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is in. Adjusting effort levels in response to this
information confers a selective advantage over a
strategy that never updates its belief about the
world (fig. S2). This evolutionary explanation com-
plements an earlier suggestion that, in an uncer-
tain environment, individuals should invest more
in exploring alternative options when the current
food source unexpectedly deteriorates, as com-
pared to individuals used to experiencing poor
foraging returns (/0). Both of these explanations
highlight the significance of uncertainty for suc-
cessive contrast effects.

The magnitude of the contrast effects pre-
dicted by our model depends strongly on the pat-
tern of temporal fluctuations to which the animal
is adapted (Fig. 3 and fig. S1). The effects should
be strongest in animals adapted to rapidly changing
conditions (fig. S1), because this enhances the
differential allocation of effort between favorable
and unfavorable periods (26). Positive contrast
effects should be strongest when bad habitats are
likely (low p) and rich periods in such habitats
are very brief (low #,; Fig. 3, solid and dashed
lines), because then it is particularly important
to take advantage of a higher gain rate while it
lasts. Negative contrast effects should be strongest
when good habitats are likely (high p) and poor
periods in such habitats are very brief (low #qp;
Fig. 3, solid and dotted lines), because the ani-
mal can easily afford to reduce its effort until rich
conditions return. Consequently, positive contrast
should dominate negative contrast when bad hab-
itats have very brief rich periods and good habitats
have long poor periods (low #g,, high 1p; Fig. 3,
dashed lines), whereas negative contrast should
dominate positive contrast when good habitats
have very brief poor periods and bad habitats
have long rich periods (low 7y, high 75,; Fig. 3,
dotted lines).

Empirical evidence suggests that negative con-
trast effects are stronger or more prevalent than
positive contrast effects (4). According to our mod-
el, this bias is expected in animals adapted to
relatively benign environments that are favorable
most of the time, with only brief exposures to
unfavorable conditions (e.g., high 7, combined
with low #G,,; Fig. 3 and fig. S1). Arguably, such a
pattern characterizes the typical laboratory con-
ditions experienced by domesticated strains of
rats and other animals commonly used in studies
of instrumental learning.

Models of adaptive behavior have tradition-
ally considered complex rules for responding in
highly simplified, static environments, but it is
becoming clear that to understand many features
of behavior, we need to consider how phenotypes
evolve in more complex, dynamic environments
that better reflect the natural world (27). Sto-
chastic fluctuations in conditions are a potentially
important component of selection in real environ-
ments (24, 26). For fluctuations over a much longer
time scale than the animal’s lifetime, optimal be-
havior could be fully programmed (epi-)genetically.
Here we have focused on more rapid changes,
which select for individual plasticity. If it is un-

certain about the pattern of fluctuations, an ani-
mal’s experience of past conditions may alter its
future expectations and hence its optimal behavior.
Our evolutionary approach has potential ap-
plications to cognitive psychology, by offering a
novel perspective on people’s hedonic responses
to a change in their circumstances (28). The mod-
el could be extended in several interesting direc-
tions. One would be to allow habitat type, which
we assumed is stable over the animal’s lifetime,
to change with some small probability. Another
would be to let decisions depend on energy re-
serves, which we ignored here to isolate the effect
of past experiences on optimal behavior. Individ-
uals with critically low reserves may not have the
option to rest when conditions are poor (26).
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Functional Extinction of Birds
Drives Rapid Evolutionary
Changes in Seed Size

Mauro Galetti,"* Roger Guevara,? Marina C. Cértes, Rodrigo Fadini,® Sandro Von Matter,*
Abrado B. Leite,* Fabio Labecca,* Thiago Ribeiro,* Carolina S. Carvalho,’
Rosane G. Collevatti,> Mathias M. Pires,® Paulo R. Guimaraes Jr.,° Pedro H. Brancalion,’

Milton C. Ribeiro,* Pedro Jordano®

Local extinctions have cascading effects on ecosystem functions, yet little is known about the potential
for the rapid evolutionary change of species in human-modified scenarios. We show that the
functional extinction of large-gape seed dispersers in the Brazilian Atlantic forest is associated with the
consistent reduction of the seed size of a keystone palm species. Among 22 palm populations, areas
deprived of large avian frugivores for several decades present smaller seeds than nondefaunated
forests, with negative consequences for palm regeneration. Coalescence and phenotypic selection
models indicate that seed size reduction most likely occurred within the past 100 years, associated with
human-driven fragmentation. The fast-paced defaunation of large vertebrates is most likely causing
unprecedented changes in the evolutionary trajectories and community composition of tropical forests.

igh rates of human-driven extinctions, es-
Htimated to be 100-fold greater than those
of natural extinctions (/), have pervasive
impacts on the functions and services of ecosys-

tems (2, 3). Despite efforts to understand the
immediate and cascading effects of the loss of
species on the persistence of other species and
biotic interactions (4, 5), little is known about
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the potential for rapid evolutionary changes in
human-modified ecosystems. Rapid evolutionary
changes have been shown in short-lived orga-
nisms, such as commercially exploited species,
microorganisms, and perennial plants (6-8).

Here we document the rapid evolutionary re-
duction of seed size in a keystone palm, Euterpe
edulis, across the Atlantic rainforest, subsequent
to human-driven extensive deforestation (9). Seed
size is an important trait, positively correlated
with seed reserve amount, germination success,
seedling size, and reproductive output (/0). At
the same time, seed size constrains the range of
effective seed dispersers, because only large-
bodied frugivores have gapes wide enough to
consume large seeds (/7).

8 10 12 14 8 10 12 14

where large-gape frugivores are locally extinct or rare; the black dots are
nondefaunated sites (codes 8 to 22). The vertical red line marks the upper
size limit for successful dispersal by small birds (gape size 12 mm) in the
absence of large-gape frugivores. The solid bars in the histograms indicate
seed sizes below this threshold.

Populations of large-gape frugivorous birds
are directly threatened by hunting. They require
extensive tracts of forest and hence are prone to
local extinction in smaller forest fragments (/2).
These frugivores disperse several plant species
over distances of several kilometers and eat large-
seeded species that cannot be swallowed and
successfully dispersed by smaller birds, which
often are the only species resilient to large-scale
disturbances (/3). The functional loss of large
frugivores, either by local extinction or by the se-
vere reduction of population abundance (func-
tional extinction), can affect natural regeneration
by impairing the main components of the dispersal
process: escape, colonization, and recruitment
(14). With the functional extinction of large-gape
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birds, the fruit and seed traits of large-seeded
plants might experience evolutionary changes
within ecological time scales. We can expect shifts
of the phenotypic selection regime and changes
in the outcomes of selection after a substantial
fraction of the selective agents (i.e., the large-
gape frugivores) has been extirpated from their
natural habitats.

We compared the seed size distributions of 22
palm populations in nondefaunated and defau-
nated areas of the two main physiognomic types
(semideciduous and rainforest) in the Brazilian
Atlantic forest (15) (Fig. 1). We found a consist-
ent trend toward smaller seeds in defaunated for-
ests (Fig. 1 and table S1). We classified an area
as “defaunated” when large-gape frugivorous
birds (those with a mean gape width >12 mm),
such as toucans (Ramphastos dicolorus and
R. vitelinus), toucanets (Pteroglossus aracari,
P. bailloni, and Selenidera maculirostris), and
large cotingas (Procnias nudicollis, Carpornis
spp., and Pyroderus scutatus), are locally or func-
tionally extinct (i.e., present with a very low abun-
dance) (/5) (fig. S1 and table S3).

