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ABSTRACT
Madagascar is a biodiversity hotspot facing increasing anthropogenic pressures, with 95% of lemur species threatened with 
extinction. In addition to habitat loss and hunting, cyclones create treefall gaps with unknown effects on arboreal species. We 
examined the effect of Cyclone Eliakim, which struck Masoala National Park in March 2018 with sustained wind speeds 
reaching 151 km/h. We assessed whether lemur densities and their microhabitat niches changed in relation to the cyclone, and 
whether their distributions were related to treefall gaps. We conducted 110.42 km of transect walks for diurnal and 86.93 km for 
nocturnal lemurs between 2017 and 2022 in Andranobe, Masoala National Park, a region regularly hit by cyclones. Microhabitat 
data were recorded for each observation, and distance to the nearest canopy gap was used as a measure of association with 
treefall gaps. Densities of Varecia rubra, Eulemur albifrons, Avahi mooreorum, Lepilemur scottorum, and Microcebus sp. did not 
decline after the cyclone. Species niche separation was strongest directly after the cyclone (suggesting intensified competition 
over limited resources) and relaxed progressively as the forest recovered. Gap size increased after the cyclone and decreased by 
59.9% 4.5 years later, indicating progressive canopy closure. Large diurnal lemurs were positively associated with gaps > 150 m2, 
likely reflecting increased food availability in sun‐exposed areas. Small nocturnal lemurs were positively associated with small 
gaps (< 150 m2) but avoided larger gaps, possibly due to aerial predator risk. These data aid our understanding of species 
interactions and ecosystem dynamics under climate‐driven habitat change.

1 | Introduction 

Climate change is a major threat to various biota across the globe 
(Nunez et al. 2019; Trew and Maclean 2021). Increasing sea surface 
temperature is leading to more intense tropical cyclones, often with 
negative impacts on terrestrial systems (Lin et al. 2020; Murakami 
et al. 2020). As disturbances of this kind are likely to become more 
severe in the future, understanding species responses to these 
events is important (Korstjens and Hillyer 2016).

Among the endemic fauna of Madagascar, there are currently 
112 lemur taxa (i.e., species and subspecies) distributed 

throughout Madagascar's remaining forest habitats, 95% of 
which are threatened with extinction, with 31% listed as Criti
cally Endangered (IUCN 2023; Mittermeier et al. 2023; 
Ralimanana et al. 2022). Lemur responses to anthropogenic 
threats have been studied for some time (Gardner 2009), while 
more recent studies have also investigated effects of gradual 
climate changes, weather variability, and cyclone effects on 
distribution patterns (Behie et al. 2024; Brown and Yoder 2015; 
Ratovonamana et al. 2024), population dynamics (Dunham 
et al. 2011; Ozgul et al. 2023), and behavior (Axel et al. 2024; 
Dinsmore et al. 2021; Paige et al. 2024).
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Cyclones, as part of Madagascar's hypervariable climate, are likely 
to have played a major role in the evolution of Madagascar's biota 
(Dewar and Richard 2007; Wright 1999), and are stochastic though 
frequent phenomena in Madagascar, with up to 10 cyclone making 
landfall per year (Fitchett and Grab 2014; De Gouvenain and 
Silander 2003). The intense and sometimes sustained winds from 
cyclones can strip plants of fruits and leaves and cause widespread 
destruction, contributing to significant canopy gaps caused by 
fallen branches and trees (Birkinshaw and Randrianjanahary 2007; 
Mogilewsky 2020; Paige et al. 2024). Large‐scale effects of forest 
openings may impact primates in many ways, including increased 
predation pressure (Enstam 2007) and reduced reproduction in or 
after years with cyclones because of sudden drops in food availa
bility (Dunham et al. 2011), resulting in population decline after 
cyclones (Korstjens and Hillyer 2016; Ratsisetraina 2013). Yet, 
other studies did not report any effect of cyclones on population 
size, suggesting lemurs are resilient to cyclone damage through 
behavioral flexibility, utilizing the altered environment in 
the weeks and months following the cyclone to some extent (Axel 
et al. 2024; Behie et al. 2024; Dinsmore et al. 2021). Understanding 
these apparently different responses might be facilitated by inves
tigating not only the phenomenon in general, but also by quanti
fying cyclone effects in a standardized way and investigating the 
impacts of single, measurable components.

Treefall gaps might represent such a component that is relevant for 
species interactions and forest dynamics (Gorgens et al. 2023; 
Hossain and Olson 2023). Increased penetration of sun into the 
forest contributes to habitat heterogeneity (Schnitzer and 
Carson 2001). The resulting habitat mosaic is associated with var
ied light intensity, soil temperature, humidity, and the successful 
germination of seedlings (Whitmore 1998). Heliophile trees 
regenerate in canopy gaps, and fruit and leaf production, and also 
insect abundance, increase at the edges (Ganzhorn 1995a, 1995b; 
Gorgens et al. 2023; Hossain and Olson 2023; Houle et al. 2007; 
Mogilewsky 2020; Takahashi et al. 2015). Thus, food availability 
should be higher at the edges of canopy gaps than in the forest 
interior, because canopy gaps increase light availability, which can 
promote fruiting of plants and enhance resource availability for 
frugivores (Takahashi et al. 2015). From an animal's perspective, 
following the principles of behavioral ecology, food patches war
rant visitation only once they exceed a certain size that is positively 
related to the size and number of consumers (Krebs and 
Davies 1978). If so, the rewards of canopy gaps should increase 
with increasing size. Diet may also influence these patterns, with 
larger‐bodied or group‐living species benefiting most from larger 
patches.

