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Ultimate determinants of Hapalemur cathemerality

Abstract

Though numerous mammalian taxa exhibit cathemerality (i.e., activity distributed across 24-h
cycle), this includes very few primates, exceptions being species from Aotinae and
Lemuridae. Four non-mutually exclusive hypotheses have been proposed to explain ultimate
determinants for cathemeral activity in lemurs: thermoregulatory benefits, anti-predator
strategy, competition avoidance, and metabolic dietary-related needs. However, these have
only been explored in the frugivorous genus Eulemur, with some species increasing
nocturnality as a possible response to avoid diurnal raptors and to increase their ability to
digest fibre during resource scarce periods. Since Eulemur lack specialisations for digesting
bulk food, this strategy would allow for processing fibres over the full 24-h. The folivorous
lemurids, i.e., genus Hapalemur, provide a divergent model to explore these hypotheses due
to gastrointestinal adaptations for digesting dietary fibre and small body size compared to
Eulemur. We linked continuous activity data collected from archival tags with observational
behaviour and feeding data from three groups of adult H. meridionalis from January —
December 2013. We tested the effects of thermoregulation, anti-predator, and the weighted
proportion of dietary fibre on the daily diurnal/nocturnal activity ratio using a Linear Mixed-
Model. Our best-fit model revealed that increased canopy exposure and dietary fibre
predicted greater diurnality. Our findings contrast with previous predictions for frugivorous
lemurids, proposing a divergent adaptive explanation for folivorous lemurids. We suggest
that the need to avoid terrestrial predators, as well as the longer digestive bouts during
periods of bulky food, may override cathemerality in favour of diurnality in these bamboo

lemurs.

Key words: anti-predator strategy; diel activity; dietary fibre; lunarphilia; southern bamboo

lemur; thermoregulation
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Significance Statement

Southern bamboo lemurs are active throughout the 24-h cycle, with diurnality increasing with
high proportions of dietary fibre, in contrast to other cathemeral primates. They also increase
diurnality on days with greater canopy exposure, potentially avoiding nocturnal predators in
risky foraging areas. We suggest that folivorous lemurids may require long periods of
inactivity to conserve energy and digest dietary fibre, thus limiting activity to periods of

optimal foraging efficiency over the 24-h cycle.

Introduction

The strict limiting of activity to either day or night, each representing a contrasting
sensorial environment, has had profound consequences on the behavioural ecology of every
animal taxon (Enright 1970; Ashby 1972; Charles-Dominique 1975; Aschoff et al. 1982;
Halle 2000, 2006). Shifting activity over the 24 h cycle, thus not adhering to a strict diurnal
or nocturnal phase, is known as diel activity in the field of animal ecology (Erkert and
Cramer 2006; Halle 2006). It is exhibited across many mammalian orders (Serena 1994;
Clarke et al. 1995; van Schaik and Griffiths 1996; Flowerdew 2000; Halle and Stenseth 2000;
Palomares and Delibes 2000; Zalewski 2000; Brooke 2001; Gilmore et al. 2001; Holley
2001; Curtis and Rasmussen 2002; Taylor and Skinner 2003), despite the challenge of
compromising between adaptations for phases of the diel cycle (Martin 1990; Rydell and
Speakman 1995; Ankel-Simons and Rasmussen 2008; Prugh and Golden 2014; Santini et al.
2015).

Diel activity patterns are inherently flexible, thus we would expect them to fluctuate
according to environmental variation (i.e., a proximate determinant). For example, in most