Toucans and large cotingas are the major
large seed dispersers in nondefaunated forests
(the average local richness of large frugivorous
birds that disperse palm fruits is 11.9 species;
tables S2 and S3). Small-gape thrushes are the
most common seed dispersers remaining in de-
faunated forests, and the species richness of large
frugivorous birds is reduced to 5.1 species (ta-
bles S2 and S3). A few mammal species very
infrequently act as legitimate seed dispersers (ta-
ble S2). Small-gape frugivores (<12 mm) rep-
resent 38% of the species in nondefaunated areas
but 49% in defaunated forests (table S2). This

distribution, in turn, results in 33% of the fruits
being consumed by small-gape frugivores in
nondefaunated areas and up to 98% of the fruits
in the defaunated areas (table S4). Thus, there is
ample potential for small-gape frugivores to have
significant selective pressures on fruit traits in de-
faunated areas.

A nested analysis of variance revealed that
variation in seed size is minimally accounted for
by the forest physiognomic type (3.7%). In con-
trast, the defaunation status within each forest
type accounted for more than 33.9% of the var-
iance in seed size, with 0.1% accounted for by
differences among sites. Most of the total variance
in seed size (44.9%) was associated with individ-
ual palms within each site, with intra-individual
variation (among-year variations and/or position-
al variation within the infructescence) represent-
ing 17.4% (overall nested analysis, /1 9195) =
909.8, P < 0.0001). These results demonstrate
the marked geographic patterns in seed size
potentially related to the local selective regime
(the fruit selection process) driven by frugivores
according to the defaunation status, with ample
among-individual trait variance for natural se-
lection to operate. Many environmental factors
can influence seed size. Thus, we modeled seed
size as a function of defaunation status and 13
other environmental variables, including cli-
mate, soil fertility, relief complexity, and forest
cover (table S5). Although biotic variables
failed to explain the variation in seed size, the
model including defaunation status nested with-
in forest type yielded the best fit to the observed
data (table S5) (15). These results show that lo-
cal variation in seed size is unrelated to any of
the abiotic predictors or landscape variables but

consistently relates to the defaunation status of
each site.

The seeds of E. edulis are not successfully
dispersed either when the fruits fall beneath
the plant or when birds drop the fruits with the
seeds still within the pulp. Seeds that remain with
pulp are less likely to germinate (/6), and fruits
deposited beneath their parent palm usually ex-
perience high density-dependent mortality (17)
(fig. S2E). The seeds dispersed by birds (def-
ecated or regurgitated) collected in the field and
from experiments with captive birds revealed
that different bird species disperse seeds of dif-
ferent sizes [generalized linear model (GLM)
xz[(,] =94.1, P <0.001; Fig. 2A]. The seeds dis-
persed by thrushes were consistently <12 mm
in diameter, whereas large-gape birds, mainly
toucans, dispersed a broader range of seed sizes
(Fig. 2A). To corroborate these findings of fruit
size selection with bird fruit choice, we esti-
mated the probability of seed dispersal by birds
as a function of seed size by recording the diam-
eter of successfully dispersed seeds (regurgitated)
and nondispersed seeds (fruits with beak marks)
at four pristine and three defaunated sites. The
dispersal probability was near zero for seeds
>12 mm at all defaunated sites, which is signif-
icantly lower than the estimated probability for
nondefaunated sites [binomial generalized ad-
ditive model (GAM) x> [1.20] = 40.3, P <0.001;
Fig. 2B]. Seeds wider than 12 mm represent ap-
proximately 32% of the overall seeds produced
by E. edulis populations in nondefaunated for-
ests. Our data show that defaunated areas have
lost this large size range of the phenotypic seed
size variation (Fig. 1), suggesting directional se-
lection for reduced seed size of E. edulis at
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Fig. 2. Patterns of fruit preferences by frugivorous birds and conse-
quences for phenotypic selection on seed size. (A) Seed size variation of
the palm (E. edulis) fruits consumed by birds (from left to right): white-necked
thrush (Ta, Turdus albicollis), bare-throated bellbird (Pn, Procnias nudicollis),
rusty-margined guan (Ps, Penelope superciliaris), spot-billed toucanet and saffron
toucanet (Sm, Selenidera maculirostris; Pb, Pteroglossus bailloni), and red-
breasted and channel toucan (Rd, Ramphastos dicolorus; Rv, R. vitellinus). The

and dispersed seeds.
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boxes include the mean (horizontal black line), + 1 SE (gray box), the 95%
confidence interval (vertical lines), and outlier values (circles). (B) The probability
of the dispersal of palm seeds as a function of seed diameter in defaunated forest
sites (orange), where large-gape frugivorous birds are functionally extinct, and in
nondefaunated forests (blue) [see (15) for the trends in local areas; fig. S3]. The
vertical lines in the rugged plot indicate the individual seed sizes of undispersed
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defaunated sites that contrasts with the stabiliz-
ing selection observed in nondefaunated sites
(Fig. 2B and fig. S3).

Given that resilient small-gape frugivores
(thrushes) only successfully disperse small seeds
(<12 mm), we tested the potential of such dif-
ferential selection to generate the observed strik-
ing reductions in the seed size of E. edulis over
time in defaunated areas (Fig. 1, panels 1 to 7).
We used a simple evolutionary model based on
the breeder’s equation (/8) to estimate the num-
ber of generations of selection on seed size needed
to result in such a size difference between non-
defaunated and defaunated forests (79, 20). Our
simulations indicate that such an evolutionary
change in the seed size of E. edulis populations
would be possible in less than 100 years after a
disturbance event (such as defaunation due to
hunting or fragmentation) causing the functional
loss of large frugivores (Fig. 3). Our estimates
highlight the fact that a period of <75 years after
a severe defaunation would be sufficient to cause
the observed seed size reduction in palm popu-
lations in defaunated areas (Fig. 1). The docu-
mented extensive forest conversion to agriculture
(mainly coffee) in semideciduous defaunated for-
ests dates back to the 1800s (21, 22), which agrees
with the results of our phenotypic selection mod-

el and indicates that the observed changes in seed
size of E. edulis could have evolved very recent-
ly in relation to the remnant frugivore fauna
(fig. S4). Thus, we argue that defaunation could
have triggered the rapid evolutionary change of
a phenotypic plant trait, resulting in a consistent
size reduction of seeds in defaunated Atlantic
forests.

From an ecological perspective, the reduction
of seed size may have several negative conse-
quences for plant recruitment and population
dynamics (23). In E. edulis, it results in reduc-
tions in the total, shoot, and root biomasses of
1-year-old seedlings (24, 25). Our experiments
indicate that the seed size reduction most likely
resulted in the significantly increased vulnera-
bility of E. edulis recalcitrant seeds to desiccation
and decreased seedling size in both semide-
ciduous forest and rainforest defaunated areas
(15). Thus, seed size reduction may increase
seed mortality in drier conditions and result in
smaller seedlings, thereby tending to reduce the
average fitness of the population. If regenera-
tion becomes critically dependent on small seeds
in defaunated areas, extended and intensified
periods of drought induced by ongoing climate
change, as predicted by climate models for South
America (26), may be particularly harmful to the

Fig. 3. Simulated pheno-
typic trends in seed size
after loss of major frugi-
vores. Expected trajecto-
ries over time, estimated
from the phenotypic se- \
lection model, of the seed
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seedling establishment of this threatened palm
species.

