocity, referring to how quickly

something is speeding up, slowing down, and/or whether something

is changing direction. The Lotek accelerometer measured accelera-

tion four times a second (4 Hz) on each axis separately (x and y)

(LotekWireless, 2011). The sensor calculated the difference in

acceleration between each time step and recorded this as activity

per axis. Every 5min, the collar saved the average activity value from

the previous 5min for each axis, together with the time and date.

This accelerometer, which has an 8‐bit encoder, encoded the

analogue voltages generated by the sensor into a computer‐

readable (digital) value, taking a value of 28 = 256 (or values from 0

to 255). This means that the accelerometer recorded 0 as no

acceleration or activity, to 255 as maximum acceleration or highest

measurable activity per axis. We combined the values from the x‐axis

TABLE 1 Details on the six male proboscis monkeys collared in the Lower Kinabatangan Floodplain between 2011 and 2015, including date
collared, number of days collared, and average nocturnal and diurnal activity values with standard deviation (SD) per individual and for the group
overall

Individual Date collared Total 24‐hour periods (days) collared Average activity per night± SD Average activity per day ± SD

1 11/08/2011 364 1.86 ± 1.57 39.10 ± 7.85

2 16/05/2012 253 4.62 ± 4.28 54.29 ± 14.77

3 18/05/2012 165 1.17 ± 1.54 32.85 ± 5.82

4 24/09/2012 222 1.63 ± 1.14 40.09 ± 7.94

5 03/09/2013 366 3.09 ± 2.74 48.41 ± 15.27

6 28/04/2014 401 1.98 ± 1.86 44.60 ± 9.02

Group – 177 2.42 ± 2.59 43.85 ± 12.52

Note: Activity values were unitless and could vary from 0 (no activity) to 510 (highest measurable activity).
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and the y‐axis, therefore, activity could vary from 0 (no activity) to

510 (maximum activity).

This accelerometer isolates dynamic acceleration without static

acceleration, measurement noise and measurement bias by taking the

difference in acceleration between two consecutive measurements.

Since the orientation does not change significantly during the time

interval between two measurements (0.25 s), and the bias is a

constant, static acceleration and measurement bias cancel out,

leaving only the dynamic acceleration and the measurement noise.

Furthermore, the signal‐to‐noise ratio is increased by the square root

of the number of measurements over which the averaging is

performed (5min). In our case, 4 Hz × 5min × 60 s/minute = 1200

measurements per axis and so we increased the signal‐to‐noise ratio

by a factor of approximately 35. Therefore, the measurement noise

should be small compared to the dynamic acceleration, and this term

can be considered negligible.

To measure activity per day or per night, we used the average

accelerometer output during each day or night (Ayers et al., 2020;

Erkert & Kappeler, 2004). Therefore, activity per day or night was

measured as average activity and could range from 0 as no activity to

510 as the highest measurable activity per day or night. We focused

on activity generally and not on specific behaviors. This is because

the accelerometer records 5‐min average values, which makes

behavioral characterization difficult as it requires a higher temporal

resolution (Petroelje et al., 2020).

2.4 | Masks of activity

We investigated the effects of seven factors that may mask any

nocturnal activity in proboscis monkey individuals. These were

temperature, rainfall, cloud cover, moon brightness, nightly distance

from major waterways and from plantations, and daytime activity

levels. Daytime activity levels were calculated as described in

Section 2.4.

2.4.1 | Temperature, rainfall, and cloud cover

Temperature, rainfall, and cloud cover data were generated and

adapted from the ERA5 reanalysis data set provided by the

Copernicus Climate Change Service (Hersbach et al., 2019). The

ERA5 reanalysis data set combines 12 hourly observations with

model data across the entire globe to produce hourly estimates of

atmospheric, land and oceanic conditions using the 4D‐Var assimila-

tion method (Hersbach et al., 2019; Tetzner et al., 2019). Tempera-

ture at 2m, measured as the air temperature at 2 m above land, was

measured in degrees Kelvin and converted to one average value of

temperature per night in degrees Celsius (Hersbach et al., 2019).

