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Abstract 15 

Time is considered a resource in limited supply and temporal niche separation is one of the 16 

most common strategies that allows ecologically similar species to live in sympatry. 17 

Mechanisms of temporal niche separation are understudied especially in cryptic animals due 18 

to logistical problems in gathering adequate data. Using high-frequency accelerometers 19 

attached to radio-collars, we investigated whether the ecologically similar lemurs Avahi 20 

meridionalis and Lepilemur fleuretae in the lowland rainforest of Tsitongambarika, south-21 

eastern Madagascar, show temporal niche separation. Accelerometers stored data with a 22 

frequency of 1Hz for a total of 71 days on three individuals of A. meridionalis and three 23 

individuals of L. fleuretae. We extrapolated motor activity patterns via the unsupervised 24 

learning algorithm expectation maximisation and validated the results with systematic 25 
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behavioural observations. Avahi meridionalis showed peaks of activity at twilights with low 26 

but consistent activity during the day, while L. fleuretae exhibited more activity in the central 27 

hours of the night. Both lemur species had their activity pattern entrained by photoperiodic 28 

variations. The pair-living A. meridionalis was found to be lunarphilic while the solitary-29 

living L. fleuretae was lunarphobic. We suggest that these activity differences were 30 

advantageous to minimise feeding competition, as an anti-predator strategy, and/or for dietary 31 

related benefits. These findings demonstrate a fine-tuned temporal partitioning in sympatric, 32 

ecologically similar lemur species and support the idea that an activity spread over the 24-33 

hours, defined here as cathemerality sensu lato, is more common than previously thought in 34 

lemurs.  35 

 36 

Significance statement 37 

Ecologically similar species may exhibit temporal niche partitioning and separate their peaks 38 

of activity when co-occurring in an area. We show for the first time that the mainly nocturnal 39 

genus Avahi can exhibit high crepuscular activity with low but consistent bouts of activity (up 40 

to 44.6% of daily activity) during the day. We defined this activity as cathemerality sensu 41 

lato as opposed to the cathemerality sensu stricto observed in Eulemur sp. We suggest that 42 

this flexible activity may be advantageous for the species to minimise feeding competition 43 

and predatory pressure, and/or to provide dietary-related benefits. This finding in the 44 

secondary nocturnal genus Avahi supports the idea that activity patterns in lemurs are 45 

graduated and traditional categorisations are inadequate.     46 
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Introduction 51 

The exhibition of largely similar habits leads to niche overlap between species, which may 52 

compete if the resources used are in limited supply (La Morgia and Bassano 2009). Three 53 

main niche dimensions - habitat type, temporal differentiation, and food type - have been 54 

shown to be used to reduce niche overlap (Singh et al. 2011). According to the “niche 55 

complementarity hypothesis”, a high overlap in one niche dimension should be compensated 56 

by a low overlap in at least one of the other dimensions (Vieira and Port 2006). Time can be 57 

considered as a resource in limited supply (Halle 2000) and separating the time of activity has 58 

been suggested as one of the most effective strategies for species coexistence (Schoener 59 

1974; Schreier et al. 2009; Schmidt et al. 2013; Scriven et al. 2016). Temporal niche 60 

partitioning has been repeatedly demonstrated as a strategy to reduce competition and allow 61 

coexistence between ecologically similar species in many Orders including Carnivora 62 

(Jácomo et al. 2004; Harrington et al. 2009; Romero-Muñoz et al. 2010), Chiroptera (Adams 63 

and Thibault 2006), Primates (Curtis and Rasmussen 2006; Schreier et al. 2009), Rodentia 64 

(Kronfeld-Schor and Dayan 1999; Castro-Arellano and Lacher 2009), Salmoniformes 65 

(Eloranta et al. 2013), and Squamata (Martínez-Freiría et al. 2010).  66 

Activity patterns of animals are endogenously generated by biological clocks and 67 

empowered with mechanisms that allow adaptation to environmental challenges (Refinetti 68 

2016). Activity patterns rely on endogenously fixed rhythms that can be circadian (i.e. over 69 

the 24-h) and circannual (i.e. over the calendar year) (Aschoff 1979). Circadian and 70 

circannual rhythms are shaped by predictable environmental factors, called Zeitgebers, such 71 

as photoperiodic variations, or by less predictable factors that may override the main rhythm, 72 

called masking factors, such as food quality and availability, weather conditions, nocturnal 73 

luminosity, predation, and anthropogenic disturbance (Daan and Aschoff 1982; Halle and 74 

Stensteth 2000; Donati et al. 2009, 2016; Poudel et al. 2015; Brivio et al. 2017). 75 



Photoperiodic variation is an important Zeitgeber, especially for animals that, by 76 

living far from the equator, experience seasonal variations in daylength and climate 77 

(Brockman and van Schaik 2004). The endogenous clock is influenced by light that 78 

synchronises activity to the photoperiod; thus, activity is usually strongly affected by the 79 

annual variation in sunrise and sunset time (Erkert 1989; Reppert and Weaver 2002). The 80 

activity of nocturnal prey species may be further affected by the intensity of nocturnal 81 

illumination due to its correlation with predation risk (Beier 2006; Prugh and Golden 2014). 82 

At high luminosity conditions, nocturnal prey species may decrease their activity to reduce 83 

predation risk (lunarphobia; Nash 2007; Saldaña-Vásquez and Munguía-Rosas 2013; Upham 84 

and Haffner 2013) or increase their activity to maximise foraging efficiency and predators’ 85 

detection (lunarphilia; Gursky 2003; Rode-Margono and Nekaris 2014; Brivio et al. 2017). 86 

The choice of one of these two strategies or more often a gradient between them is 87 

determined by the balance between associated costs (increased vulnerability to predation) and 88 

benefits (improved detection of food and predators) (Prugh and Golden 2014). 89 

In terms of activity patterns, primates were historically classified as diurnal or 90 

nocturnal until the discovery that a lemur species of the genus Eulemur exhibited activity 91 

over 24 h (Tattersall 1979). This activity pattern, defined as cathemerality, can provide a 92 

number of ecological advantages such as reduced feeding competition via temporal niche 93 

partition (Curtis et al. 1999; Curtis and Rasmussen 2006), thermoregulatory benefits to avoid 94 

thermal stress (Curtis et al. 1999), reduced predation risk (Donati et al. 1999; Colquhoun 95 

2006), and increased feeding efficiency related to a fibre-rich diet (Engqvist and Richard 96 

1991; Donati et al. 2007, 2009). Different degrees of cathemerality have been observed in 97 

Eulemur (c.f. Curtis and Rasmussen 2006), Hapalemur (Eppley et al. 2015), Lemur (Donati 98 

et al. 2013) in the wild, Prolemur (Santini-Palka 1994) and Varecia (Bray et al. 2017) in 99 

captivity. 100 



The sympatric lemur genera Avahi (Indriidae) and Lepilemur (Lepilemuridae) are 101 

ideal models to study temporal niche separation in strepsirrhines, since they are both 102 

nocturnal, mainly folivorous, and have a comparable body mass (Thalmann 2001). Both 103 

species are exceptional since folivory in nocturnal primates is rare as colour vision is thought 104 

to be important in these species to discern leaves with higher protein content (Dominy and 105 

Lucas 2004). Furthermore, these lemurs have a relatively small body mass (ranging from 560 106 

to 1210 g; Razafindratsima et al. 2018), which is at the lower limits for folivory in primates 107 

(Lehman 2007). Previous studies demonstrated the presence of scramble competition and 108 

mechanisms of niche separation between A. occidentalis and L. edwardsi in the deciduous 109 

forest of Ampijoroa, where both genera occur at high density (Warren and Crompton 1997, 110 