The seed size reduction documented here
may be a generalized phenomenon in human-
modified ecosystems where large frugivores that
act as seed dispersers have been extinct for a
long time. We thus foresee pervasive ecological
and evolutionary effects of widespread vertebrate
defaunation in tropical ecosystems. In particular,
the rapid current defaunation in tropical forests
will most likely result in unprecedented shifts of
selection regimes on key life-history traits and in
their evolutionary trajectories.
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Tracking Individuals Shows Spatial
Fidelity Is a Key Regulator of Ant

Social Organization

Danielle P. Mersch,** Alessandro Crespi,” Laurent Keller'*

Ants live in organized societies with a marked division of labor among workers, but little is known about
how this division of labor is generated. We used a tracking system to continuously monitor individually
tagged workers in six colonies of the ant Camponotus fellah over 41 days. Network analyses of more
than 9 million interactions revealed three distinct groups that differ in behavioral repertoires. Each
group represents a functional behavioral unit with workers moving from one group to the next as they
age. The rate of interactions was much higher within groups than between groups. The precise
information on spatial and temporal distribution of all individuals allowed us to calculate the expected
rates of within- and between-group interactions. These values suggest that the network of interaction
within colonies is primarily mediated by age-induced changes in the spatial location of workers.

nt colonies, with their complex and ef-
Aﬁcient social organization, have long

fascinated humans (/). Essential to their
ecological success are high levels of cooperation
and sophisticated division of labor. Although work-
ers must perform a multitude of tasks such as
foraging, nest construction, and brood rearing, it
has become clear that there is no central control
of how work is allocated among individuals.
Therefore, workers must allocate themselves to
tasks in a self-organized manner following sim-
ple behavioral rules that incorporate local stimu-
li received directly from the environment and
from interactions with other workers (2—4).
Despite extensive work on division of labor in
social insects (1, 3, 5—7), the connection between
individual task specialization and the social net-
work remains unknown. Another important, yet
little studied aspect of social organization is spa-
tial organization. In honeybees, workers change
tasks over the course of their lifetime, starting as
nurses in the nest and generally ending as for-
agers outside (2, 8, 9). This suggests that the rate
of interactions between group members may be
affected by the task performed and its associated
localization in the colony. In our experiment, we
used an automated video tracking system based
on fiducial identification labels to track all indi-
viduals in six colonies of the ant Camponotus
fellah and to identify individual interactions and
patterns of social organization (movie S1).
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All colonies were established from a single queen
collected after a mating flight. The experiment started
when queens were 4 years old, out of a maximum
life span of 26 years (/0). We determined the age of
all workers (122 to 192 per colony) by weekly
color-coding all newly eclosed workers more than
60 weeks before the experiment began. A month
before the start of the experiment, we individually
marked all ants with a distinct barcode-like matrix
(11), enabling individual identification (/2). Colo-
nies were kept in a constantly dark nest chamber that
was connected by a tunnel to a foraging chamber
exposed to daily light-dark cycles (fig. S1). The
temperature, humidity, light, and food supply were
computer-controlled, and both chambers were
filmed from above with high-resolution monochrome
cameras operating under infrared light (fig. S1)
(12). We recorded the position and orientation of all
individuals twice per second to reconstruct spa-
tial movement and infer all social interactions
occurring over the 41 days of the experiment.
A pair of ants was considered to interact when
the front end of one ant was located within the
trapezoidal shape representing the other ant (fig.
S4) (12). The data set we obtained consisted of a
total of 2,433,250,580 ant positions and 9,363,100
social interactions (movies S2 and S3).

We used this data set to first investigate
whether workers organize themselves into cohe-
sive social groups by using the Infomap commu-
nity detection algorithm (/3). To facilitate data
analysis, we split the 41 experimental days into
four periods of 11, 10, 10, and 10 days. In each of
these periods, we identified pairs of interacting
ants. Analyses on the daily interaction networks
of the first 11 days (see supplementary text) re-
vealed two robust groups to which the same set

of workers was affiliated on almost all days. The
first group always comprised the queen and 41 £
12% of the workers (percentage + SD across the
six colonies) (Fig. 1A), whereas the second group
represented 31 + 11% of the colony’s workforce.
Depending on days and colonies, we also iden-
tified zero to five other groups of workers. A vi-
sual analysis of the daily networks of interactions
suggested that workers affiliated with the two ro-
bust groups on only a few days may form a third
group with less marked within-group preferential
interactions. These workers represented 28 + 4%
of the colony’s workforce and were consistently
located between the two other groups in the net-
work (Fig. 1A and figs. S6 to S10). An additional
analysis of the interaction frequencies (supple-
mentary text) confirmed that workers of the third
group interacted significantly more with mem-
bers of their group than with workers of the other
two groups. Together, these results indicate that
colonies of C. fellah are structured in three inter-
connected social groups and that these groups
differ in their interaction patterns.

Workers from the three social groups ex-
hibited distinct behavioral signatures (Fig. 2).
Workers of the first group performed most of
the interactions with the queen [Kruskal-Wallis
(KW): % =514.05, P < 10'°"] and visits to the
brood. By contrast, workers from the second
group performed most (87.3 + 18.6%) of the
foraging trips, whereas workers from the third
group exhibited a significantly higher propensity
to visit the rubbish pile. For simplicity, we here-
after refer to these three groups as nurses, foragers,
and cleaners. Comparison of the normalized age
of workers revealed an age-based division of la-
bor. Nurses were younger than cleaners who, in
turn, were younger than foragers (KW: x> =108.7,
P< 10723) (fig. S11). However, in all colonies,
there was great overlap among the three groups,
with some nurses being older and some foragers
being younger than the workers’ average age.
Despite a wide distribution in worker body size
(6 to 16 mm), no consistent size difference exists
between workers of the three groups (fig. S12).

Our data also allowed us to track temporal
changes among the three behavioral groups by
performing community detection analyses on the
three subsequent 10-day periods of the experi-
mental data (Fig. 3). Workers exhibited a pre-
ferred behavioral trajectory, moving from nursing
to cleaning to foraging as they age. The most
common transition was from cleaner to forager
(supplementary text). Such age-related behavioral
transitions have been documented in honeybees,
in which young bees nurse the brood, then move
on to perform various other in-hive tasks and
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Materials and Methods

Studied system and sampling sites:

The seed size of Euterpe edulis (Arecaceae) was studied in 22 populations: seven defaunated
and 15 non-defaunated forests from two forest types, semideciduous and rainforest (table S1). See
below for a definition of defaunation status for each area. We have chosen these areas (i) to cover
large rainfall and elevation variation, (ii) to sample different forest types (semideciduous and
ombrophilous, here rainforest), (iii) to sample areas that the bird community is well known and
(iv) to ensure that the sites would have enough seeds to measure. Semideciduous forests have
marked rainfall seasonality and are located in the upland Atlantic forest, whereas the rainforest
sites have no rainfall seasonality and are located along the coastal areas (27). Historically, all sites
shared a similar assemblage of seed dispersers (28), but forest fragmentation (particularly in the
semideciduous forests) and hunting (in both semideciduous forests and rainforests) have
impoverished the assemblage of large frugivores in many sites (29, 30).

Seed dispersers of Euterpe edulis:

Fifty-eight birds and 21 mammal species have been recorded feeding on the fruits of E. edulis
in the entire geographic distribution of the palm, but only 32 bird and six mammal species can act
as legitimate seed dispersers (animals that regurgitate or defecate the seeds) (table S2). The main
seed dispersers are birds ranging from small thrushes (7Turdus spp.), with gape size up to 12 mm,
to large toucans (Ramphastos spp.) with a mean gape size of 30 mm (table S2). Small-gape birds
(e.g., Euphonia spp., Tangara spp., and Saltator similis) try to feed on fruits but always drop them
beneath the parent palm. Several parrots and parakeets (e.g., Pionus maximiliani, Triclaria
malachitacea and Pyrrhura frontalis), mid-size rodents (e.g., Cuniculus paca and Dasyprocta
spp.), several species of small rodents, deer and peccaries are seed predators, and six mammals
(Didelphis aurita and D. albiventris, Tapirus terrestris, Nasua nasua, Eira barbara and
Cerdocyon thous) are infrequent consumers.

