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Large, fruit-eating vertebrates have been lost from many of the
world’s ecosystems. The ecological consequences of this defauna-
tion can be severe, but the evolutionary consequences are nearly
unknown because it remains unclear whether frugivores exert
strong selection on fruit traits. | assessed the macroevolution of fruit
traits in response to variation in the diversity and size of seed-
dispersing vertebrates. Across the Indo-Malay Archipelago, many
of the same plant lineages have been exposed to very different
assemblages of seed-dispersing vertebrates. Phylogenetic analysis
of >400 plant species in 41 genera and five families revealed that
average fruit size tracks the taxonomic and functional diversity of
frugivorous birds and mammals. Fruit size was 40.2-46.5% smaller in
the Moluccas and Sulawesi (respectively), with relatively depauper-
ate assemblages of mostly small-bodied animals, than in the Sunda
Region (Borneo, Sumatra, and Peninsular Malaysia), with a highly
diverse suite of large and small animals. Fruit color, however, was
unrelated to vertebrate diversity or to the representation of birds
versus mammals in the frugivore assemblage. Overhunting of large
animals, nearly ubiquitous in tropical forests, could strongly alter
selection pressures on plants, resulting in widespread, although
trait-specific, morphologic changes.

defaunation | hunting | seed dispersal | species interactions | Wallace Line

Defaunation, the loss of large vertebrates from natural eco-
systems, is increasingly recognized as a threat to global
biodiversity that must be addressed with the same urgency as
habitat loss and climate change (1-3). Defaunation is nearly
ubiquitous: In much of the world, including many areas that still
retain natural habitat, large animals have been nearly or com-
pletely extirpated (1, 3, 4). Because many vertebrates play key
ecological roles, their loss can have widespread impacts on the
ecosystem. For example, many large mammals and birds are
important dispersers of plant seeds, and in defaunated areas,
plants can suffer recruitment decline, local extinction, and shifts
in species composition (5-7). In extreme cases, plants can po-
tentially be “orphaned” by complete loss of the large frugivores
upon which they had formerly relied for seed transport (8, 9).
While the ecological impacts of defaunation are becoming
clearer, the evolutionary implications of vertebrate loss for plants
are all but unknown (1, 2, 7). Our inability to predict the evo-
lutionary implications of defaunation is largely due to our limited
understanding of the importance of animals for the evolution of
plant reproductive traits. A large and contentious body of sci-
entific work has assessed whether frugivorous vertebrates have
shaped the evolution of fruit traits (e.g., refs. 10-13). Various
fruit traits such as size and color tend to be correlated, forming
what are known as “dispersal syndromes” that may have arisen to
attract particular dispersers. Bird-dispersed fruits, for example,
are thought to be generally small, red or black, and borne in leaf
axils, whereas mammal-dispersed fruits are larger, dull in col-
oration, and borne on large branches or tree trunks (10, 12). Diet
breadths of frugivore species can be quite large (14), and the
composition of the animal assemblage dispersing a given plant
can be inconsistent in space and time (15, 16). Thus, many “bird-
dispersed” and “bat-dispersed” fruits are actually consumed by
both birds and bats, as well as a number of other animals (14).
Nevertheless, there do appear to be at least some consistent
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patterns whereby particular frugivore species prefer particular
constellations of fruit traits (12, 17).

The problem with dispersal syndromes, however, lies in de-
termining the direction of causality. Because nearly all studies on
dispersal syndromes have been correlative, we have very little
understanding of whether different frugivores induce different
selection pressures, and whether this generates or maintains
variation in fruit traits. On the one hand, it could be that dis-
persal syndromes have arisen in response to differential selection
imposed by (for example) frugivory from birds versus mammals
(10, 12, 17). On the other hand, fruit traits could be correlated
because of physiological constraints (18, 19) or plant life-history
tradeoffs (14, 20), and it could be that different types of frugiv-
orous animals simply prefer to feed on different types of fruits,
whose correlated traits evolved for reasons unrelated to selection
from seed-dispersing animals. Indeed, fruit traits may be under
selection from a number of sources other than seed dispersers, as
fruit and seed morphology can be important to seedling growth
(21), rot resistance (22), and seed predation (23).

