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Abstract

Biotic interactions, such as plant—animal seed dispersal mutualisms, are essential for ecosys-
tem function. Such interactions are threatened by the possible extinction of the animal
partners. Using a data set that includes plant—lemur interactions across Madagascar, we
studied the current state of knowledge of these interactions and their structure to detet-
mine which plant species are most at risk of losing dispersal services due to the loss of
lemurs. We found substantial gaps in understanding of plant—lemur interactions; data were
substantially skewed toward a few lemur species and locations. There was also a large gap in
knowledge on the interactions of plants and small-bodied or nocturnal lemurs and lemurs
outside a few highly studied locations. Of the recorded interactions, a significant portion
occurred between lemurs and endemic plants, rather than native or introduced plants. We
also found that lemur species tended to primarily consume closely related plant species.
Such interaction patterns may indicate the threats to Malagasy endemic plants and high-
light how lemur population loss ot reductions could affect plant phylogenetic diversity.
When examining the impacts of lemur extinction, losing critically endangered species left
164 plant species with no known lemur frugivore partners. Despite phylogenetic patterns
in lemur diet, plants for which the only known lemur frugivore is critically endangered were
not closely related. These results emphasize the need for further studies to complete our
knowledge on these essential interactions and to inform conservation priorities.
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intensify, seed dispersal interactions are at high risk of disrup-
tion (Aslan et al., 2013; Bonfim et al., 2023; Tylianakis et al.,

Seed dispersal by animals (zoochory) is fundamental to the
reproduction and survival of many plant species and, therefore,
to the healthy functioning of ecosystems (Beckman & Sullivan,
2023; Toby Kiers et al., 2010). Zoochory plays a fundamental
role in shaping the diversity, structure, composition, and spatial
arrangement of plant communities (Razafindratsima & Dun-
ham, 2016; Schupp & Fuentes, 1995) and influences the ability
of plant populations to persist through environmental changes
(Beckman et al., 2019; Sales et al., 2021; Travis et al.,, 2013).
Unfortunately, as anthropogenic pressures on natural systems

Jadelys Tonos and Bastien Papinot contributed equally to this work.

2008), which can have cascading impacts on entire ecosystems
(Albert et al., 2021; Farwig & Berens, 2012; Heinen et al., 2023;
Traveset et al., 2014; Valiente-Banuet et al., 2015).

The loss or decline of vertebrate populations worldwide
(Dirzo et al., 2014) may leave many plant species without some
of the essential seed dispersal services they rely on (Lamperty &
Brosi, 2022). For plant species, populations, and communities,
this can mean impaired regeneration (Albert et al., 2021; Trav-
eset et al., 2012), decreased connectivity (Pérez-Méndez et al.,
2018), altered genetic diversity (da Silva Carvalho et al., 2016),
and shifting plant traits (Albert et al., 2020; Galetti et al., 2013).
When a plant’s seed dispersers are lost and there is no functional
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alternative (Heinen et al., 2023), the plant may be extirpated
or go extinct (Federman et al.,, 2016; Janzen, 2001; Meehan
et al., 2002). The high stakes involved in the loss of frugivo-
rous species call for swift conservation actions focused on the
protection of such ecological interactions (Heinen et al., 2020).
To support this conservation work, interaction structures in
vulnerable habitats need to be described and vulnerable
interactions and gaps in knowledge need to be identified.

The impacts of disperser loss may be particulatly pronounced
for island ecosystems. In insular ecosystems, where fewer fru-
givores exist, interactions may be highly asymmetric because
many plant species rely on a few disperser species (Schleuning
et al,, 2014). This characteristic asymmetry, and a compara-
tive lack of redundancy (McConkey & Drake, 2015), leaves
these ecosystems vulnerable to the loss of functions that are
not easily replaced. This risk is exacerbated by the isolated
nature of islands, which can reduce opportunities for the immi-
gration of novel seed dispersers that could compensate for
the lost dispersal services (Fricke et al., 2018). This means
that the type of interaction rewiring that can maintain interac-
tion stability in other systems (Mubamba et al., 2022; Timoteo
et al., 2010) may be less likely for island interaction net-
works. As a result, entire island mutualism networks could face
ecological instability when seed-dispersing species decrease in
abundance or are extirpated (Fricke et al., 2018; Schleuning
etal., 2014).