For each species that feeds on E. edulis fruits, we defined a “frugivory score”, aiming to
characterize their reliance on fruits. The values were 1 (sporadic), 2 (moderate) and 3 (extensive
frugivory), based on published accounts and our own data on the frequency of the appearance of
fruits in the diet and the relative proportional contribution of the fruits to the diet (table S2).

Definition of defaunation status:

We assigned areas to the defaunated and non-defaunated categories based on a combination
of criteria relying on occurrence data (presence/absence information; table S2), quantitative
abundance (only available for nine areas; table S3, also see Fig. S1) and traits of the frugivore
species that eat the fruits of E. edulis (table S4; see Fig. S1). Classification of areas as defaunated
and non-defaunated was first based on a cluster analysis done on the total sums of four metrics
describing each bird species weighted by their presence/absence in each area. The four metrics
used were dispersal effectiveness (i.e., the product of visitation rate, number of fruits handled per
visit, and probability of dispersing a handled seed), body mass (g), gape size (mm) and frugivory
score (table S4). Dissimilarity between areas was calculated following a modification of the Bray-
Curtis distance (37) and we used Ward's agglomerative procedure (32). Table S3 summarizes the
available data on species richness (all 22 areas) and abundance (nine areas) of legitimate seed
dispersers. Non-defaunated areas, established according to the above criteria, have almost twice




the abundance of large frugivorous birds than defaunated areas, and the abundance of toucans is
almost five times higher (table S3).

By our definition, an area is “defaunated” when large-gape frugivorous birds (i.e., with a
mean gape size >12 mm), such as toucans (Ramphastos dicolorus and R. vitelinus), toucanets
(Pteroglossus aracari, P. bailloni, and Selenidera maculirostris) and large cotingas (Procnias
nudicollis, Carpornis spp., and Pyroderus scutatus), are locally extinct or present with very low
abundances (functionally extinct). Evidence for local extinction comes from the failure to detect
large-gape seed dispersers during extensive focal observations on palm fruits, when the area is too
small to support large-bodied frugivores (29), or the failure to detect these birds in bird surveys
performed by us or in information provided by field ornithologists who have extensively worked
on these sites (tables S1, S2).

Thrushes (Turdus spp.) and guans (Penelope spp.) are the main seed dispersers that may
thrive in some defaunated forests. Thrushes can disperse E. edulis seeds through regurgitation, but
only seeds < 12 mm. Guans defecate seeds significantly smaller (average width of 11.43 mm) than
the seeds regurgitated by the toucans and cotingas (11.94 mm) (F 240 = 23.3, P<0.0001) although
they are able to disperse seeds up to 13.88 mm. In addition, guans deliver clumps of seeds together
with decomposing organic matter (mostly fruit pulp) (Fig. S2D) and this deposition pattern has
two detrimental effects on seedling establishment. First, the presence of pulp inhibits E. edulis
germination (76). Second, the clumping of seeds can increase density-dependent mortality due to a
further increase in the incidence of pathogens and competition between establishing seedlings, an
effect evidenced experimentally in previous studies (25). Moreover, frugivory by guans is very
low in defaunated sites, and actually no visits were recorded during focal observations in
defaunated areas (table S4). This indicates that their contribution to removal of seeds in defaunated
sites is very limited. The toco toucan (Ramphastos toco) may occasionally visit some defaunated
areas, but they are recent colonizers from open areas (33) and do not forage in the closed canopy
forests for E. edulis fruits.

The classification analysis of the avifauna based on the dissimilarity in composition among
the 22 studied areas (Fig. S1) showed a consistent assignment of area status with two exceptions:
area #3 (Jurupard, SP), and area #7 (Caraguatatuba, SP) (table S1). These areas were grouped with
the non-defaunated areas when in fact they were assigned as defaunated. The reason we kept these
two areas as defaunated is that their avifauna is severely impoverished relative to other rainforest
sites (34), have a low abundance of toucans (point count abundance index, IPA= 0.01 for
Caraguatatuba; 0.26 for Jurupard) and very low species richness of large frugivores with frugivory
score= 3. In comparison with the other defaunated areas, which are all semidecidous, the avifauna
of Caraguatatuba and Jurupard appear better preserved, however these two areas show clear signs
of defaunation compared to other rainforest sites (tables S2, S3, Fig. S1), suggesting a situation of
functional extinction of the large frugivores. These two areas are known to have high impact of
illegal hunting (35). Therefore, palms in defaunated areas have impaired dispersal, with seeds > 12
mm diameter failing to disperse successfully due to a combination of absence of large legitimate
dispersers or their functional extinction.

Fruit measurements:

We recorded the diameter of the smallest axis of the roundish E. edulis seeds (N= 9359 seeds;
table S1). This measure defines whether a seed can be swallowed by a bird depending on its gape
size (36) because most avian frugivores are gape-limited. The mean fruit diameter (£ 1 SD) of E.
edulis fruits is 12.72 + 1.40 mm (ranging from 6.70 to 16.62 mm) and mean seed diameter (£ 1




SD)is 11.17 = 1.15 mm (ranging from 6.25 to 14.61 mm). These two fruit traits are significantly
correlated (= 0.8884, = 139.6, df = 5201, P<0.0001). We used seed diameter as a proxy for seed
size.

Fruit removal and seed dispersal:

We compiled information of 2326 h of monitoring fruiting E. edulis palms, from which 936 h
were obtained from literature (37, 38, 39) and 1363 h were from our own observations. Data were
from ten of the 22 sites sampled for seed size (table S4). Each palm population was sampled for at
least 60 h, with different observers focusing on distinct palms to enable several palms to be
monitored. In each area, we estimated the frugivore assemblage composition and the quantitative
component of seed dispersal effectiveness of the different frugivore species (40). We assessed four
different components: visitation frequency, mean number of fruits handled/visit (fruits that were
touched by the frugivores), mean number of seeds dispersed/visit (only seeds that were
swallowed) and the observed dispersal probability (the probability that a handled fruit results in a
dispersed seed, i.e., regurgitated or defecated, away from the parent palm by a given frugivore
species). These different components allowed an estimate of the quantitative component of seed
dispersal, which measures the quantitative contribution of each bird to the seed dispersal of E.
edulis (table S4).

Probability of seed dispersal as a function of fruit size:

To estimate the probability of dispersal for seeds of different sizes, we collected dispersed
(regurgitated) and non-dispersed seeds (dropped fruits with beak marks in the pulp) (Fig. S2C) on
the forest floor along 1-5 km trails in three defaunated sites (sites 2, 5, and 7, table S1) and four
non-defaunated sites (sites 12, 14, 20, and 22, table S1) spanning the variety of forest
physiognomic types. Regurgitated seeds were easily separated from non-dispersed, pecked fruits
(Fig. S20C).

We then tested the hypothesis that defaunation jeopardizes the successful dispersal of large
seeds by fitting a generalized additive model with a binary response variable (dispersed/non-
dispersed seeds) and seed diameter (covariate) and site status (defaunated/non-defaunated) as main
factors. We used GLM with a gamma error distribution and log link function to address whether
different species of birds dispersed seeds of different sizes. All statistical analyses were performed
inR (41).

Germination experiments:

The seeds of E. edulis are highly recalcitrant and start losing viability when their seed
moisture content is less than 39%, with the complete loss of viability whenever the seed water
content is less than 21% (42). This recalcitrant behavior results in rapid desiccation whenever the
seeds are exposed to dry conditions. Humid environments can also reduce viability; accelerated
respiration rates cause physiological deterioration, and fungal attacks are common. We have
additional data on E. edulis germination trials that confirm this assumption.