Rainfall was measured as the total amount of precipitation

accumulated over an hour in meters, which was converted into total

rainfall in mm/per night (Hersbach et al., 2019). Cloud cover was

measured as the proportion of a grid box that is covered by cloud

(from 0 [no cloud] to 1 [no clear sky]) (Hersbach et al., 2019). The data

set has a resolution of ∘ ∘0.25 × 0.25 and all data were generated for

the coordinates ∘5 18′ N– ∘5 42′ N and ∘117 54′ E– ∘118 33′ E and

factored in night length (Hersbach et al., 2019).

2.4.2 | Moon brightness

Moon brightness was derived by multiplying the fraction of the moon

visible on one night with the time the moon was above the horizon.

Both the fraction of the moon visible and the time the moon was

above the horizon were generated using the “getMoonIllumination”

and “getMoonPosition” functions from the suncalc package in R for

the coordinates of the Danau Girang Field Centre (located at
∘5 24′48.23″ N and ∘118 2′17.94″ E) (Thieurmel & Elmarhraoui,

2019). Moon fraction visible was recorded as a fraction between

0.0 and 1.0 per night, where 0.0 is a new moon and 1.0 is a full moon

and moon position was recorded as the altitude of the moon above/

below the horizon (Thieurmel & Elmarhraoui, 2019). We converted

moon position to a binary form, where 1 indicated the moon was

above the horizon and 0 was below the horizon. Moon position data

were matched to every activity data point. For each night, the total

proportion of 1's was calculated to give an overall fraction of how

long the moon was above the horizon within one night.

We used the following formula to calculate moon brightness

(Formula 1):

⋅ϕ tbrightness= ( ),up (1)

where ϕ is the moon fraction and tup is a fraction of how long the

moon was above the horizon during the night.

2.4.3 | Distance from rivers and major waterways

The collars collected GPS locations every hour from 05:00 to 19:00 h.

We used the 05:00 h GPS fix to assess the distance (m) between the

sleeping site and major waterways such as rivers (distance from

water) and from plantations (distance from plantations) during

the previous night (Stark, 2018). There was little difference between

the 19:00 and 05:00 h (<10m) GPS fixes, thus the 05:00 h fix was

selected.

2.5 | Statistical analysis

Activity levels across the entire 24‐h period were visualized per

individual using R package ggplot2 (Wickham, 2016). Nocturnal and

diurnal activity were summarized with average and standard

deviation values per individual and overall. Twilight data were not

included in this summary or in the further analysis to focus on
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nocturnal and diurnal activity only. Generalized linear mixed models

(GLMM) were fit to the nocturnal activity data to identify potential

masking effects on nocturnal activity presence. Stata software was

used to fit gamma family GLMMs, utilizing the inverse link function,

and maximum likelihood estimation (StataCorp, 2003). We used the

robust standard errors option to estimate the variance. This allows

for nonindependence of observations within individuals but indepen-

dence between individuals. We considered gamma GLMMs as a good

fit for this data set because the nocturnal activity data were right‐

skewed.

The nocturnal activity data were split into a “fit” data set (900

observations) and a “test” data set (829 observations). The data were

allocated proportionally among the individuals, meaning that approx-

imately the first half of the observations of each individual were

assigned to the “fit” data set and the remainder to the “test” data set.

The data were not split randomly because of data correlation within

each individual's data (see Supporting Information: Figure S1). The

individuals showed no evident patterns, except for individual 2 who

showed a sudden elevation on average nocturnal activity (see

Supporting Information: Figure S1). Plotting the potential masking

effects over the observation time did not show any similar trends.

This raised questions about the validity of the accelerometer data for

individual 2, as one of the alternative explanations of a sudden

elevation in activity values may be that the Lotek collar had come

loose. We therefore decided to exclude this individual from the data

set and subsequent GLMMs. With all observations from individual 2

omitted, 781 observations remained in the “fit” data set and 729 in

the “test” data set.