Thalmann 2001). Since folivorous primates as well as frugivorous ones are known to 111 

experience scramble competition driven by resource variations in quality, availability, and 112 

spatial distribution (Snaith and Chapman 2007), this ecological pressure is likely to be 113 

present between Avahi and Lepilemur species.  114 

The genus Avahi is considered strictly nocturnal, although its ancestors have been 115 

hypothesised to be diurnal and its nocturnality is considered secondary (Ganzhorn et al. 1985; 116 

Roos et al. 2004). Recent findings suggested that the strength of selection to maintain SWS1 117 

opsin gene for colour vision in Avahi is similar to what has been found in diurnal primates 118 

(Veilleux et al. 2014). This adaptation is considered a retention from diurnal ancestors and 119 

Avahi may have experienced consistent selection to retain dichromatic colour vision 120 

throughout its evolutionary history (Veilleux et al. 2014). Thus, Avahi possesses some visual 121 

adaptations that may facilitate activity in dim light conditions. Also, Avahi was reported 122 

several times to be active occasionally during the day (Ganzhorn et al. 1985; Warren and 123 

Crompton 1997). This pattern suggests that this lemur might exhibit diurnal activity in certain 124 

conditions, although the extent of this activity has never been explored systematically.  125 



The sportive lemurs Lepilemur spp. are considered strictly nocturnal (Nash 2007), 126 

although some species have been reported to show a high level of vigilance and grooming 127 

during daytime (Charles-Dominique and Hladik 1971; Warren and Crompton 1997; Seiler et 128 

al. 2013). Sportive lemurs were also reported to rest in sunny spots near sleeping sites 129 

(Warren and Crompton 1997; Nash 1998). Considering these reports, the question arises on 130 

whether in certain environmental conditions, or in conditions of high competition with Avahi 131 

(Warren and Crompton 1997), sportive lemurs may reveal some flexibility in their activity 132 

pattern.  133 

Despite the efforts in observing and reporting the temporal activities performed by 134 

these species, a consistent and quantitative approach is needed to clarify the fine-grained 135 

mechanisms of coexistence between the two genera. Recent advances in bio-logging 136 

miniaturised technology, and the use of high-frequency accelerometers in particular, are ideal 137 

for answering research questions related to animal's movement patterns and locomotor 138 

activities in cryptic species for which behavioural observations are problematic (Brown et al. 139 

2013, Chimienti et al. 2016). Accelerometers have been used for many years to study primate 140 

activity patterns (e.g. Kappeler and Erkert 2003, Fernández-Duque and Erkert 2006, Eppley 141 

et al. 2015), although these studies mainly used activity score devices (i.e. the output is a 142 

score and it does not allow complex analysis) with low sampling frequency (usually more 143 

than one minute). High-frequency accelerometers can be used today to extrapolate detailed 144 

activity patterns and classify how animals behave, cost/benefits of movement patterns, and 145 

how they relate to the surrounding environment (Kays et al. 2015; Leos-Barajas et al. 2017; 146 

Patterson et al. 2017). 147 

We aim to investigate, using high-frequency accelerometers, whether the southern 148 

woolly lemur A. meridionalis and the Fleurette’s sportive lemur L. fleuretae show temporal 149 

niche partitioning in the lowland rainforest of Tsitongambarika (TGK), south-eastern 150 



Madagascar. The TGK forest has a high density of both A. meridionalis and L. fleuretae 151 

(Balestri 2018) and this may entail a certain degree of contest competition, thus favouring 152 

activity avoidance as a mechanism for niche separation (Schreier et al. 2009). In addition, we 153 

test whether nocturnal luminosity and photoperiodic variations have a role in controlling 154 

activity patterns of these two lemur species. The lowland rainforest of TGK represents an 155 

ideal location to test the influence of these Zeitgebers and masking factors on nocturnal 156 

primates. First, TGK is the southernmost rainforest in Madagascar and thus it is exposed to 157 

significant photoperiodic variation (from 10.6 to 13.7 h). Second, this lowland rainforest is 158 

characterised by a strong seasonality in terms of young leaf availability (Campera 2018). In 159 

particular, we predict:  160 

1) That A. meridionalis and L. fleuretae have peaks of activity at different times of the 161 

night to reduce contest competition. Based on the abovementioned visual adaptations 162 

of Avahi (Veilleux et al. 2014), we expect A. meridionalis to be more active during 163 

the brighter segments of the night, i.e. twilights or full moon nights. We also expect 164 

woolly lemurs to expand their activity during the daylight hours, since diurnal bouts 165 

may represent an ecological advantage to reduce feeding competition with L. fleuretae 166 

(Curtis et al. 1999; Curtis and Rasmussen 2006);  167 

2) Night-length to be a predictor of the activity of both A. meridionalis and L. fleuretae. 168 

Animals are in fact expected to synchronise the activity with sunset and sunrise 169 

variations (two-oscillator model of circadian rhythmicity; Pittendrigh and Daan 1976) 170 

to reduce daily energy expenditure (Baldellou and Adam 1998) and to avoid 171 

overheating (Erkert 2000). We thus expect both species to increase the intensity of 172 

their nocturnal activity in short nights since they have less time to meet their energy 173 

requirements (Corsini et al. 1995; Brivio et al. 2017); 174 



3) Lepilemur fleuretae to be lunarphobic since it has a solitary social system and it is 175 

expected to use a cryptic strategy to minimise the risk of being detected by predators 176 

at night. Conversely, A. meridionalis is expected to be lunarphilic to increase foraging 177 

efficiency and predator detection considering the advantages provided by the 178 

abovementioned visual adaptations and the pair-living social system (Prugh and 179 

Golden 2014).  180 

 181 

Materials and methods 182 

Study site 183 

The study was conducted at the Ampasy research station (S 24° 34’ 58’’, E 47° 09’ 01’’), a 184 

valley of around 3 km2 located in the northernmost portion of the TGK Protected Area. The 185 

TGK forest represents one of the last large expanses of lowland rainforest in Madagascar. See 186 

Campera et al. (2017) for a detailed description of the study area. 187 

 188 

Data collection 189 

We recorded activity data every second for a total of 71 days (7 July 2015-17 September 190 

2015) on three individuals of A. meridionalis and three individuals of L. fleuretae (two 191 

females and one male from different social groups) via high-frequency accelerometer tags 192 

(Axy-Depth, TechnoSmArt) attached to VHF collars (RI-2D, Holohil Systems Ltd). To attach 193 

the collars, the lemurs were anaesthetised via a dose of 15 ml of Telazol 100mg/ml 194 

(tiletamine HCl and zolazepam HCl; Zoetis Inc.) using a CO2 air rifle capable of remote 195 

injection for immobilisation (Balestri 2018; Campera 2018). There were no injuries as a 196 

consequence of the captures. The weight of the combined VHF collar and accelerometer tag 197 

with batteries was around 15 g, thus below the 5% threshold of the subjects’ weight 198 

recommended for arboreal animals (Wheater et al. 2011). For the validation of the 199 



accelerometer data, we recorded activity data (active or inactive) via continuous focal 200 

sampling (Altmann 1974) on six collared individuals for two full nights each. Active 201 

behaviours included feeding, foraging, moving, grooming, and social behaviour. Animals 202 

were recaptured at the end of the study to remove the collars. It was not possible to record 203 

blind data because our study involved focal animals in the field. 204 

 205 

Data analysis 206 

From the raw data collected with the accelerometers, we calculated dynamic acceleration and 207 

amplitude, intended as standard deviation of the dynamic acceleration, by using the package 208 