We compared the germination viability between non-defleshed (whole fruits) and clean seeds
(performed under chamber conditions on sand substrate; 90% air humidity and 25°C) to evaluate
the effect of removing pulp from seeds, which could for example release seeds from germination
inhibitors (43). All of the defleshed seeds germinated within eight weeks after sowing, whereas the
seeds left within the fruits did not germinate. In some species seeds may remain dormant for years
even when still surrounded by the pulp (44). To assure that seeds were not viable at the end of the




experiment, we analyzed all non-germinated seeds present in the substrate for embryo integrity
with a tetrazolium chloride test. This test indicated that the embryos were dead.

Environmental models:

To test whether environmental factors and defaunation status were associated with seed size,
we conducted linear mixed effect model analyses using the maximum likelihood estimator with
the bbmle package within the R language (47, 45). The set of explanatory covariates included the
following: climate (precipitation seasonality, temperature seasonality, annual mean precipitation,
annual mean temperature, and temperature of the wettest quarter), landscape (percentage of forest
cover and forest type), elevation, longitude and latitude, soil texture, soil fertility, relief
complexity, and defaunation status. The climatic data were extracted using Worldclim 1.4, with
900 m of spatial resolution (46). The landscape model included the forest amount estimated at the
sub-watershed scale, which used a forest cover available with a 50 m spatial resolution (47). The
soil texture, soil fertility and relief complexity were obtained from the IBGE official database
(http://mapas.ibge.gov.br/), and the data were resampled at a 900 m spatial resolution to match the
scale of the climatic data. The elevation data were obtained from the shuttle radar topographic
mission database (srtm, http://www-radar.jpl.nasa.gov/srtm/).

To select the best competing model, we used the Akaike Information Criterion (AICc)-based
approach for the comparison of multiple hypotheses (48). The model with the lowest AICc is
considered the best among all defined models, and models with AAICc < 2 were considered as
equally plausible to explain the observed patterns. To guarantee that the models were not good by
chance, a neutral model that considers the absence of effects was included in the model competing
list (49). Weights for AICs (WAIC) were estimated for each model to assess its support relative to
all models. The results (table S5) suggest that the three models that included defaunation and
forest type were the best to explain seed size variation. The cumulative wAIC was then computed
as the sum of wAICs of these best, equally plausible models (table S5). Altogether, they had an
85% of probability of best explaining the seed size relative to the set of competing models, given
the data. Bioclimatic variables, forest amount, soil texture and relief did not improve the fit of
these models (table S5).

Interannual variation in seed size and fecundity:

One possible alternative reason why seed size varied in the populations is inter-year variation
or fecundity trade-offs, i.e., palms that produce more fruits have smaller fruits than palms with
fewer fruits (table S6). We harvested seeds from 20 E. edulis individuals in two large, non-
defaunated regions — one Atlantic rainforest (site 21, table S1) and one semideciduous forest (site
12, table S1) in May 2008 and May 2009. We placed a plastic tarpaulin in the projected area for
infructescence fall from each mother tree to obtain all the seeds present in the ripe infructescence.
Unripe infructescences present on the plant were not harvested. The stem diameter at breast height
(dbh), a proxy of palm age, of all mother palms was measured in 2009. The pulp was removed
from the E. edulis fruits by placing them on a wire-mesh screen, followed by rinsing abundantly in
running water. The fruits were then processed separately for each infructescence, avoiding seed
mixtures among different mother palms and provenances. The seed dry mass (oven method - 105
+ 3°C for 24 h; two replicates of 20 seeds) and number of seeds per infructescence were evaluated
for each palm. There was no significant correlation, in either year, among the number of
infructescences, number of seeds, and seed dry mass within populations, except for the positive
association between seed dry mass and number of seeds per infructescence in the Atlantic
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Rainforest population in 2009 (table S6). Hence, no seed size-number trade-off was evident at the
population level. These variables were also not correlated with the estimated palm age within a
population (table S6).

Seed size heritability and coalescence estimation:

The heritability of seed size (seed diameter) was estimated using the software Mark — Genetic
Marker Analysis version 3.1 (50-52) with 10,000 bootstrap resamplings. The estimation is based
on the actual variance of the genetic relatedness coefficient between individual palms with seeds
that have been measured and directly incorporates the environmental patchiness under isolation-
by-distance assumptions. We used a linear model for phenotypic similarity, Z;= 2 ry; W+ a,— b, djj
+ e;; (50), where r;; is the pairwise genetic relatedness between individuals sharing the same
environment; /° is the heritability; a. is the average environmental correlation between
individuals; b, is the linear decrease of environmental correlation, which is a function of the
physical distance between individuals (d;); and e;; is the error term, assumed to be normally
distributed. The analyses were performed using data from two defaunated populations (sites 5 and
6, table S1) and one non-defaunated population (site 14, table S1). In each population, all adult
individuals in a 25 x 50 m plot were mapped to determine the spatial distances among them.
Pairwise relatedness was estimated based on the multilocus genotype at eight microsatellite loci
(53). The estimated heritability was 7’ =0.35 (95% CI 0.289-0.499).

To decouple the effects of migration and time since isolation, we used a coalescence model
(54). The demographic parameters € = 4uNe (coalescent or mutation parameter for diploid
genome), M = 4N,,/0 (migration parameter) and g (exponential growth rate, 8, = 0 ,,, exp/-gt],
where ¢ is the time to coalescence in the mutational unit (55)) were estimated using the Markov
Chain Monte Carlo (MCMC) approach (56) implemented in LAMARC 2.0.2 software (57). The
analyses were run with 10 initial chains of 10,000 and two final chains of 100,000 steps, and the
chains were sampled every 100 steps following a 10,000 step burn-in. We used the default settings
for the initial estimate of 4. Additionally, to improve the run performance, we added heating
(metropolis-coupled MCMC), with one heated chain and a temperature of 1.2. The program was
run four times to assess convergence and validate the analyses. Then, we generated combined
results using Tracer v1.4.1 (58) and considered the results only when ESS > 200 (effective sample
size). The most probable estimates (MPE) were obtained, i.e., the highest point on the posterior
probability curve for a given parameter, which is the best solution found by a Bayesian run, and
the credibility interval around the estimate of each parameter was also obtained (55). The time to
the most recent common ancestor (TMRCA) was estimated from the overall 8 using the lowest
mutation rate reported for a microsatellite marker in plants, 2.4 x 10~* mutations per allele per
generation (95% CI=[1.4 x 10—4; 4.2 x 10—4]) (59), which is often quoted in the range of 10 to
10 per locus per generation and a generation time of 18.7 years (20).

The coalescence analysis performed with LAMARC 2.0.2 software showed constant
population growth g = 0.280 (95% CI -1.019-2.183) and a high mutation parameter (6 = 7.905
[95% CI 1.714-10.000]), indicating a historically large effective population size. The TMRCA
estimated from the coalescence parameter for the overall population dated from 32,937
generations or 615,921 yrs BP (95% CI = 76,313.80 — 1,335,714 yrs BP).

The number of migrants per generation among population pairs ranged from 0.43 to 7.93
migrant events. Although the coalescent time dated from the Pleistocene, the most recent common
ancestor (MRCA) of the haplotypes (their coalescence) does not necessarily correspond to the
actual temporal split of the populations but may precede the actual divergence of the populations




(60). In fact, the high migration among populations showed that populations of E. edulis shared a
common evolutionary history until very recently, and thus the difference in the seed size
characteristics is most likely due to recent changes caused by increasing isolation in a
progressively fragmented landscape. These changes may be driving population divergence due to
the combination of drift and strong divergent selection.