This scenatio of ecological instability in the face of disperser
loss may be the case for Madagascar’s highly diverse ecosystems,
an island with immense plant diversity and endemism rely-
ing on a relatively small frugivore community (Albert-Daviaud
et al., 2018; Razafindratsima et al., 2023). Lemurs, Madagas-
car’s unique primates, play a crucial role in the dispersal of
many endemic plants in the island’s diverse forests (Razafind-
ratsima & Dunham, 2014; Razafindratsima et al., 2023). With
a depauperate frugivore community (Goodman & Ganzhorn,
1997), which includes relatively few bird frugivores and 3 fru-
givorous bats (Razafindratsima et al., 2023), lemurs seem to
undertake the bulk of seed dispersal services in the island
(Albert-Daviaud et al., 2018). Their foraging and seed-handling
behavior lead to improved dispersal outcomes for many plants
species (Mertl-Millhollen et al., 2011; Ramananjato et al., 2020;
Razafindratsima & Dunham, 2015; Razafindratsima & Mar-
tinez, 2012), many of which can only be dispersed by lemurs as
the largest frugivores in the ecosystem (Albert-Daviaud et al.,
2020). Unfortunately, these key frugivores are highly threat-
ened (Dunham, 2008; Morelli et al., 2020; Schwitzer et al.,
2014); 96% of 110 lemur species are under threat of extinc-
tion IUCN, 2020). The loss of these animal seed dispersers
could have debilitating impacts on their natural communities
(Ditzo et al., 2014; Razafindratsima, Sato, et al., 2018), threat-
ening the functioning of the ecosystem and its ability to provide
vital goods and services for many living organisms and Malagasy
communities.

Despite the integral ecological role of these frugivores,
understanding of their interactions with plant species across
Madagascar is far from complete. Understanding how lemurs
interact with plants of different native status or phylogenetic

relatedness, for example, can help us assess how the risk of
lemur loss is distributed among Madagascar’s fruiting plants.
If threatened lemurs interact primarily with a subset of closely
related plant species, lemur extinctions may reduce the abun-
dance and even trigger coextinction cascades of closely related
species (Rezende et al., 2007), with drastic negative impacts
on plant diversity. The ability to assess what is at risk, pre-
pare for losses, and plan ecologically sound interventions, thus,
relies on a comprehensive understanding of these plant—lemur
interactions. We sought to contribute to such understanding
by assessing the structure of plantlemur interactions based
on current data and highlighting the gaps that need to be
addressed for a full assessment of lemur seed-dispersal mutu-
alisms. Based on a data set of trophic interactions between
plants and lemurs, encompassing the entire island of Mada-
gascar (1687 plant species, 153 plant species known only by
Malagasy vernacular names, 59 lemur species from 73 locations
spanning a broad geographic range of different ecosystems),
we characterized patterns of plant—lemur frugivory interactions
and examined the data gaps that can prevent a full assessment
of the effect of lemur species loss on the island’s ecosystems.
With this data set, we sought to answer the following questions:
What are the gaps in knowledge that must be addressed to gain
a comprehensive understanding of plantJlemur interactions
in Madagascar? How are plant—lemur interactions structured
in terms of plant native status and phylogenetic relatedness?
Which plant species might be most vulnerable to the loss of
critically endangered lemurs? Is the loss of critically endan-
gered lemur species most likely to affect closely related plant
species?

METHODS
Data set

We created a data set on the plant species consumed by lemurs
with data from published journal articles, book chapters, dis-
sertations, theses, masters equivalent theses from Madagascar
(master 2, DEA, and CAPEN), and unpublished reports. We
cross-referenced our data set with a newly established data set
of lemur food plants by Steffens (2020) to add articles we
did not have in our original data set and to correct species
names. Our final data set included the following variables:
lemur species, plant species consumed by each lemur species,
plant part exploited by lemurs (i.e., fruits, seeds, leaves, flow-
ers, nectar, exudates, or bark), native status of each plant species
(i.e., endemic native, nonendemic native, or non-native intro-
duced) based on the distribution in the Plants Of the World
online database (http://www.plantsoftheworldonline.org/), the
site where the original research took place, forest type, and the
International Union for Conservation of Nature IUCN) sta-
tus of each lemur species (https://www.iucnredlist.org/). For
plant species referred to only by vernacular names in the original
source, we searched for its scientific name in other publica-
tions from the same study site. We cleaned and standardized the
taxonomic nomenclature and synonyms of each plant species
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FIGURE 1
interactions recorded in each study.

with the Taxonomic Name Resolution Service 5.0 (https://tnrs.
biendata.org/).