“plotrix” for R software over a smoothing factor of 10 seconds (Chimienti et al. 2016). A 209 

time window of 10 s was chosen considering that we were generally interested in overall 210 

activity patterns. The integrated variables were analysed via the package “Rmixmod” for R 211 

software using the unsupervised learning algorithm (i.e. algorithm that group accelerometer 212 

data without the need of training datasets into different clusters based on statistical functions) 213 

Expectation Maximisation (EM) (Biernacki et al. 2003). To test the efficiency of this method 214 

in detecting activity and inactivity, we compared the data obtained via the EM algorithm with 215 

simultaneous behavioural observations. The algorithm had a correspondence of 98.6-99.4 % 216 

(N = 3 individuals) and 98.2-99.3 % (N = 3 individuals) with the inactive behaviour detected 217 

via behavioural observations for A. meridionalis and L. fleuretae, respectively.  218 

We calculated the daily proportion of activity during the day, twilight, and night. As 219 

twilight, we considered the time between the beginning of the morning astronomical twilight 220 

(when the sun is 18º below the horizon before sunrise) and the sunrise, and between the 221 

sunset and the end of evening astronomical twilight (when the sun is 18º below the horizon 222 

after sunset)(Donati et al. 2009). We obtained sunset, sunrise, moon phase, night-length, and 223 



beginning and end of astronomical twilights from the U.S. Naval Observatory Astronomical 224 

Almanac (http://aa.usno.navy.mil/data) using the coordinates of Ampasy. 225 

To evaluate the influence of night-length and moon phase on the activity of A. 226 

meridionalis and L. fleuretae, we ran multiple Generalised Estimating Equation (GEE) 227 

models (Bailey et al. 2013) with proportion of activity (during the day, at twilight, and at 228 

night) or the ND ratio (ratio between nocturnal and diurnal activity) as dependent variables. 229 

We used the ratio to allow comparisons across species and studies since the absolute values 230 

of activity recorded by accelerometers differ from what is recorded via observational 231 

sampling or from other models of accelerometers (Donati et al. 2009; Eppley et al. 2015). For 232 

the ND ratio we included twilight periods within the overall nocturnal activity for 233 

comparative reasons, since twilights are included in the main active phase in most other 234 

studies of cathemerality (Fernández-Duque and Erkert 2006; Donati et al. 2013; Eppley et al. 235 

2015). We used night-length and moon phase as covariates in the model, and individuals as 236 

random factor. We considered days as units of analysis and included an AR1 autocorrelation 237 

structure in the model to control for temporal autocorrelation in the data (Bailey et al. 2013). 238 

We tested several combinations of fit distributions (normal, gamma, inverse gaussian) and 239 

functions (identity, log, power) and chose the model with the lowest Akaike Information 240 

Criterion (AIC) (Burnham and Anderson 2002). The models with a gamma probability 241 

distribution and log link function had the lowest AIC.  242 

To determine whether A. meridionalis and L. fleuretae were active at different times 243 

of the night, we divided the daily activity into 2-h blocks starting from midnight. We then ran 244 

a Repeated Measures (RM) ANOVAs with the activity every 2-h interval as dependent 245 

variable. To determine the difference on activity between A. meridionalis and L. fleuretae, we 246 

also ran RM ANOVAs with activity during the day, twilight, and night, or the ND ratio as 247 

dependent variable. To determine whether the two species commenced and ended their 248 

http://aa.usno.navy.mil/data


activity in phase with sunset and sunrise time, respectively, we ran a RM ANOVA with the 249 

difference between activity time and sunset/sunrise. For the RM ANOVAs, we compared 250 

data between A. meridionalis and L. fleuretae during the same day. Before running the RM 251 

ANOVAs, we tested for normality (Kolmogorov–Smirnov test), sphericity (Mauchly’s test), 252 

and equality of variances (Levene’s test) as underlying assumptions. We performed the tests 253 

via SPSS v25 considering P < 0.05 as level of significance. 254 

 255 

Results 256 

Influence of night-length and moon phase  257 

The three individuals of A. meridionalis had their peaks of activity at twilight (Fig. 1). The 258 

median ND ratio was 3.89 (range = 1.12-13.09). The activity of A. meridionalis during the 259 

day, at twilight, and at night increased when night-length decreased, while the ND ratio was 260 

not influenced overall by night-length (Table 1). The activity of A. meridionalis during the 261 

day increased and the ND ratio decreased with the decrease of moon luminosity, while there 262 

was no effect of moon luminosity on the activity at twilight and at night. The three 263 

individuals of L. fleuretae had their peaks of activity at night (Fig. 1). The median ND ratio 264 

was 7.12 (range = 1.57-584.61). The activity of L. fleuretae during the day, at twilight, and at 265 

night increased when night-length decreased, while the ND ratio was not influenced overall 266 

by night-length (Table 1). The activity of L. fleuretae during the day, the activity at twilight, 267 

and the ND ratio decreased, and the nocturnal activity increased with the decrease of moon 268 

luminosity. 269 

 270 

Daily activity pattern 271 

The 24-h activity pattern of A. meridionalis showed two main peaks at 4-6 h and at 18-20 h, 272 

while peaks of activity for L. fleuretae were at 2-4 h and at 18-20 h (Fig. 2 and Fig.3). The 273 



two species showed a significantly different activity pattern for all the time blocks (P < 274 

0.001) apart from the time block 14-16 h (P = 0.447).  275 

Avahi meridionalis commenced their activity earlier than L. fleureate after sunset 276 

(F1,70 = 230.69, P < 0.001), and ended the activity after L. fleuretae before sunrise (F1,70 = 277 

356.87, P < 0.001). On average, A. meridionalis commenced activity 11.2 (SE 0.9) min after 278 

sunset and ended the activity 10.4 (SE 1.8) min before sunrise, while L. fleuretae commenced 279 

activity 42.3 (SE 1.5) min after sunset and ended the activity 108.2 (SE 2.5) min before 280 

sunrise (Fig. 4). 281 

 282 

Discussion 283 

Temporal niche separation  284 

The ecologically similar lemurs A. meridionalis and L. fleuretae in the lowland rainforest of 285 

TGK showed different activity patterns that are likely to favour the coexistence of the two 286 

species. The former species showed peaks of activity at twilights with low but consistent 287 

activity during the day, while the latter species showed most activity in the central hours of 288 

the night. Despite its mainly nocturnal and crepuscular activity, Avahi meridionalis revealed a 289 

pattern that we define here as cathemerality sensu lato, varying from strict nocturnality (ND 290 

ratio: 13.09) to sporadic but even distribution of activity between night and day (ND ratio: 291 

1.12). We consider these woolly lemurs cathemeral on the basis of the following lines of 292 

reasoning. First, on a comparative level the mainly nocturnal A. meridionalis had an overall 293 

ND ratio of 3.89 that is similar to the DN activity ratio observed in some cathemeral species 294 

with mainly diurnal activity: 3.98 for southern bamboo lemur Hapalemur meridionalis 295 

(Eppley et al. 2015); 4.80 for ring-tailed lemur Lemur catta (Donati et al. 2013). Second, the 296 

average motor activity in the resting phase of these woolly lemurs exceeds the 10% threshold 297 

that is explained by occasional sleeping movements, changes of sleeping position, 298 



disturbances by conspecifics, ectoparasites, or predatory attacks (Erkert and Kappeler 2004). 299 