In contrast, if canopy gaps were used by aerial predators to 
hunt, lemur species that are possible prey for owls and diurnal 
birds of prey (Goodman and Ganzhorn 2022) should avoid 
canopy gaps above a certain size. Thus, the response of lemur 
species to forest canopy gaps is expected to be modulated by gap 
size and to be more complex than the already complex inter
actions at forest edges (Lehman et al. 2006). For nocturnal le
murs, canopy gaps allow more moonlight to penetrate the forest 
and potentially illuminate individuals typically reliant on soli
tary crypticity, thereby increasing their vulnerability to preda
tion (Prugh and Golden 2014). Apart from the food and 
predation aspects, spots with increased sun penetration offer 
opportunities for sun bathing, a very prominent component for 

behavioral thermoregulation, especially for the diurnal and 
cathemeral species (Donati et al. 2011).

With respect to forest and resource dynamics, food resources 
should be scarce immediately following a cyclone and recover 
as branches, leaves, and fruit regenerate in the gaps. These 
changes in resource availability should be reflected quickly by 
changes in microhabitat utilization or behavioral niche sepa
ration of consumer species. During a shortage of their preferred 
food, lemurs could expand their feeding niche and include food 
types not used previously. But this might lead to increased 
competition and lead to increased species separation. Once 
resources become abundant and animals cannot build up pop
ulations quickly to exploit the resources up to their carrying 
capacity, competition and species separation are relaxed (Begon 
et al. 2006; Connell 1978). Thus, the different dimensions of the 
ecological niche might change in opposite directions under the 
impact of disturbances. For primates, differences in the vertical 
distribution of species in the forest and the size of trees used 
have often been used as one tractable proxy for niche separation 
that can be measured easily (e.g., Charles‐Dominique 1977; 
Vasey 2000). The way lemurs display changes along this niche 
dimension after disturbances caused by cyclones might offer an 
opportunity to generate a better understanding of constraints 
and adaptations in the evolution of lemurs.

With this background, we initiated a long‐term study in 2017 to 
assess the effects of Cyclone Eliakim on lemur species at An
dranobe Forest, located in the southwestern part of Masoala 
National Park (NP). Seasonally, the region is prone to cyclones 
with an average number of 1–2 cyclones per year (Behie 
et al. 2024; Birkinshaw and Randrianjanahary 2007; Fitchett 
and Grab 2014; Mogilewsky 2020), making it an area where 
stochastic cyclone effects can be studied with some probability 
of success.

Within the first year of our study, Cyclone Eliakim made 
landfall in this region, moving westward across the Masoala 
Peninsula. The eye of the storm passed within 5 km of the 
Andranobe study site with sustained wind speeds of 110 km/h 
and wind gusts reaching 151 km/h (Paige et al. 2024). No fur
ther cyclone made landfall in this region until the end of 2022. 
This allowed us to examine how lemur species responded to 
cyclone effects.

First, to address long‐term consequences, we assessed whether 
lemur species densities declined from the time of the cyclone to 
4 years afterwards. Second, we describe the changes in gap size 
over time and relate these changes to microhabitat utilization 
and niche separation of the five lemur species considered. 
Third, for the effects of canopy gaps, we hypothesized that all 
lemur species are positively associated with canopy gaps 
because of improved food quality and quantity at the edges. 
Thus, (i) the distance between lemurs and the nearest gap 
should decline with increasing gap size and (ii) smaller lemur 
species should be associated with smaller gaps than larger and 
group living species. Fourth, all lemur species considered here 
are preyed upon by aerial predators. Thus, lemurs should 
maintain some distance from gaps, where aerial predators can 
fly in for attack. As a result, lemurs should avoid gaps above a 
certain (yet unspecified) threshold. This effect should be more 
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important for the smaller nocturnal species (Avahi mooreorum, 
Lepilemur scottorum, and Microcebus sp.) than for the larger 
Varecia rubra and Eulemur albifrons.

2 | Methods 

2.1 | Study Site and Species 

We conducted fieldwork in Andranobe (15°40′27″S, 49°57′08″E), a 
strictly enforced research zone covering approximately 150 ha in 
Masoala NP (Figure 1). Created in 1997, the park consists of 
230,000 ha and is one of the largest protected areas in Madagascar 
(Goodman et al. 2018). It contains a variety of terrestrial habitats, 
including littoral forest, swamp, lowland to medium‐altitude 
humid evergreen forest, and mangroves (Goodman et al. 2018). 
The Andranobe forest ranges from sea level to 260 m and has a 
closed canopy (Mogilewsky 2020; Sawyer et al. 2017; Vasey 2000). 
Within Masoala, the average annual precipitation ranges from 2200 
to 7000 mm, and the average annual temperature ranges from 21°C 
to 24°C (Martinez 2010). Rainfall and phenology varied between
years, but the general pattern remained similar (Paige et al. 2024). 
At least 10 lemur species inhabit Masoala NP, including the An
dranobe study area (Mittermeier et al. 2023; Table 1). The local 
species of Microcebus has not yet been identified (Fenosoa 
et al. 2018; Sawyer et al. 2017).

2.2 | Lemur Surveys 

We conducted lemur surveys in the warm Austral summer from 
November 3, 2017 to January 9, 2018 (Period 1, prior to Cyclone 
Eliakim on March 16, 2018) and the cool Austral winter season 
from May 17 to July 12, 2018 (Period 2, after Cyclone Eliakim). 
For studying the effect of the cyclone on lemur population size, 
we pooled these two survey periods. We acknowledge that 
cyclones can cause mortality or induce short‐term shifts in 
ranging behavior in primates (Korstjens and Hillyer 2016; 
Mittermeier et al. 2023; Ratsisetraina 2013). Because we did not 
follow individuals over time, it is impossible to quantify these 
effects in our study. Cyclones may also have negative effects on 
long‐term survival and reproduction. However, except for Eu
lemur sp., and based on studies of congeneric species, the other 
lemur species are known to maintain relatively stable home 
ranges for years (Behie et al. 2024; Mittermeier et al. 2023), 
suggesting that population densities are unlikely to change 
drastically within a few weeks of the cyclone. Separating the 
survey periods would result in prohibitively small sample sizes 
for the calculation of densities. However, population changes 
should still be visible at the population level, with some lag 
time. The lemur surveys meant to assess long‐term effects on 
the population level were conducted from April 26 to May 26, 
2021 for the cool Austral winter (Period 3) and from December 
1 to 22, 2022 for the warm Austral summer (Period 4). Again, 

FIGURE 1 | Location of Andranobe, with respect to Madagascar, on the Masoala Peninsula and in the southwestern portion of the Masoala 
National Park. 
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these two periods were pooled for the lemur population 
analyses to match the first two surveys (each including surveys 
during the cold and the hot seasons). There were no additional 
cyclones after Eliakim.