The complete data set comprised 8934 records of plant—
lemur interactions (Appendix S1) from 295 sources (Appendix
S2) published from 1962 to 2018. These data were collected
from 1956 to 2016 at 73 field sites across Madagascar that
encompassed diverse ecosystems (i.e., humid forest, dry forest,
littoral forest, wetland, gallery forest, mangtrove, and river-
ine forest) (Figure 1). The data set contained records on 59
lemur species that consumed 1687 known vascular plant species
(658 genera, 148 families), of which 99.23% were angiosperms,
0.24% gymnosperms, and 0.53% pteridophytes. One hundred
and fifty-three plant species lacked scientific names but were
identified by local names. The data set contained 4939 unique
plant-lemur interactions. Due to our interest in seed disper-

Habitat Type
Mosaic vegetation

Broadleaved deciduous
forest

Needleleaved
evergreen forest
Needleleaved
deciduous/evergreen
forest

Broadleaved and
needleleaved forest

Mosaic Forest/
Shrubland/Grassland
Shrubland
Grasslands
Number of Studies ~ Number of Interactions
1
e 1-5
® 5-10
® 10-15
® 15-20
@ 20-25
@ »-30
@ -3
1500

Location of sites in our data set on plant—lemur interactions in Madagascar and the number of studies (size) and number of plant—lemur

sal, we focused on frugivorous interactions as a proxy for the
role of lemur species as seed dispersers. Our frugivory network
contained 52 lemur species that consumed the fruits of 1157
known flowering plant species across Madagascar. Of these
lemur species, 94.23% are listed as threatened (IUCN, 2020): 19
species Critically Endangered (CR), 12 Endangered (EN), and
18 Vulnerable (VU).

Structure of plant-lemur interactions

To fully assess the potential impact of frugivore loss, in the
context of current knowledge, we examined the distribution
of studies and frugivory interactions across ecosystems, lemur,
and plant species in Madagascar. We looked at the number
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of studies per site and per lemur species, and the impact of
these studies on the number of recorded frugivory interactions.
We then examined the relationship between lemur activity pat-
tern and body size (data from Razafindratsima, Yacoby, et al.
(2018) and Razafindratsima et al. (2019)) and the number of
studies undertaken on each species. We also estimated the
complete species richness of fruiting plant partners for each
lemur species and created species accumulation curves with
the “specaccum” and “specpool” functions in R package vegan
(Okasen et al., 2022) to visualize the extent of sampling per
lemur species. For each lemur species, we then calculated the
ratio of our sampled species richness to the estimated species
richness to assess the potential proportion of species still
missing.

We examined how lemurs interact with plants based on 2
attributes: native status of the plants (endemic native, non-
endemic native, or non-native introduced) and the phylogenetic
relationships among the plants. We excluded from this and all
following analyses 8 lemur species that had fewer than 10 inter-
actions in the data set. We used a linear mixed-effects model
performed with the R package “nlme” (Pinheiro et al., 2023)
in which native status was a fixed effect and lemur species was
a random effect to test whether lemurs were more likely to
interact with native plant species.

We then examined the phylogenetic relationships among
the plant species consumed by each lemur species. We gen-
erated 1000 rooted, ultrametric phylogenetic trees containing
all the known plant species in the data set with the func-
tion “phylo.maker” in R package “v.phylomaker” (Jin & Qian,
2019). This function generates phylogenetic hypotheses of a
user-provided list of species with a megatree derived from 2
published megatrees of extant vascular plants (Smith & Brown,
2018; Zanne et al., 2014). We selected scenario 2 of this func-
tion, in which the new tip is attached to a “randomly selected
node at and below the genus- or family-level basal node” (Jin
& Qian, 2019). With each of the 1000 trees, we measured the
net relatedness index (NRI) for the plants consumed by each
lemur species (Cavender-Bares et al., 2009; Webb et al., 2002)
with functions in R-package “picante” (Kembel et al., 2010).
This metric measures the mean phylogenetic distance (MPD)
between all species pairs in a2 community relative to the phylo-
genetic distance between all species pairs in null communities:
NRI = -1 X (MPDsample — MPDnull)/SD(MPDnull), where
sample is the value for our plant communities, null is the value
for random communities, and SD is standard deviation. To gen-
erate null communities, we used the “phylogeny pool” model,
which shuffles species identities from a pool containing all
the species in the phylogenetic tree for 1000 randomizations.
Positive values of NRI would indicate that the plant species
consumed by lemurs are more closely related than expected
by chance (clustered), whereas negative values indicate lower
relatedness than expected (overdispersed). We performed this
analysis with all interactions, as well as for fruit consumption
only. We used 7 tests to determine whether the mean value
of NRI differs from zero, indicating a statistically significant
deviance from random expectations. Additionally, we looked
at the value of each metric for each lemur species, such that a

