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Abstract Most Malagasy primate communities harbor a diverse assemblage of
omnivorous species. The mechanisms allowing the coexistence of closely related
species are poorly understood, partly because only preliminary data on the feeding
ecology of most species are available. We provide an exemplary feeding ecology
data set to illuminate coexistence mechanisms between sympatric gray and Madame
Berthe’s mouse lemurs (Microcebus murinus, M. berthae). We studied their feeding
ecology in Kirindy Forest/CFPF, a highly seasonal dry deciduous forest in western
Madagascar. Between August 2002 and December 2007, we regularly (re-)captured,
marked, and radiotracked females of both species. A combination of direct
behavioral observations and fecal analyses revealed that both Microcebus species
used fruit, arthropods, gum, insect secretions, and small vertebrates as food sources.
However, Microcebus berthae and M. murinus differed in both composition and
seasonal variation of their diets. Whereas the diet of Microcebus murinus varied
seasonally and was generally more diverse, M. berthae relied mainly on insect
secretions supplemented by animal matter. The differences were also reflected in a
very narrow feeding niche of Microcebus berthae and a comparatively broad feeding
niche of M. murinus. Resource use patterns of Madame Berthe’s and more so of
opportunistic gray mouse lemurs broadly followed resource availability within the
strongly seasonal dry forest. Feeding niche overlap between the 2 sympatric species
was high, indicating that food resource usage patterns did not reflect niche
partitioning, but can instead be explained by constraints due to food availability.
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Introduction

Primates exhibit a broad range of foraging strategies and dietary preferences,
including mainly folivorous, e.g., Lepilemur, Colobus, Brachyteles; gummivorous,
e.g., Euoticus, Phaner, Callithrix; frugivorous, e.g. Hylobates, Pongo; insectivorous/
faunivorous, e.g. Tarsius, Loris; and omnivorous feeding patterns, e.g. Microcebus,
Papio, Pan (Clutton-Brock and Harvey 1977; Garber 1987; Gursky 2000; Nash
1986; Nekaris and Rasmussen 2003). The relationships between dietary preferences
for certain food sources of highly different distribution patterns and quality are an
important factor explaining inter- and intraspecific variation in ecology and behavior
of primates (Clutton-Brock 1974; Clutton-Brock and Harvey 1977; van Schaik
1989; Wrangham 1980).

Classical niche theory (Chase and Leibold 2003) predicts that species coexistence
is possible only if intraspecific competition is stronger than interspecific competi-
tion. The prediction requires species to differ in their partitioning of resources
(Hutchinson 1957; MacArthur and Levins 1967; Tilman 1982), their temporal or
spatial partitioning of one resource (Chesson 2000), or their density- or frequency-
dependent predation (Holt et al. 1994). Researchers demonstrated niche separation
among folivorous and frugivorous primates mainly by comparing their space use and
food choice (Ganzhorn 1988, 1989; Nadjafzadeh and Heymann 2008; Overdorff
1993; Vasey 2000). Omnivorous species potentially exhibit a high dietary plasticity,
which should offer a high potential for coexistence of several ecologically similar
species and should provide them with advantages in seasonal habitats.

The Cheirogaleidae are a specious family of small (33–500 g), nocturnal
Malagasy primates with currently 23 recognized species in 5 genera (Groves 2000,
2001; Mittermeier et al. 2006). Cheirogaleids are distributed over nearly all
remaining forest areas of Madagascar, inhabiting the evergreen forests and marsh
habitats in the east and north and the dry and spiny forests in the south and west
(Hapke et al. 2005; Hladik et al. 1980; Rasoloarison et al. 2000; Schülke and Ostner
2007). However, specific distribution patterns vary widely from a few km2 in some
Microcebus spp., e.g., M. berthae, M. sambiranensis, M. tavaratra, to species
colonizing the entire west and south of Madagascar, e.g., Cheirogaleus medius,
Microcebus murinus (Meier and Albignac 1991; Rasoloarison et al. 2000; Schwab
and Ganzhorn 2004). Up to 5 cheirogaleid species of similar body size and ecology
can coexist within some forest habitats, thereby creating a high potential for feeding
competition. However, owing to a lack of detailed data on basic ecology for many
cheirogaleids, the mechanisms of coexistence and niche differentiation among them
remain poorly studied.

Three cheirogaleid genera exhibit different feeding specializations: Phaner is
mainly gummivorous (Hladik et al. 1980; Schülke 2003), Cheirogaleus and some
rain forest Microcebus are mainly frugivorous (Fietz and Ganzhorn 1999; Lahann
2007), and Mirza are mainly faunivorous (Hladik et al. 1980; Pages 1980). The most
pronounced plasticity in cheirogaleid feeding patterns occurs in mouse lemurs,
Microcebus spp., which feed on fruit, nectar, flowers, gum, insect secretions,
arthropods, and small vertebrates (Kappeler and Rasoloarison 2003; Radespiel
2006). In the eastern rain forests and littoral forests they are highly frugivorous
(Atsalis 1999; Lahann 2007), whereas in dry deciduous forests they feed mainly on
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gum, insect secretions, and arthropods (Hladik et al. 1980; Radespiel et al. 2006).
The plasticity should allow Microcebus spp. to coexist with several other
cheirogaleid species in productive sites without clear feeding niche separation
(Lahann 2007). However, in less productive areas or in those with pronounced
seasons of food scarcity, distinct feeding niche differentiation between coexisting
omnivorous cheirogaleids is predicted (Elton 1946; Pianka 1973). However,
comparative data are available only from a few well-studied populations/species,
and general mechanisms of coexistence remain obscure (Kappeler and Rasoloarison
2003; Radespiel 2006).