We conducted surveys using the line‐transect method of dis
tance sampling with multiple observers (Buckland et al. 2010). 
We selected six preexisting transects (between 620 and 1210 m 
in length) for the survey to minimize disturbance. We marked 
the transect trails every 25 m with flagging tape. Survey teams 
comprised at least three observers, including at least one of us 
(AA, DCR, MSM, TME), and two local guides. We walked each 
transect with a 10‐m distance between team members and a 
travel speed of approximately 0.5–1 km/h between 5:30 and 
10:00 for the diurnal surveys, and 17:30 and 22:00 for nocturnal 
surveys. We carefully scanned both sides of the transect. Double 
counting the same individual during a single transect survey 
was unlikely, but we probably encountered the same in
dividuals on the same transect during subsequent transect 
walks. This is an unresolved issue for density estimations, but 
should not affect our analyses of lemur microhabitat utilization. 
For the time being, the association between lemurs and gaps 
remains hypothetical and should be seen as a starting point for 
further studies, including individual follows.

We started transects at seasonally changing times, with diurnal 
surveys commencing after sunrise and nocturnal surveys com
mencing after sunset. Diurnal surveys were consistently conducted 
between 6:00 and 10:00 and nocturnal surveys between 18:00 and 
22:00 throughout each season. Each transect was repeated two to 
seven times per season for each study period, resulting in total 
observation efforts of 110.42 and 86.93 km of diurnal and nocturnal 
surveys, respectively (Supporting Information S1: Table S1). We 
alternated the starting point on each transect repetition to reduce 
timing biases (Ross and Reeve 2011). We limited our surveys to 
periods without heavy rain.

We used high‐lumen headlamps to sight nocturnal lemurs and 
strong handheld torches to confirm sightings and identify spe
cies. Each time a lemur was visually detected, we recorded the 
observation date, time (hour, minute), transect name, species, 
group size, GPS coordinates to an accuracy of < 5 m, estimated 
perpendicular distance from line transect to individual/group 
center, animal activity (e.g., feeding, resting, traveling). Animals 
heard but not seen were not included in the present analyses.

2.3 | Habitat Use and Gap Descriptions 

To assess habitat use by lemurs, we measured tree DBH (diameter 
at breast height; cm), visually estimated tree height (m), and 
recorded the Malagasy vernacular name of the tree where the first 
individual was observed. We confirmed tree species identification 
in the field with a trained local botanist. The survey team was 
trained to estimate distances and heights using practice sessions 
before data collection. We recorded lemur heights using seven 
height categories. Height categories were: 0: on the ground; 1: 
> 0–5 m high; 2: > 5–10 m; 3: > 10–15 m; 4: > 15–20 m; 5: 
> 20–25 m; 6: > 25–30 m; 7: > 30 m. During nocturnal surveys, we 
marked the trees with flags where we observed the animals. The 
following day, we returned to the locations of lemur sightings, T
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searched the vicinity for canopy gaps, and measured the distance to 
the nearest canopy gap. We recorded the distance between the 
closest canopy gap from the individual/group center with a mea
suring tape. We measured the length (=largest diameter of the gap) 
and width (perpendicular to the length) of gaps. For these mea
surements, we stood immediately under the leaves at the edge of 
the canopy gap. We used a Laser Technology, Inc. TruPulse 200 
rangefinder to measure the opposite side of the gap. The TruPulse 
200 automatically calculates true horizontal distance (distance 
parallel to ground), eliminating the need to do calculations based 
on the true distance between the instrument and the target. We 
calculated gap area using the formula for the area of an ellipse and 
the measured gap width and length: gap area (m2) = (π*gap 
length*gap width)/4. Canopy gaps were defined as a hole in the 
canopy caused by the death of one or more trees, or branch(es), 
either through uprooting or snapping (Brokaw 1982). Most treefall 
canopy gaps occur during or immediately following a tropical 
storm or cyclone and are immediately evident (Birkinshaw and 
Randrianjanahary 2007). We did not know the age of most gaps; 
therefore, we did not classify gaps any further but simply used their 
size for all analyses.

2.4 | Encounter Rate and Population Density 
Estimate 

We calculated mean encounter rates for each species by divid
ing the number of individuals observed by the total transect 
distance surveyed (n/km). We then calculated mean encounter 
rates for each species in the warm Austral summer and the cool 
Austral winter season and during the two study periods in 
2017–2018 and 2021–2022. We also calculated encounter rates 
per lemur species for each survey period (Supporting Informa
tion S1; Table S3). To calculate population density for each 
lemur species, we use the conventional distance sampling 
(CDS) engine in Distance 7.5 software (Buckland et al. 2010).

