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Abstract
Fruit-eating animals play important roles as seed dispersal agents in terrestrial sys-
tems. Yet, the extent to which seed dispersal by nocturnal omnivores may facilitate 
germination and the recruitment of plant communities has rarely been investigated. 
Characterizing their roles in seed dispersal is necessary to provide a more complete 
picture of how seed dispersal processes affect ecosystem functioning. We investi-
gated the roles and impacts of two species of nocturnal omnivorous lemur species, 
Microcebus jollyae and M. rufus, on seed dispersal in Madagascar's rain forests, through 
analysis of fecal samples and germination experiments. Data show that these lemur 
species, which are among the world's smallest primates, dispersed 22 plant species 
from various forest strata and that the defecated seeds germinated faster and at 
higher rates than control seeds for the eight plant species we tested. Even though 
mouse lemurs dispersed both native and non-native plant species, non-native plant 
species represented a relatively small proportion (17%). These results demonstrate 
that overlooked nocturnal omnivores can act as important seed dispersers, which 
may have critical implications for forest regeneration and the maintenance of plant 
diversity in fragmented/degraded forests. Finally, we provide critical insights into the 
previously unobserved behavior and diet of endangered nocturnal lemurs for their 
effective conservation.

Abstract in Malagasy is available with online material.
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1  | INTRODUC TION

Animal-mediated seed dispersal provides key advantages to ecosys-
tem functioning and resilience by influencing plant fitness, diversity 
maintenance, gene flow among populations, and plants’ ability to 

escape local environmental changes (Beckman et al., 2019; Howe & 
Smallwood, 1982). While previous studies have greatly contributed 
to knowledge on the mechanisms and impacts of animal-mediated 
seed dispersal, the majority have focused on predominantly frugiv-
orous species. However, other trophic groups, such as carnivores 
and omnivores, can  also disperse seeds (Herrera, 1989; Hulme & 
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Benkman, 2002; Yang, Zhang, Deng, & Yi, 2019). Studies investigat-
ing the impacts of omnivores as seed dispersers are scarce, espe-
cially for small-bodied and nocturnal species. Understanding their 
role in seed dispersal may provide new knowledge and insights to 
advance the field of seed dispersal ecology and plant community 
assembly.

Omnivores could help shape forest structure through seed 
dispersal because their diets often include many plant spe-
cies from different strata (Motta-Junior & Martins, 2002; Platt 
et al., 2013; Radespiel, Reinmann, Rahelinirina, & Zimmerman, 2006). 
Additionally, they often exhibit ecological characteristics and behav-
ior different from those of frugivores (Herrera, 1989; Motta-Junior & 
Martins, 2002). For instance, they can travel considerable distances 
when foraging, which could facilitate long-distance seed dispersal 
(Beckman et al., 2019). Also, by consuming and defecating different 
species of plant neighbors during successive feeding events, they 
could transport diverse plant assemblages to other locations and 
influence their spatial distribution (Génin & Rambeloarivony, 2018; 
Hämäläinen et al., 2017). Furthermore, they may have dietary over-
lap with sympatric frugivores (Valenta & Lehman, 2016), which could 
be advantageous for some plant species that suffer from seed preda-
tion by certain frugivores (Dew & Wright, 1998).

Here, we examine the roles of nocturnal omnivores in seed 
dispersal in Madagascar's rain forests, focusing on mouse lemurs 
(Microcebus spp.). We tested the hypothesis that they disperse di-
verse plant species from different forest strata. We also tested 

whether mouse lemurs provide advantages to the plants they con-
sumed, through mechanical and/or chemical digestion, by enhancing 
seed germination and seedling growth.

2  | METHODS

We conducted this research in two southeastern Madagascar's rain 
forests (Figure S1): Ranomafana National Park (RNP) and Kianjavato 
Classified Forest (KCF). We trapped mouse lemurs in six sites within 
the continuous forest of RNP, six forest fragments in its surround-
ings, and three forest fragments and six reforestation parcels in 
KCF (Table S1). RNP is dominated by evergreen montane rain for-
est (400–1,500  m a.s.l.), mainly comprised of native plant species 
(Razafindratsima & Dunham, 2016). KCF fragments consist of mod-
erately degraded lowland forests at higher elevations (>50 m a.s.l.) 
and degraded secondary forests in lower elevations (<70  m a.s.l.; 
Louis et al. 2013). Both sites are characterized by a tropical humid 
climate with an annual average temperature of 12–30°C and pre-
cipitation of 1,500–2,400  mm (Dunham, Erhart, & Wright, 2011; 
Manjaribe, Frasier, Rakouth, & Louis, 2013).