With our study of the feeding ecology of sympatric gray andMadameBerthe’s mouse
lemurs, we contribute an exemplary data set to illuminate coexistence mechanisms
between mouse lemurs. Both species occur in sympatry in central western Madagascar,
where they coexist with 3 other cheirogaleid species (Phaner pallescens, Cheirogaleus
medius, Mirza coquereli), as well as Propithecus verreauxi, Lepilemur ruficaudatus
and Eulemur rufus. In detail, we asked the following questions: 1) What are the diets
of Microcebus berthae and M. murinus in the dry deciduous forest of western
Madagascar? 2) What food resources are available in the different seasons of the year?
3) Does resource use vary seasonally according to resource availability? 4) Do the 2
sympatric species avoid feeding competition via niche separation?

Methods

To answer the questions we regularly (re-)captured, marked, and radiotracked
females of sympatric populations of Microcebus berthae and M. murinus between
August 2002 and December 2007 in Kirindy Forest/CFPF. We recorded data on
feeding ecology via a combination of direct behavioral observations and fecal
analyses. Based on the data we assessed overall and seasonal patterns in feeding
niche partitioning. Further, we determined the statistical significance of observed
niche overlap patterns by comparing them with appropriate null models. Further, we
estimated seasonal fluctuations of food availability via standardized phenological
monitoring of trees and arthropods.

Study Site

We conducted the study in Kirindy Forest/CFPF, a dry deciduous forest in western
Madagascar, ca. 60 km northeast of Morondava (44°39′E, 20°03′S, 30–60 m above sea
level). The study site is within a 12,5000-ha concession of the Centre de Formation
Professionelle Forestière (CFPF) de Morondava. The climate in the area is characterized
by pronounced seasonality with a hot rainy season between December and March and a
cold dry season with little or no rainfall from April to November (Sorg and Rohner
1996). The forest is very dense with a comparatively low canopy; most trees ≤20 m in
height (Sorg et al. 2003). We defined rhe study area within the concession, locally
known as N5, by the boundaries of a grid system of small foot trails. Within a 500×
500 m core area, we established a rectangular system of small trails at 25-m intervals,
surrounded by additional trails at 50-m and 100-m intervals. We marked each trail
intersection for orientation and used their coordinates to create a map.
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Climatic Data and Phenology

We recorded weather data from January 2005 to December 2005. We collected
rainfall in a rain gauge placed in an open area at the research camp (ca. 2 km from
the study area), and measured maximum and minimum daily temperatures with a
thermometer placed in the shade.

We assessed seasonal variation in food availability via vegetation and arthropod
phenology data. Within the study area we established 3 transects of 500 m each,
including 434 trees of 55 species [mean 8 (range 1–86) individuals/species]. We
recorded presence and absence of flowering and fruit production every 2 wk. Per Bollen
et al. (2005), we classified fruit into fleshy (22 species of transect trees) and nonfleshy
fruit (33 tree species) because only fleshy fruit are potential mouse lemur food.

To assess arthropod abundance and seasonal fluctuations, we caught insects once per
month (April–December 2004) and every 2 wk (April–November 2005) at constant
capture sites distributed over 10 ha within the forest. We used 3 different capture
methods, including attractive and quantitative sampling techniques, to cover insect
groups of different guilds. We set a Malaise trap (Bioform, Germany, bidirectional
surface of ca. 1.5 m2; Townes 1962) on a small trail within the forest for 1 wk. Malaise
trap samples yielded mainly flying insects, including Diptera, Hymenoptera, and
winged Isoptera (Southwood and Henderson 2000). Further, we set a light tower
(Bioform, surface ca. 4 m2) lighted by a superactinic light (12 V, 8 W) for 6 h between
1800 and 2400 h on a small trail within the forest. We manually captured all insects
>5 mm attracted by the light. Light trap samples reflect night activity only and yielded
especially nocturnal flighing insects, such as Lepidoptera and Coleoptera (Ozanne and
Bell 2003; Southwood and Henderson 2000). In addition, we spread pitfall traps (n=
20; diameter=18 cm) over a 200×250 m area within the forest, with 50-m distance
between traps. We set traps in the late afternoon and took them down the next morning
after a sampling period of ca. 16 h overnight. Pitfall trap samples yielded especially
ground-dwelling insects (Formicidae, Coleoptera, Orthoptera, Ensifera, Collembola)
and other invertebrates such as spiders, millipedes, centipedes, and crustaceans
(Southwood and Henderson 2000).

We took all samples to the research station, where we identified insects to order,
counted them, and assigned them to size classes (Kunz 1988). Because we kept
samples in ethanol for further taxonomic classification, we calculated dry mass from
length, using a power function for all adult insects as mass (mg)=b0 + [length
(mm)]a with 3.071=ln b0 and a=2.2968 (Ganihar 1997). To assess intrasite and
intrastudy period food availability, we calculated an index of relative resource
availability as actual resource availability per average availability over the entire
study period (March–December) for each year separately for arthropods (dry mass)
and fruits, respectively.

Seasonality

To analyze seasonal patterns, we defined 3 time periods according to differences in
rainfall and food availability (Table 1): S1, the transition between wet and dry
season; S2, the dry season; and S3, the transition between dry and wet season. We
did not obtain data for the core wet season (January–February) for several reasons:
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1) females of both Microcebus spp. are pregnant or lactating during that time and
should not be stressed further by wearing radiocollars; 2) trapping success is
generally very low in the wet season, which reduces the possibilities to change
radiocollars; and 3) visibility is low due to full leaf cover and frequent heavy rains at
night, which reduces the possibilities of quantitative behavioral observations.