We used an iterative approach to identify masking effects by

including different variables as predictors when fitting the model with

the “fit” data set (Table 2). The possible variables were temperature,

rainfall, moon brightness, distance from waterways, distance from

plantations, and diurnal activity values. The log of rainfall, and the

squared values of cloud cover were used instead of the raw rainfall

and raw cloud cover data to obtain a better spread in the data. We

then used each fitted model to predict the nocturnal activity using

the “fit” data set. To determine the performance of the model, we

used the deviance values from the model. We used a reduction of

deviance to determine whether additional variables should be

included (one at a time). A lower deviance score indicates a better

fitting model, where a model with a deviance of 0 indicates a perfect

fit. If there was little or no reduction in deviance, or if the p‐value of

the predictor was larger than 0.05, the variable was not included in

the model (Table 2). Based on deviance values, it initially appeared

that model 8 was the best model (Table 2). However, on further

inspection of the “distance from water” data, which identified

extreme outliers, the inclusion of this variable was questioned.

Because of the uncertainty combined with the low number of

individuals in the model, we decided to not include this variable in the

model. As such, model 4 was chosen as the final model (Table 2). The

final model was validated by examining the distribution of the

Anscombe residuals, and the scatter plot of deviance residuals

against the linear predictor (see Supporting Information: Figures S2

and S3).

The final model was used to predict the nocturnal activity using

the “test” data set (see Supporting Information: Figure S5).

TABLE 2 Models tested during the iterative approach to model selection with the “fit” data set

Model Temp Log (rain)
Daytime
activity

Cloud cover
squared

Moon
brightness

Distance from
plantations

Distance
from water Deviance

1 X 623

2 X 616

3 X X 603

4 X X X 595

5 X X X X (p> 0.05) 595

6 X X X X (p> 0.05) 589

7 X X X X (p>0.05) 594

8 X X X X 589

9 X X X (p> 0.05) 602

10 X X X (p> 0.05) 597

11 X X X (p> 0.05) 602

12 X X X 598

Note: The X shows variables included in the model. A lower deviance indicates a better fitting model. If the inclusion of a variable decreased the deviance

value, the variable was included in the model. If the p value of a variable was larger than 0.05, it was not included in the model, even if the deviance
decreased. Model 4 (in bold) was the final model selected.
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Supporting Information: Figure S4 shows a histogram of the

residuals (actual–predicted). The residuals are left‐centered, below

0, and thus indicate that the predicted values are larger than the

actual values. The mean nocturnal activity of the “test” data set is

1.87, with a standard error of the mean of 0.08. The mean

predicted value from the model is 2.07. This is approximately 2.6

times the standard error of the mean, and therefore it can be

concluded that the model overestimates the activity, based on the

fitted model. Marginal effects plots were created using the margins

function in Stata [StataCorp, 2021]). For each of the three variables

(rain, temperature, daytime activity), the other two were held at

their median value.

3 | RESULTS

3.1 | Nocturnal activity presence

Nocturnal activity was much lower than diurnal activity (Table 1,

Figure 1). Individuals varied in terms of location and spread of

activity (Table 1). Activity values were unitless, ranging from 0 (no

activity) to 510 (highest measurable activity). The average nocturnal

activity of the proboscis monkeys ranged from 1.17 to 4.62 per

individual, while the standard deviation varied between 1.14 and

4.28 (Table 1). Average diurnal activity ranged from 39.10 to 54.29

per individual, while the standard deviation varied between 5.82

and 15.27 (Table 1).

3.2 | Masking effects of activity

The final GLMM identified that temperature, rain and average activity

during the day were masking effects that influenced nocturnal

activity levels (AIC = 3.59, deviance = 595.17, deviance/df = 0.77, log

pseudo‐likelihood = −1399.41) (Table 3). Cooler temperatures, higher

rainfall, and higher daytime activity predicted higher nocturnal

activity (Figure 2a–c). Moon brightness and distance from plantations

had all been eliminated earlier in the model fitting process and had no

effect on activity. Poor results were obtained when the final fit of the

model with the “fit” data was used to predict activity for the “test”

data (see Supporting Information: Figures S4 and S5). This means that

the masking effects are valid for the data range included in the “fit”

data, but they may not be applicable to another group of similar

individuals.