We studied two nocturnal omnivorous lemur species: rufous 
mouse lemur (Microcebus rufus) and Jolly's mouse lemur (M. jollyae, 
Family: Cheirogaleidae), which are among the smallest primates 
in the world with body mass of up to 61 g and total body length 
of up to 25 cm (Mittermeier et al., 2010; Razafindratsima, Yacoby, 

TA B L E  1   Summary table of the linear mixed-effects models of germination and growth parameters

Experiment

Microcebus rufus Microcebus jollyae

Petri dish Forest ground Petri dish Semi-shaded plot Shaded plot

N = 150 (88) N = 75 (7) N = 528 (70) N = 660 (233) N = 377 (47)

Germination rate β = 1.09 β = 23.29 β = 2.37 β = 0.95 Β = −0.89

z = 2.60 z = 0.001 z = 4.26 z = 3.57 z = −2.73

p < .01 p = .99 p < .001 p < .001 p < .01

R2M = 0.05 R2M = 0.93 R2M = 0.18 R2M = 0.04 R2M = 0.02

R2C = 0.27 R2C = 0.95 R2C = 0.33 R2C = 0.28 R2C = 0.18

Mean germination time β = −11.28 β < 0.001 β = 24.79 β = 15.16 β = −18.78

z = −0.68 z = 1.00 z = 2.59 z = 1.12 z = −1.16

p = .52 p = .47 p < .05 p = .34 p = .29

R2M = 0.06 R2M = 0.24 R2M = 0.49 R2M = 0.15 R2M = 0.16

R2C = 0.06 R2C = 0.25 R2C = 0.49 R2C = 0.16 R2C = 0.16

Mean seedling length β = 15.54 β < 0.001 β < 0.001 β = 1.08 β < 0.001

z = 2.45 z = 1.00 z < 0.001 z = 0.37 z = 1.48

p < .1 p = .48 p < .1 p = .73 p = .22

R2M = 0.21 R2M = 0.25 R2M = 0.46 R2M = 0.008 R2M = 0.24

R2C = 0.76 R2C = 0.25 R2C = 0.46 R2C = 0.53 R2C = 0.24

Note: β, estimates of the models; N, sample size (values in brackets are observations from which analyses were based); P, probabilities of deviation; 
R2C, conditional R2 (proportion of variance explained by both the fixed and random factors); R2M, marginal R2 (proportion of variance explained by 
the fixed factors alone), z, fitted models.
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& Park, 2018a,b). Microcebus rufus is restricted to RNP and few 
surrounding forests, and M jollyae has 95 percent of its population 
in KCF (Louis et al., 2006). Both species are omnivorous; however, 
fruits make up a high proportion of M. rufus’ diet during the peak 
of the fruiting season (up to 84%; Atsalis, 1999). Mouse lemurs are 
tolerant of habitat degradation (Knoop, Chikhi, & Salmona, 2018), 
making them an important biological model to assess the impacts 
of seed dispersal on ecosystem function in the context of environ-
mental change.

We collected seeds from fecal materials of captured individuals, 
from July 2017 to December 2018. We set up 3–4 transects of 300–
400 m in each site, along which we deployed a trap (H.B. Sherman 
Traps, Inc.) every 25 m (140 traps in total; Supporting Information 1). 
In total, we captured 256 individuals: 193 M. rufus and 63 M. jollyae; 
we collected any feces from these captured individuals (for a total of 
193 and 50, respectively) in the trap before releasing the individual; 

otherwise, we kept the individual in a breathable cloth sack until it 
defecated (Table S2).