diel species, photoperiodic changes such as sunrise and sunset act as a zeitgeber (i.e., an
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environmental cue that acts as a synchronizing or entrainment agent) by controlling the onset
and cessation of activity (Halle 1995, 2000; Taylor and Skinner 2003; Donati and
Borgognini-Tarli 2006a; Fernandez-Duque and Erkert 2006; Chiesa et al. 2010; Schlichting
et al. 2015). While this activity pattern has been shown to be inhibited by negative masking
effects, such as a decrease in nocturnal luminosity (Aschoff 1988; Erkert 1989; Horning and
Trillmich 1999; Mrosovsky 1999), it is more often the case that activity increases under these
low nocturnal light conditions (Orrock et al. 2004; Penteriani et al. 2011; Prugh and Golden
2014). Considering mammalian taxa, ultimate determinants (i.e., adaptive reasons) for diel
activity patterns are based on a multitude of non-mutually exclusive explanations, including
(1) a thermoregulatory strategy to avoid cold/heat stress (Chiarello 1998; Rezende et al.
2003), (2) anti-predator strategies (Zielinsky 1988; Lode 1995; Gunn et al. 2014), (3)
metabolic dietary-related needs (Engqvist and Richard 1991; van Schaik and Griffiths 1996;
Halle 2000; Merritt and Vessey 2000), (4) the avoidance of inter-specific competition
(Ganzhorn 1989; Kronfeld-Schor and Dayan 1999; Jacob and Brown 2000; Jones et al.
2001), and (5) demographic differences, e.g., group size, age, and/or sex (Beier and
McCullough 1990; Wauters et al. 2000; Marcelli et al. 2003; Kaczensky et al. 2006; Zschille
et al. 2010). Evidence from primates supports a few of these hypotheses (reviewed in Curtis
and Rasmussen 2006; Donati and Borgognini-Tarli 2006b; Donati et al. 2009).

Unlike other mammalian orders, the exhibition of diel activity is rare in Primates
(Curtis and Rasmussen 2006), an order where it is more commonly referred to as
‘cathemerality’ (Tattersall 1987). One haplorhine species, Aotus azarae, regularly displays a
cathemeral activity pattern (Fernandez-Duque 2003), while the remaining cathemeral
primates are limited to the strepsirrhine family Lemuridae, endemic to Madagascar (Donati
and Borgognini-Tarli 2006b). While it has been hypothesized that cathemerality in lemurs is

the product of a non-adaptive disequilibrium in a transition from nocturnality to diurnality
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enabled by the recent extinction of large diurnal raptors and of competitive lemur species
(Martin 1972; van Schaik and Kappeler 1993, 1996; Kappeler and Erkert 2003), most
evidence lends support for cathemerality likely representing a stable adaptation in lemurs
(Curtis and Rasmussen 2006; Kirk 2006; Donati et al. 2007a, 2009, 2013; Eppley et al.
2015a; Santini et al. 2015).

As for the ultimate determinants of cathemerality in lemurs, it is assumed that high
climatic seasonality in Madagascar has had a major influence on the evolution of lemur life
history traits (Wright 1999; Dewar and Richard 2007). As such, it has been suggested that
thermoregulatory stress could potentially affect diel activity patterns (Curtis et al.1999;
Mutschler 1999). Though some lemurids display a seasonal shift in activity across habitats
without strong temperature seasonality (Andrews and Birkinshaw 1998; Mutschler 1999;
Donati and Borgognini-Tarli 2006a; Tarnaud 2006; Donati et al. 2009), the avoidance of
extreme temperatures (i.e., both cold and heat) is a common driver for diel activity patterns
across many taxa (Greenwood and Metcalfe 1998; Halle and Stenseth 2000; Zielinsky 2000).

Furthermore, activity patterns in part determine the pattern of interactions among
predators and prey, playing an important role in the ecology of both (Wolfe and Summerlin
1989; Packer et al. 2011; Penteriani et al. 2011; Prugh and Golden 2014). It is often
suggested that a switch to nocturnal foraging represents a predator-avoidance mechanism,
reducing risk from diurnal predators (Cowan and Peckarsky 1994; Metcalfe et al. 1999;
Reebs 2002; Lang et al. 2006; Orpwood et al. 2006). Considering this strategy, predation has
been tentatively linked to lemurid cathemerality as an ultimate determinant (Overdorff 1988;
Curtis et al. 1999; Donati et al. 1999; Rasmussen 1999, 2005; Colquhoun 2006, 2007).