Phenotypic models of seed size trends over time after defaunation:

We modeled evolutionary changes in seed size as z,+ ;= z; + W (P - z;), in which z, is the seed
size at generation ¢, A’ is the heritability of seed size, P is the mean seed size successfully dispersed
by the frugivore species remaining at the defaunated sites, and 4 (P - z,) is the response to
selection at generation z. We estimated the heritability (h?) of seed size in E. edulis based on the
variance of genetic relatedness between palms with available fruit phenotypic data (see Seed size
heritability and coalescence estimation). We used previously-reported value of 18.7 yr for the
generation time of the palm (20). The simulations examined the expected trajectories for seed size,
z,, given the palm generation time, the empirically estimated A’ value and differential selection by
small-gape frugivores in the absence of large-gape species from disturbed areas. We ran two
models, one for the initial conditions of seed size similar to non-defaunated semideciduous forests
and a second with the initial condition similar to non-defaunated rainforest. Initial seed sizes were
bootstrapped from our data on seed size for each type of forest. We estimated P using information
on the size of regurgitated seeds only, because defecators (guans) are less effective as seed
dispersers, as discussed above (Definition of defaunation status). Therefore, the results from our
simulations hold in two situations: (i) if defecators are not relevant as dispersers relative to species
that regurgitate seeds; (ii) if defecators select for the same seed size as species that regurgitate the
seeds. In fact, defecators moved a relatively small amount of seeds in this system, as revealed by
Table S4 data on visitation and quantitative component of seed dispersal effectiveness, and their
visitation frequency to palms in defaunated areas is indeed very low (point abundance index, IPA,
of Penelope superciliaris in defaunated areas is 27 times lower than in non-defaunated areas;
visitation rate by cracids is 0.29 visits/10 h, compared to toucans and cotingas with 3.2 visits/10h).
In addition, guans defecate seeds significantly smaller than the seeds regurgitated by the toucans
and cotingas (see Definition of defaunation status).

Consequences of seed size reduction for seedling establishment:

Seed size reduction and desiccation vulnerability: Because E. edulis seeds are recalcitrant
(i.e., seeds that do not survive drying or freezing) (42), their desiccation is one of the main
limitations for seedling survival during extended and intensified periods of drought, as predicted
by future scenarios of climate change (67). Based on this assumption, we studied how seed size
reduction would affect the vulnerability of E. edulis seeds to desiccation. We measured the
individual seed diameter and seed mass of 200 seeds randomly picked from 50 palms in 2012.
Considering that E. edulis seeds are spherical, we used the mean seed diameter to calculate the
seed surface using the formula Surface = 4w, where r is the mean seed radius. By dividing the
surface of the seed by its mass, we obtained its specific surface (mm?/mg). The specific surface of
live organisms has been widely reported in the literature as a determinant of their propensity for
water and temperature exchange with the environment, such that the higher the specific surface,
the higher the exchange. We then evaluated the association between the E. edulis seed diameter
(ranging from 8.1 to 12.9 mm) and its specific surface, a predictor of seed desiccation
vulnerability, and found a strong negative association (linear regression: R*= 0.39; P< 0.0001).




Using the mean seed diameter observed in non-defaunated (11.9 mm) and defaunated forest
remnants (10.0 mm) (table S1) in the regression model, we observed an increase of 16.3% in the
specific surface of seeds in defaunated sites, thereby indicating a higher vulnerability to
desiccation. This observation is an added factor to the possible lower fitness of small seeds under
natural conditions (25). The combination of reduced seed dispersal success for larger seeds and
reduced seedling size due to smaller seeds (which could increase mortality) in defaunated areas is
consistent with the pattern of a close association between mean seed size and frugivore species
richness across areas (Fig. S4).

Seed size effect on seedling growth: To assess the effects of seed size on seedling size, direct
seeding was performed in May 2008, seven days after seed harvesting, to avoid viability loss of E.
edulis seeds. Eight plots were established along two different trails for each forest type (four plots
per trail) (sites 12 and 21, table S1). Ninety seeds were sown in each plot (three seeds from each of
thirty mother palms), and all seeds were individually measured and weighed. We used seeds from
the same mother palms in all plots. The exact location of the seeds from each mother palm was
marked with a plastic colored tag. The plots were protected by exclusion cages to avoid seed
removal by mammals and from seed deposition by dispersal agents. The cages were made with
iron rods that were 110 cm long x 70 cm wide x 15 cm high and covered by a wire mesh with
round 1 cm diameter openings. The seeds were half buried in the soil, and the other half of each
seed was left exposed. The passage from the seedling to sapling stage, which is indicated by
complete endosperm exhaustion, was evaluated to determine the experiment duration. We
observed that endosperm exhaustion occurred ca. 270 days after sowing. Because our goal was to
evaluate the effect of seed size on early seedling establishment and growth, we removed the shoots
of the seedlings from the plots 270 days after sowing. These shoots were dried in an oven at 72°C
for 48 h for the evaluation of shoot dry mass. The results indicated that larger seed size was
correlated with heavier seedling shoots in both the Atlantic rainforest (Pearson’s correlation: » =
0.22; P=0.0006) and semideciduous forest (» = 0.22; P=0.0012). Seedlings from seeds >12 mm
in diameter were 1.5 times larger (dry mass) than those emerging from <12 mm diameter seeds (=
-8.2, gl= 67, P<0.0001). At 270 days after sowing, seedling emergence was more than twice as
high in the Atlantic rainforest (75.8%) compared with the semideciduous forest (35.1%), where a
stronger drier season is observed. Therefore, seed size variation is a critical trait determining early
seedling size and increasing the establishment probabilities under drier conditions.
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Fig. S1.

Classification of areas based on a cluster analysis of four avian frugivore traits describing each
bird species weighted by their presence/absence in each area. Bird traits included the quantity
component of dispersal effectiveness (i.e., the product of visitation rate, number of fruits handled
per visit, and probability of dispersing a handled seed), body mass (g), gape size (mm) and
frugivory score (table S4). The numbers are area codes (see table S1, Fig. 1).



Fig. S2.

(A) Toucans and toucanets (such as Selenidera maculirostris) are the major large-gape, legitimate
seed dispersers of Euterpe edulis in the Atlantic forest. (B) By defleshing the fruits, seeds
regurgitated by toucans (and thrushes) germinated better than non-regurgitated seeds that are
dropped beneath the palm (note the beak marks), (C) On the forest floor, regurgitated seeds and
non-dispersed fruits (i.e., with the beak marks of small-gape birds) can be readily sampled and
measured. (D) Seeds defecated by cracids (e.g., Penelope superciliaris) are attached to a mass of
pulp and disseminated in a highly clumped pattern. (E) Together with non-dispersed fruits falling
beneath the parent palm, their seeds are heavily attacked by pathogens or post-dispersal seed
predators (Photos A and B by Edson Endrigo, and C, D and E by Marina C. Cortes, with
permission).
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Fig. S3.
Phenotypic selection functions for palm seeds with different seed diameters in three defaunated
forest fragments (orange; sites 2, 5, and 7, table S1) where large frugivorous birds are functionally
extinct and in four pristine forests (blue; sites 12, 14, 20, and 22, table S1; to facilitate
visualization, a pooled spline is shown). The vertical lines in the rugged plot indicate the
individual seed size of undispersed (beak-marked fruits) and dispersed seeds (regurgitated).
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Fig. S4.

Relationship between frugivore species richness (all species of legitimate seed dispersers pooled,
table S2) and mean seed size (maximum diameter, mm) of Euterpe edulis across the studied areas
(=10.6971; P=0.00031). Numbers correspond to the area codes listed in table S1 and Fig. 1.
Colors of symbols indicate the defaunation status: orange is defaunated and blue is non-

defaunated. Italicized numbers represent semideciduous forest areas and normal type numbers are
rainforest areas.
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Table S1.