4 | DISCUSSION

Activity patterns in mammals are mostly constrained, with individu-

alized flexibility to a certain degree to buffer against changes and

disturbances in an environment (Jaman & Huffman, 2013; Nowak &

Lee, 2013). Our results identified that the six male proboscis

monkeys displayed diurnal activity patterns. However, proboscis

monkeys can and do display some nocturnal activity in response to

environmental disturbances. We found three possible weak effects of

external factors on the levels of nocturnal activity displayed by five of

F IGURE 1 Average activity levels throughout the 24‐h period per individual, including the interquartile range. Individual 2 was not included.
This study was focused on nocturnal activity only, and thus the area of interest was approximately between 18:10 and 06:00 h. Activity values
were unitless and could vary from 0 (no activity) to 510 (highest measurable activity)
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the six proboscis monkeys: temperature during the night, rainfall

during the night, and daytime activity. Our results provide a

launchpad for other studies using accelerometers to understand

masking effects in other species.

Contrary to our expectation, nocturnal activity was not higher

during nights of warmer temperatures. Activity appeared to be higher

on cooler nights, as was found with female chacma baboons in South

Africa (Ayers et al., 2020). Thermoregulation is one of the main

hypotheses behind nocturnal activity and sleep behaviors in many

primate species (Ayers et al., 2020; Pruetz, 2018; Watanuki &

Nakayama, 1993). The increase in activity on cooler nights could

reflect an increase in the number of times individuals changed

huddling and sleep positions (Ayers et al., 2020). However, because

of the larger body size of proboscis monkeys, air temperature is not

thought to majorly influence sleeping site selection (Matsuda et al.,

2011). Additionally, temperatures varied only between ∘22 C and
∘26 C, and therefore, thermoregulation constraints may not impact the

changes in proboscis monkey activity (Anderson, 1984). Perhaps on

cooler nights, proboscis monkeys can engage in more behaviors

without heat stress, and therefore, extend their activity into the

night.

As expected, higher rainfall appeared to be correlated with an

increase in nocturnal activity levels in the five modeled individuals.

Our results are some of the first to find a link between rainfall and

nocturnal activity in anthropoids. Although rainfall is predicted to be

a nocturnal disturbance that interrupts sleep in anthropoid primates,

rainfall did not predict nocturnal activity presence in chacma baboons

(Ayers et al., 2020) and chimpanzees (Tagg et al., 2018) and did not

impact sleep in Yunnan snub‐nosed monkeys (Rhinopithecus bieti)

(Anderson, 1984, 2000; Li et al., 2010). It may also be more difficult

for proboscis monkeys to hear predators approaching in the rain,

which could increase their vigilant behavior during the night (Ayers

et al., 2020). Male proboscis monkeys in one‐male, multi‐female

groups protect the female and young individuals (Kawabe & Mano,

1972), therefore, this explanation is plausible.

We expected that, similar to chimpanzees, activity at night would

be lower after days of high activity (Tagg et al., 2018). Contrary to our

expectation, high diurnal activity levels seemed to predict more

nocturnal activity, suggesting that periods of disturbance may affect

activity across the 24‐h period. Quantifying diel activity patterns and

their flexibility in primate species is pivotal to effective conservation

management (Bismark, 2010; Nowak & Lee, 2013). This information

may give clues about how species survive changes in their environ-

ment and will do so in the future. The three masking effect results

(temperature, rainfall, and daytime activity) show some flexibility in

proboscis monkey activity patterns and thus, proboscis monkey

activity may change in the context of anthropogenic environments.

We split our accelerometer data into two data sets to identify

if our model can be generalized to other proboscis monkeys. This

TABLE 3 Coefficients of the final generalized linear mixed model
used to predict nocturnal activity in proboscis monkeys (AIC = 3.59,
deviance = 595.17, deviance/df = 0.77, log pseudo‐
likelihood = −1399.41)

Fixed effects Coef. Std. err. z Value p > z
95% confidence

intervals

Temperature 0.085 0.038 2.22 0.026 0.010 0.160

logRain −0.033 0.011 −2.98 0.003 −0.054 −0.011

Activity

average
day

−0.003 0.002 −1.91 0.056 −0.006 0.000

Constant −1.411 0.894 −1.58 0.115 −3.163 0.341

(a) (b) (c)