2.5 | Statistical Analysis 

We used each distinct encounter of a lemur or a group of lemurs as 
the unit for statistical analyses of habitat utilization. We restricted 
statistical analyses to E. albifrons, Varecia rubra, A. mooreorum, L. 
scottorum, and Microcebus sp. because sample sizes were too small 
for the other species. We used the Shapiro–Wilk test to assess 
normality of data. We computed Mann–Whitney U tests to compare 
any differences in encounter rates and densities between 2017/2018 
and 2021/2022, treating each transect walk as an independent 
observation. To illustrate niche separation, we compared the height 
of the animals, tree DBH, distance of the lemur to the nearest 
canopy gap, and gap size among species using Kruskal–Wallis tests, 
with Dunn's post hoc tests performed to identify which species 
contributed to the significant result. We calculated effect sizes for 
Kruskal–Wallis test as eta2[H] = (H − k + 1)/(n−k); where H is the 
value obtained in the Kruskal–Wallis test, k is the number of 
groups, and n is the total number of observations (Tomczak and 
Tomczak 2014).

For the analyses of lemur associations with canopy gaps, we 
assigned lemur species to two distinct categories based on their 
predominant activity patterns: diurnal (E. albifrons and V. rubra) 

and nocturnal (A. mooreorum, L. scottorum, and Microcebus sp.). 
This way, we accounted for the limited sample size, which was 
further reduced when we restricted the analyses to specific size 
categories of the canopy gaps. Gap size was therefore analyzed 
sequentially using all gaps, gaps > 50 m2, gaps > 100 m2, and 
gaps > 150 m2 (Supporting Information S1: Table S2). For inter
pretative purposes, gaps > 150 m2 were considered large. We used 
linear, inverse, and polynomial (quadratic and cubic) regression 
models to describe the relationships between the distance of lemurs 
to the nearest canopy gap (dependent variable) and canopy gap size 
(independent variable). We chose the model based on effect size 
represented by R2 (i.e., the model that explained the greatest 
amount of variation in the dependent variable).

We performed statistical analyses in RStudio (Version 2023. 
3.1.446; RStudio 2023), R (version 4.2.2; R Core Team 2022), 
and SPSS. We are aware of the discussion around binary 
thinking about significance and the need to report effect sizes. 
Yet, effect sizes (or “impacts”) are difficult to compare between 
tests, in particular between parametric and non‐parametric 
tests. Therefore, we report the term “significant,” using a 
threshold of α = 0.05, without implying that non‐significant 
results indicate no effect.

3 | Results 

During the first lemur surveys in 2017 and 2018, we recorded seven 
lemur species from four families with a total of 559 lemur sightings 
(445 sightings on diurnal surveys, 114 sightings on nocturnal sur
veys; Table 1). No hairy‐eared dwarf lemurs (Allocebus trichotis), 
Masoala fork‐marked lemurs (Phaner furcifer), or aye‐ayes (Dau
bentonia madagascariensis) were observed, though feeding remains 
by D. madagascariensis were recorded. In 2021 and 2022, we 
observed eight lemur species from five families. In total, we 
observed 627 lemur sightings, including 372 sightings on diurnal 
surveys and 255 sightings on nocturnal surveys (Table 1). This 
time, we also observed D. madagascariensis.

3.1 | Population Density and Encounter Rate 

For both study periods, we observed E. albifrons most fre
quently, with this species maintaining the highest density of all 
lemur taxa (Table 1), followed by A. mooreorum and L. scot
torum. We recorded Cheirogaleus major, D. madagascariensis, 
Hapalemur occidentalis, and Microcebus sp. only a few times, 
indicating low densities. We found no evidence that encounter 
rates or densities differed between seasons or study periods 
(Table 1; Mann–Whitney U test: p > 0.05 for all comparisons).

3.2 | Habitat Use and Canopy Gaps 

The mean height of lemurs observed on trees differed signifi
cantly among species (Kruskal–Wallis: Χ2 = 84.99, df = 4, 
p < 0.001; Table 2; Supporting Information S1: Table S2). V. 
rubra was higher in the forest canopy than any other lemur 
species (Dunn's post hoc tests: p ≤ 0.001 for the difference 
between V. rubra and all species). There was no evidence of 
height differences among the remaining species.

5 of 13 American Journal of Primatology, 2026



The mean DBH of trees used by the lemurs was significantly dif
ferent among species (Kruskal–Wallis: Χ2 = 140.06, df = 4, 
p < 0.001; Table 2; Supporting Information S1: Table S2). V. rubra 
used trees with larger DBHs than any other species (A. mooreorum, 
Z = −8.42, p < 0.001; E. albifrons, Z = −5.17, p < 0.001; L. scot
torum, Z = −9.21, p < 0.001; Microcebus sp., Z = −10.35, p < 0.001), 
and trees used by Microcebus sp. were smaller than those used by 
E. albifrons (Z = 6.15, p < 0.001), L. scottorum (Z = 3.87, p < 0.001), 
and V. rubra (Z = −10.35, p < 0.001).

The effect size of the vertical separation of the different lemur 
species increased after Cyclone Eliakim, indicating stronger 
microhabitat niche partitioning right after the cyclone. The 
effect decreased over time and became minimal 4 to 5 years 
after the cyclone (Table 3). The changes in effect sizes were 
similar for DBH but not as pronounced as with the vertical 
separation.

We measured 440 canopy gaps, ranging from 0.8 to 714.5 m2, 
with a median of 23.5 m2. The size distribution was skewed 
towards small gaps, resulting from broken branches rather than 
trees (Figure 2). Median gap size was 26.5 m2 in the months 
(November 2017–January 2018) before Cyclone Eliakim, then 
increased to 31.4 m2 in July 2018 after the cyclone, and became 
59.9% smaller towards the end of the study in December 2022, 
about 4.5 years after the last cyclone. The size of gaps between 
the four study periods was not statistically significant 
(Kruskal–Wallis: Χ2 = 6.67, df = 3, p = 0.083; Table 3).