Capture and Marking

We performed trapping sessions about once every month: 5 times in 2002 (August–
November), 6 times in 2004 (June, August–December), 8 times in 2005 (March–
July, September–November), 6 times in 2006 (March, July–November), and 6 times
in 2007 (May, August–December). Each trapping session consisted of 3 consecutive
nights in one half of the study area (12.5 ha) and then 3 consecutive nights in the
other half of the study area (12.5 ha) (Dammhahn and Kappeler 2005). Each night
we baited 200 Sherman live traps with pieces of banana at dusk, set them near trail
intersections 0.5–2 m above ground, and checked and closed traps at dawn. We
collected captives in the early morning and kept them at a nearby research station
during the day. We briefly restrained and immobilized all newly captured individuals
with 10 μl of Ketamine 100, marked them individually with subdermally implanted
microtransponders (Trovan, Usling, Germany), weighed them with a spring balance
(±0.1 g), and took a set of standard external morphometric measurements. We only
identified recaptured individuals from the same trapping session; in addition, we
weighed those from previous trapping sessions. We released all subjects at the site of
capture shortly before dusk. We tested for seasonal variation in female body mass
via Kruskal-Wallis tests and for differences between seasons via Mann-Whitney U
tests.

Fecal Samples

We collected fecal samples from live-trapped subjects and stored them in 70%
ethanol. Subsequently, we examined fecal sample contents via a dissecting
microscope for presence and absence of arthropods, seeds, and other plant remains.
We scored the amount of each remain type volumetrically to the next 10%. When
possible, we assessed the minimum number of individual arthropods and seeds per
sample and identified them further to taxon.

Table 1 Definitions of the seasons

Season 1 (S1) Season 2 (S2) Season 3 (S3)

Description Transition between wet
and dry season

Dry season Transition between dry
and wet season

Time period March–May June–September October–December
Precipitation Medium (100–450 mm)

20% of annual precipitation
Low (0–30 mm)
2% of annual precipitation

Medium (100–200 mm)
20% of annual precipitation

Resource
availability

Fruits high Arthropods high Fruits low Arthropods low Fruits low Arthropods high
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Behavioral Observations

We equipped 13 females ofMicrocebus berthae and 17 ofM. murinus with radiocollars
(M. murinus: 2 g, TW4, Biotrack, UK; M. berthae: 1.8 g, BD-2, Holohil, Canada). We
followed focal individuals during their nocturnal activities for 1–4 h before changing
to another subject. We chose the observation time opportunistically but spread it
evenly between 1800 and 0100 h for every individual. Prior analyses showed that
there is no qualitative difference in feeding behavior between the first and second
halves of the night. We recorded the location of a focal individual every minute and
took behavioral data cumulatively for 1-min observation intervals (Martin and Bateson
1993). In total we observed Microcebus berthae for 226 h and M. murinus for 340 h,
respectively. Owing to low visibility at night in a dense forest, Microcebus berthae
were in sight only in 47% of 1-min observation intervals and M. murinus in 70%. The
species difference in visibility was due to overall higher mobility in Microcebus
berthae. All analyses are based on 1-min observation intervals in sight. We recorded
all occurrences of feeding behavior and categorized food items into arthropods, fruit,
flowers, gum, homopteran secretions (a sugary secretions produced by liana-dwelling
homopteran larvae), vertebrates, and unknown. Whenever possible, we determined
arthropods to taxon and size classes of 5 mm and identified plant species. We
measured handling time of prey items to the nearest minute. We analyzed differences
in the diets of Microcebus via χ2 tests and tested for seasonal variation via G-tests. We
calculated feeding time as percentages of observation intervals in sight spent feeding.

Dietary Overlap

We calculated feeding niche overlap overall and for each season separately via
Pianka’s index (Krebs 1998). This symmetrical index Ojk ranges from 0 (no
resources in common) to 1 (complete overlap) and is calculated as:

Ojk ¼
P

pij pikP
p2ij

P
p2ik

wherein pij=proportion resource i is of the total resources used by species j and pik=
proportion resource i is of the total resources used by species k.

We determined the statistical significance of observed niche overlap patterns by
comparing them with appropriate null models calculated via the niche overlap
function in EcoSim 7.72 (Gotelli and Entsminger 2006), in which we randomized
the observed resource utilization data among species in 1000 simulations. We used
the RA4 algorithm to calculate expected niche overlap indices. The algorithm
retained both the observed niche breadth of each species and the pattern of zero
resource states by reshuffling the nonzero entries for each resource, only. RA4 is the
most conservative algorithm and, thus, has the greatest likelihood of revealing
significant patterns of reduced niche overlap (Gotelli and Entsminger 2006;
Winemiller and Pianka 1990). Subsequently, we compared mean simulated niche
overlap to observed overlap. Interspecific competition (niche partitioning) should
cause mean niche overlap to be less than expected by chance, whereas abiotic
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constraints might cause both species having the same resource use pattern, so that
observed niche overlap would be greater than expected.

We determined niche breadth overall and for each season separately via Levin’s
standardized index (Krebs 1998) calculated as:

Bs ¼ B � 1

n � 1

wherein n=number of possible resource states and B ¼ 1P
p2j

with pj=fraction of
items in the diet that are of category j.

Results

Climate and Phenology

The climate in Kirindy in 2005 was characterized by a pronounced seasonality in
rainfall and monthly temperature patterns (Fig. 1). During the cold dry season (May–
September) average monthly temperature minima reached 13–17°C and maxima 32–
35°C. In the warm wet season (October–April), average monthly temperatures
ranged from 20 to 22°C up to 35–37°C. Total rainfall over the entire annual cycle
was 783 mm and most of the annual rain fell during the wet season. Average
minimum temperatures, but not maximum temperatures, correlate significantly with
monthly rainfall (Spearman rank correlations, n=12, for minimum temperatures rs=
0.70, p<0.05; for maximum temperatures, rs=0.48, p=0.12).