We extracted, identified, and measured all seeds from each 
feces without removing any fecal matter (in total, 2,570 seeds from 
M.  rufus and 3,882 seeds from M.  jollyae with 1–600 seeds per 
feces). Trained local research technicians identified the defecated 
seeds to their vernacular name, which we later matched with the 
corresponding scientific names using existing data bases of plants in 
the region (Manjaribe et al., 2013; Rafidimanana, Holmes, Johnson, 
Louis, & Rakouth, 2017; Razafindratsima, Jones, & Dunham, 2014; 
Razafindratisma, unpbl.). We preserved the seeds in small paper 
envelopes stored in a bag containing silica gel until germination 
experiments.

We set defecated (N = 18 species) and control seeds (i.e., seeds 
manually extracted from fresh fruits, N = 8 species) to germinate in 
either petri dishes with constant humidity (Huenneke & Vitousek, 
1990) or directly on the forest floor to examine seed performance 
in the forest (Razafindratsima & Dunham, 2015). As shade intensity 
varies among forest fragments and reforestation parcels in KCF, we 
also set experimental microhabitats with two different canopy cov-
ers: semi-shaded and shaded areas (Supporting Information 2).

For each experiment, we assessed three parameters: germination 
rate, germination time, and mean seedling length after three-month 
monitoring (Table  S3). We fitted linear mixed-effects models in R 
3.6.1 (R Core Team 2018) with the packages “lme4” (Bates, Mächler, 
Bolker, & Walker, 2015) and “lmerTest” (Kuznetsova, Brockhoff, & 
Christensen, 2017) to investigate how each parameter differed be-
tween defecated and control seeds. As we were not able to collect all 
the control seeds from all 18 species during fieldwork, we only used 
eight species for the statistical analysis. We ran one model per exper-
iment set (i.e., petri dish, forest ground, and semi-shaded and shaded 
areas) and per mouse lemur species with 1,295 defecated seeds, 495 
control seeds, and 445 seedlings in total. We set treatment (defe-
cated versus. control) as a fixed effect, and plant species as random 
effects because of their species-specific needs and responses to 
the environment to trigger germination. Additionally, we performed 
a survival analysis to examine the timing of germination across dif-
ferent predictors using the package “survival” (McNair, Sunkara, & 
Forbish, 2012). We fitted a Cox model with frailty to assess the sig-
nificance of variation between treatments per experiment sets and 
mouse lemur species, with plant species as frailty effect.

3  | RESULTS

3.1 | Diversity and size of defecated seeds

The two mouse lemurs defecated seeds from 22 different plant spe-
cies, spanning 13 families (Table S4). We identified three non-native 
plant species (from 23 fecal samples), one of which was the highly 
invasive strawberry guava, Psidium cattleianum Sabine. Seeds def-
ecated from M. rufus had length that ranges from 1 to 15.60 mm and 
width from 1 to 12.30 mm (N = 2,570), while those defecated from 

F I G U R E  1   Mean seedling length after three-month monitoring 
of planted seeds from Microcebus rufus (a) and Microcebus jollyae (b). 
Asterisks (*) indicate significant variation of the parameter among 
treatments (*** < 0.001; ** < 0.01; and * 0.05, a < 0.1). The violin 
represents the variation of germination time and seedling length 
after three months, and the black diamonds represent arithmetic 
means. The values N in the table under each panel represent the 
total number of germinated seeds with the total number of seeds 
planted in parentheses
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M. jollyae had length that ranges from 0.32 to 8.48 mm and width 
from 0.21 to 5.00 mm (N = 3,882).

3.2 | Germination and growth parameters

Eighty-three percent of the 18 defecated species from the two 
mouse lemurs germinated and produced viable seedlings (Table S5). 
With the eight species tested, defecated seeds from both mouse 
lemur species had significantly higher germination rate than control 
seeds in all experiments, except the seeds from M. rufus set on for-
est ground (Table 1). However, we found no significant difference 
in germination time between defecated and control seeds, except 
seeds from M. jollyae in petri dishes (Figure S2b). No control seeds 
and only seven seeds defecated from M.  rufus germinated on the 
forest ground (Figure 1a). Additionally, after three months, seedlings 
from defecated seeds from both mouse lemur species were taller 
than control seeds in all experiments (Figure 1a,b), but this differ-
ence was only marginally significant in all petri dish experiments 
(β = 15.54, t = 2.45, p =  .09 for M.  rufus, and β < 0.001, t = 2.45, 
p = .08 for M. jollyae; Table 1).