Except for the solitary Microcebus sp., the group size of all lemur 
species declined immediately after Cyclone Eliakim and increased 
again over the next 4 years after the cyclone. This variation was 
evident to us when we calculated mean group sizes, but they are 
not reflected well by the median group size for the pair‐living L. 
scottorum and A. mooreorum. They are significant for A. moor
eorum (Kruskal–Wallis: Χ2 = 19.08, df = 3, p < 0.001) and E. albi
frons (Χ2 = 12.08, df = 3, p = 0.007) (Table 3).

3.3 | Lemur Response to Forest Canopy Gap 

We found no between‐species differences in the distance to the 
nearest forest canopy gap or in the size of the nearest gap 

among the five species considered (Kruskal–Wallis; distance: 
Χ2 = 1.86, df = 4, p = 0.76; gap size: Χ2 = 0.67, df = 4, p = 0.95; 
Table 2). These variables were also not significantly different 
when we compared the two largest diurnal species with the 
three smaller, nocturnal species (Mann–Whitney U test: 
z = 0.765 and 0.480 for the distance between lemurs and gaps 
and gap size, respectively; p > 0.05 for both variables).

3.4 | Modeling the Relationship Between Gap 
Size and Lemur Proximity 

For the diurnal species (V. rubra and E. albifrons), the distance to 
the nearest canopy gap was best described by a quadratic regres
sion as distance between diurnal lemurs and gap size = 4.956 + 
0.0428*gap size – 0.00024*gap size2 (R2 = 0.042, F = 3.388, 
p = 0.036; Figure 3a). Since we aimed to identify the size at which 
gaps become important for the lemurs, we sequentially eliminated 
smaller gaps from the model. According to the effect sizes, the 
relationship between gap size and lemur distance to the nearest gap 
became consistently stronger as gap size increased, indicating that 
large lemurs were found more often closer to large gaps than to 
smaller gaps (Supporting Information S1: Table S2).

The situation was more complex for the three nocturnal species. 
For the combined data of A. mooreorum, L. scottorum, and 
Microcebus sp., the relationship was best and significantly 
described by a cubic equation as distance between nocturnal 
lemurs and gap size = 5.98 + 0.024*gap size − 0.00015837*gap 
size2 + 2.227E‐07*gap size3 (R2 = 0.032, F = 3.130, p = 0.026; 
Figure 3b). At smaller gap sizes, diurnal and nocturnal species 
showed similar relations to gaps, but at larger sized gaps, the 
diurnal species were found closer to them or even right at the 
edge, while nocturnal species were never found close to the 
edge of larger gaps and kept their distance to larger gaps.

4 | Discussion 

Habitat quality and resource availability are important for pri
mate populations and communities (Miller et al. 2018; Sawyer 
et al. 2017). Under stable conditions, the spatial and temporal 
distribution of resources should allow species to fill a habitat to 

TABLE 2 | Height of lemurs in trees, DBH of trees used by lemurs, and distance to nearest forest canopy gap of the lemur species in Andranobe, 
western Masoala National Park.

Diurnal/Large‐bodied Nocturnal/Small‐bodied
Lemur species E. albifrons V. rubra A. mooreorum L. scottorum Microcebus sp.

Number of encounters 87 70 63 174 49
Height (m) 5.0b 

2.0 –27.0
10.5a 

2.0–28.0
5.0b 

2.0–20.0
3.0c 

1.0–25.0
4.0c 

1.0–16.0
DBH (cm) 30.0b 

7.0–123.0
65.0a 

19.0–200.0
16.0c 

5.0–99.0
20.0c 

5.0–125.0
11.0d 

2.0–45.0
Distance (m) to nearest canopy gap 5.5 

0.0–14.0
5.5 

0.0–29.0
6.0 

0.0–40.0
5.0 

0.0–25.0
5.0 

0.0–16.0
Gap size (m2) 21.2 

0.8–294.4
25.1 

1.6–235.5
28.3 

1.6–714.4
23.6 

0.8–314.0
21.2 

2.4–565.2

Note: Values are medians and ranges based on the number of encounters. Different superscripts indicate differences between species with p < 0.05 according to Dunn's 
post hoc tests.
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carrying capacity and avoid competition by exploiting distinct 
ecological niches. While these deterministic processes could be 
implied in various studies (e.g., Tinsman et al. 2022; 
Vasey 2000), stochastic disturbances can upset deterministic 
community structures, reduce populations below habitat car
rying capacity, and lead to changes in the niche separation of 
species (Connell 1978). Cyclones, with their unpredictable 
occurrence and disturbances, could be such stochastic events. 

Yet, cyclones have been an integral component in the evolution 
of primates, including lemurs and Malagasy ecosystems. The 
few lemur species for which cyclone effects have been studied 
showed substantial resilience and were able to compensate for 
population losses (Dinsmore et al. 2021; Dunham et al. 2011).

These studies and indirect evidence suggest that different lemur 
species have different strategies and capacities to cope with 

TABLE 3 | Changes in canopy gap size, lemur group size, and lemur microhabitat separation in relation to Cyclone Eliakim.

Survey period 1 2 3 4 Kruskal–Wallis

Relation to cyclone Eliakim 2–4 mo. before 2–4 mo. after 37–38 mo. after 57 mo. after
Gap size 26.5 

2.4–294.4 
(136)

31.4 
1.6–714.4 

(48)

25.5 
0.8–565.2 

(120)

18.8 
0.8–253.6 

(136)

Χ2 = 6.67 
p = 0.083

Lemur group size
Microcebus sp. 1 (1.0) 

1–1 
(12)

1 (1.0) 
1–1 
(11)

1 (1.0) 
1–1 
(13)

1 (1.0) 
1–1 
(13)

Χ2 = 0.00 
p = 1.000

L. scottorum 1 (1.2) 
1–3 
(25)

1 (1.1) 
1–2 
(17)

1 (1.2) 
1–2 
(56)

1 (1.3) 
1–4 
(76)