A relationship between cathemeral activity and cellulose-rich food with low energy
content has been well-documented in small, energy-demanding mammals (Halle 2006). Gut

constraints in small mammals with unstructured fermentation chambers may require more or
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less constant foraging activity to meet energy requirements (Daan and Slopsema 1978).
Engqvist and Richard (1991) proposed that the exhibition of cathemeral activity either
seasonally or at localized sites by primate species is associated with a shift towards a higher
consumption of high fibre, low-quality food. Frugivorous Eulemur display an average food-
transit time of 3-4 h (Campbell et al. 2004), and ultimately, an extension of foraging across
24 h would allow more time to extract sufficient energy to meet their dietary metabolic
demand in animals that lack gastrointestinal adaptations to efficiently digest cellulose
(Engqvist and Richard 1991). In fact, several studies of frugivorous primates, e.g., Eulemur
rubriventer (Overdorff 1988), E. fulvus mayottensis (Tattersall 1979; Tarnaud 2006), and E.
collaris (Donati et al. 2007a, 2009), have linked diel activity to dietary changes and fibrous
food, such as leaves (Donati et al. 2016). However, recent evidence of a diel activity pattern
in a folivorous primate, the southern bamboo lemur Hapalemur meridionalis (Eppley et al.
2015a), adds a layer of complexity surrounding this potential ultimate determinant of lemurid
cathemerality. The gastrointestinal tract of these relatively small mammals includes an
enlarged, sacculated caeco-colon, which assists in their elevated ability to digest fibre (Martin
1990; Overdorff and Rasmussen 1995; Campbell et al. 2004), allowing for leafy material to
be fermented by symbiotic gut microbes across an average food-transit time of 18-36 h, as
measured in a closely-related species (Fidgett et al. 1996; Campbell et al. 2000, 2004; Perrin
2013). Thus, the small-bodied folivorous bamboo lemurs, with their elevated digestive
capabilities and contrasting dietary guild from other cathemeral strepsirrhines, provide a
divergent model with which to determine the role of dietary fibre as an ultimate determinant
of this unusual activity pattern among primates.

Here we present systematic 24-h activity pattern data recorded via automatic data-
logging tags deployed on H. meridionalis, and link these data to our focal observation days.

Controlling for proximate factors (i.e., photoperiodic changes and nocturnal luminosity), we
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aimed to assess which, if any, of three non-mutually exclusive ultimate determinants (i.e.,
thermoregulatory strategy, anti-predator strategy, and metabolic dietary-related coping
mechanism) best explain a cathemeral activity pattern, measured as diurnality (ratio between
diurnal and nocturnal activity), in a small-bodied folivorous primate. The competition
avoidance hypothesis was not examined due to the minimal occurrence of agonistic
interactions between bamboo lemur groups and other lemur species. Furthermore, we did not
consider demographic factors as adult H. meridionalis group members are often synchronous
in their activity pattern. Considering the relatively small body size of southern bamboo
lemurs and what has been seen in similar-sized Alaotran gentle lemurs Hapalemur
alaotrensis (Mutschler 1999), and Azara’s owl monkeys Aotus azarae (Fernandez-Duque
2003), we predict that high diurnal temperature would inhibit diurnal activity and/or cooler
temperature at night would inhibit nocturnal activity. Furthermore, small- to medium-sized
lemurs are frequently at risk of predation from diurnal raptors and terrestrial cathemeral or
nocturnal mammals (Karpanty and Wright 2007). As H. meridionalis are known to utilize
sparsely canopied habitats (Eppley et al. 2015b), we predict that the bamboo lemurs will
increase their nocturnal activity when feeding in open-canopy habitats and/or increase
diurnality when feeding on the ground. Lastly, since the digestive capabilities of Hapalemur
permit an elevated ability to cope with dietary fibre compared to frugivorous Eulemur, we
predict that periods of increased dietary fibre will have no effect on bamboo lemurs’

diurnality.

Methods

Study site and species



Ultimate determinants of Hapalemur cathemerality

Data were collected at the Mandena littoral forest (24°95’S 46°99°E) in coastal
southeast Madagascar, a protected area of 230 ha of littoral upland forest and interspersed
swamps (Eppley et al. 2015b). Observations were conducted on three groups of southern
bamboo lemurs (Hapalemur meridionalis) (Fausser et al. 2002). These relatively small-
bodied primates (1.1 kg) live in small social groups (Eppley et al. 2015c¢) that are
characterized by maintaining a folivorous diet (Eppley et al. 2011, 2016a) and strict
territoriality with minimal home range overlap (Eppley et al. 2015b, 2016¢).