F IGURE 2 Marginal effects plots showing how nocturnal activity in proboscis monkeys related to (a) mean night‐time temperature, (b) total
rainfall during the night, and (c) mean diurnal activity in the period preceding the night of interest. Activity values were unitless and could vary
from 0 (no activity) to 510 (highest measurable activity).
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approach assumed that both the “fit” and “test” data were random

samples from the same population. As the results of the fitted

model with our “test” data did not indicate a good fit, it cannot yet

be said whether our results apply to the wider population. The

poor fit may be explained by the difference in behavior over the

observation interval. Furthermore, we expected that the distance

individuals spent the night from water would affect their nocturnal

activity presence. Proboscis monkeys choose sleeping sites near

rivers to reduce predation threats (Matsuda et al., 2008). However,

we removed the distance from water data because of outliers that

led to questions about its value in the model. The median distance

from water was less than 35 m for all individuals, with outliers of

over 1000 m. It was not known whether these distances were by

choice or restrictions on availability of habitat.

We included seven factors that might mask activity patterns in

proboscis monkeys. This was not an exhaustive list. In addition to

the factors that we included, seasonality and social activity should

be examined in future research (Nowak & Lee, 2013). Seasonality

affects diel activity patterns in several anthropoids, including owl

monkeys (Fernández‐Duque, 2003), Yunnan snub‐nosed monkeys

(Li et al., 2010), spider monkeys (Muñoz‐Delgado et al., 2004) and

Guizhou snub‐nosed monkeys (Tan et al., 2013). In Sabah, fruit

availability is seasonal, and its availability influences the activity

budgets of proboscis monkeys during the day and this effect may

extend to nocturnal activity (Matsuda et al., 2009b, 2014).

Additionally, proboscis monkey groups sleep together in one or

multiple nearby trees each night, occasionally together with other

groups, and social interactions are likely to influence on nocturnal

activity (Bernard et al., 2011; Matsuda et al., 2008; Thiry et al.,

2016). We studied male individuals from one‐male, multi‐female

groups, however, understanding the activity patterns of other

group members is another future goal. Apart from potentially

displaying more vigilance, it appears that male proboscis monkeys

sleep lower in the canopy than female and young individuals,

which could lead to different disturbances experienced and thus,

nocturnal activity displayed, by different individuals (Thiry

et al., 2016).

Our study highlights the value of accelerometer data. The

accelerometers allowed us to collect uninterrupted 24‐h data,

which would otherwise be impossible in the challenging riverine

habitats that proboscis monkeys inhabit. We believe that, with the

inclusion of more individuals, accelerometers are a robust method

for studying activity patterns and behavioral flexibility. With the

ability to collect large amounts of data, it is easier to quantify the

effects of environmental disturbances on a species behavior,

crucial to conservation planning (Bismark, 2010). These data can

further be strengthened by incorporating GPS data, which is often

collected alongside accelerometer data on the same device. We

did not collect GPS data after 19:00 h and thus, we cannot say

whether proboscis monkeys traveled during nights of activity.

Collecting GPS data throughout the night could identify whether

nocturnal activity coincides with travel away from and back to the

sleeping site during the night (Gottardi et al., 2010; Isbell et al.,

2017). Such travel appears unlikely in the current study because

GPS points were in the same location at 19:00 and 05:00 h the

next day. Additionally, one can monitor specific behaviors by

measuring activity in short continuous bursts, instead of as

averages, which would add further dimensions to activity pattern

studies (Costantini et al., 2017; Isbell et al., 2017; Petroelje

et al., 2020).

In summary, we identified that six male proboscis monkeys in

Sabah, Malaysia, displayed low but variable nocturnal activity,

therefore displaying diurnal activity patterns. For the five modeled

individuals, nocturnal activity levels appeared higher during nights

with cooler temperatures, higher rainfall, and after higher diurnal

activity. Our results cannot be generalized on the greater species‐

level scale. Further research into activity pattern masking effects, in

particular into temperature, rainfall and daytime activity levels, in

combination with data on seasonality and social activity, will further

our understanding of nocturnal activity and behavioral flexibility in

proboscis monkeys more generally. Proboscis monkeys in Sabah are a

key population for the species and are severely impacted by habitat

loss and habitat fragmentation (Sha et al., 2008). Understanding

proboscis monkey's reaction to nocturnal masking effects, may

provide insight in their reaction to human disturbances and help in

their conservation.
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