Third, taking the definition of cathemerality, that is "The activity of an organism can be 300 

regarded as cathemeral when it is distributed approximately evenly throughout the 24 h of the 301 

daily cycle, or when significant amounts of activity, particularly feeding and/or travelling, 302 

occur within both the light and dark portions of that cycle (Tattersall 1987)” the pattern 303 

observed in Avahi meridionalis matches routinely at least the second part of the definition. In 304 

fact, while the distribution of the activity is in average not even between day and night, the 305 

outputs of our accelerometers, as well as opportunistic observations during the day, indicate 306 

that these lemurs engage in locomotor and feeding activity regularly during the daylight 307 

hours. The mainly diurnal lemurids H. meridionalis (Eppley et al. 2015) and L. catta (Donati 308 

et al. 2013) also show a sensu lato cathemerality, with large variations in diurnal/nocturnal 309 

ratio. The activity pattern of the Azara’s night monkey, Aotus azarai, in the Argentinian 310 

Chaco, the only monkey that exhibits cathemeral activity (Fernández-Duque and Erkert 311 

2006), appears analogous to what we have observed in southern woolly lemurs. It is clear that 312 

while these species concentrate their activity in one phase (nocturnal for Avahi meridionalis 313 

and Aotus azarai, diurnal for L. catta and H. meridionalis) they still have some significant 314 

bouts of activity in the other phase that is often dependent on specific abiotic or biotic 315 

conditions (Fernández-Duque 2003; Eppley et al. 2015). Species that show a cathemerality 316 

sensu sticto either exhibit a more evenly distributed activity over the 24-hours, at least 317 

seasonally, or they can be either mainly diurnal or mainly nocturnal depending on 318 

environmental conditions and seasons, e.g. the genus Eulemur (Curtis and Rasmussen 2006; 319 

Donati et al. 2009, 2016).  320 

Temporal niche separation is one of the ecological benefits previously hypothesised to 321 

make cathemerality advantageous in lemurs to reduce feeding competition between species 322 

(Curtis et al. 1999; Curtis and Rasmussen 2006; Donati et al. 2013). Other nocturnal animals 323 



were shown to shift towards a more crepuscular activity with some diurnal activity when in 324 

competition with ecologically similar species (Halle 2000; Ziv and Smallwood 2000) or even 325 

conspecifics (Pizzatto et al. 2008). Ecologically similar nocturnal species may also be active 326 

during different parts of the night (e.g. gerbils; Kotler et al. 1993). Although we have no data 327 

to test the causation mechanism of this hypothesis, competition with L. fleuretae is a potential 328 

driver of the cathemeral activity observed in A. meridionalis at Ampasy. In fact, so far no 329 

evidence of cathemerality was reported in woolly lemurs studied in areas where sportive 330 

lemurs are rare or absent (Harcourt 1991; Norscia and Borgognini-Tarli 2008). The only 331 

previous evidence of diurnal activity in woolly lemurs (mainly vigilance) was reported at 332 

sites where sportive lemurs are present (Warren and Crompton 1997; Thalmann 2001). Until 333 

systematic data over the 24-hours will be available on the two species at other localities, 334 

possible competition between these two folivorous lemurs remains speculative.    335 

As alternative but not mutually exclusive hypothesis to competition, since woolly 336 

lemurs are pair living primates that do not use tree holes during the resting time and that are 337 

at high risk of predation for their small size, their cathemerality could also be the result of an 338 

anti-predator strategy (Warren and Crompton 1997; Seiler et al. 2013). According to this idea, 339 

vigilance would make up a large percentage of diurnal activity budgets to help the animals 340 

escaping day active predators. This hypothesis has been used to explain diurnal activity in 341 

other nocturnal primates, such as L. sahamalazensis, where individuals have been seen to rest 342 

vigilant at the entrance of their tree holes to spot for raptors attacks (Seiler et al. 2013).  343 

Considering its diet rich in fibres, another possible driver of the flexible activity 344 

pattern observed in Avahi meridionalis might be the necessity to maximise food intake over 345 

the 24-h (Engqvist and Richard 1991; Donati et al. 2007, 2009). Despite the adaptation to 346 

folivory in Avahi (i.e. midgut fermentation via sacculated caecum and looped colon; Martin 347 

1990), midgut fermentation may reduce the amount of food that can be processed as well as 348 



nutrient intake (Campbell et al. 2004). Extra-bouts of feeding activity during the day may 349 

thus be used to maximise nutrient intake over the 24-hours. As a matter of fact, we 350 

opportunistically observed individuals of A. meridionalis feeding during the central hours of 351 

the day. This idea also needs to be tested with more fine-grained, year-round data on the 352 

nutritional ecology of these woolly lemurs. For example, the generalist folivore H. 353 

meridionalis was found to reduce its cathemeral activity during periods of increased fibre 354 

intake and this was related to the prolonged periods of inactivity that fibre digestion may 355 

require (Eppley et al. 2017). Since A. meridionalis is also a generalist folivore (Norscia et al. 356 

2012), Avahi may show a pattern similar to Hapalemur.  357 

 358 

Influence of photoperiodic variations and moon phase  359 

The activity of A. meridionalis and L. fleuretae was highly influenced by photoperiodic 360 

variations. This finding confirms that the activity pattern of these nocturnal lemurs is 361 

synchronised with variations of sunset and sunrise (Brockman and Van Schaik 2004). 362 

Malagasy environments are highly seasonal and the influence of photoperiodic variation on 363 

activity patterns of lemurs was reported on a variety of species, e.g. Eulemur collaris (Donati 364 

et al. 2009); E. collaris X E. rufus (Donati et al. 2009); E. rufus (Kappeler and Erkert 2003); 365 

E. mongoz (Curtis et al. 1999). On the contrary, other researchers found no correlation 366 

between activity profiles in cathemeral lemur species and photoperiodic variation, e.g. E. 367 

macaco (Colquhoun 1998); Lemur catta (Donati et al. 2013); Hapalemur meridionalis 368 

(Eppley et al. 2015). Beyond lemurs, seasonal changes in ambient temperature, precipitation, 369 

and food abundance have a stronger effect than photoperiodic variations for owl monkeys in 370 

the Argentinean Chaco (Aotus azarai; Erkert et al. 2012), and in other mammals, e.g. crested 371 

porcupines Hystrix cristata (Corsini et al. 1995), wild boar Sus scrofa (Brivio et al. 2017), 372 

and wood mouse Apodemus sylvatiscus (Flowerdew 2000). On a theoretical basis, this 373 



variation may be the consequence of the different predictability of resources at various sites 374 

(Halle and Stensteth 2000; Rode-Margono and Nekaris 2013). In fact, TGK as well as nearby 375 

littoral forest sites show a seasonal peak of phenological resources influenced by 376 

photoperiodic variations (Bollen and Donati 2005; Campera 2018; Donati unpub. data), while 377 

sites where the activity is not synchronised by day length tend to show unpredictable 378 

phenological patterns between years (Halle and Stensteth 2000). This link is worth exploring 379 

when more long-term data are available on phenological cycles at Ampasy as well as in other 380 

Malagasy habitats (Bollen and Donati 2005; Wright et al. 2005). 381 

One of the possible explanations for the increase in activity with the decrease of 382 

night-lengths is that animals had a shorter time to meet their energetic requirements (Corsini 383 

et al. 1995; Brivio et al. 2017). The increase of activity in Avahi meridionalis and Lepilemur 384 

fleuretae at TGK with the decrease of night-length may also be the consequence of the diet 385 

change during periods of food abundance. In particular, L. fleuretae was found to feed on 386 

flowers of Albizia sp. that are mainly available in September (Campera 2018). Feeding on 387 

flowers may require longer distances travelled and higher activity levels than feeding on 388 

leaves, and this might partially explain the strong effect of photoperiodic variation on the 389 

activity patterns in L. fleuretae.  390 

Temperature may also play a role in shaping the activity profiles of Avahi 391 

meridionalis and L. fleuretae with lower activity during colder months as an energy-saving 392 

strategy. This strategy has been found previously in other lemur species (Kappeler and Erkert 393 

2003; Donati et al. 2009) as well as in other tropical animals (McKechnie and Mzilikazi 394 