Χ2 = 2.74 
p = 0.434

A. mooreorum 1 (1.4) 
1–3 
(18)

1 (1.1) 
1–2 
(12)

1 (1.4) 
1–2 
(17)

2 (2.2) 
1–4 
(17)

Χ2 = 19.08 
p < 0.001

E. albifrons 7 (7.3) 
2–17 
(44)

3 (3.0) 
1–5 
(4)

5.5 (5.7) 
2–13 
(24)

5.5 (5.6) 
1–11 
(16)

Χ2 = 12.08 
p = 0.007

V. rubra 2 (2.6) 
1–6 
(37)

1 (1.4) 
1–2 
(7)

2 (2.4) 
1–3 
(12)

2 (2.5) 
1–9 
(17)

Χ2 = 5.87 
p = 0.118

Lemur spp separation
Effect size: Height 0.239 (0.233) 0.333 (0.415) 0.246 (0.257) 0.191 (0.191)
Effect: DBH 0.382 (0.324) 0.352 (0.382) 0.337 (0.324) 0.193 (0.204)

Note: Survey periods: 1 = November 2017–January 2018, 2 = May–July 2018, 3 = April–May 2021, 4 = December 2022. Values are medians and ranges, sample size in 
brackets; df = 3 for the Kruskal–Wallis test. Since medians do not capture the changes in pair‐living species, we list mean group sizes in brackets. Effect sizes for species 
separation with respect to height and DBH based on Kruskal–Wallis tests provided in brackets.

FIGURE 2 | Size distribution of canopy gaps. The largest gaps of 565 and 714 m2 were excluded from the figure for a more easily interpretable 
distribution illustration. 
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cyclone effects (Behie et al. 2024). By conducting extensive 
systematic surveys, we first documented encounter rates and 
densities for the Andranobe Forest for future studies on en
vironmental and anthropogenic impacts on the various lemur 
populations (Eppley et al. 2023; Paige et al. 2024). Second, we 
derived information on possible cyclone effects on lemurs by 
analyzing the responses and spatial association of the different 
species with canopy gaps.

4.1 | Lemur Encounter Rate and Population 
Density 

During our surveys, we encountered 8 of the 10 lemur species 
recorded for Andranobe. A. trichotis and P. furcifer were not 
observed, though they were reported from other forest sites of 
Masoala NP (Sawyer et al. 2017), where they are also very rare 
(Biebouw 2009). Similarly, we saw D. madagascariensis and C. 
major only once. While this was not surprising for D. mada
gascariensis, as this species has vast home ranges which can exceed 
600 ha (Randimbiharinirina et al. 2018) and occurs in very low 
densities throughout most of mainland Madagascar (Mittermeier 
et al. 2023), the near absence of C. major was unexpected. It had 
been recorded in similar numbers as Microcebus sp. at the site of 
Iketra (Sterling and Rakotoarison 1998), but had also not been seen 
at Ambodiforaha during surveys at the beginning of the Austral 
summer (Sawyer et al. 2017). The latter could be explained by the 
hibernation of Cheirogaleus spp. during the cool Austral winter 
(Blanco et al. 2018), but the species should have been present 
during the warm humid season. Reasons for the low encounter 
rates remain unknown but seem unrelated to the predominant 
threats in Madagascar (e.g., hunting, forest degradation; Schwitzer 
et al. 2014).

For the remaining nocturnal species, the density of A. mooreorum 
in Andranobe was similar to that observed by Sawyer et al. (2017) 
and Sterling and Rakotoarison (1998). On the other hand, the 
density of L. scottorum was much higher in Andranobe than at 
other sites. A possible explanation could be that the other studies 
included primary and secondary forests. Lemurs in secondary 

forest are more threatened by hunting. Though hunters target 
primarily the large species such as Eulemur spp., Varecia spp., and 
Propithecus spp. (Borgerson et al. 2021), hunting also affects larger 
nocturnal species such as A. mooreorum and L. scottorum, espe
cially in disturbed areas where large trees are less available (Seiler 
et al. 2014), making these species more visible and accessible to 
hunters during the day. The low hunting pressure in the Andra
nobe might be one reason for the different population densities of 
these species between sites. For Microcebus sp., the situation might 
be reversed. Microcebus sp. has been recorded in similar densities 
in Andranobe as at Iketra (Sterling and Rakotoarison 1998), but 
reached much higher densities at sites with secondary vegetation at 
Ambodiforaha (Sawyer et al. 2017). This difference may be related 
to food availability across sites and their dietary flexibility.

Among the cathemeral and diurnal species, H. occidentalis was 
rarely observed during this study, which may be associated with 
the limited availability of bamboo in Andranobe, one of its prin
cipal food sources (Eppley et al. 2022). Our results match the low 
encounter rates of H. occidentalis by Sterling and Rakotoarison 
(1998). E. albifrons live in cohesive multi‐male‐multi‐female groups 
of 7–11 individuals (Vasey 2000). The home range of this species is 
known to reach 13.1 ha, which corresponds to an estimated density 
of approximately 113 ind./km2 in Andranobe (Rakotonirina 2013). 
Our more recent estimates are notably higher at 206.81 ind./km2 in 
2017–2018 and 300.98 ind./km2 in 2021–2022. These differences are 
within the margins of error inherent in density estimates, but could 
also be related to the high mobility of Eulemur spp. that travel long 
distances to exploit ephemeral food patches, resulting in high 
variation in encounter rates in permanent plots (Overdorff 1996). 
The density of V. rubra was similar to that reported from the same 
and other sites previously (31.2–53.4 ind./km2: Vasey 2000; Sterling 
and Rakotoarison 1998).