In a recent natural experiment, seed size of the Neotropical
palm Euterpe edulis was estimated to have declined ~30% in
areas that had lost large-bodied frugivorous birds but where
smaller-bodied species remained extant (24, 25). (Smaller ani-
mals have narrower gape widths and tend to be restricted to
consuming smaller fruits.) So, on the one hand, a shift in the
frugivore assemblage from a wide size range to only small species
may induce directional selection leading to smaller fruits. On the
other hand, a number of Neotropical plants thought to be
adapted to having their seeds dispersed by large Pleistocene
mammals retained their “megafaunal” fruit traits for ~10 mil-
lennia after the extinction of their putative seed vectors (9).
Dispersal of these megafaunal fruits may have been replaced by
scatter-hoarding rodents or humans (26), but without knowing
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response to the loss of these animals. | used a natural experi-
ment in which many of the same plant lineages in a large and
megadiverse tropical archipelago have been exposed to very
different suites of vertebrates on different islands. Statistical
analysis that accounts for species’ shared evolutionary histories
revealed that average fruit sizes across more than 400 plant
species were positively related to the diversity and size of the
fruit-eating birds and mammals in each area. Fruit color,
however, was not affected by the vertebrate assemblage.

Author contributions: J.F.B. designed research, performed research, analyzed data, and
wrote the paper.

The author declares no conflict of interest.

This article is a PNAS Direct Submission. P.J. is a guest editor invited by the Editorial Board.
Published under the PNAS license.

'Email: jedediah.brodie@umontana.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1710172114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas. 1710172114


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1710172114&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:jedediah.brodie@umontana.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710172114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710172114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1710172114

L T

z

1\

BN AS - PNAS D)

whether traits such as seed size were affected by megafauna loss
(26), we cannot assess the evolution of fruit traits in response to
altered selection.

To assess the general importance of frugivorous vertebrates for
plant evolution, two critical questions remain. First, how common
are responses to defaunation, such as those described above for
the palm E. edulis (24, 25), across plant taxa? Second, what is the
extent to which traits might change over longer time periods (e.g.,
moving from centuries to millennia)? Indeed, understanding the
ubiquity and significance of long-term “evolutionary cascades” is
critical, given the widespread nature of defaunation (1, 3).

I used a natural experiment to assess macroevolutionary
changes in fruit traits in response to long-term natural variation

in frugivore taxonomic and functional diversity. This is not meant
to be a literal assessment of the implications of ongoing over-
hunting in tropical forests but, rather, an examination of long-
term plant trait evolution in response to dramatic variation in the
number and size of fruit-eating vertebrates. The study system
used here, the Indo-Malay Archipelago (excluding the Lesser
Sunda Islands), has several strong zoogeographic barriers, in-
cluding the famous Wallace Line, that mark dramatic turnovers in
vertebrate composition and diversity (27) across island groups that
are broadly similar in climatic conditions (Fig. 1 and SI Appendix,
Fig. S1). However, these biogeographic barriers are much weaker
for plants: while there is turnover at the species level, at higher
taxonomic levels, the archipelago is fairly homogenous botanically
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Fig. 1. Zoogeographic subregions of the Indo-Malay Archipelago. Histograms show taxonomic diversity (number of species, N) and body size diversity (in

log, bins) for the frugivorous mammal and bird groups. Map color shows the gradient in rainfall seasonality from aseasonal (blue) to seasonal (brown).
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(SI Appendix, Table S1). Thus, myriad plant lineages evolved in
Asia (the western end of the archipelago) or New Guinea (the
eastern end), where they were exposed to diverse assemblages of
frugivorous mammals and birds across a range of body sizes. When
these plants then spread across the archipelago to Sulawesi and the
Moluccas (island groups that have not been connected to conti-
nental land masses), they became sympatric with much more de-
pauperate assemblages of mostly small-bodied birds (Fig. 1).
Analogously, in contemporary defaunation, overhunting and hab-
itat fragmentation (for example) drive the erosion of vertebrate
diversity, preferentially driving the near or complete loss of large-
bodied species (14, 7).

Though clearly not a controlled manipulation, this natural ex-
perimental approach is distinct from a purely observational ap-
proach (28), with inference based on replication (i.e., across plant
linages) and explicit hypothesis testing (i.e., to explain differences
in fruit traits) based on analysis of variation in the factors hy-
pothesized to affect fruit traits (i.e., frugivore diversity) (29).