2009; Ruf and Geiser 2015). Variation in temperature may also explain why L. fleuretae 395 

increases the diurnal activity with the decrease of night-length as animals may have needed to 396 

thermoregulate more by sunbathing as previously reported in other sportive lemurs (Warren 397 

and Crompton 1997; Nash 1998). Phenological patterns, as well as other environmental 398 



variables, are dependent on photoperiodic variations (van Schaik et al. 1993) and it is difficult 399 

to isolate single factors. Finally, the reproductive state may have played an important role in 400 

shaping activity patterns (Vieira et al. 2017) since two out of three animals were females and 401 

gave birth around the end of August. This phenomenon may offer another explanation as to 402 

why we found an increase in mean activity starting at the end of August since mothers might 403 

have spent more time allogrooming and nursing their infants, with a consequent increase in 404 

activity while resting, especially during the day.  405 

As predicted, the ND ratio of A. meridionalis increased while the nocturnal activity of 406 

L. fleuretae decreased with the increase in moon luminosity. In contrast to nocturnal 407 

mammals that are usually lunarphobic to reduce predation risk (Nash 2007; Prugh and 408 

Golden 2014), A. meridionalis was lunarphilic similar to other cathemeral primates (Erkert 409 

1989; Kappeler and Erkert 2003; Fernández-Duque et al. 2010; Donati et al. 2009, 2013; 410 

Eppley et al. 2015). It has been hypothesised that lunarphilia can be a strategy to reduce 411 

predatory risk by increasing vigilance (Gursky 2003; Prugh and Golden 2014). By living in 412 

pairs A. meridionalis may take advantage of more than two eyes to increase vigilance at high 413 

luminosity conditions. In contrast, the alternative strategy, i.e. reducing predation risk by 414 

camouflage and reducing activity at high luminosity conditions, may be a better solution for 415 

solitary animals such as L. fleuretae (Starr et al. 2012). The presence at TGK of a full set of 416 

predators, including the main predator of this lemur species, the cathemeral fossa 417 

Cryptoprocta ferox, may contribute to the observed lunarphobia of L. fleuretae at night. The 418 

fossa, in fact, is expected to be lunarphilic as other large predators since they increase prey 419 

detection at high luminosity conditions (Prugh and Golden 2014).  420 

Another advantage of being lunarphilic is the higher foraging efficiency at high 421 

luminosity conditions (Gursky 2003; Donati et al. 2007; Rode-Margono and Nekaris 2014; 422 

Eppley et al. 2015). Such efficiency may be one of the main drivers for the influence of the 423 



moon phase on the ND ratio of A. meridionalis since this species was not influenced by moon 424 

phase at twilight and at night. On a speculative ground, A. meridionalis may spend more time 425 

being active during bright nights and the day (i.e. extend the feeding time over the 24 h) as a 426 

consequence of the limited visibility to discern young high-quality leaves during the new 427 

moon phase. Thus, lunarphilia may represent an advantage for Avahi since its visual pigments 428 

appear optimally adjusted to detect young green leaves (Veilleux et al. 2014). In fact, leaf 429 

quality has been shown to be correlated to variation in the green-red and blue-yellow 430 

chromatic differences (Dominy and Lucas 2004).  431 

 432 

Conclusions 433 

We found a clear temporal niche separation between the ecologically similar lemurs A. 434 

meridionalis and L. fleuretae, with the former more active at twilight and showing a low but 435 

consistent activity during the day and the latter more active in the central hours of the night. 436 

Year-round data, however, are now necessary to understand whether this temporal niche 437 

separation is consistent throughout the year or just a seasonal strategy. It is important to stress 438 

that causal links are difficult to demonstrate since it is unknown how the activity pattern of 439 

one species would change in the absence of the other. The observed activity patterns of the 440 

two species are in fact further explained by an opposite response to environmental factors, 441 

such as moonlight.  442 

The exhibition of a cathemerality sensu lato in A. meridionalis has implications on the 443 

current hypotheses on the evolution of activity patterns in lemurs (Donati and Borgognini-444 

Tarli 2006; Donati et al. 2013; Markolf and Kappeler 2013; Santini et al. 2015). The finding 445 

that A. meridionalis is cathemeral supports a diurnal ancestor for the Indriidae, thus 446 

strengthening the hypothesis of a secondary nocturnality for Avahi (Ganzhorn et al. 1985; 447 

Roos et al. 2004). In this scenario, Avahi has evolved nocturnality but retained some ability to 448 



be active during the day in a similar way to what has been hypothesised in Aotus azarai 449 

(Fernandez-Duque 2003). The findings of this research contribute to the idea that activity 450 

patterns in lemurs are graduated and the more we know about their activity patterns the more 451 

we realise that traditional categorisations are clearly inadequate.     452 

 453 

Acknowledgments 454 

We thank the Department of Animal Biology (University of Antananarivo), Asity 455 

Madagascar-BirdLife International, QIT Madagascar Minerals, the Association of Managers 456 

of the Forests of Ambatoatsinana, the Community Forest Management of Iaboakoho, and the 457 

Ministère des Eaux et Forets for their collaboration and permission to work in Madagascar, 458 

and Faniry Rakotoarimanana, Nataud, Johny Rabenantoandro, Jean Baptiste Ramanamanjato, 459 

and our field assistants, translators and volunteers for their dedication and effort. We would 460 

like to thank Maria van Noordwijk and two anonymous reviewers for their suggestions to 461 

improve previous versions of this manuscript. 462 

 463 

Author contributions 464 

MCa, MB, GD conceived and designed research. MCa, MB conducted the research. MCa, 465 

MCh, GD analysed and interpreted the data. MCa, GD led the writing of the manuscript. MB, 466 

MCh, VN, KAIN revised the manuscript critically for important intellectual content. All 467 

authors gave final approval for publication. 468 

 469 

Funding 470 

We were supported by the Rufford Foundation (no. 16946-1), the Mohamed bin Zayed 471 

Species Conservation Fund (no. 142510128), Primate Conservation Inc. (no. 001185), the 472 



Conservation International Primate Action Fund (no. 1001423), and a Primate Society of 473 

Great Britain Conservation Grant (no. Feb_2014). 474 

 475 

Data accessibility 476 

The datasets analysed during the current study are available from the corresponding author on 477 

reasonable request. 478 

 479 

Compliance with ethical standards 480 

Conflict of interest 481 

The authors declare that they have no conflict of interest. 482 

 483 

Ethical approval 484 

We obtained permission for the field research from the Ministry of Environment and Forest 485 

of Madagascar (XX/16/MEEMF/SG/DGF/DAPT/SCBT.Re). All applicable international, 486 

national, and/or institutional guidelines for the care and use of animals were followed. All 487 

procedures performed in studies involving animals were in accordance with the ethical 488 

standards of Oxford Brookes University following the “Guidelines on the observation, 489 

handling and care of animals in field research” 490 

 491 

Reference list 492 

Adams RA, Thibault KM (2006) Temporal resource partitioning by bats at water holes. J 493 

Zool 270:466–472.  494 

Altmann J (1974) Observational study of behavior: sampling methods. Behaviour 49:227–495 

267. 496 



Aschoff J (1979) Circadian rhythms: influences of internal and external factors on the period 497 

measured in constant conditions. Z Tierpsychol 49:225–249. 498 

Bailey H, Corkrey R, Cheney B, Thompson PM (2013) Analyzing temporally correlated 499 

dolphin sightings data using generalized estimating equations. Mar Mammal Sci 29:123–141. 500 

Baldellou M, Adam A (1998) Diurnal and seasonal variations in vervet monkeys' activity. 501 