Most tree species flowered during the rainy season between October and January.
However, several species bore flowers during the dry season. Thus, there were
flowers available year-round but on average only 6% (range 3–10%) of all individual
trees bore flowers per month. Fruit production started in December and was
concentrated in the rainy season, which was reflected in unripe fruit being available
mainly from January to May with decreasing abundance during the dry season. Ripe
fruit were available year-round with maxima in the dry season. Nonfleshy fruit

Fig. 1 Monthly rainfall (bars) and average monthly maximal (filled circles) and minimal (open circles)
temperatures at Kirindy research station (44°39′E, 20°03′S, 30 m above sea level) in 2005. Note that
precipitation was unusually low in February.
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predominated over fleshy fruit and represented 69–100% of fruiting species and
overall, the monthly proportion of trees bearing fleshy fruit was lower than expected
from the proportion of tree species covered by the phenology transects (χ2=41.0,
df=11, p<0.001). The relative availability of fruit varied seasonally for fleshy
(Kruskal-Wallis test, H(2; n=19)=6.88, p<0.05) and nonfleshy fruit [H(2; n=19)=
14.23, p<0.001; Fig. 2]. However, the patterns differed between fruit type. Both
nonfleshy and fleshy fruit were maximally available during the rainy season [median
(range): fleshy 1.5 (0.5–3.3); nonfleshy 1.6 (1.2–2.0)]. Whereas nonfleshy fruit
availability decreased with ongoing seasons [S2: 0.9 (0.4–1.2); S3: 0.6 (0.3–0.7)],
fleshy fruit availability reached a minimum during the dry season [0.3 (0–0.8)] and
increased again after the first rains [S3: 0.6 (0–3.5)].

The abundance of flying insects showed pronounced seasonal variation with
minima in the dry season (S2) and maxima at the beginning of the wet season (S3)
[Kruskal-Wallis tests; 2005: Malaise trap, H(2; n=19)=9.89, p<0.01; light trap, H(2;
n=13)=9.00, p<0.05]. Abundance of ground-dwelling insects showed a trend
towards seasonal variation [Kruskal-Wallis test, 2005: pitfall trap, H(2; n=12)=4.89,
p=0.09]. Dry mass followed the same seasonal pattern as for absolute numbers of
individuals. Seasonal patterns in abundance and dry mass correlate with monthly
rainfall for Malaise trap catches (Spearman rank correlations, 2005: monthly
abundance, rs=0.81, n=8, p<0.05; monthly dry mass, rs=0.81, n=8, p<0.05) and
light trap catches (2005: monthly abundance, rs=0.88, n=7, p<0.001, monthly dry
mass, rs=0.85, n=7, p<0.05) but not for pitfall trap catches (2005: monthly
abundance, rs=0.23, n=7, p=0.61; monthly dry mass, rs=0.16, n=7, p=0.73).
Relative availability based on dry mass was highest in S3 and lowest in S2 in both
study years and showed pronounced seasonal variation for flying insects [2004 and
2005 data combined, Kruskal-Wallis tests, Malaise trap H(2; n=28)=15.32, p<
0.001; light trap, H(2; n=19)=9.00, p<0.05] but not for ground-dwelling insects
[pitfall traps, H(2; n=21)=2.37, p=0.31; Fig. 3].

Fig. 2 Relative availability of fleshy and nonfleshy fruit in 2004 and 2005. Note that average monthly
availability per year is 1.
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Body Mass

Body mass of female Microcebus berthae and M. murinus exhibited significant
seasonal variation [M. berthae: H(9; n=164)=52.46, p<0.0001; M. murinus: H(9;
n=285)=129.54, p<0.0001; Fig. 4]. Median body mass was higher during the wet
season than during the dry season (M. berthae: nS1=21, nS2=79, z=5.85, p<0.0001;
M. murinus: nS1=47, nS2=88, z=7.92, p<0.0001), when female Microcebus berthae
lost on average 23% and M. murinus 37% of weight.

Feeding Behavior

Both Microcebus spp. had an omnivorous diet and used homopteran secretions, fruit,
flowers, gum, arthropods, and small vertebrates, e.g., geckos, chameleons, as food
resources. However, they differed in proportions and seasonal variation of different
food components (G-tests, df=4; S1: G=89.4, p<0.001, S2: G=275.1, p<0.001, S3:
G=8.5, p=0.0755). Microcebus berthae fed mainly on homopteran secretions,
which amounted to ≤81% of their overall diet and represented higher proportions
than in M. murinus in S1 and S2 (χ2 tests, S1: χ2=28.1, p<0.001, S2: χ2=23.5, p<
0.001; Fig. 5). This resource was supplemented further mainly by animal matter. In
contrast, the diet of Microcebus murinus varied seasonally and was more diverse,
including generally higher amounts of fruit (χ2 tests, S1: χ2=24.5, p<0.001,
S2: χ2=60.7, p<0.001, S3: χ2=9.4, p<0.01) and gum (χ2 tests, S1: χ2=8.3, p<0.01,
S2: χ2=247.2, p<0.001, S3: χ2=4.1, p<0.05) than M. berthae. Both species used
similar amounts of animal matter in each season.

Microcebus murinus used fruit, flowers, and gum of 14 different plant species
(Table 2). Microcebus berthae fed on fruit and flowers of only 3 plant species, one of
them exclusively. Microcebus murinus fed on 9 different arthropod taxa, with larvae
of Lepidoptera and Coleoptera being the most frequent (Table 3). Microcebus
berthae used 6 different taxa, with Coleoptera also being the most frequent. Based
on fecal analyses and behavioral observations, both species shared 7 arthropod taxa

Fig. 3 Relative availability of arthropods (based on dry mass) caught with 3 different trap types in 2004
and 2005. Note that average monthly availability per year is 1.
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in their diets (Table 3). Only Microcebus berthae consumed Diptera, Isoptera, and
Mantida and only M. murinus consumed larvae of Lepidoptera, Phasmida,
Heteroptera, and Diplopoda. However, subjects used most of the exclusively used
taxa only rarely. Microcebus murinus fed on larger prey than M. berthae did [median
and quartile ranges; M. berthae: 1 cm (0.5–1 cm), n=83; M. murinus: 1.5 cm (0.5–
3 cm), n=97; Mann-Whitney U test, z=−3.05, p<0.005]. However, handling time
did not differ between the species [median and quartile ranges; M. berthae: 1 min
(1–2) per item, n=85; M. murinus: 1 min (1–2) per item, n=97; Mann-Whitney U
test, z=−1.30, p=0.19]. In both species, handling time correlates positively with prey
size (Spearman rank correlations; M. berthae: rs=0.67, p<0.001, n=83; M. murinus:
rs=0.62, p<0.001, n=97).