value <1.96 indicated significantly overdispersed plant related-
ness in the diet of that lemur species and a value >1.96 indicated
significant clustering (Vamosi et al., 2009).

Potential impacts of lemur loss

We sought to identify plant species that are most likely to be
negatively affected by lemur extinctions and assessed whether
these species tended to be phylogenetically clustered or overdis-
persed. In this analysis, we assumed that CR lemur species could
go extinct and that the plant species that are only known to
interact with these lemur species would experience a signifi-
cant loss in seed dispersal services (Beckman & Rogers, 2013;
Beckman et al., 2019; Howe & Smallwood, 1982; Rogers et al.,
2019). Given the lack of knowledge on alternative, non-lemur,
seed dispersal for much of Madagascar’s flora (Razafindratsima,
O.H, 2014; Razafindratsima et al., 2023), these assumptions
allowed us to identify at-risk plants with the current data. With
these criteria, we identified plant species for which the only
known lemur disperser is CR and used the previously described
NRI method to determine the relatedness of these plants
at risk.

RESULTS

Structure of the plant-lemur interactions across
Madagascar

Of the 71 study sites in our data set, most were pootly stud-
ied, with much of the island showing no published data on
plant-lemur frugivory interactions (Figure 1). The number of
research studies at each location ranged from 1 to 44, with
over 50% of the locations having only one research study,
whereas only about 1% of locations had 10 or more stud-
ies. Generally, and as might be expected, the sites where most
research studies were done are also the sites with the most
recorded plant-lemur interactions. Over 45% of the sites had
fewer than 20 interactions recorded, whereas <20% had over
200 interactions recorded. The site that exhibited both the most
numerous research studies and the most recorded lemur inter-
actions was Ranomafana National Park, in Madagascar’s eastern
rainforest, with 44 research studies and 1498 interactions. In
contrast, understudied sites (representing a single interaction)
were located primarily along the southwestern coast of Mada-
gascar (e.g., Menabe Reserve, Tsimembo Forest, and Tsinjoriake
New Protected Area). Of the 59 lemur species recorded in
the data set, the most studied were the ring-tailed lemurs
(Lemur catta) and the black-and-white ruffed lemurs (Varecia
variegate spp.); together, they represented 16% of all recorded
lemur—plant interactions (Figure 2). For Varecia variegata, this
translated into the highest number of known plant species fru-
givory interactions, followed by Eulenur rubriventer and Enlenur
rufifrons. All 3 of these species are present within Ranomafana
National Park and have been relatively well studied. The num-
ber of studies had a large and significant impact on the
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classification data).

number of interactions recorded per lemur species (p < 0.001).
Our species accumulation curves (SAC) and richness estimates
showed that most species, across lemur and plants, were under-
sampled. Sampling completeness across lemur species ranged
from 0.16 to 0.81 (mean and median = 0.40), so for most
lemur species, more than half of fruiting plant partners were
unknown (Table 1). The lemur species with the highest sam-
pling completeness (0.81) was the golden-brown mouse lemur
(Microcebus ravelobensis). 1t had 7 studies in one habitat and study
site. These small-bodied lemurs had a small range in a single
habitat type such that these 7 studies captured 14 of the pre-
dicted 17 plant species they consume fruit from. Among the
most-studied lemurs (>10 studies), 17 variegata has the second
highest sampling completeness (0.73). This species consumed
the fruits of 323 plant species, recorded across 23 studies from
7 locations within 1 habitat type. In comparison, the ring-
tailed lemur (Lemur catta), with 37 studies across 6 habitats and
9 study sites, had a sampling completeness of 0.45 because
almost 200 of its predicted 341 partner plant species remain
untesolved. Because sampling effort was unequal and hard to