Ten adult H. meridionalis were captured and fitted with external radio-transmitters
with an archival tag (ARC400, Advanced Telemetry Systems, Isanti, MN, USA), that
recorded a proportional rate of activity every fifteen minutes throughout the duration of the
study. For the purpose of this study, however, the data are limited to collared adult
individuals from January — December 2013, as this period corresponds to our behavioural
observations. Capture and anaesthesia procedures have been previously described in Eppley
et al. (2015a). Seven of these individuals were recaptured following the same procedures and

data were retrieved manually from the tags.

Astronomical Data

Sunset and sunrise, moonset and moonrise, as well as morning and evening twilight
times were obtained from the US Naval Observatory Astronomical Calendar
(http://aa.usno.navy.mil/data/docs/RS_OneDay.php) by using the geographical coordinates
for Mandena. From these information we were able to calculate both daylength (h) and
astronomical twilight (-18° below horizon; Erkert 2011; Eppley et al. 2015a). We then
generated a nocturnal luminosity index (NL) through indirect evaluations of moon phase and

transit times using the geographic coordinates of Mandena via an ad hoc program, Moon
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v.2.0 (Curtis et al. 1999), allowing us to estimate the amount of lunar light available over the

course of a specific night.

Climatic Data

Climatic factors can be highly variable within coastal southeast Madagascar (Bollen
and Donati 2005). Temperature (°C) was recorded in 30-mins intervals throughout the study
using Lascar EL-USB-1 data loggers, operated by custom software (EasyLog USB Version
5.45, Lascar Electronics). In 2013, the mean temperature in Mandena was 22.5°C (monthly
mean range: 18.5 —26.7°C), displaying an absolute range between 9.5 — 35.0°C (Eppley et al.
2016b). Precipitation (mm) was measured daily at 6:00h using a rain gauge placed within the

study site (Eppley et al. 2015a).

Behavioural Data

From January to December 2013, we conducted full-day focal follows (from sunrise
to sunset) for approximately five days a month with three groups (a 4™ group was used
exclusively for home range calculation). Identification of individuals was made using radio-
tracking tags with coloured pendants, with all adult individuals in each group sampled at least
once each month.

Due to the differences in habitat and their contrasting floristic structures (Eppley et al.
2015b), we evaluated exposure to diurnal birds of prey by collecting instantaneous point
sampling (Altmann 1974) during all activities at 5-min intervals of whether the focal subject
was located directly under canopy cover, or if they were exposed (i.e., no canopy directly
above the focal). Specifically, we used this daily proportional value as a proxy of risk from
aerial predators since the littoral area mostly consists of evergreen trees with little seasonal

leaf abscission (Bollen and Donati 2005). Potential diurnal aerial threats to bamboo lemurs
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present in Mandena include Madagascar harrier-hawk Polyboroides radiatus, Henst’s
goshawk Accipiter henstii, and Madagascar buzzard Buteo brachypterus (Karpanty 2006;
Karpanty and Wright 2007). Given the various hunting strategies of these raptors (Brockman
2003) and that playback experiments of aerial predators have shown Hapalemur to descend
in the canopy in response to raptor calls (Karpanty and Wright 2007), we considered our
canopy exposure method as an acceptable proxy as they should theoretically try to minimize
the amount of time they are exposed from above. Additionally, terrestriality is presumed to
increase the perceived risk of predation by exposing individuals to potential predators (van
Schaik 1983), e.g., fossa Cryptoprocta ferox (Donati et al. 2007b), feral dogs (Canis
familiaris; Eppley et al. 2016a), and Dumeril’s boa Acrantophis dumerili (Eppley and
Ravelomanantsoa 2015). As such, we used the daily proportion of time the southern bamboo

lemurs spent on the ground as a proxy for terrestrial predation risk.