I assessed, in a phylogenetically explicit analysis, fruit traits of
442 species (representing 41 genera in five families) in the
Sapindales. This taxonomic order is pantropical and is noted for
its high proportion of animal-dispersed (often mammal-dispersed)
species (30). It contains many species that provide food resources
for frugivorous animals, as well as wild relatives of human food
plants such as mangoes (Mangifera spp.), pistachios (Pistacia spp.),
rambutan (Nephelium spp.), lychee (Litchi chinensis), and citrus
(Citrus spp.). If declines in frugivore taxonomic and functional
diversity, as occurs with defaunation, importantly alter the selec-
tive pressures on plants, then fruits in Sulawesi and the Moluccas
should be smaller than those in the Sunda Region and New
Guinea. Fruits may also have changed color in response to fru-
givores assemblages that differ in their proportions of birds versus
mammals; these two vertebrate groups use different visual and
olfactory cues for foraging (17, 31).

Results

Phylogenetic generalized least-squares analysis (PGLS; ref. 32)
revealed that fruits in the Sunda Region were significantly larger
than those in Sulawesi and the Moluccas, based on regression
coefficients (Table 1 and SI Appendix, Table S5) and comparison
against an ecological null model in which traits were randomized
across the phylogeny (SI Appendix, Fig. S5). Predictions from the
best-fit Ornstein-Uhlenbeck model suggest that average maxi-
mum fruit lengths were 40.2% and 46.5% smaller in Sulawesi
and the Moluccas, respectively, than in the Sunda Region (Fig. 2
and SI Appendix, Tables S4 and S5). Fruit size differences across
the subregions of the Archipelago could be consistent with
frugivore-induced selection or else, potentially, with area effects.
Sulawesi and the Moluccas are smaller than the Sunda Region
and New Guinea, and changes in size-related traits are common
on islands. But recent evidence suggests that seed size, across
plants with different dispersal modes, actually tends to increase
on islands relative to mainland areas (33). The opposite pattern
that I observed is, therefore, more consistent with altered se-
lection pressure driven by the absence of large frugivores.
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Fig. 2. Phylogenetically independent average (+SE) maximum fruit lengths
in the subregions of the Indo-Malay Archipelago that differ in taxonomic
and body size diversity of frugivorous vertebrates (see Fig. 1).

Moreover, in a follow-up analysis, I used PGLS to assess geo-
graphic changes in two other size-related traits available in the
Flora Malesiana, and found that variation in neither leaf length
(P > 0.17) nor flower length (P > 0.05) was significantly related
to subregion.

I assessed changes in fruit color across the subregions of the
archipelago, using phylogenetic generalized linear models
(PGLM; ref. 34). The categorization scheme that distinguished
“red” or “black” fruits from all other colors (SI Appendix, Table
S2) received overwhelming support from Akaike Information
Criterion (AIC)-based model selection analysis (SI Appendix,
Table S3). The proportion of fruits that were red or black did not
differ significantly among subregions of the archipelago (SI Ap-
pendix, Table S5).

Discussion

Galetti et al. (24) observed a reduction in mean seed size in a
Neotropical palm species relatively quickly (within ~200 y) fol-
lowing the loss of large-bodied frugivores in habitat fragments.
Fruit size and seed size are often highly correlated (phyloge-
netically explicit regression of fruit length vs. seed length in the
data used here: p = 0.29; P < 0.001). The analysis of fruit size
here, across five families, suggests that such declines in size may
be widespread across plant lineages. Interestingly, the estimated
magnitude of the change over the course of millennia that I
detected (40.2-46.5% reduction in fruit length) is not sub-
stantially higher than what Galetti et al. (24) estimated (~30%
reduction) after just 2 centuries. This could suggest that, for

Table 1. Coefficients (B), SEs, and P values from the most parsimonious phylogenetically explicit regression models assessing
differences in each fruit trait across the subregions of the Indo-Malay Archipelago