Psychol Rep 83:675–685.  502 

Balestri M (2018) Ecology and conservation of the southern woolly lemur (Avahi 503 

meridionalis) in the Tsitongambarika Protected Area, south-eastern Madagascar. PhD 504 

Dissertation. Oxford, UK: Oxford Brookes University. 505 

Beier P (2006) Effects of artificial night lighting on terrestrial mammals. In: Rich C, 506 

Longcore T (eds) Ecological consequences of artificial night lighting. Washington, DC: 507 

Island Press, pp 19–42. 508 

Biernacki C, Celeux G, Govaert G (2003) Choosing starting values for the EM algorithm for 509 

getting the highest likehood in multivariate Gaussian mixture models. Comput Stat Data Anal 510 

41:561–575.  511 

Bollen A, Donati G (2005) Phenology of the littoral forest of Sainte Luce, Southeastern 512 

Madagascar. Biotropica 37:32–43. 513 

Bray J, Samson DR, Nunn CL (2017) Activity patterns in seven captive lemur species: 514 

Evidence of cathemerality in Varecia and Lemur catta? Am J Primatol 79:e22648.  515 

Brivio F, Grignolio S, Brogi R, Benazzi M, Bertolucci C, Apollonio M (2017) An analysis of 516 

intrinsic and extrinsic factors affecting the activity of a nocturnal species: the wild boar. 517 

Mammal Biol 84:73–81. 518 

Brockman DK, van Schaik CP (2004) Primate seasonality: implications for human evolution. 519 

Cambridge, UK: Cambridge University Press. 520 



Burnham KP, Anderson DR (2002) Model selection and multimodel inference: a practical 521 

information-theoretic approach, 2nd Edition. New York, NY: Springer-Verlag. 522 

Campbell JL, Williams CV, Eisemann JH (2004) Characterizing gastrointestinal transit time 523 

in four lemur species using barium-impregnated polyethylene spheres (BIPS). Am J Primatol 524 

64:309–321.  525 

Campera M (2018) Ecological flexibility and conservation of Fleurette’s sportive lemur, 526 

Lepilemur fleuretae, in the lowland rainforest of Ampasy, Tsitongambarika Protected Area. 527 

PhD Dissertation. Oxford, UK: Oxford Brookes University. 528 

Campera M, Phelps M, Besnard F, Balestri M, Eppley TM, Nijman V, Donati G (2017) Does 529 

forest management and researchers’ presence reduce hunting and forest exploitation by local 530 

communities in Tsitongambarika, south-east Madagascar? Oryx. 531 

doi:10.1017/S0030605317001211 532 

Castro-Arellano I, Lacher Jr TE (2009) Temporal niche segregation in two rodent 533 

assemblages of subtropical Mexico. J Trop Ecol 25:593–603.   534 

Charles-Dominique P, Hladik CM (1971) Le lepilémur du sud de Madagascar: écologie, 535 

alimentation et vie sociale. Rev Ecol-Terre Vie 1:3–66.  536 

Chimienti M, Cornulier T, Owen E, Bolton M, Davies IM, Travis JMJ, Scott BE (2016) The 537 

use of an unsupervised learning approach for characterizing latent behaviors in accelerometer 538 

data. Ecol Evol 6:727–741.  539 

Colquhoun IC (1998) Cathemeral behaviour of Eulemur macaco macaco at Ambato Massif, 540 

Madagascar. Folia Primatol 69:22–34.  541 

Corsini MT, Lovari S, Sonnino S (1995) Temporal activity patterns of crested porcupines 542 

Hystrix cristata. J Zool 236:43–54.  543 

Curtis DJ, Rasmussen MA (2006) The evolution of cathemerality in primates and other 544 

mammals: A comparative and chronoecological approach. Folia Primatol 77:178–193. 545 



Curtis DJ, Zaramody A, Martin RD (1999) Cathemerality in the mongoose lemur, Eulemur 546 

mongoz. Am J Primatol 47:279–298. 547 

Daan S, Aschoff J (1982) Circadian contributions to survival. In: Aschoff J, Daan S, Groos 548 

GA (eds) Vertebrate circadian systems. Dordrecht, Germany: Springer, pp 305–321. 549 

Dominy NJ, Lucas PW (2004) Significance of color, calories, and climate to the visual 550 

ecology of catarrhines. Am J Primatol 62:189–207.  551 

Donati G, Baldi N, Morelli V, Ganzhorn JU, Borgognini-Tarli SM (2009) Proximate and 552 

ultimate determinants of cathemeral activity in brown lemurs. Anim Behav 77:317–325.  553 

Donati G, Bollen A, Borgognini-Tarli SM, Ganzhorn JU (2007) Feeding over the 24-h cycle: 554 

Dietary flexibility of cathemeral collared lemurs (Eulemur collaris). Behav Ecol Sociobiol 555 

61:1237–1251.  556 

Donati G, Borgognini-Tarli SM (2006) From darkness to daylight: cathemeral activity in 557 

primates. J Anthropol Sci 84:7–32.   558 

Donati G, Campera M, Balestri M, Serra V, Barresi M, Schwitzer C, Curtis DJ, Santini L 559 

(2016) Ecological and anthropogenic correlates of activity patterns in Eulemur. Int J Primatol 560 

37:29–46.  561 

Donati G, Lunardini A, Kappeler PM (1999) Cathemeral activity of redfronted brown lemurs 562 

(Eulemur fulvus rufus) in the Kirindy Forest/CFPF. In: Rakotosamimanana B, Rasamimanana 563 

H, Ganzhorn JU, Goodman SM (eds) New directions in lemur studies. New York, US: 564 

Plenum Press, pp 119–137. 565 

Donati G, Santini L, Razafindramanana J, Boitani L, Borgognini‐ Tarli S (2013) (Un‐566 

)expected nocturnal activity in “diurnal” Lemur catta supports cathemerality as one of the 567 

key adaptations of the lemurid radiation. Am J Phys Anthropol 150:99–106.  568 



Eloranta AP, Knudsen R, Amundsen P-A (2013) Niche segregation of coexisting Arctic charr 569 

(Salvelinus alpinus) and brown trout (Salmo trutta) constrains food web coupling in subarctic 570 

lakes. Freshw Biol 58:207–221.  571 

Engqvist A, Richard A (1991) Diet as a possible determinant of cathemeral activity patterns 572 

in primates. Folia Primatol 57:169–172.  573 

Eppley TM, Ganzhorn JU, Donati G (2015) Cathemerality in a small, folivorous primate: 574 

proximate control of diel activity in Hapalemur meridionalis. Behav Ecol Sociobiol 69:991–575 

1002.  576 

Eppley TM, Watzek J, Ganzhorn JU, Donati G (2017) Predator avoidance and dietary fibre 577 

predict diurnality in the cathemeral folivore Hapalemur meridionalis. Behav Ecol Sociobiol 578 

71:4. 579 

Erkert HG (1989) Lighting requirements of nocturnal primates in captivity: a 580 

chronobiological approach. Zoo Biol 8:179–191.  581 

Erkert HG (2000) Bats-flying nocturnal mammals. In: Halle S, Stenseth NC (eds) Activity 582 

patterns in small mammals: an ecological approach. Berlin Heidelberg, Germany: Springer-583 

Verlag, pp 253–272 584 

Erkert HG, Kappeler PM (2004). Arrived in the light: diel and seasonal activity patterns in 585 

wild Verreaux’s sifakas (Propithecus v. verreauxi; Primates: Indriidae). Behav Ecol 586 

