
that were probable seed dispersers, and also inferred to have had
a significant dietary component of leaves, were assigned to a
mixed fruit-and-leaves dietary category (Dataset S1). If an or-
ganism’s diet contains low levels of C4 vegetation, it can be
difficult to distinguish between folivory and frugivory using stable
isotope analyses because C3 plants often exhibit high isotopic
variability (20); a mixed fruit-and-leaves diet category provides a
conservative assignment for potentially ambiguous diets. We
simulated the evolutionary history of diet using stochastic char-
acter mapping, a method for inferring discrete character changes
that accommodates phylogenetic uncertainty (21, 22) (Fig. 1). The
lemuriform ancestral dietary state was inferred to have had equal
probabilities of being frugivorous, being folivorous, or exhibiting
a mixed diet of fruit and leaves (Fig. 1). Folivory was inferred
to have evolved independently between one and five times, with
phylogenetic analyses of ancient DNA demonstrating that Mega-
ladapis, an extinct folivorous lineage, was not a sister to the strictly
folivorous Lepilemur clade. Before molecular phylogenetic analy-
ses, the two lineages were considered to form a monophyletic
group on the basis of morphology (10). Thus, whereas folivory
was initially assumed to have evolved only once in the putative
Lepilemur-Megaladapis clade, ancient DNA analysis has revealed
that it must have evolved independently at least twice. Corre-
spondingly, frugivory was inferred to have evolved independently
between one and four times. Although contemporary frugivores
are concentrated within the Varecia and Eulemur clades, stem
lineages leading to the Indri and Avahi clades also are inferred to
have been frugivorous, indicating that frugivory was once present
in an evolutionarily diverse array of lemur lineages (Fig. 1).
To understand the morphological breadth lost with the extinc-

tion of Madagascar’s large-bodied seed dispersers, we compiled a
dataset of cranial, dental, and mandibular measurements for the
species sampled in our phylogeny (specimens measured are given
in Dataset S2, and illustrations of the measurements taken are
shown in Fig. S1). Using our phylogenetic framework in con-
junction with a phylogenetic principal components analysis (PCA),
we projected the dataset of morphological measurements into
multidimensional morphospace (22, 23). Visualizing the major axes
of morphological variation within a phylogenetic context revealed

species to be partitioned by dietary strategy (i.e., seed dispersers vs.
nondispersers) rather than phylogenetic relatedness (Fig. 2). In
other words, dietary strategy is a better predictor of morphology,
and phylogenetic relatedness does not imply morphological con-
servatism. Several extinct lineages occupied the margins of the
morphological space belonging to their respective dietary cate-
gories, and when extinct seed-dispersing lineages were excluded
from the analysis, a substantial area (32%) of the space occupied
by seed dispersers was lost (Fig. 2). This reduction of morpholog-
ical space implies a proportionate loss of seed dispersal ability with
potentially far-reaching consequences for the Malagasy flora (Fig.
2). Similarly, the extinction of Megaladapis resulted in a significant
reduction of the morphological space associated with folivory,
which, although not the focus of this study, could have an impact
on the flora by changing patterns of herbivory, as has been detailed
in other systems where large herbivores have been extirpated (19).
Those few extant species approaching areas of morphospace once
occupied by extinct lineages, such as Varecia (Fig. 2), should be
considered conservation priorities because they likely perform
irreplaceable ecosystem functions, including the dispersal of
large seeds.

Seed Size, Orphaned Plants, and Maximum Ingestible Food Size. The
Malagasy flora has multiple examples of large-seeded plants that,
based on their morphology, appear to require animal-mediated
dispersal yet have no observed relationship with frugivores (14).
These plants are hypothesized to be “orphans,” bereft of their now-
extinct animal dispersers (14). We compiled a database, using
species descriptions, of seed size measurements for those Malagasy
lineages that had previously been identified in the literature as
orphans (14); these lineages included representative species of
Adansonia (Malvaceae), Borassus (Arecaceae), Dilobeia (Protea-
ceae), Hyphaene (Arecaceae), Orania (Arecaceae), and Satranala
(Arecaceae) (seed size averages are given in Dataset S3). To infer
whether extinct lemurs would have been capable of ingesting and
dispersing seeds from these putatively orphaned Malagasy plant
lineages, we used a linear regression to estimate the maximum
ingestible food size (Vb) (24) among extinct and extant frugivorous
and mixed fruit-and-leaf–eating lemurs using the allometric re-
lationship between body mass and Vb detailed by Perry and
Hartstone-Rose (24) (Fig. 3A and Dataset S3). We found that the
majority of these plant lineages are too large-seeded for con-
sumption by extant lemurs, but could easily have been consumed by
extinct species (Fig. 3A and Datasets S3 and S4). That extant le-
murs cannot consume these seeds supports the hypothesis that
extinct lemurs played a major role as seed dispersers in a niche that
has narrowed significantly since their extinction, and could easily
narrow further (14). For instance, in contemporary forests, the
critically endangered Varecia variegata and Varecia rubra (25) oc-
cupy an otherwise empty area of dietary morphospace (Fig. 2), and
are the only extant frugivores with Vbs able to accommodate many
of the large-seeded plants analyzed in this study (Figs. 2 and 3).
Their extinction could jeopardize the future of these plant lineages.
With a time-calibrated phylogeny (26) and data collected on