Microcebus murinus spent more time feeding than M. berthae did in S1 (M.
berthae: 27%, M. murinus 51%, χ2=12.11, df=1, p<0.001) but not in S2 (M.
berthae: 43%, M. murinus 44%) and S3 (M. berthae: 29%, M. murinus: 30%).
Whereas Microcebus berthae increased time spent feeding during the dry season, M.
murinus spent most time feeding in S1, which corresponds to the time of seasonal
fattening.

Fig. 4 Seasonal fluctuations in body mass of female Microcebus murinus (above) and M. berthae
(below). Shown are medians, 25–75% quartiles (box), ranges (whiskers), and sample sizes.
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Fecal Analyses

We obtained 67 fecal samples from 42 individuals of Microcebus berthae and 101
samples from 65 individuals of M. murinus. The majority of subjects provided only
1 sample each (M. murinus: 67%; M. berthae: 71%) and only a few individuals
contributed >3 samples (M. murinus: 5%; M. berthae: 7%). Biases due to individual
dietary preferences should therefore be minimized. Presence-absence analyses of
food remains in fecal samples revealed neither species differences nor seasonal

Fig. 5 Percentages of feeding events of Microcebus berthae and M. murinus on different food categories
for each season. *p<0.05 and **p<0.001 in χ2 tests.
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variation in the number of samples with arthropods (χ2 test, n.s.; Fig. 6). However,
more samples of Microcebus berthae than of M. murinus consisted mainly of
arthropod remains (>50 volume %) in S1 (χ2 test: χ2=8.54, df=1, p<0.05) but not
in S2 and S3. A higher number of samples of Microcebus murinus than of M.
berthae contained seeds in season 1 (χ2 test, χ2=4.20, df=1, p<0.05) and season 2
(χ2 test, χ2=8.26, df=1, p<0.005) but not in season 3 (χ2 test, n.s.). For Microcebus

Table 3 Arthropod taxa consumed: Quantity of fecal samples from Microcebus berthae (n=42) and M.
murinus (n=33) containing arthropod remains that we identified to taxon and quantity of feeding
behaviour events on different arthropod taxa

Category Fecal samples Feeding behavior

M. berthae M. murinus M. berthae M. murinus

Coleoptera 9 10 41 11
Lepidoptera 8 6 6 5
Larvae 2 23
Orthoptera 6 2 1
Ensifera 6 2 2 5
Diptera 6
Hymenoptera 2 1
Formicidae 5 6
Blattaria 5 5 1 2
Aranea 2 1
Isoptera 1
Mantida 1
Phasmida 1
Heteroptera 1
Diplopoda 3
Unidentified larvae 1 1

Table 2 Plant species and parts eaten by Microcebus murinus and M. berthae in Kirindy Forest/CFPF
(March–December)

Species Family Local name Consumed
parts

M. murinus M. berthae

Commiphora arofy Burseraceae Arofy Gum x
Terminalia sp. Combretaceae Taly Gum x
Strychnus decussate Loganiaceae Hazomby Pulp x
Strychnus sp. Loganiaceae Tsivoanysao/

Hazokintoky
Pulp x

Macphersonia gracilis Mimosaceae Tsingena Pulp x
Enterospermum sp. Rubiaceae Toalakena Pulp x
Canthium sp. Rubiaceae Fatekahizy Pulp x
Rothmannia
tropophylla

Rubiaceae Piripitsokala Pulp x x

Grewia sp. Tiliaceae Sely Pulp x
Grewia sp. Tiliaceae Sele Sele Pulp x x
Grewia cyclea Tiliaceae Latabarika Pulp x
? Lopingo Pulp x
? ? Flower x
? ? Pulp x
? ? Pulp x

1578 M. Dammhahn, P.M. Kappeler



murinus there was seasonal variation in the proportion of samples containing seeds
(G-test, G=12.00, df=2, p<0.05) but not in the proportion of samples containing
arthropods (G-test, n.s.). The proportion of fecal samples with arthropods and seeds,
respectively, did not vary seasonally in Microcebus berthae (G-tests, n.s.).

The median minimum number of individual arthropods (MNI) per sample was 1
in both species and in all seasons (except Microcebus murinus S3: 2) and variation
was small (min-max ranges, M. berthae 1–4, M. murinus 1–6). Feces of Microcebus
murinus included generally higher median numbers (MNI) of seeds than feces of M.
berthae contained [M. murinus: S1: 3.5 (1–18), S2: 2 (1–20), S3: 1.5 (1–2);M. berthae:
S1: 2 (1–3), S2: 1 (1–1), S3: 1 (1–2)]. Also, seasonal variation was more pronounced in

Fig. 6 Percentages of fecal samples of Microcebus berthae and M. murinus containing seed (a) and
arthropod (b) remains per season. *p<0.05 and **p<0.001 in χ2 tests.
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Microcebus murinus, with highest MNI seeds at the end of the wet season and
lowest at the end of the dry season.

Arthropod remains in feces of both species included Lepidoptera, Coleoptera,
Blattaria, Ensifera, Orthoptera, and Hymenoptera (Table 3). Lemurs probably
ingested intact small ants when they fed on fruits or homopteran secretion. Only
feces of Microcebus berthae contained fragments of Diptera, Araneae, and Isoptera,
whereas feces of M. murinus also included remains of lepidopteran larvae. Other
material in fecal samples included hair, seed coats, whole flowers, and other plant
parts, such as tiny pieces of bark and woody filaments, which lemurs probably
ingested by scratching homopteran secretion from surfaces or by opening gum trees.