quantify across studies, we cautiously interpreted curves and
extrapolated richness values that suggest an approach to suffi-
cient sampling for lemur species with low study numbers. Body
size was not significantly associated with the number of stud-
ies per species, though most of the best studied lemur were
large-to-medium-sized (>1500 g) species from the genus Lewzur,
Eunlennr, Varecia, and Propithecus. Activity pattern had a signif-
icant effect on the number of studies per species (p = 0.03),
with nocturnal species having the lowest mean and crepuscular
species being significantly (p < 0.02) better studied than noc-
turnal species (Figure 3). No significant difference was found
between diurnal species and either nocturnal or crepuscular
species.

A large proportion of the plant species interacting with
lemurs were endemic, significantly more than the proportions
of native (¥ = —17.07, p < 0.0001) and introduced plant
species consumed (¢ = —28.05, p < 0.0001) (Appendices S3.1
& S3.2).

Overall, lemurs consumed plant species that were more
closely related than expected by chance. The same pattern was
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TABLE 1 Plant-partner richness for fruit-eating lemur species obtained from literature and from extrapolated species richness.
Species Observed richness Estimated richness Sample completeness Number of studies
Avabi laniger 5.00 11.67 0.43 3.00
Cheirggalens crossleyi 17.00 85.00 0.20 2.00
Cheirogalens major 86.00 164.52 0.52 7.00
Cheirggalens medins 100.00 193.15 0.52 10.00
Danbentonia madagascariensis 12.00 48.00 0.25 9.00
Eulemnr albifrons 17.00 107.67 0.16 3.00
Enlemnr cinereiceps 106.00 344.28 0.31 5.00
Eulennr collaris 174.00 407.33 0.43 8.00
Eulenur coronatus 159.00 694.94 0.23 8.00
Eulemnr fulvns 120.00 336.09 0.36 10.00
Eulemur macaco 161.00 320.05 0.50 10.00
Eulemur mongog 64.00 148.00 0.43 8.00
Eulenur rubriventer 224.00 434.01 0.52 18.00
Eulemnr rufifrons 241.00 552.77 0.44 19.00
Eulemnr rufus 73.00 243.84 0.30 5.00
Eulemnr sanfordi 79.00 236.64 0.33 4.00
Hapalemur anreus 13.00 67.00 0.19 4.00
Hapalemnr griseus 30.00 140.00 0.21 11.00
Indri indri 32.00 96.00 0.33 9.00
Lemur catta 154.00 341.46 0.45 37.00
Lepilemnr leucopus 6.00 9.00 0.67 4.00
Lepilenur ruficandatus 19.00 67.17 0.28 3.00
Microcebus griseorufus 67.00 173.04 0.39 5.00
Microcebus nmurinus 89.00 171.19 0.52 18.00
Microcebus ravelobensis 14.00 17.09 0.82 7.00
Microcebus rufis 53.00 261.33 0.20 2.00
Prolenmur simus 11.00 55.00 0.20 5.00
Propithecus coquereli 6.00 12.25 0.49 2.00
Propithecus coronatus 78.00 122.50 0.04 10.00
Propithecus diadema 85.00 200.53 0.42 8.00
Propithecus edwardsi 78.00 228.00 0.34 12.00
Propithecus verreauxi 96.00 181.46 0.53 19.00
Varecia rubra 72.00 201.60 0.36 5.00
Varecia variegata 323.00 442.69 0.73 23.00

observed when limiting our analyses to angiosperms (Appendix
S3). The NRI values indicated significant divergence from
random toward clustered when considering all plant species
consumed (%5, = 6.32, p < 0.0001) or species for which lemurs
consumed fruits (#43 = 4.63, p < 0.0001) or leaves (74, = 3.69,
p < 0.0001). The observed clustering was significant (i.c.,
value > 1.96) for 9 lemur species when we considered all plant
species, 10 for fruits, and 4 for leaves (Appendix S1.2). Hapale-
mnr alaotrensis and Propithecus diadema, which are both highly
folivorous, consumed plant species that were significantly less
closely related than expected by chance (NRI values < 1.906)
(Appendix S1.3).