fruit size for 335 fruits from 23 species (information on speci-
mens measured is provided in Dataset S4), we examined the
tempo and mode of fruit size evolution of one such lineage: the
large-seeded and ecologically dominant Malagasy rainforest trees,
Canarium (ca. 33 species in Madagascar), which fall within the
broader, pantropically distributed Canarieae of the Burseraceae
(ca. 250 species) (26, 27). For Canarium species, we measured dry
fruit size rather than seed size because the flesh is quite hard and
thin, surrounding a bony endocarp (or stone) that contains the
seed(s) (27). When lemurs ingest Canarium, they tend to hold
the fruit in their cheeks, using the buccal cusps of their teeth to
scrape the flesh from the endocarp before swallowing it whole. To
account for possible biases due to measuring entire fruit rather
than solely the endocarp, we measured all Canarium fruit dry in
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the herbarium, where there is minimal difference between fruit
size and endocarp size. The Southeast Asian clade containing the
Malagasy Canarium displays a persistent tendency toward in-
creased fruit size relative to the rest of the clade, with Malagasy
fruit being, on average, the largest in the entire Canarieae (Fig.
3C). In the case of Malagasy Canarium, this fruit gigantism may
be to the lineage’s detriment, given that Varecia are the only
remaining Malagasy mammals capable of ingesting most Cana-
rium species fruit (5, 26, 27; also ref. 28, which documents some
Eulemur dispersal in the absence of Varecia) (Fig. 3 A and B).
Further, it appears that the range of variation for some Canarium
species falls entirely outside of Varecia’s Vb (Fig. 3 A and B).
Extinct lemurs, Pachylemur especially, have been hypothesized to
play a major role in Canarium dispersal (14), and their Vbs would
have easily accommodated the consumption of fruit from all
Canarium species (Fig. 3).
Seed germination rates may increase after passage through a

disperser’s gut due to abrasion and chemical factors (29). Ad-
ditionally, extinct large-bodied lemurs would likely have pro-
moted effective seed dispersal away from the parent tree by
swallowing and subsequently passing seeds during the course of
their daily movements. Dispersal to growing sites removed from
parent trees enhances gene flow, reduces competition among
related individuals, and promotes escape from specialized her-
bivores (30, 31). Dispersal alternatives for large-seeded orphans
include the strong winds of cyclones and secondary dispersal
through the movement of fallen seeds by rodents (18, 32, 33).
Although effective in some circumstances (34), secondary dis-
persal has generally been shown to be inefficient and unreliable
(18, 32, 33), and cyclone-mediated seed dispersal is, at best, an
extreme and unreliable dispersal mechanism (35).

Conclusion
The inferred evolutionary trend toward larger seeds that might
once have contributed to the success of these Malagasy trees
may now facilitate their decline. Although large-seeded orphans
persist today, this persistence is likely due to their long genera-
tion times and uncertain and inefficient secondary dispersal
agents, such as Rattus rattus or strong winds during cyclones (18,

32, 33, 35). Our study suggests that their long-term survival may
be tenuous. Additional studies are needed to understand more
fully the impact of these extinctions on the Malagasy flora, es-
pecially focusing on seed germination and seedling survival. It
will also be important to consider other recently extinct and
potentially important large-bodied seed dispersers, such as ele-
phant birds (genus Aepyornis) (36). It is possible that with the
extirpation of large-bodied dispersers, smaller bodied dispersers
will select for reductions in seed size (37). However, in order for
such selection to occur, the natural range of variation in seed size
must permit dispersal by at least one extant dispersal agent (37).
Although this natural range of variation may still be the case for
some of the large-seeded species of Canarium, the seed sizes of
some orphaned lineages appear to be too large to be handled by
any other extant disperser (Fig. 3). Without intervention, or-
phans that have not yet adapted to Madagascar’s altered seed
dispersal landscape may be in jeopardy. This conclusion has
practical, philosophical, and political ramifications for the con-
servation and management of Madagascar’s orphaned plants.
Our analyses identify certain extant lemurs occupying otherwise
empty areas of morphological space, such as Varecia (Fig. 2), as
performing unique and irreplaceable ecosystem functions. Given
the dominant role of primates in providing seed dispersal for
many of Madagascar’s trees, the identification of orphans and
the limits of extant Vb can inform conservation strategies to
ameliorate the potential cascading effects of extinction on the
structure and function of Malagasy forests.

Methods
Estimating Lemur Divergence Times and Inferring the Evolutionary History of
Their Feeding Strategies. To infer a time-calibrated phylogeny of lemurs, we
used publicly available full mitochondrial genome data from the GenBank
(www.ncbi.nlm.nih.gov/genbank/), when possible (Genbank information is
provided in Dataset S5). When full mitochondrial genome data were un-
available, we used all publicly available data for mitochondrial coding re-
gions (Dataset S5). Our sampling included representatives of all major
lineages and was based on a recently published phylogeny (11), as well as
those species studied by Perry and Hartstone-Rose (24). For those extinct
taxa lacking any genetic data, we conditioned the placement of the taxa
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