Location, defaunation status and mean (+SD) diameter (mm) of Euterpe edulis seeds in the
Atlantic forest in Brazil. N, sample size. (*) sites where focal observations were conducted.

Seed diameter

Site
Cod Site name and location (Brazilian State) N (mm) Status Forest type
ode
Mean + SD
1 Faz. Boa Esperanga, Silva Jardim (RJ) 85 9.03 £0.60 Defaunated Rainforest
2 Mata UFSCar-Sao Carlos (SP)* 179 9.78 £ 0.63 Defaunated Semideciduous
3 PE Jurupara (SP) 55 10.09 £ 0.68 Defaunated Rainforest
4 Tracemapolis (SP) 588 10.27 £0.74 Defaunated Semideciduous
5 Faz. Sdo José, Rio Claro (SP)* 258 9.75+£1.02 Defaunated Semideciduous
6 Mata Santa Genebra, Campinas (SP)* 480 10.23 £1.03 Defaunated Semideciduous
7 PESM, Caraguatatuba (SP)* 169 10.82 £0.79 Defaunated Rainforest
Sitio Santa Clara, Concei¢do Aparecida
8 110 11.25+0.79 Non-defaunated  Semideciduous
MG)
Mata dos Padres, Piedade de Caratinga
9 297 10.09 + 1.26 Non-defaunated  Semideciduous
MG)
10 EE Pogo das Antas, Silva Jardim (RJ) 242 10.61 £ 1.00 Non-defaunated Rainforest
11 Morro Séo Jodo, Cananéia (SP)* 135 11.13+0.87 Non-defaunated Rainforest
12 EE Caetetus, Galia (SP)* 479 11.02+1.03 Non-defaunated  Semideciduous
13 PARNA Iguacu (PR) 270 10.61 + 0.83 Non-defaunated ~ Semideciduous
14 Ilha do Cardoso, Cananéia (SP)* 701 11.62+0.70 Non-defaunated Rainforest
15 Serra do Piloto, Rio Claro (RJ) 2250 11.24+0.92 Non-defaunated Rainforest
16 ReBio, Una (BA) 60 11.90 £0.82 Non-defaunated Rainforest
17 Fragmento Sr. Mazao, Una (BA) 99 11.57+1.07 Non-defaunated Rainforest
18 PE Intervales, Sete Barras (SP)* 2366 11.75+1.07 Non-defaunated Rainforest

12



Seed diameter

Csci)i Site name and location (Brazilian State) N (mm) Status Forest type
Mean + SD
19 PE Vila Rica, Fénix (PR) 80 11.03£1.40 Non-defaunated  Semideciduous
20 PESM, Sta Virginia (SP) 156 1199+ 1.14 Non-defaunated Rainforest
21 PE Carlos Botelho (SP)* 200 1220+ 0.84 Non-defaunated Rainforest
22 ReBio Tingua (RJ)* 100 12.88 + 0.60 Non-defaunated Rainforest

PE = Parque Estadual (State Park), ReBio = Reserva Biologica (Biological Reserve), EE=Esta¢do Ecologica

(Ecological Station), PESM=Parque Estadual da Serra do Mar (Serra do Mar State Park), Faz. = Fazenda (farm).
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Additional data table S2 (separate file)

Occurrence of all known frugivore species that feed on Euterpe edulis fruits in the 22 palm
populations sampled. [Spreadsheet document]
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Table S3.

Summary table for avian dispersers occurrence data in the 22 study areas (species richness; seven

defaunated, 15 non-defaunated; table S2) and abundance data (four defaunated, and six non-
defaunated). Abundance is given as the total, summed point abundance index (IPA) value for the
large-gape dispersers and the toucans.

Species richness ~ Species richness  Total abundance  IPA range

(weighted)* (IPA, mean)
Large dispersers
Defaunated 5.1+£3.9 6.7£9.3 3.69 [0.004-0.94]
Non-defaunated 11.9+£3.4 32.5+17.8 7.18 [0.01-1.00]
Toucans
Defaunated 0.0 0.0 0.33 [0.01-0.11]
Non-defaunated 2.474+0.99 4.81+2.05 1.48 [0.01-0.28]

* mean species richness, with occurrence of each species weighted by its frugivory score. For toucans,
occurrence was weighted by the quantitative component of seed dispersal effectiveness (table S4).

Y only Rhamphastos toco has been recorded in defaunated areas, as the species infrequently enters small
fragments.
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Table S4. Summary of visitation data and fruit feeding behavior for frugivorous birds that feed on Euterpe edulis fruits in defaunated
and non-defaunated Atlantic forests in Brazil. The data include information for each species from focal observations in different areas
of the defaunated and non-defaunated sites, totaling 2326 h of observation. Small, small-gape (< 12 mm) frugivores; Large, large-gape
(> 12 mm) frugivores.

])sfafilllllsn/itilr(()in Famil Species Common name Behavior Mean gape  No No fruits No fruits Dispersal Quantitative
size Y p size (mm) visits/10h handled/visit'  dispersed/visit®  probability’  component
Defaunated
. Baryphthengus  Rufous-capped .
Large Momotidae ruficapillus Motmot regurgitate 17.2 0.60 0.83 0.83 1.00 0.50
Large  Trogonidae  Trogon viridis Wl}‘rtzggﬂed regurgitate  19.6 0.10 1.00 1.00 1.00 0.10
. Myiodynastes Streaked .
Large Tyrannidae maculatus Flycatcher regurgitate 17.0 0.24 1.00 1.00 1.00 0.24
Small Turdidae  Turdus albicollis Wh%ﬁ;ﬁiﬁked regurgitate 11.2 0.51 1.27 1.18 0.93 0.60
. Turdus Creamy-bellied .
Small Turdidae amaurochalinus Thrush regurgitate 11.4 1.37 0.94 0.94 1.00 1.28
. . Yellow-legged .
Small Turdidae Turdus flavipes Thrush regurgitate 12.1 19.00 1.67 1.63 0.97 31.00
. Pale-breasted .
Small Turdidae  Turdus leucomelas Thrush regurgitate 11.9 1.28 1.21 1.21 1.00 1.55
Small Turdidae  Turdus rufiventris Ruf%l}llsrj):ﬁhed regurgitate 12.0 1.20 1.29 1.21 0.94 1.45
Large Psitacidac  Pionus maximiligni  S-2D-headed pulp 16.2 0.40 19.25 0.00 0.00 0.00