Sundaland Sulawesi Moluccas New Guinea
Fruit trait Model No. of species B (SE) P B (SE) P B (SE) P B (SE) P
Maximum length, mm Ornstein-Uhlenbeck 385 13.61 (3.44) <0.01 -0.42 (4.32) 0.92 -2.61(4.00) 0.52 5.30 (3.48) 0.13
Color (red or black vs. Logistic 265 —0.01 (0.16) 0.97 -0.14(0.16) 0.38 0.07 (0.17) 0.66 -—0.27 (0.17) 0.11

other colors)

Full model-selection results are shown in S/ Appendix, Table S4. A total of 442 species were included in the analysis, but not all species have both fruit

length and fruit color information available.
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some species at least, fruit trait changes occur quickly following
alterations to the frugivore assemblage, but then much more
slowly or not at all for long periods afterward, a form of punc-
tuated equilibrium (cf. ref. 35).

The discrimination of red and black fruits from other colors
is consistent with empirical studies, which frequently suggest
that red and black fruits are preferred by birds (36-38). The
fact that fruit color was not related to variance in frugivore
diversity also supports previous research that has suggested that
fruit or seed size may be the only trait that responds to selection
from frugivores (11). While many fruit characteristics are cor-
related (10, 12), evolution of traits such as color in response to
selection from frugivores can be constrained by physiology (19)
or diluted by selection on other traits (with potentially pleio-
tropic gene control) such as fruit placement (14) or leaf re-
flectance (20).

These results demonstrate an association between frugivore
diversity (taxonomic and functional) and fruit size. Several lines
of evidence suggest that fruit size is responding to frugivores,
rather than the other way round. First, empirical evidence sug-
gests that the expectation would be for seed (and therefore fruit)
size to increase on small islands (33), but I found the opposite
result in this system. Second, Sulawesi and the Moluccas have
fewer large-bodied vertebrates in guilds besides just frugivores;
there are many more large species of granivore, carnivore, and
nonvolant insectivore in Sundaland and New Guinea than on the
islands in between (SI Appendix, Figs. S6-S8). Colonization of
oceanic islands can be a strong filter, and has likely limited the
diversity of vertebrates on Sulawesi and the Moluccas. The dis-
tribution of body sizes in these depauperate assemblages is
therefore narrower (SI Appendix, Figs. S6-S8), with large bodied
(and often very small bodied) species missing in a range of
feeding guilds. In contrast, volant insectivores and frugivores
(which clearly have greater colonization abilities) do not neces-
sarily have fewer large-bodied species on the oceanic islands than
in Sundaland and New Guinea (SI Appendix, Figs. S9 and S10).
Having fewer and smaller frugivores could then have altered the
selection pressure on plants that had originated in areas with
diverse and large seed-dispersing animals.

Fruit traits could reflect selection not just from extant fru-
givores but also from extinct species as well (8, 9). All of the
subregions of the Indo-Malay Archipelago had species of
megafauna that could have been important seed dispersers into
the late Pleistocene (39, 40): elephants formerly lived in
Sulawesi; elephant-like stegodons and giant tortoises in Sun-
daland, Sulawesi, and the Moluccas; and large marsupials
(diprotodontids and kangaroos) in New Guinea (SI Appendix,
Table S6). But as shown here, Sapindales fruits today are, on
average, smaller in Sulawesi and the Moluccas than they are in
Sundaland, where frugivorous megafauna remain extant and
were probably always more diverse. It might be that fruits in
Sulawesi and the Moluccas were larger in the late Pleistocene
than they are today and underwent relatively rapid reductions
in size following megafauna loss. Alternatively, megafauna
might have less impact on fruit trait evolution than do smaller
but more abundant vertebrates; indeed, the most important
frugivore groups in tropical East Asia are thought to be birds,
primates, and bats (41). Asian elephants (Elephas maximus)
seem to have had relatively little influence on vegetation traits,
at least in comparison with African forest elephants (Loxodonta
cyclotis) (42).

In an increasingly defaunated world, both the ecology of nat-
ural communities and the evolutionary trajectories of lineages
may be altered. Many of the large frugivores in Southeast Asia,
such as orangutans (Pongo spp.), elephants, rhinoceroses, and
certain hornbills, are highly threatened with extinction. Loss of
these seed-dispersing mutualists could potentially drive an un-
known number of plant species extinct (1). For those plants that
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remain, we might expect dramatic reductions in fruit size to
maintain seed dispersal by the fewer and smaller frugivores in
the forests of the future. This could lead to a homogenization of
fruit sizes across the region (or, indeed, across tropical forests).
Such a loss of functional diversity over ecological or evolutionary
timescales could even, in turn, alter the global carbon cycle be-
cause trees with seeds dispersed by large animals tend to hold
more biomass (43, 44).