These lemur densities at Andranobe are similar to other parts of 
Masoala National Park (Sawyer et al. 2017; Sterling and Rako
toarison 1998). Populations did not decline after Cyclone Elia
kim hit the study site. Though the cyclone created substantial 
damage (Paige et al. 2024), all species considered were resilient 
to the disturbances, showing behavioral flexibility by utilizing 

FIGURE 3 | Models for the relationships between the location of lemurs and their distance to the nearest canopy gaps: (a) large diurnal species 
and gaps of all sizes; (b) small nocturnal species and gaps of all sizes. The solid lines represent the models; the points represent the actual 
measurements. 
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the altered environment in the weeks and months following the 
cyclone. After the cyclone, we found one dead female E. albi
frons, but the cause of death was unknown, and it was unclear 
whether it was related to the cyclone. In general, the survey 
method requires considerable effort to demonstrate even very 
large differences in population densities or encounter rates. 
Therefore, even population changes of 10% or more would go 
unnoticed.

4.2 | Niche Separation 

Ecological separation of lemur species could be achieved by hori
zontal separation of home ranges (Holmes et al. 2019; Schwab and 
Ganzhorn 2004), dietary differences, different activity patterns, or 
different microhabitat utilization (Ganzhorn 1989; Overdorff 1996; 
Schreier et al. 2009). It should also be noted that this study ex
amined only vertical stratification and tree DBH as proxies for 
niche separation; other dimensions such as dietary shifts, home 
range adjustments, or fission‐fusion dynamics may have been 
operating simultaneously and were not considered here. Habitat 
utilization and niche separation of the five lemur species con
sidered at Andranobe follow the pattern described for most lemur 
communities: larger species stay higher in the forest and use larger 
supports (Fenosoa et al. 2018; Ganzhorn 1988; Overdorff 1996; 
Tinsman et al. 2022). In contrast to other lemur communities, V. 
rubra is separated clearly from all other species by using the largest 
trees and being found mostly high in the canopy (Vasey 2000). 
Competition is often invoked when interpreting different habitat 
utilization patterns, though it is impossible to prove without ex
perimental manipulations (e.g., Begon et al. 2006; Connell 1978). 
Primates also show a wide range of behavioral responses to food 
shortage that can be interpreted in various ways (Hemingway and 
Bynum 2005). While we are aware of these caveats, the observed 
changes in the vertical distribution of lemur species in relation to 
the disturbances imposed by Cyclone Eliakim could be explained 
by changes in interspecific competitive interactions.

In a parallel study, Paige et al. (2024) recorded 375 new gaps per 
km2 at Andranobe after the passage of the cyclone. In our study, 
we did not distinguish between newly created and pre‐existing 
gaps, and gaps were not measured prior to 2017, so a direct com
parison with newly created gaps could not be made. Average gap 
size increased from 26.5 m2 before the cyclone to 31.4 m2 following 
the cyclone, and then gradually became smaller over the years. Gap 
size, as a proxy for disturbance, was inversely related to the 
strength of microhabitat (height and DBH) separation as measured 
by effect sizes (Table 3). While we do not have information on 
changes in the food composition of the other lemur species, V. 
rubra broadened its feeding niche after the cyclone and went back 
to its frugivorous diet over the following years (Paige et al. 2024). 
Broadening its feeding niche could be interpreted as a response to 
food shortage (Hemingway and Bynum 2005; Paige et al. 2024). 
Considering these dietary changes and associated changes in spe
cies distribution patterns, we can postulate that cyclones cause food 
shortages, and as a response, consumer species broaden their 
feeding niche (Birkinshaw and Randrianjanahary 2007; 
Mogilewsky 2020; Paige et al. 2024). To avoid increased competi
tion, they achieve more pronounced microhabitat separation by a 
clearer vertical separation. While speculative, the idea that lemurs 
face increased interspecific competition after a cyclone is consistent 

with the observed decline in group size, a pattern that may suggest 
increased intraspecific competition, though other unmeasured axes 
of niche partitioning may also play a role. The decline of group 
sizes and their return to larger groups over time matches previous 
observations, especially of group‐living lemurs that feed in smaller 
groups when food resources are small and scarce compared to 
when food is abundant (Ganzhorn 1988; Hemingway and 
Bynum 2005; Donati et al. 2011).

4.3 | Lemur‐Canopy Gap Interactions 

Canopy gaps are an integral component of forest structure and 
their development plays a major role in forest dynamics. After their 
formation, gaps can be in the state of expansion, persistence, and 
recovery, resulting finally in their closure (Gorgens et al. 2023; 
Hossain and Olson 2023). Because we do not have phenological or 
any other vegetation data related to specific gaps, we base our 
interpretations on the assumption that gaps were recovering, that 
is, their fringes were sun‐exposed and on their way towards gap 
closure (Gorgens et al. 2023). This assumption is supported by the 
reduced size of gaps several years after the cyclone. Based on 
published studies, we assume that the average food availability is 
reduced right after a cyclone because of the creation of gaps in the 
canopy and the stripping of fruits and leaves (Birkinshaw and 
Randrianjanahary 2007; Mogilewsky 2020; Paige et al. 2024). 
However, once these areas start regenerating, the fringes of gaps 
present high‐quality food patches within this depauperate en
vironment, likely driven by increased light availability (Takahashi 
et al. 2015).

Yet, different lemur species in Andranobe showed different pat
terns in relation to forest gaps. The larger (V. rubra and E. albi
frons) seemed to have been associated with gaps larger than 150 m2 

and were encountered right at the edge of these large gaps. The 
smaller lemur species (body mass below 1 kg) also seemed to be 
associated with gaps up to 100 m2 but then were found further 
away from larger gaps. Following our arguments, the reduced 
distance of small lemurs to gaps could be related to improved food 
conditions that might satisfy the needs of a small‐bodied solitary 
lemur but would be irrelevant for groups of lemurs. However, more 
data are necessary to support this explanation. Also, the larger 
species are mostly frugivorous, while A. mooreorum and L. scot
torum are mostly folivorous. Though actual data are lacking, fruits 
might need minimum‐sized gaps to develop in numbers that make 
them attractive for large and group‐living consumers. At larger 
gaps, these patterns of lemur responses to gaps might reverse the 
situation, in that larger gaps could also provide enough food for the 
larger species, but there, the smaller lemur species may fall prey to 
aerial predators like the Madagascar long‐eared owl (Asio mada
gascariensis). This combination of factors might be why small 
lemur species avoid larger gaps. In addition, the largest gaps might 
also represent barriers that cannot be crossed without descending 
to the ground and might therefore be avoided for the small species.