Potential impacts in the absence of CR lemur
species

A total of 164 plant species were solely associated with CR lemur
species (Appendix S3.4). These plant species were not signif-
icantly clustered or overdispersed phylogenetically (3 = 1.28;
p = 0.24) (Figure 4). Thus, overall, the loss of CR lemur
species did not disproportionately affect a specific clade. How-
ever, there were certain exceptions. Specifically, the loss of Zndri
indri, Propithecus verreanxi, and Varecia rubra could affect plant
species more closely related than expected by chance (values of
NRI > 1.96) (Figure 4; Appendix S1)
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DISCUSSION

We found significant gaps in knowledge on plant-lemur inter-
actions, which limited our ability to fully assess the risks
posed by lemur extinctions. Currently available data on plant—
lemur interactions showed how lemurs primarily feed on
endemic plants and that the plants included in the diet of
a lemur species were more closely related than one would
expect by chance. This demonstrated how the loss of lemur

species may have particular costs for endemic plants and cause
nonrandom impacts across plant clades. We identified 164
plants species most likely to be negatively affected by lemur
extinctions and found that the loss of 3 lemur species (L indri,
P. verreauxi, and 17 rubra) would affect a subset of closely
related plants. Although plant species may persist beyond the
loss of their only known frugivorous partners (Albert-Daviaud
et al,, 2020; Fricke et al., 2017), identifying lemur species with a
particular impact on plant communities can help set conserva-
tion goals. This process is currently hampered by a significant
skew in knowledge on plant-lemur interactions across habi-
tats and lemur species and by a significant lack of information
on the dispersal services provided by Madagascar’s non-lemur
frugivores.

Critical trends and gaps in research on
plant-lemur interactions

We found a substantial skew in our knowledge of plant—lemur
interactions toward a few, well-studied lemur species and sites.
With most sites having a single study, often representing a
single lemur species, much work is needed to complete knowl-
edge of interactions across the island. In fact, most lemur
and plant species included in our study were undersampled in
terms of their frugivory interactions. With the limited data avail-
able, researchers can start highlighting certain important lemur
species and examining the risks of losing these species, but it
is not possible to assess the importance of many understudied
and highly threatened species. Most studies are focused on a
few, well-funded, and internationally recognized locations, many
of which are established explicitly for the study of large-bodied
or charismatic lemur species (Newsome & Hassell, 2014; Roth-
man et al., 2022; Wright & Andriamihaja, 2002). Ranomafana
National Park, established for the protection of the golden
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bamboo lemur, is a perfect example of a heavily studied
ecosystem, largely thanks to the Centre ValBio research station
(Figure 1). In this ecosystem, multiple long-term studies of T
variggata across a few sites contributed substantially to the rel-
ative high coverage of partner plant species for this frugivore.
Similarly, many of the lemurs in Ankarafantsika National Park,
one of the biggest remaining fragments of Madagascar western
dry forest, were among the best studied. Microcebus raveloben-
sis had the best coverage of all lemur species at about 80%
(Albignac et al., 1992). For the species with the best resolu-
tion of plant pattners, 1. variegata and M. ravelobensis, limited
geographic distributions, use of a single habitat type, and sen-
sitivity to disturbance likely facilitated the full assessment of
plant partner biodiversity (Andriatsitohaina et al., 2020; White
et al.,, 1995). In comparison, the ring-tailed lemur, one of the
best studied species, had a relatively low sampling completeness
(45%) despite many studies taking place across multiple habitats
and sites. This makes sense for a generalist species, particularly
with high levels of plant microendemism in Malagasy forests,
for which many new plant-species partners may be uncovered
by each new study in a new location (Cameron, 2007; Vences
et al.,, 2009). Further work may be necessary to fully resolve the
role of this species across ecosystems. However, hard-to-access,
nascent, or indigenously stewarded lands remain largely unex-
amined by Western science, and nocturnal lemur species are
understudied (Gardner, 2011; Gardner et al., 2018; Ramananjato
et al., 2020; Razafindratsima et al., 2023).