Feeding Niches

Feeding niche overlap increased from S1 (0.62) to S2 (0.85) with a maximum in S3
(0.99; Table 4). In S1 and S2 observed and expected overlap did not differ. However,
in S3 niche overlap was higher than expected by chance [Ojk (obs)=0.99, Ojk (exp)=
0.41, p<0.05]. Also, taking all seasons together, there was a trend toward a higher
observed overlap [Ojk (obs)=0.83, Ojk (exp)=0.46, p<0.10]. Feeding niche breadth
was narrow in Microcebus berthae (overall 0.12) and medium in M. murinus (overall
0.62; Table 5), indicating a more specialized diet in M. berthae. Niche breadth varied
seasonally in both species. Whereas the niche breadth of Microcebus murinus
decreased from S1 over S2 to S3, niche breadth was minimal during the dry season
in M. berthae with an extraordinarily narrow feeding niche of 0.07, when subjects
relied nearly completely on homopteran secretions.

Discussion

Phenology and Seasonal Resource Availability

The climate at Kirindy is relatively dry (800 mm rain/yr) and highly seasonal with
pronounced fluctuations in rainfall and temperature (Sorg and Rohner 1996). Most
rain falls in only 3 mo with virtually no rain between May and October. Most
tropical dry forest trees tune their reproductive phenologies to moisture availability
(van Schaik et al. 1993; Zimmerman et al. 2007). Accordingly, flowering of 68
Kirindy tree species peaked at the beginning of the wet season after the first heavy

Table 4 Observed and expected Pianka’s indices of niche overlap between Microcebus berthae and M.
murinus

Season Observed index Expected index (mean ± SD) p (obs ≤ exp) p (obs ≥ exp)

1 0.62 0.55±0.22 0.74 0.27
2 0.85 0.37±0.30 0.82 0.18
3 0.99 0.41±0.31 1.00 0.01
All 0.83 0.46±0.22 0.90 0.10

Expected values are based on 1000 simulations using algorithm RA4 in EcoSim 7.72 Software (Gotelli
and Entsminger 2006).
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rains in October. Many dry deciduous forest trees produce flowers with large
quantities of nectar that are pollinated by small nocturnal lemurs (Baum 1995;
Wright and Martin 1995) and thus provide an important food source in austral spring
(Hladik et al. 1980). Fruit production was maximal during the wet season with ripe
fleshy fruit being available mainly between March and September and nonfleshy
fruit during the whole dry season. Though fruit were available nearly year-round,
most of them are not suitable food source for mouse lemurs. In the dry deciduous
forest most trees produce nonfleshy, dry dehiscent capsules and indehiscent thick-
husked drupes, probably as adaptations against seasonal droughts (Bollen et al.
2005). The fruit have hard outer layers and are fibrous with no or only very little
flesh and are thus either not accessible or might not provide enough usable energy
for small lemurs (Ganzhorn et al. 1999).

Micro-and macroclimatic patterns and seasonal variation in resource availability
are the main factors triggering seasonal changes in arthropod abundance over time
(Wolda 1988). In the tropics, rainfall patterns seem more important than annual
temperature fluctuations, especially in areas with marked dry seasons (Basset 1991;
Denlinger 1980). Therefore, arthropod abundance patterns are expected to follow the
phenology patterns of the forest trees, particularly the production of flowers and new
leaves (Richards and Windsor 2007). Regular standardized catches of arthropods in
Kirindy Forest/CFPF revealed pronounced seasonal patterns in flying, but not in
ground-dwelling, arthropods. Monthly dry mass of flying insects fluctuated up to 23
times between dry and wet season months. Also, in the eastern rain forests seasonal
fluctuations in insect biomass were pronounced, with light trap catches varying ca.
11 times in fresh mass between dry and wet season (Atsalis 1999). Because many of
the (mouse) lemur food sources contain very little protein, the availability of
arthropods as a protein source might determine the carrying capacity of the dry
deciduous forests for them (Hladik et al. 1980).

Overall and Seasonal Dietary Patterns

A combination of behavioral observations and fecal analyses revealed that both
Microcebus spp. were omnivorous and used a variety of different food sources,
including fruit and flowers of several different tree and shrub species, insect
secretions, gum, arthropods, and occasionally small vertebrates such as geckos and
chameleons up to their own body length. Whereas fruit were a main component of
the diet of Microcebus murinus, particularly at the end of the wet season, M. berthae

Table 5 Seasonal and overall feeding niche breadth based on Levins’s standardized index for sympatric
Microcebus from Kirindy and mouse lemurs from other areas of Madagascar

Season M. berthae
(Kirindy)1

M. murinus
(Kirindy)1

M. murinus
(Mandena)2

M. murinus
(Ampijoroa)3

M. ravelobensis
(Ampijoroa)3

1 0.32 0.56
2 0.07 0.41
3 0.19 0.31
Overall 0.12 0.63 0.29 0.20 0.33

1 This study; 2 Lahann (2007); 3 Reimann (2002) and Radespiel et al. (2006).
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exploited fruit only occasionally. The main proportions of fruit species Microcebus
murinus consumed were shared with co-occurring Cheirogaleus medius (Fietz and
Ganzhorn 1999). Chemical analyses revealed that the mainly frugivorous cheir-
ogaleid preferred fruit with high amounts of sugar during prehibernation fattening
(Fietz and Ganzhorn 1999), which might also be the case for Microcebus murinus.
Microcebus berthae used gum only on one occasion, whereas gum of Terminalia and
Commiphora amounted to ≤14% of the diet of M. murinus. We could not confirm
extensive gum feeding (≤75% of diet; Génin 2003) but the proportion of gum might
vary locally with gum tree density. Further, dietary data solely based on
opportunistic observations (Génin 2003) is likely to overestimate food that is
obtained in long bouts and at conspicuous locations. In northwestern Madagascar,
gum of a variety of different tree species was a major dietary component in both
Microcebus murinus and M. ravelobensis during the dry season (Radespiel et al.
2006). Particularly, Taly (Terminalia aff. diversipilosa, Combretaceae) produces a
gum that is rich in soluble sugars (88%) and has a relatively high amount of protein
(5%; Hladik et al. 1980; Nash 1986). Mouse lemurs gouge open the bark of gum
trees themselves, or feed from holes made by fork-marked lemurs.