These interpretations are in contrast to the findings that Avahi 
spp. and Microcebus spp. are edge tolerant and are more often 
encountered close to the forest edge than in the forest interior, 
while Lepilemur spp. and Eulemur collaris were seen more often 
in the forest interior or did not show any marked response to 
edges (Campera et al. 2023; Lehman et al. 2006; Mandl 
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et al. 2023). Comparisons between gaps and forest edges may 
not be legitimate as forest edges represent ecotones that remain 
stable over longer periods than gaps. Also, our arguments on 
tree responses at gaps and animal responses to these changes 
assume changes at spatial scales of a few meters 
(Ganzhorn 1995a; Houle et al. 2007), while edge effects were 
measured at scales of tens or hundreds of meters (Campera 
et al. 2023; Lehman et al. 2006; Mandl et al. 2023) or in the 
context of whole landscapes (Eppley et al. 2020). Similarly, 
natural canopy gaps should not be considered to represent just 
another form of forest degradation. The relationships among 
animal groups with food distribution link with the resource‐risk 
distribution, which depends on a species' diet and habitat 
(Crook and Gartlan 1966). Windfall and gaps caused by sto
chastic weather events were part of the evolution of Mada
gascar's biota and its species are likely to have evolved 
adaptations to cope with these events (Dewar and Richard 2007; 
Krebs and Davies 1978; Wright 1999), while anthropogenic 
forest degradation is a new phenomenon for Madagascar in 
evolutionary terms.

The diverging results could be related to behavioral thermo
regulation. Most lemur species use behavioral thermoregulation 
during their active period as well in their selection of sleeping sites 
(Thompson and Hermann 2024). Here, the benefits of thermo
regulation and costs of predation strongly intersect (e.g., Mills 
et al. 2021). Larger gaps with increased sunlight might have 
attracted the larger diurnal species not only for food but also for 
sunbathing to heat up after cold nights. Sunbathing is not relevant 
for the nocturnal species at night. As our study was restricted to the 
active period of the different species, and the effects of thermo
regulation on the ranging behavior of nocturnal species have not 
been studied yet, we cannot further test these hypotheses.

Similar to the previous considerations, the effects of canopy gaps of 
the size considered here on predation have not yet been investi
gated. The assumption that Asio madagascariensis needs open 
space to maneuver and attack seems logical; dense structural en
vironments are known to reduce raptor hunting effectiveness by 
providing prey with refuge from predation (Johnson et al. 2024), 
though detailed observations on this species remain lacking. Sev
eral of the diurnal birds of prey, such as Accipiter henstii and 
Polyboroides radiatus enter dense parts of forests and take noc
turnal lemurs from their day shelters, sometimes by reaching into 
holes and pulling out the animal (reviewed by Goodman and 
Ganzhorn 2022). Additionally, canopy gaps may reduce the cryp
ticity of nocturnal species and increase their exposure to potential 
predators on nights of greater lunar luminosity (Prugh and 
Golden 2014). Thus, evidence for predation in canopy gaps remains 
elusive and the interpretations speculative. Consistent with this 
predation hypothesis, our results showed that nocturnal lemurs 
were not observed near the edges of larger canopy gaps ( > 150 m2), 
suggesting active avoidance that may reflect heightened predation 
risk in such open areas.

5 | Conclusion 

Our study provided density estimates, information on habitat 
utilization, and the effects of the forest canopy gaps on the 
lemur species in the Andranobe Forest in relation to the 

passage of Cyclone Eliakim. Though cyclones may not be 
increasing in frequency in the southern Indian Ocean (Fitchett 
and Grab 2014), their effects will become more important as 
they might increase in intensity and the remaining forest blocks 
become smaller (Rafanoharana et al. 2024). Measuring canopy 
gaps after cyclones might be a standardizable approach to assess 
ecological impacts on forest processes. Understanding these 
relationships is important for conservation strategies in land
scapes that consist of a mosaic of forest blocks declining in size, 
secondary vegetation, and agricultural matrices, rather than 
large tracts of forest that still dominate our thinking about 
forest conservation in Madagascar.
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Additional supporting information can be found online in the 
Supporting Information section. 
Table S1: Number of transect visits and observation efforts during the two 
lemur survey periods. T: Transect; D: Diurnal observation; N: Nocturnal 
observation.  
Table S2: Linear, invers and polynomial regression models of relationship 
between distance to nearest canopy gap and gap size, with statistically 
significant models in bold; n = number of gaps; b = beta coefficients.  
Table S3: Number of sightings (N) and encounter rates (ER, sightings/km) 
per lemur species for each survey period at Andranobe Forest, Masoala 
National Park. Period 1 = Summer 2017–2018 (pre‐Cyclone Eliakim; 
November‐January); Period 2 = Winter 2018 (post‐Cyclone Eliakim; May‐ 
July); Period 3 = Winter 2021 (April‐May); Period 4 = Summer 2022 
(December). Combined P1+P2 and P3+P4 values match those in Table 1 of 
the main text. Mann–Whitney U tests revealed a significant difference in 
overall encounter rates between Period 1 and Period 2 (W = 2175.5; 
P = 0.031), driven by Eulemur albifrons (W = 31; P = 0.037) and Varecia 
rubra (W = 31.5; P = 0.034).
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