Plant—-lemur interaction structure

Although lemurs appeared to prefer endemic native species,
lemur diets can reflect the composition of the available plants in
terms of the proportions of species in each of these categories
in Madagascar (Callmander et al., 2011). This pattern suggests
that with the increasing spread of introduced species, their pres-
ence in lemur diets may also increase. For example, strawberry
guava (Psidium cattleyanum) is an aggressive invasive plant species
in Madagascar capable of dominating forests and altering the
structure of plant communities (DeSisto et al., 2020). Despite
these negative effects, it has become an important source of
forage for frugivore lemur communities in many degraded and
invaded forests (Carriere et al., 2008; DeSisto et al., 2020).
Lemurs may favor foraging on the fruits of such an invasive
species because of their nutritional content. They may seck alter-
native sources of otherwise limited nutrients because Malagasy
fruits contain relatively low nitrogen and protein compared to
those in other tropical forests (Donati et al, 2017; LaFleur
& Gould, 2009). We also found that lemur species tended to
consume a subset of closely related plants species, likely rep-
resenting plants with shared functional traits relevant to lemur
diets. This may also indicate the importance of evolutionary
history in structuring these plant—lemur interactions, although
evidence of coevolution in plantlemur interaction networks
has been weak (Fuzessy et al., 2023). Results of a recent study
showed a similar phylogenetic structure in lemur diets and that
closely related lemur species do not necessarily interact with

the same plant species (DeSisto & Herrera, 2022). This is likely
due to low co-occurrence among closely related lemurs, leading
closely related species to interact with geographically distinct
plant communities. This pattern may lead to further trouble
for plant communities that lose their lemur dispersers. When
a lemur species is lost, it may leave a taxonomic subset of plant
at risk, with reduced probability of rescue by a closely related
lemur species with fruit handling and dispersal traits like those
lost.

Impact of lemur extinctions

The loss of CR lemur species may leave 164 plant species with-
out the services of their only known lemur frugivore. In a
worse-case scenatio, where CR lemur extinctions occur and no
other frugivore can take their place, these plants may lose a set-
vice with substantial impacts on population dynamics. Though
these losses may be mitigated by the existence of frugivore—
plant interactions not captured in our data, the loss or significant
reduction in these lemur populations may still have an impact.
The loss of the specific function played by an extinct mutualist
partner may impact the genetic structure of a plant popula-
tion (da Silva Carvalho et al., 2010), alter the frequency of traits
across a plant community (Albert et al., 2020), and reduce dis-
persal toward specific microhabitats or at long distances (da
Silva Catvalho et al., 2021; Pérez-Méndez et al., 2016). Except
for 3 lemur species, the loss of CR lemurs did not appear to
affect closely related plant species. These lemur species are 3
examples of relatively large-bodied lemurs in their respective
ecosystems, which may interact with a specific subset of closely
related large-seeded plants species (£ indri, P. verreauxi, and 1.
rubra) (Gerhold et al., 2015; Peterson, 2011). As is the case
across many ecosystems, the loss of the relatively large-bodied
frugivores in a system may leave a hard-to-fill gap in the dis-
persal of slow-growing large-seeded species. Most of the plant
species imperiled by CR lemur extinction were also endemic
to Madagascar and are found in Madagascar’s humid forests.
This is not surprising because Madagascar hosts tremendous
levels of endemism, and the humid forests contain a high diver-
sity of plants relying on a limited number of lemur dispersers
(Albert-Daviaud et al., 2018; Goodman & Benstead, 2005).
Madagascat’s humid forests are also under considerable threat
from deforestation and climate change, worsening the conser-
vation scenarios for these plant species when combined with
the loss of their seed dispersers (Brown et al., 2015).

Current knowledge of Madagascar’s plant—lemur interac-
tions reveals how lemur species primarily interact with closely
related subsets of Madagascat’s endemic plants. This phyloge-
netic structure in lemur diets may leave specific plant clades
at risk when lemur populations are lost or reduced. Without
the assistance of their frugivorous seed dispersers, these plants
may fail to regenerate, fail to colonize restored and regenerating
habitats, and fail to escape harmful environmental conditions
through range shifts. Even when these plant species persist, it
is likely that the loss of dispersal function will affect plant pop-
ulation and community dynamics. The loss of one species in
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an already limited number of mutualist dispersers may leave a
functional gap that cannot be filled by the remaining frugivore
community, although the risk is hard to assess because there
are significant gaps in understanding of plant—lemur interac-
tions and in the involvement of Madagascar’s nonlemur seed
dispersers (i.c., birds and fruit bats). To effectively plan for the
protection, or testoration, of Malagasy forests in the face of
continuing habitat disruption, climate change, and species loss,
a more complete understating of plant—frugivore interactions
across the island must be pursued.
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