Fibre Analysis

Continuous sampling (Altmann 1974) was utilized each time the focal was observed
feeding. This included the exact time spent feeding (timed to the second) per food item(s)
while noting the plant species, with a new bout recorded if there was a 60 second interval
with no feeding. We collected samples of all observed food items (N = 86) directly from
feeding trees and/or grazing sites on the same day or at the same time the following day.
Samples were weighed with an electronic balance (fresh weight), dried in an oven at
approximately 40°C for a standard period, and weighed again (dry weight) at the field site.
Dry matter specimens were exported to the University of Hamburg and biochemical analyses
on all food items were conducted in 2013-2014. Since the argument on possible effects of
fibre on cathemerality is based on the assumption that animals need time to extract

metabolizable components out of a bulky diet (Donati et al. 2009), we restricted the chemical
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analyses in the present context to Neutral Detergent Fibre (NDF) and Acid Detergent Fibre
(ADF). Both daily weighted proportions of NDF and ADF dry matter were calculated with
the proportion of feeding records for each food item as the weighted coefficient (Table 1;
Kurland and Gaulin 1987; Eppley et al. 2016a). NDF is composed of non-digestible silica,
lignin, cellulose and poorly defined fraction of “hemicellulose”. Hemicellulose consists of
digestible and non-digestible carbohydrates, cell-wall-bound proteins and possibly digestion-
inhibiting tannins. ADF represents the fibre fraction containing cellulose and lignin.
Herbivores are assumed to get substantial fractions of energy and nutrients out of
hemicellulose, yet its digestion is time-consuming and thus might represent one of the
limiting factors of digestion (Rothman et al. 2012). As substantial differences in energy
intake are expected in these highly efficient folivorous lemurs depending on whether NDF
proportions are mostly digestible or mostly indigestible, we used the difference between NDF
and ADF (hereafter called fibre) as a proxy of digestible fibres. Detailed reviews of the
procedures and their biological relevance are provided by van Soest (1996), Ortmann et al.

(2006), Rothman et al. (2012), and Wallis et al. (2012).

Data Analyses

We considered only full-day focal follows (N = 106) of southern bamboo lemurs, that
is, we only included data limited to sessions where the focal subject was observed for >80%
of the day (i.e., as calculated via available daylight per 24-h period), which constituted
>1,206 h. We utilized a diurnal-to-nocturnal activity (DN) ratio so as to allow for comparison
across taxa (Donati et al. 2013). To determine which factors influenced the DN ratio, we
fitted Linear Mixed-effects Models (LMM) in R statistical software (R Development Core
Team 2014) using the Imer function of the Ime4 package (Bates et al. 2012), with the daily

DN ratio as a continuous response variable. We included the following fixed effects: mean
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temperature (°C), the weighted proportion of fibre in the daily diet, and percentage of
terrestriality and canopy exposure (as proxies of predation pressure). In addition, we included
as fixed effects the proximate variables of total precipitation (mm), daylength (h), and
nocturnal luminosity index (NL). Groups were included as random effect to control for
repeated sampling. We then used the ANOVA function to calculate likelihood ratio tests for
model comparison, allowing us to determine which model had the best explanatory power by
comparing Akaike’s Information Criterion (AIC) values for all possible models. P-values
were obtained with a likelihood ratio test using the afex package (Singmann 2014), developed
for R statistical software (R Development Core Team 2014) with significance considered at P
< 0.05. We tested for the normality of the residuals and the presence of outliers in the LMM
using the Kolmogorov-Smirnov test, with data entered for parametric analyses after log
transformation as they were not all normally distributed.

Multicollinearity was not an issue for predictors as a correlation matrix of the
dependent variable and fixed effects displayed values all less than 0.90 (Cohen et al. 2003;
Field 2013). It should be noted that there were a couple large correlations between predictors.
In particular, temperature and daylength shared a high degree of variance with each other (+°
=(.53; Table 2), which limited the amount of variance they can uniquely share with the
dependent variable. Despite this high correlation, these variables were not predictive of a
change in daily diurnality. Furthermore, terrestrial activity and fibre shared a high degree of

variance (7 = 0.59; Table 2).