Materials and Methods

| assembled a database of fruit traits of the Sapindales from the Flora
Malesiana project (45-49) and a phylogeny of the order based on rbcL and
atpB genes and the trnL-trnLF spacer region (50). Species-level phylogenies
are not available for most plant taxa in Southeast Asia. | used the Sapindales
phylogeny (50) as a genus-level backbone. For most of the genera with fruit
trait information, the phylogeny only contained one species, which |
replaced with a polytomy consisting of all of the species in that genus for
which | had fruit trait data. For the few genera that had more than one
species in the phylogeny, | randomly selected one species to replace with a
polytomy and ensured that the remaining species in the phylogeny were not
duplicates of any of those that | had inserted. | transformed the resulting
phylogeny to make it ultrametric, using a penalized maximum likelihood
method that allows evolutionary rates (and therefore branch lengths) to
vary across lineages (51). | examined a range of values for the rate-
smoothing parameter and chose the value (A = 0) with the maximum log-
likelihood (SI Appendix); the final phylogeny is shown in S/ Appendix, Fig.
S13. | performed PGLS (for fruit length) or PGLM (fruit color) analysis on both
ultrametric and nonultrametric phylogenies (full model results shown in S/
Appendix, Tables S4 and S5).

For the PGLS analysis, | compared models with different assumptions about
evolutionary rates including Brownian motion (52) and Ornstein-Uhlenbeck
(53) models. For the PGLM logistic analyses, | used two estimators: one based
on maximized penalized likelihood and the other on generalized estimating
equations approximations to the penalized likelihood. Full model selection
results are shown in S/ Appendix, Table S4.

In addition to the linear models described here, | also assessed whether
subregional variation in fruit length could have exhibited threshold effects
such that the subregions differed in the mean size of, for example, “large”
but not “small” fruits. | examined a range of size thresholds from 18 to
45 mm in maximum length, using segmented linear model analysis. Based on
AIC model selection, the most parsimonious thresholds were 26-28 mm. But
the segmented linear analysis was vastly outperformed by the non-
segmented linear analysis (AAIC > 20), so only the latter are reported.

Fruit color information in Flora Malesiana (45-49) is descriptive rather than
quantitative: | tested several schemes by which to convert the information
into binary data for phylogenetically explicit generalized linear model
analysis. In the first (“Fruit_color1” in S/ Appendix, Table S2), fruits that were
qualitatively “bright” (e.g., red, orange, yellow, or white) were assigned to
1 and “dull” fruits (e.g., black, brown, green) assigned to 0. In the next three
categorization schemes, fruits that were red or black were assigned a 1, and
other fruits were assigned 0; this is based on empirical measurements of fruit
preference in birds (36-38); indeed, Schmidt et al. (ref. 54, p. 551) noted a
“global prevalence” of red and black fruits, likely driven by conspicuousness
of those colors to avian frugivores. These three binary classification schemes
differ in their strictness: “Fruit_color2” includes only fruits labeled “red” or
“black,” “Fruit_color3” includes fruits with hyphenated color descriptions
but where “red” or “black” is in the first position (e.g., “red-orange”),
“Fruit_colord” includes fruits with hyphenated color descriptions where
“red” or “black” appear anywhere (e.g., “orange-red”). The next three color
categorization schemes assign 1 to red, black, or blue fruits, because blue
fruits may also be selected by some bird species (18, 37). Classification
schemes “Fruit_color5,” “Fruit_color6,” and “Fruit_color7” again differ in
their strictness. Note, however, that there were no fruits classified simply as
“blue,” so “Fruit_color2” and “Fruit_color5” are identical. Therefore, only
the former was explicitly analyzed.

These different color categorization schemes (S/ Appendix, Table S2) were
then compared by using each, separately, as the response variable in a
phylogenetically explicit generalized linear model with a logistic link and a
penalized maximum likelihood estimator.
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