3.3 | Survival analysis

Overall, germination probabilities of defecated seeds were higher in 
all experiments (Figure 2 and Figure 3), which shows that gut pas-
sage affected seed germination and hastened the timing of germi-
nation, and supports the linear mixed-effects models. Germination 
probabilities were highest and significant in defecated seeds from 
M. rufus set in petri dishes (Figure 2 and Table 2).

4  | DISCUSSION

Although seed dispersal by frugivores has been shown to shape 
plant community diversity in many ecosystems (Terborgh et al. 
2002; Razafindratsima & Dunham, 2016; Baños-Villalba et al., 2017), 
studies examining the roles and impacts of omnivorous and noctur-
nal animals, in particular, as seed dispersal agents have been lack-
ing. Here, we demonstrate that omnivorous and nocturnal mouse 
lemurs contribute to the dispersal of diverse fruiting plant species 
in Madagascar's tropical forests and can have beneficial impacts, 
by increasing seed germination and seedling growth. These findings 
highlight the importance of considering the relative contributions of 

F I G U R E  2   Probability of germination 
of defecated and control seeds from 
Microcebus rufus in Ranomafana National 
Park in petri dishes (a) and on the forest 
ground (b), based on survival analysis. p: 
probabilities of deviation
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a suite of fruit/seed consumers to better understand the adaptive 
advantages of animal-mediated seed dispersal.

Microcebus rufus and M.  jollaye could act as important primary 
seed dispersers of certain plant species in Madagascar's southeastern 
rain forests. They dispersed small- and medium-sized seeds (<10 mm) 
of native and non-native plant species. Although they were dispersing 
a smaller diversity of plants than the large-bodied diurnal frugivores 
(Eulemur rubriventer, E. rufifrons, and Varecia variegata editorum) in RNP 

(Dew & Wright, 1998; Razafindratsima et al., 2014), they dispersed more 
than another mouse lemur, M. griseorufus, in Berenty Special Reserve 
(10 plant species; Génin & Rambeloarivony, 2018). Additionally, M. rufus 
disperse up to three understory plant species, which are also dispersed 
by Philepitta castanea, a small-sized bird in RNP (Rakotomanana, Hino, 
Kanzaki, & Morioka, 2003; Razafindratsita & Zach, 2009). Importantly, 
the two mouse lemurs disperse some plant species that might not be 
dispersed by other animals in these areas (Table S6).

F I G U R E  3   Probability of germination 
of the defecated and control seeds from 
Microcebus jollyae in Kianjavato Classified 
Forest in petri dishes (a), semi-shaded 
experimental plots (b), and shaded 
experimental plots (c), based on survival 
analysis. p: probabilities of deviation
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Seed dispersal by the two mouse lemurs substantially en-
hanced seed germination and seedling growth, corroborating other 
findings on the positive effects of animal gut passage on seeds 
(Traveset & Verdú, 2002), which has also been used as a compo-
nent of the measure of effectiveness of animal-mediated seed dis-
persal (Schupp, 1993; Schupp, Jordano, & Gómez, 2010). Although 
germination rates are often species-specific, if we consider the 
sprouting success after gut passage for other dispersers, the 
overall quality of seed dispersal service by the two mouse lemurs 
(83%) is on par with that of the highly frugivorous E.  rubriventer 
and V.v. editorum (both 80%; Dew & Wright, 1998). However, it is 
slightly higher than that of E. rufifrons (60%; Dew & Wright, 1998) 
and P. castanea (7%–8%; Rakotomanana et al., 2003). Such com-
parisons suggest that mouse lemurs could be at least as effective 
as highly frugivorous lemurs at facilitating germination. Many 
factors, such as fruit/seed maturity, germination drivers of each 
plant species, and climatic and/or edaphic conditions, may also in-
fluence germination time in addition to the potential scarification 
that gut passage may provide (Finch-Savage & Leubner-Metzger, 
2006). However, as control seeds were collected from one or two 
individuals per species, the low number of control seeds and their 
source in tested plant species in our study could have introduced 
potential bias, which could be avoided with a larger sample size 
that includes different stages of fruit maturity. Nevertheless, we 
have documented an overlooked trend in seed dispersal ecology, 
dispersal by small-bodied and nocturnal omnivores, which needs 
further investigation.