Results

From January to December 2013 collar data revealed that bamboo lemurs exhibited a

mean (+SD) DN ratio of 4.75 + 2.48 (N = 106; Figure 1). Comparison between daily averages
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and ranges of the proximate and ultimate factors between low diurnality (< 3.0), intermediate
diurnality (3.0 — 5.0), and high diurnal activity (> 5.0) are provided in Table 3.

Our best-fit model (AIC = 284.28, y* = 27.53, df =3, P < 0.001) provided a
significantly better fit for the data than the null model, and included significant values for one
proximate factor (nocturnal luminosity), one anti-predator proxy (canopy exposure), and one
dietary related factor (fibre) (Table 4). Specifically, greater nocturnal luminosity increased
nocturnal activity (Figure 2a), while both increased canopy exposure (Figure 2b) and the
weighted proportion of fibre in the diet were shown to increase bamboo lemur diurnality
(Figure 2c). We examined the full model to evaluate the effect of predictors that were not
included in the best-fit model (Table 4). Again, only nocturnal luminosity, canopy exposure,
and daily proportions of dietary fibre predicted daily diurnality. None of the following fixed
effects provided any significant predictive power: temperature (i.e., thermoregulatory proxy),
terrestrial activity (i.e., anti-predator proxy), precipitation and daylength (i.e., proximate
factors). Indeed, the full model did not provide a significantly better fit for the data than the

best-fit model (AIC = 290.27, * = 2.02, df=4, P = 0.73).

Discussion

Our study provides the first systematic examination of determinants of diel activity in
a folivorous primate, H. meridionalis, thereby allowing previous hypotheses on cathemerality
based on mainly frugivorous primates to be tested from an alternative angle. Our results show
that canopy exposure and dietary fibre were significant predictors of diurnality. Furthermore,
our model revealed that H. meridionalis increased nocturnal activity when there was greater
nocturnal luminosity (Eppley et al. 2015a). This was not surprising given that moonlight has
been shown to be similarly influential to most cathemeral (Charles-Dominique et al. 1980;

Wright 1989; Curtis et al. 1999; Donati et al. 2001, 2009, 2013; Fernandez-Duque 2003;

13



Ultimate determinants of Hapalemur cathemerality

Kappeler and Erkert 2003; Donati and Borgognini-Tarli 2006a; Fernandez-Duque and Erkert
2006; Schwitzer et al. 2007; Fernandez-Duque et al. 2010) and several nocturnal primates

(Gursky 2003; Nash 2007)

Thermoregulatory strategy

Ambient temperature was shown to have no influence on bamboo lemur diurnality.
Our results are similar to previous studies on the genus Eulemur (Andrews and Birkinshaw
1998; Tarnaud 2006; Donati et al. 2009), yet intriguing considering that Hapalemur are
relatively small-bodied folivores (Tan 1999; Eppley et al. 2011) that do not appear to use
torpor (Eppley unpublished data). The activity of the only similarly-sized cathemeral primate
studied so far, Aotus azarae, is influenced by ambient temperature in Formosa, Argentina,
where similar maxima and minima temperatures to Mandena have been recorded (Fernandez-
Duque 2003). Similarly, limited observations suggest that H. alaotrensis avoid high daytime
temperatures (Mutschler 1999).

Thermoregulatory strategies appear to be common for many cathemeral non-primate
mammals. High ambient temperatures have been shown to constrain diurnal activity in large
herbivores, such as Przewalski horse (Equus ferus przewalskii) and eastern grey kangaroos
(Macropus giganteus), thus reducing heat stress by remaining in the shade during the hot
daytime and increasing nocturnal activity (Clarke et al. 1995; Berger et al. 1999). In contrast,
low ambient temperatures were shown to constrain the activity of herbivorous cururos
(Spalacopus cyanus, Octodontidae) outside of their burrows during the night (Rezende et al.
2003), while pine martens (Martes martes) also significantly decreased their diel activity on
cooler days (Zalewski 2000). Furthermore, it is suggested that nocturnal activity of the highly
folivorous Atlantic forest maned sloth (Bradypus torquatus) is inhibited by lower ambient