Parrot consumer
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Large

Large

Psitacidae

Psitacidae

Non-defaunated

Large

Large

Large

Large

Large

Large

Large

Large

Large

Large

Large

Large

Cotingidae

Cotingidae

Cotingidae

Cotingidae

Momotidae

Picidae

Ramphastidae

Ramphastidae

Ramphastidae

Ramphastidae

Tityridae

Trogonidae

Pyrrhura frontalis

Triclaria
malachitacea

Carpornis
cucullata

Lipaugus lanioides

Procnias nudicollis

Pyroderus scutatus

Baryphthengus
ruficapillus

Celeus flavescens

Pteroglossus
bailloni

Ramphastos
dicolorus

Ramphastos
vitellinus

Selenidera
maculirostris

Tityra cayana

Trogon viridis

Maroon-bellied

Parakeet

Blue-bellied
Parrot

Hooded
Berryeater

Cinnamon-vented

Piha

Bare-throated
Bellbird

Red-ruffed
Fruitcrow

Rufous-capped
Motmot

Blond-crested
Woodpecker

Saffron Toucanet

Red-breasted
Toucan

Channel-billed
Toucan

Spot-billed
Toucanet

Black-tailed
Tityra

White-tailed
Trogon

seed
predator

seed
predator

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

13.6

14.4

18.7

24.5

26.7

17.2

12.9

23.6

30.7

252

18.7

19.6

0.10

0.20

0.30

0.83

0.42

0.12

0.30

0.03

0.45

0.14

0.34

0.51

0.04

1.22

70.00

86.00

2.97

2.10

5.54

2.20

1.67

2.00

3.60

4.44

6.95

6.28

2.25

1.09

0.00

0.00

2.12

2.10

541

2.20

1.57

2.00

3.60

437

6.44

6.02

2.00

0.55

0.00

0.00

0.71

1.00

0.98

1.00

0.94

1.00

1.00

0.98

0.93

0.96

0.89

0.50

0.00

0.00

0.64

1.74

2.29

0.25

0.47

0.06

1.64

0.63

2.20

3.05

0.08

0.66
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Small

Small

Small

Small

Small

Small

Large

Large

Large

Large

Large

Small

Small

Large

Small

Small

Turdidae

Turdidae

Turdidae

Turdidae

Turdidae

Turdidae

Tyrannidae

Tyrannidae

Cracidae

Cracidae

Corvidae

Fringillidae

Fringillidae

Psitacidae

Thraupidae

Thraupidae

Turdus albicollis

Turdus
amaurochalinus

Turdus flavipes

Turdus leucomelas

Turdus rufiventris

Turdus subalaris

Myiodynastes
maculatus

Pitangus
sulphuratus

Aburria jacutinga

Penelope obscura

Cyanocorax
caeruleus
Euphonia
pectoralis

Euphonia violacea
Pionus maximiliani
Dacnis cayana

Orthogonys
chloricterus

White-necked
Thrush

Creamy-bellied
Thrush

Yellow-legged
Thrush

Pale-breasted
Thrush

Rufous-bellied
Thrush

Eastern Slaty
Thrush

Streaked
Flycatcher

Great Kiskadee

Black-fronted
Piping-Guan

Dusky-legged
Guan

Azure Jay
Chestnut-bellied
Euphonia

Violaceous
Euphonia

Scaly-headed
Parrot
Blue Dacnis

Olive-green
Tanager

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

regurgitate

defecate

defecate

pulp
consumer

pulp
consumer
pulp
consumer
pulp
consumer
pulp
consumer

pulp
consumer

11.2

11.4

12.0

11.9

12.0

12.0

17.0

15.5

24.0

234

17.2

6.5

6.5

16.2

7.0

9.8

1.57

0.42

2.69

1.52

0.20

0.11

0.06

0.05

0.18

0.12

0.12

0.17

0.10

0.24

0.11

0.05

1.99

1.41

0.97

1.75

3.00

2.00

1.50

30.09

8.91

2.38

3.60

4.00

11.80

3.00

2.67

1.42

0.95

1.07

0.71

1.50

3.00

2.00

1.50

30.09

8.27

0.00

0.00

0.00

0.00

0.00

0.71

0.82

0.76

0.73

0.86

1.00

1.00

1.00

1.00

0.93

0.47

0.00

0.00

0.00

0.00

0.00

2.22

0.40

2.87

1.08

0.30

0.33

0.12

0.07

5.46

0.97

0.14

0.00

0.00

0.00

0.00

0.00
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Small

Small

Small

Small

Small

Small

Small

Small

Large

Large

Thraupidae

Thraupidae

Thraupidae

Thraupidae

Thraupidae

Thraupidae

Vireonidae

Psitacidae

Psitacidae

Psitacidae

Tachyphonus
coronatus

Tangara cayana

Tangara
cyanocephala

Tangara
cyanoptera

Tangara ornata

Tangara seledon

Cyclarhis
gujanensis

Brotogeris tirica

Pyrrhura frontalis

Triclaria
malachitacea

Ruby-crowned pulp

Tanager consumer
Burnished-buff pulp

Tanager consumer
Red-necked pulp

Tanager consumer

Azure-shouldered  pulp
Tanager consumer

Golden-chevroned  pulp
Tanager consumer

Green-headed pulp
Tanager consumer

Rufous-browed pulp
Peppershrike ~ consumer

Plain Parakeet seed
predator

Maroon-bellied seed
Parakeet predator

Blue-bellied seed
Parrot predator

8.8

6.6

10.9

NA

7.0

NA

11.2

13.6

0.05

0.07

0.06

0.21

0.43

0.16

0.07

0.07

0.30

0.07

1.00

6.50

1.00

7.17

1.00

1.08

1.50

3.50

18.88

32.00

0.40

0.00

0.00

0.00

0.00

0.08

0.00

0.00

0.00

0.00

0.40

0.00

0.00

0.00

0.00

0.08

0.00

0.00

0.00

0.00

0.02

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.00

1. Handled fruits are all fruits touched by the birds, and include fruits that were swallowed, dropped, carried in the beak, predated and that had the pulp

consumed.

2. Dispersed fruits include only the fruits that were swallowed by the birds.

3. Dispersal probability = Total dispersed fruits / Total handled fruits

4. Quantitative component = (Number visits/10 hours) x (Number of fruits handled/visit) x (Dispersal probability)
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Table S5.

AlICc-based model selection with a set of candidate models for predicting the Euterpe edulis seed
size considering defaunation, forest type, soil texture, relief, landscape structure and climatic data.
The models are ranked from best to worst fit based on the AICc. For each model, the number of
parameters (K), the AIC score corrected for small sample size (AICc), AICc difference from the
best model (A AICc), and Akaike weight (WAIC) are shown. Models with AAICc<2 are equally
plausible to explain the observed patterns. The most plausible models, which together have an
85% probability (cumulative wAIC) of best explaining the seed size given the data and relative to
all competing models, are shown in bold.

Model Cumulative
ke Model K AAICc wAIC WAIC
1 Defaunation within Forest Type 5 0 0.4180 0.4180
2 Defaunation Status 3 1.2 0.2273 0.6453
3 Forest Type (rainforest or 3 L3 0.2014 0.8467
semideciduous)

4 Percent of Forest within sub-watershed 3 5.1 0.0323 -

5 Soil Texture 3 5.7 0.0243 -

6 Null Model 2 59 0.0216 -

7 Elevation 3 7.1 0.0120 -

8 Precipitation Seasonality 3 7.8 0.0084 -

9 Latitude 3 7.9 0.0080 -

10 Longitude 3 8 0.0075 -

11 Temperature Seasonality 3 8.1 0.0073 -

12 Annual Mean Precipitation 3 8.1 0.0073 -

13 Temperature of Wettest Quarter 3 8.1 0.0073 -

14 Soil Fertility 3 8.5 0.0060 -

15 Relief Complexity 3 8.5 0.0059 -

16 Annual Mean Temperature 3 8.6 0.0056 -
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Table S6.

Pearson’s correlations among Euterpe edulis palm seed dry mass, number of seeds per
infructescence, number of infructescences per palm, and perimeter at breast height (pbh) (a proxy

of palm age) in each year and forest types.

Rainforest Semideciduous Forest
Variables Year

r p- value r p- value
Seed dry mass x seeds/infruct. 2008 -0.26 0.27 -0.20 0.40
Seed dry mass x infruct./palm -0.12 0.10 0.35 0.13
Seeds/infruct. x infruct./palm -0.12 0.61 -0.09 0.71
Seed dry mass x seeds/infruct. 2009 0.51 0.02 0.17 0.48
Seed dry mass x infruct./palm 0.02 0.99 0.22 0.33
Seeds/infruct. x infruct./palm 0.67 0.78 0.23 0.33
Seed dry mass x pbh 2009 0.28 0.91 0.14 0.56
Seeds/infruct. x pbh 0.23 0.32 0.08 0.74
infruct./palm x pbh -0.43 0.06 0.23 0.33
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