Sociobiol 57:174–186. 587 

Erkert HG, Fernández-Duque E, Rotundo M, Scheideler A (2012) Seasonal variation of 588 

temporal niche in wild owl monkeys (Aotus azarai azarai) of the Argentinean chaco: a matter 589 

of masking? Chronobiol Int 29:702–714. 590 

Fernandez-Duque E (2003) Influences of moonlight, ambient temperature, and food 591 

availability on the diurnal and nocturnal activity of owl monkeys (Aotus azarai). Behav Ecol 592 

Sociobiol 54:431–440 593 



Fernández-Duque E, de la Iglesia H, Erkert HG (2010) Moonstruck primates: owl monkeys 594 

(Aotus) need moonlight for nocturnal activity in their natural environment. PLoS ONE 595 

5:e12572.  596 

Fernández-Duque E, Erkert HG (2006) Cathemerality and lunar periodicity of activity 597 

rhythms in owl monkeys of the Argentinian chaco. Folia Primatol 77:123–138.  598 

Flowerdew JR (2000) Wood mice – small granivores/insectivores with seasonally variable 599 

patterns. In: Halle S, Stenseth NC (eds) Activity patterns in small mammals: an ecological 600 

approach. Berlin Heidelberg, Germant: Springer-Verlag, pp 177–190. 601 

Ganzhorn JU, Abraham JP, Razanahoera-Rakotomalala M (1985) Some aspects of the natural 602 

history and food selection of Avahi laniger. Primates 26:452–463.  603 

Gursky S (2003) Lunar philia in a nocturnal primate. Int J Primatol 24:351–367.  604 

Halle S (2000) Ecological relevance of daily activity patterns. In: Halle S, Stenseth NC (eds) 605 

Activity patterns in small mammals: an ecological approach. Berlin Heidelberg, Germany: 606 

Springer-Verlag, pp 67–90. 607 

Halle S, Stensteth NC (2000) Activity patterns in small mammals: an ecological approach. 608 

Berlin Heidelberg, Germany: Springer-Verlag. 609 

Harcourt C (1991) Diet and behaviour of a nocturnal lemur, Avahi laniger, in the wild. J Zool 610 

223:667–674.  611 

Harrington LA, Harrington AL, Yamaguchi N, Thom MD, Ferreras P, Windham TR, 612 

Macdonald DW (2009) The impact of native competitors on an alien invasive: temporal niche 613 

shifts to avoid interspecific aggression. Ecology 90:1207–1216.  614 

Jácomo ATA., Silveira L, Diniz-Filho JAF (2004) Nice separation between the maned wolf 615 

(Chrysocyon brachyurus), the crab-eating fox (Dusicyon thous) and the hoary fox (Dusicyon 616 

vetulus) in central Brazil. J Zool 262:99–106.  617 



Kappeler PM, Erkert HG (2003) On the move around the clock: correlates and determinants 618 

of cathemeral activity in wild redfronted lemurs (Eulemur fulvus rufus). Behav Ecol 619 

Sociobiol 54:359–369.  620 

Kays R, Crofoot CM, Jetz W, Wikelski M (2015) Terrestrial animal tracking as an eye on life 621 

and planet. Science 348:aaa2478.  622 

Kotler BP, Brown JS, Subach A (1993) Mechanisms of species coexistence of optimal 623 

foragers: Temporal partitioning by two species of sand dune gerbils. Oikos 67:548–56. 624 

Kronfeld-Schor N, Dayan T (1999) The dietary basis for temporal partitioning: food habits of 625 

coexisting Acomys species. Oecologia 121:123–128.  626 

La Morgia V, Bassano B (2009) Feeding habits, forage selection, and diet overlap in Alpine 627 

chamois (Rupicapra rupicapra L.) and domestic sheep. Ecol Res 24:1043–1050.  628 

Lehman SM (2007) Ecological and phylogenetic correlates to body size in the Indriidae. Int J 629 

Primatol 28:183–210.  630 

Leos-Barajas V, Photopoulou T, Langrock R, Patterson TA, Watanabe Y, Murgatroyd M, 631 

Papastamatiou YP (2017) Analysis of animal accelerometer data using hidden Markov 632 

models. Methods Ecol Evol 8:161–173.  633 

Markolf M, Kappeler PM (2013) Phylogeographic analysis of the true lemurs (genus 634 

Eulemur) underlines the role of river catchments for the evolution of micro-endemism in 635 

Madagascar. Front Zool 10:70.  636 

Martin RD (1990) Primate origins and evolution. Princeton, US: Princeton University Press. 637 

Martínez-Freiría F, Lizana M, Amaral JP, Brito JC (2010) Spatial and temporal segregation 638 

allows coexistence in a hybrid zone among two Mediterranean vipers (Vipera aspis and V. 639 

latastei). Amphib Reptil 31:195–212.  640 

McKechnie AE, Mzilikazi N (2011) Heterothermy in afrotropical mammals and birds: a 641 

review. Integr Comp Biol 51:349–363.  642 



Nash LT (1998) Vertical clingers and sleepers: seasonal influences on the activities and 643 

substrate use of Lepilemur leucopus at Beza Mahafaly Special Reserve, Madagascar. Folia 644 

Primatol 69:204–217.  645 

Nash LT (2007) Moonlight and behaviour in nocturnal and cathemeral primates, especially 646 

Lepilemur leucopus: illuminating possible anti-predator efforts. In: Gursky S, Nekaris KAI 647 

(eds) Primate anti-predator strategies. New York, UK: Springer, pp 173–205. 648 

Norscia I, Borgognini-Tarli SM (2008) Ranging behavior and possible correlates of pair-649 

living in southeastern avahis (Madagascar). Int J Primatol 29:153–171.  650 

Norscia I, Ramanamanjato JB, Ganzhorn JU (2012) Feeding patterns and dietary profile of 651 

nocturnal southern woolly lemurs (Avahi meridionalis) in southeast Madagascar. Int J 652 

Primatol 33:150–167. 653 

Patterson TA, Parton A, Langrock R, Blackwell PG, Thomas L, King R (2017) Statistical 654 

modelling of individual animal movement: an overview of key methods and a discussion of 655 

practical challenges. AStA-Adv Stat Anal 101:399–438.  656 

Pittendrigh CS, Daan S (1976) A functional analysis of circadian pacemakers in nocturnal 657 

rodents. IV. Entrainment: pacemaker as clock. J Comp Physiol 106:223–252.  658 

Pizzatto L, Child T, Shine R (2008) Why be diurnal? Shifts in activity time enable young 659 

cane toads to evade cannibalistic conspecifics. Behav Ecol 19:990–997.  660 

Poudel BS, Spooner PG, Matthews A (2015) Temporal shift in activity patterns of Himalayan 661 

marmots in relation to pastoralism. Behav Ecol 26:1345–1351.  662 

Prugh LR, Golden D (2014) Does moonlight increase predation risk? Meta-analysis reveals 663 

divergent responses of nocturnal mammals to lunar cycles. J Anim Ecol 83:504–514.  664 

Razafindratsima OH, Yacoby Y, Park DS (2018) MADA: Malagasy animal trait data archive. 665 

Ecology 99:990. 666 

Refinetti P (2016) Circadian physiology. 3rd ed. Boca Raton, US: CRC Press. 667 



Reppert SM, Weaver DR (2002) Coordination of circadian timing in mammals. Nature 668 

418:935–941.  669 

Rode-Margono EJ, Nekaris KAI (2014) Impact of climate and moonlight on a venomous 670 

mammal, the Javan slow loris (Nycticebus javanicus). Contrib Zool 83:217–225. 671 

Romero-Muñoz A, Maffei L, Cuéllar E, Noss AJ (2010) Temporal separation between jaguar 672 

and puma in the dry forests of southern Bolivia. J Trop Ecol 26:303–311.  673 

Roos C, Schmitz J, Zischler H (2004) Primate jumping genes elucidate strepsirrhine 674 

phylogeny. Proc Natl Acad Sci 101:10650–10654.  675 

Ruf T, Geiser F (2015) Daily torpor and hibernation in birds and mammals. Biol Rev 3:891–676 