temperatures (Chiarello 1998). Though it is argued whether or not other small-bodied
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folivorous lemurs (i.e., Avahi and Lepilemur) exhibit periodic torpor (Dausmann 2014), our
data suggest that southern bamboo lemurs may be tolerant of climatic fluctuations. However,
this result may not be extrapolated for all Madagascar as climatic extremes in this coastal
region are not as pronounced as in other regions of the island (Bollen and Donati 2005;
Dewar and Richard 2007). Therefore this factor may not have been as influential at our study
site, which has a monthly mean temperature range of 18.5 — 26.7°C (Eppley et al. 2016b), as
compared to the sub-arid south-western forests (daily means: 17.0 and 34.0°C;
Andriatsimietry et al. 2009), and the high-altitude eastern rain forests (daily mean of 13.0°C

in the austral winter; Blanco et al. 2013).

Anti-predator strategy

As a predator-sensitive behaviour, foraging success is largely determined by the need
to minimize predation risk (Schoener 1971; Cowlishaw 1997; Miller 2002), with
susceptibility to predation often dependent on the level of exposure of the position of the
individual (van Schaik and van Noordwijk 1989; Janson 1998). For example, elephants
(Loxodonta africana) have been shown to defensively flee in response to human auditory
cues (McComb et al. 2014). As such, elephants around Mikumi National Park, Tanzania, are
known to raid nearby agriculture fields at night to avoid periods of human activity; however,
they decrease crop-raiding on nights of greater lunar luminosity in order to further avoid
potential detection (Gunn et al. 2014). Increased terrestrial feeding by H. meridionalis in
Mandena is due to a greater dietary quality pay-off when the perceived risk of predation was
less than or equal to the risk when feeding arboreally (Eppley et al. 2016a). While our model
does not support terrestrial activity as influencing changes in diurnality, canopy exposure was

found to be a significant factor, i.e., on days when canopy exposure increased southern
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bamboo lemurs were more diurnal, though against our prediction of avoiding diurnal aerial
predation.

The degraded and fragmented habitat matrix of Mandena includes many open-canopy
areas, with the majority of these concentrated in the marsh/swamp areas where these lemurs
feed heavily on terrestrial food items, such as various grasses and Cyperaceae piths, during
diurnal hours (Eppley et al. 2011, 2016a). It has been established that the congener H. griseus
is a frequent food source for raptors at Ranomafana National Park (Karpanty and Wright
2007), and changes in diel activity are often shown to reduce the perceived risk from diurnal
predators (Cowan and Peckarsky 1994; Lang et al. 2006; Orpwood et al. 2006). Conversely,
the strategy of these southern bamboo lemurs appears to minimize the potential predation
risks associated with exposed nocturnal feeding by focusing terrestrially foraging in open-
canopy areas during the day. Despite open canopy areas potentially making bamboo lemurs
more susceptible to aerial predation (Grassi 2000), terrestrial foraging in open-canopy areas
likely carry a greater perceived risk at night when large terrestrial predators, such as fossa and
feral dogs, are more active. In fact, it has been shown that Milne-Edwards’ sifaka
(Propithecus edwardsi) select sleeping sites higher in the canopy at night to avoid detection
by terrestrial predators, e.g., fossa (Wright 1998). This potential anti-predator strategy
suggests that the marsh/swamp habitat presented higher perceived predation risk at night
compared to the littoral forest, while also suggesting that the nutritional benefits gained by
foraging in the marsh/swamp may outweigh the risk of predation. However, until more fine-
grained data are collected to accurately assess predation rate, these observational proxies are

our best approximation.