Both species used a variety of different arthropods and spent much foraging time
searching for prey. They hunted arthropods in the canopy or on the ground and often
caught them manually out of the air. The proportion of animal prey in the diet did
not differ between species. Further, both species utilized Coleoptera over other
arthropod taxa and did not differ in taxonomic composition of prey. However,
Microcebus murinus fed on slightly larger prey than M. berthae did. Fecal analyses
of rain forest Microcebus rufus (Atsalis 1999) and opportunistic behavioral
observations of M. murinus (Hladik et al. 1980) also revealed a higher utilization
of beetles.

A particularly important resource for both mouse lemur species was a sugary
secretion produced by liana-dwelling homopteran larvae. Larvae of endemic Flatida
coccinea (Homoptera, Fulgoridae: Auber, 1955) are present throughout the dry
season, when they form colonial aggregates and feed on the sap of vines (Hladik et
al. 1980). Larvae of Flatida excrete honeydew to supply ants with food, with which
they are associated in a facultative mutualistic interaction (trophobiosis) rewarding
the ant’s protection against predators (Hölldobler and Wilson 1990). The honeydew
is produced as a white secretion that drips unto leaves and branches, where it dries.
Mouse lemurs lick or scrape the white secretion from the vegetation. Nutritional
analyses determined that dried secretions of Flatida coccinea contained relatively
high amounts of sugars and carbohydrates and a low amount of protein (Hladik et al.
1980). This resource type seems to be particularly crucial for Microcebus berthae,
which spent ≤90% of its feeding time on homopteran secretions during the dry
season. The importance of homopteran secretions during the dry season is
underlined further by the results of a field experiment in which a female Microcebus
murinus changed her habitat use after removal of homopteran secretion patches
(Corbin and Schmid 1995). Interestingly, mouse lemurs never fed directly on the
homopteran larvae, though otherwise arthropods are a highly preferred food source.

In highly seasonal habitats, food availability is not even over the year and species
should not be able to rely entirely on preferred foods. Instead they are expected to
include less preferred fallback foods in their diet during certain times of the year
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(Marshall and Wrangham 2007). Species inhabiting the dry deciduous forests of
Madagascar face high fluctuations in availability of fleshy fruit, flowers, and
arthropods and a more stable provisioning from gum, homopteran secretions, and
nonfleshy fruit. Therefore, it is expected that omnivorous species tune their feeding
patterns to seasonal resource availability.

In Microcebus murinus seasonal variation in diet was clearly linked to seasonal
fluctuation in food availability. During the rainy season, when unripe and ripe fleshy
fruit were highly available, fruit made up about half of their diet, similar to rain
forest Microcebus rufus (Atsalis 1999) and M. murinus in the littoral rain forest
(Lahann 2007). Individuals that stay active during austral winter, mainly juveniles
and males (Schmid 1999), changed their feeding pattern to stable (fallback)
resources such as gum and homopteran secretions. At the beginning of the wet
season, when insect biomass increases conspicuously, Microcebus murinus used
large amounts of arthropods, thereby resembling rain forest M. rufus (Atsalis 1999).
Thus, gray mouse lemurs from Kirindy Forest/CFPF opportunistically responded to
seasonal changes in food availability. Microcebus berthae also adapted their feeding
pattern to resource fluctuations, though not as pronounced as Microcebus murinus
did. Homopteran secretions were the stable main part of their diet year-round, which
was further supplemented mainly by arthropods according to their availability.
Researchers have widely demonstrated such seasonal variation in feeding patterns of
frugivorous and omnivorous primates for dry deciduous and even moist Malagasy
forests (Atsalis 1999; Norsica et al. 2006; Overdorff 1993; Simmen et al. 2003).

Do the 2 Mouse Lemur Species Avoid Feeding Competition by Niche Partitioning?

Selection on niche partitioning as a result of interspecific competition should be
further intensified by seasonal resource limitations (Elton 1946; Pianka 1973).
Several lines of evidence suggest temporary food shortages for mouse lemurs in
Kirindy: 1) Arthropod and plant phenology data indicated low availability during
austral winter months. 2) Females of Microcebus berthae and M. murinus lost up to
one-third of their wet season body mass then (Schmid and Kappeler 1998). 3)
Extended periods of inactivity and torpor reduce daily energy expenditure by almost
40%, most likely as an adaptation to seasonal food and water shortages (Schmid
2001; Schmid et al. 2000; Schmid and Speakman 2000). Thus, interspecific resource
competition should be higher in Kirindy than in more productive or diverse forest
habitats, which ought to result in more pronounced niche differences between
otherwise ecologically similar species.

In contrast to the expected pattern, we found high overlap between Madame
Berthe’s and gray mouse lemur feeding niches. Niche overlap between coexisting
Microcebus was maximal at the end of the dry season (S3). Only then was niche
overlap between the Microcebus spp. higher than expected by chance, and during
none of the seasons was overlap smaller than expected by chance. The niche overlap
pattern indicates that the food resource use of the 2 species does not reflect niche
partitioning due to interspecific competition but seems instead to be due to
constraints in food availability (Gotelli and Entsminger 2006). Our niche
calculations are based on very coarse food categories, which theoretically might
influence the results. However, we think that this is unlikely because 1) Microcebus
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berthae relies mainly on a nonvariable resource (homopteran secretions) and 2) both
species do not differ in the taxonomic composition of arthropods, which is the main
supplement for M. berthae.