Previous studies have shown that, by using non-native plants as 
a food source, some native animals might contribute to the spread 
of invasive species in tropical ecosystems (Gérard, Ganzhorn, 
Kull, & Carrière, 2015; Gosper, Stansbury, & Vivian Smith, 2005; 
Huenneke & Vitousek, 1990). However, despite a diet mixing na-
tive and non-native plants, M. rufus is unlikely to be a significant 
vector for biological invasions. Even though we sampled during 
the fruiting season of the invasive P. cattleianum in RNP when it 
may attract many frugivores, M.  rufus maintained a diverse diet, 
dispersing mostly native species (Table  S4). On the other hand, 
soap bush (Clidemia hirta D.Don), a pioneer herbaceous exotic spe-
cies, was overrepresented among the seeds dispersed by M. jollyae 
in KCF, probably because of its abundance in the understory of 

the region. By foraging on C. hirta, M.  jollyae could facilitate the 
regeneration process within these parcels because it fruits year-
round (Wester & Wood, 1977), which may attract mouse lemurs 
and other frugivores, allowing forest plant species to be dispersed 
and colonize these areas. Non-native shrubs have indeed been 
found to be critical for the initiation of forest regeneration in 
other systems in Madagascar (Martinez & Razafindratsima 2014). 
Nevertheless, M. jollyae could potentially disperse C. hirta into the 
old growth forest fragments; therefore, close monitoring of this 
species in these reforestation parcels is recommended for invasion 
management.

The short germination time (Figure  S2) and high germination 
rate (Figure S3) in the semi-shaded plots indicate that mouse lemurs 
could play a significant role in habitat restoration and early-forest 
succession. The ability of animal seed dispersers to take seeds into 
disturbed forests could be critical in influencing the capacity of the 
forest to recover from disturbances (Carlo & Morales, 2016), given 
that seed dispersal limitation is a critical structuring factor in both 
early- and late-forest successions (Makoto & Wilson, 2019). This is 
acutely important in KCF as it is undergoing active reforestation 
processes. Mouse lemurs extensively use the newly reforested 
areas (Guthrie, unpbl.), which provide semi-opened areas where 
they could deposit seeds, and promote forest regeneration, exten-
sion, and connectivity. Furthermore, as mouse lemurs dispersed 
seeds from various strata, their dispersal service could favor the 
development of early-forest succession and preservation of frag-
mented/degraded habitats.

In summary, this study provides new insights into the potential 
roles of nocturnal omnivorous species in dispersing and structur-
ing plant communities, which are the major factors for forest re-
generation. Our findings also highlight the potential applications 
of animal-mediated seed dispersal in forest fragment connectivity, 
maintenance of plant diversity, and community structure. Further 
studies conducted throughout the annual cycle could help to bet-
ter assess the effectiveness of seed dispersal by nocturnal omni-
vores. Future studies could also focus on examining the potential 
of non-traditional seed dispersers in filling the functional gap of 
losing large-bodied frugivores – a major concern in Madagascar 
(Schwitzer et al., 2014) and worldwide (Aslan, Zavaleta, Tershy, & 
Croll, 2013).

TA B L E  2   Summary table of the Cox model with frailty

Experiment

Microcebus rufus Microcebus jollyae

Petri dish Forest ground plot Petri dish Semi-shaded plot Shaded plot

Sample size N = 150 (88) N = 75 (7) N = 528 (70) N = 660 (233) N = 377 (47)

Statistics X2 = 20.62
df = 1
p < .0001

X2 = NAa 
df = NAa 
P = NAa 

X2 = 66.08
df = 1
p = .96

X2 = 1.60
df = 1
p = .20

X2 = 0.30
df = 1
p = .56

Note: df, degree of freedom; N, sample size (values in brackets are observations from which analysis were based); P, probabilities of deviation; X2, chi-
square value.
aFailure of the control seeds to germinate precluded statistical analysis. 
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