926.  677 

Saldaña-Vázquez RA, Munguía-Rosas MA (2013) Lunar phobia in bats and its ecological 678 

correlates: a meta-analysis. Mammal Biol 78:216–219.  679 

Santini L, Rojas D, Donati G (2015) Evolving through day and night: origin and 680 

diversification of activity pattern in modern primates. Behav Ecol 26:789–796.  681 

Santini-Palka ME (1994) Feeding behaviour and activity patterns of two Malagasy bamboo 682 

lemurs, Hapalemur simus and Hapalemur griseus, in captivity. Folia Primatol 63:44–49 683 

Schmidt AKD, Römer H, Riede K (2013) Spectral niche segregation and community 684 

organization in a tropical cricket assemblage. Behav Ecol 24:470–480.  685 

Schreier BM, Harcourt AH, Coppeto SA, Somi MF (2009) Interspecific competition and 686 

niche separation in primates: a global analysis. Biotropica 41:283–291.  687 

Schoener TW (1974) Resource partitioning in ecological communities. Science 185:27–39.  688 

Scriven JJ, Whitehorn PR, Goulson D, Tinsley MC (2016) Niche partitioning in a sympatric 689 

cryptic species complex. Ecol Evol 6:1328–1339. 690 

Seiler M, Schwitzer C, Holderied M (2013) Anti-predator behaviour of Sahamalaza sportive 691 

lemurs, Lepilemur sahamalazensis, at diurnal sleeping sites. Contrib Zool 82:131–143. 692 



Singh M, Kuladeep R, Singh M (2011) Resource partitioning in sympatric langurs and 693 

macaques in tropical rainforests of the Central Western Ghats, South India. Am J Primatol 694 

73:335–346.  695 

Snaith TV, Chapman CA (2007) Primate group size and interpreting socioecological models: 696 

do folivores really play by different rules? Evol Anthropol 16:94–106. 697 

Starr C, Nekaris KAI, Leung L (2012) Hiding from the moonlight: luminosity and 698 

temperature affect activity of Asian nocturnal primates in a highly seasonal forest. PLoS 699 

ONE 7:e36396.  700 

Tattersall I (1979) Patterns of activity in the Mayotte lemur, Lemur fulvus mayottensis. J 701 

Mammal 60:314–323.  702 

Tattersall I (1987) Cathemeral activity in primates: a definition. Folia Primatol 49:200–202. 703 

Thalmann U (2001) Food resources in two nocturnal lemurs with different social behavior: 704 

Avahi occidentalis and Lepilemur edwardsi. Int J Primatol 22:287–324.  705 

Upham NS, Hafner JC (2013) Do nocturnal rodents in the Great Basin Desert avoid 706 

moonlight? J Mammal 94:59–72.  707 

van Schaik CP, Terborgh JW, Wright SJ (1993) The phenology of tropical forests–adaptive 708 

significance and consequences for primary consumers. Annu Rev Ecol Syst 24:353–377.  709 

Veilleux CC, Jacobs RL, Cummings ME, Louis EE, Bolnick DA (2014) Opsin genes and 710 

visual ecology in a nocturnal folivorous lemur. Int J Primatol 35:88–107.  711 

Vieira EM, de Camargo NF, Colas PF, Ribeiro JF, Cruz-Neto AP (2017) Geographic 712 

variation in daily temporal activity patterns of a Neotropical marsupial (Gracilinanus agilis). 713 

PloS One 12:e0168495. 714 

Vieira EM, Port D (2006) Niche overlap and resource partitioning between two sympatric fox 715 

species in southern Brazil. J Zool 272:57–63.  716 



Warren RD, Crompton RH (1997) A comparative study of the ranging behaviour, activity 717 

rhythms and sociality of Lepilemur edwardsi (Primates, Lepilemuridae) and Avahi 718 

occidentalis (Primates, Indriidae) at Ampijoroa, Madagascar. J Zool 243:397–415.  719 

Wheater CP, Bell JR, Cook PA (2011) Practical field ecology: a project guide. New Jersey, 720 

US: Wiley-Blackwell. 721 

Wright PC, Razafindratsita VR, Pochron ST, Jernvall J (2005) The key to Madagascar 722 

frugivores. In: Dew JL, Boubli JP (eds.) Tropical fruits and frugivores. New York: Springer, 723 

pp 121–138. 724 

Zinner D, Hilgartner RD, Kappeler PM, Pietsch T, Ganzhorn JU (2003) Social organization 725 

of Lepilemur ruficaudatus. Int J Primatol 24:869–887.  726 

Ziv Y, Smallwood JA (2000) Gerbils and heteromyids – interspecific competition and the 727 

spatio-temporal niche. In: Halle S, Stenseth NC (eds) Activity patterns in small mammals: an 728 

ecological approach. Berlin Heidelberg: Springer-Verlag, pp 159–176.729 



Table 1: Median activity (range) during the day, at twilight, and at night, and median ND ratio (i.e. ratio between nocturnal and diurnal activity) 730 

for Avahi meridionalis and Lepilemur fleuretae. Beta estimates (Standard Error) are parameter estimates of the Generalised Estimating Equation 731 

models with night-length and moon phase as covariates. F-value indicate the result of the RM ANOVA test for the difference between the two 732 

species.  733 

 Avahi meridionalis Lepilemur fleuretae  

 Activity 

(range) % 

Night-length  

Beta (SE) 

Moon phase  

Beta (SE) 

Activity 

(range) % 

Night-length 

Beta (SE) 

Moon phase  

Beta (SE) 

F-value 

Diurnal 14.0 (3.7-32.7) -0.30 (0.14)* -0.19 (0.02)** 9.1 (0.1-31.3) -0.39 (0.07)** 0.11 (0.05)* 5.35* 

Twilight 66.0 (21.4-83.2) -0.20 (0.04)** -0.02 (0.03) 39.3 (9.1-75.8) -0.48 (0.05)** 0.10 (0.02)** 1024.93** 

Nocturnal 50.9 (26.7-71.6) -0.24 (0.09)** 0.05 (0.04) 70.6 (47.3-96.1) -0.24 (0.04)** -0.11 (0.02)** 492.00** 

ND 3.9 (1.1-13.1) -0.00 (0.03) 0.23 (0.05)** 7.1 (1.6-584.6) 0.25 (0.18) -0.47 (0.06)** 471.00** 

* P < 0.05; ** P < 0.01 734 



Figure 1: Variation of activity of Avahi meridionalis (above) and Lepilemur fleuretae 

(below) during the day, at twilight, and at night. Means and standard errors for successive 

moon phases from 07/07/2015 to 17/09/2015 are shown. Black circles indicate new moon 

phases. 

 

Figure 2: Daily activity of Avahi meridionalis (black line) and Lepilemur fleuretae (grey 

line). Hourly distribution of activity (mean and standard error) of three individuals of A. 

meridionalis and L. fleuretae over the 24-h from 07/07/2015 to 17/09/2015. Sunset: 17:17-

17:46; evening astronomical twilight: 18:37-19:02; morning astronomical twilight: 4:32-5:16; 

sunrise: 5:47-6:36. 

 

Figure 3: Daily activity patterns of two neighbouring individuals, one Lepilemur 

fleuretae and one Avahi meridionalis, for a lunar cycle.  

 

Figure 4: Difference between the end of activity and sunrise (above) and between the 

beginning of activity and sunset (below). Data are daily means and standard errors in three 

individuals of Avahi meridionalis (black line) and three individuals of Lepilemur fleuretae 

(grey line). 

 