Besides food partitioning, species can also avoid competition by differentiating along
2 other main niche dimensions: habitat and time (Charles-Dominique 1975; Schoener
1974). Temporal segregation is unlikely in the 2 mouse lemur species, because both
are nocturnal. Habitat separation can be achieved by either differentiation in habitat
requirements or spatial separation. Though both mouse lemur species stably co-occur
locally, they inhabit mainly exclusive but interdigitating habitat parts, i.e., show a
checkerboard distribution (Dammhahn and Kappeler 2008; Schwab and Ganzhorn
2004). Thus, Microcebus berthae and M. murinus appear not to partition food
resources but avoid competition by mutually excluding each other on a small spatial
scale (Dammhahn and Kappeler 2008; Schwab and Ganzhorn 2004).

So far, detailed comparative data are available for only a few Microcebus spp.
from 4 different regions of Madagascar (Table 6). Researchers collected the data via
different combinations of methods and the data span variable parts of the year. Thus,
they can be compared only with caution. However, several general patterns seem to
exist:

1) Microcebus murinus is an opportunistic generalist species with a high plasticity
in its feeding ecology, adjusting its diet to what is locally or temporally available
in a habitat. The generalist and flexible feeding ecology might explain why the
species is so widely distributed even inhabiting rural areas (M. Dammhahn,

Table 6 Results of detailed studies of feeding ecology of mouse lemurs in different forest types of
Madagascar

Kirindy Ampijoroa Mandena Ranomafana

Species Microcebus murinus M. murinus M. murinus M. rufus
M. berthae M. ravelobensis

Forest type Dry deciduous forest Dry deciduous forest Littoral rain forest Evergreen rain forest
Rainfall (mm) 800 1250 1680 4485
Diet (%) M. berthae M. ravelobensis M. rufusa

Fr: 4 Fr: 0 Fr: 44 (84)
Fl: 1 Fl: 0 Fl: 0
Ar: 13 Ar: 5 Ar: 54 (76)
Gu: 0 Gu: 50 Gu: 2
Hs: 82 Hs: 45 Hs: 0
M. murinus M. murinus M. murinus
Fr: 24 Fr: 7 Fr: 63
Fl: 1 Fl: 0 Fl: 22
Ar: 12 Ar: 3 Ar: 11
Gu: 14 Gu: 11 Gu: 4
Hs: 50 Hs: 78 Hs: 0

Methods Focal observation,
fecal analyses

Focal observation,
fecal analyses

Focal observation,
fecal analyses

Opportunistic
observations, fecal
analyses

Reference This study Radespiel et al. 2006b Lahann 2007 Atsalis 1999

Food categories: Fr=fruit; Fl=flowers/nectar; Ar=arthropods; Gu=gum; Hs=homopteran secretions.
a Values in parentheses refer to % of fecal samples containing fruit or arthropod remains.
bWe corrected percentages for left out unknown food.
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pers. obs.), degraded forests (Ganzhorn 1995; Ganzhorn and Schmid 1998), and
plantations (Ganzhorn 1987).

2) Microcebus berthae is the most specialized mouse lemur with the smallest
feeding niche. Because the narrow feeding niche of Microcebus berthae is
completely included into the wider niche of M. murinus, specialization in M.
berthae might not indicate feeding niche partitioning with M. murinus but
instead might reflect a limited choice of food sources during extended periods of
food scarcity. The combination of a rather inflexible and specialized diet with
one of the most restricted ranges (Schwab and Ganzhorn 2004) highlights the
need for conservation action to protect the smallest of all living primates
(Dammhahn and Kappeler 2005).

3) Feeding niche overlap between coexisting cheirogaleids is higher in areas with
higher productivity and lower seasonality. At rainfall <2500 mm/yr, forest
productivity increases with rainfall and declines with the number of dry months
(<100 mm; Kay et al. 1997; van Schaik et al. 2005). Moreover, floristic richness
of tree species increases with annual precipitation, providing greater microhabitat
diversity and fostering denser ecological species packing (Ganzhorn et al. 1999)
and increased reproductive rates (Lahann et al. 2006) in wet than in dry forests.
Based on these general patterns, the study sites should increase in overall resource
availability and microhabitat diversity and consequently decrease in feeding niche
differentiation between sympatric cheirogaleid species in the following order:
Kirindy > Ampijoroa > Mandena > Ranomafana (Table 6).

In Ranomafana, Microcebus rufus is highly frugivorous (Atsalis 1999); only very
preliminary data on the feeding ecology of coexisting Cheirogaleus major are
available (Dew and Wright 1998). In Mandena, high food availability, a low number
of nonprimate competitors, together with the fact that all cheirogaleid species
hibernate during the lean period have led to relaxed food competition between
coexisting cheirogaleid species that resulted in the absence of feeding niche
differentiation (Lahann 2007). The dry deciduous forest of Ampijoroa is less
seasonal than Kirindy. Thus, competition during the dry season should be less
pronounced than in Kirindy, resulting in higher feeding niche overlap and more
similar body sizes of sympatric mouse lemur species. Available data indicate similar
overall omnivorous diets in Microcebus ravelobensis and M. murinus and no
evidence for clear feeding niche differentiation (Radespiel et al. 2006), though
interspecific differences are larger than in Mandena. Unfortunately, researchers have
not yet studied feeding ecology of coexisting Microcebus murinus and M.
griseorufus inhabiting even dryer forest areas. In areas of co-occurrence, pronounced
differences in feeding ecology can be predicted for the species pair, which might
even have led to spatial separation as preliminary data pointed to for Beza Mahafaly
(Rasoazanabary 2004) and Berenty Speciale Reserve (Yoder et al. 2002).
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