Metabolic dietary-related needs
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Contrary to our prediction, daily proportion of dietary fibre (i.e., NDF-ADF) was
shown to have a significant influence on the DN activity ratio of H. meridionalis.
Specifically, diurnality exhibited by H. meridionalis decreased on days when the proportion
of dietary fibre was low. This is in contrast to what has been observed in cathemeral
mammals, such as various small rodents (Halle and Stenseth 2000; Halle 2006) and Eulemur
(Donati et al. 2007a, 2009). Engqvist and Richard (1991) first suggested that the expansion to
24-hour activity is a consequence of the short food-transit time in frugivorous Eulemur and
the necessity to refill their stomach to maximize energy extractions when fibre intake
increases, i.e. during a seasonal shift to folivory (Tarnaud 2006; Donati et al. 2007a, 2009).
This has been observed in many small mammals with a limited capacity for fibre digestion,
resulting in a power feeding strategy to maximize overall food intake (Cork and Foley 1991;
Halle 2006). The Hapalemur genus maintains year-round a folivorous feeding ecology
composed largely of bamboos, grasses, and sedges (Overdorff et al. 1997; Mutschler 1999;
Tan 1999; Grassi 2002, 2006; Eppley et al. 2011, 2016a), a diet that requires a long food-
transit time compared to frugivorous Eulemur (Cabre-Vert and Feistner 1995; Fidgett et al.
1996; Campbell et al. 2000, 2004; Perrin 2013). Thus, while the hypothesis put forth by
Engqvist and Richard (1991) provides an explanation for Fulemur cathemeral activity
patterns, it does not explain cathemerality for Hapalemur. We propose that bamboo lemur
digestive strategies may explain these differences.

Similar to some herbivorous artiodactyls (Polat et al. 2013), herbivorous/folivorous
marsupials (Cork and Foley 1991), and folivorous haplorhine primates (Milton 1981, 1998),
long resting/digestive bouts may be necessary when bamboo lemurs consume highly fibrous
foods. Direct observations, supported by the known long food-transit time which assists in
digesting bulk dietary fibre (Overdorff and Rasmussen 1995; Fidgett et al. 1996; Campbell et

al. 2000, 2004), suggest that resting bouts of these small lemurids are not interrupted by
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defecation as frequently as observed in Fulemur (Eppley and Donati pers. observ.). Assuming
that the ancestral activity pattern of the family Lemuridae is likely to be cathemeral (Curtis
and Rasmussen 2006; Tattersall 2008; Donati et al. 2013; Eppley et al. 2015a; Santini et al.
2015), we hypothesize that Hapalemur dietary needs may “mask” cathemerality when
heavily feeding on high fibre foods, forcing them to become more monophasic. Also, the
need to maintain high foraging efficiency on leaves and grass, food categories more often
associated with diurnality in primates, may further explain why bamboo lemurs concentrate
activity during daylight hours. If our reasoning is correct, bamboo lemurs may have retained
cathemerality and the multiple advantages of its flexibility (Curtis and Rasmussen 2006)
while adapting it to complement their folivorous specializations. This idea, however, should
be considered speculative until more rigorous behavioural and physiological data are

collected.

Conclusions

Our data analysis supported both an anti-predatory strategy and metabolic dietary-
needs hypotheses as ultimate determinants of cathemeral activity in H. meridionalis. The
southern bamboo lemurs of Mandena increased diurnal activity when they spent more time in
exposed locations, suggesting that open canopy areas are more risky at night compared to
during the day. Similarly, the extension of activity into the night decreased as the lemurs
ingested more dietary fibre. This is in stark contrast to the dietary strategy of other lemurids
that allegedly increase nocturnal activity to cope with increased fibre in their diet (Donati et
al. 2016) or are not affected by dietary fibres (Curtis et al. 1999). We suggest that periods of
bulky food intake by bamboo lemurs may require long periods of inactivity to digest dietary
fibre. Ultimately, these data provide evidence that despite contrasting gastrointestinal

morphologies and dietary adaptations among lemurid species, cathemeral activity provides
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varying adaptive value, as different constraints appear to act simultaneously and/or in
different ways depending on the habitat (Curtis and Rasmussen 2006; Donati et al. 2013;

Tattersall 2008).
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Figure legends

Figure 1 Boxplot displaying the median, quartiles (1*' and 3™), and max/min daily DN

activity ratios recorded for each group of H. meridionalis (Group 1: N =37 days, Group 2: N

= 39 days, and Group 4: N = 30 days).
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Figure 2 Scatter-plot (with trendline and variance) of log DN activity ratio and (a) nocturnal
luminosity index, (b) percentage of canopy exposure, and (c) daily proportion of fibre (NDF -

ADF) in the southern bamboo lemur diet.
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