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collapse in overhunted Amazonian forests
Carlos A. Peresa,1, Thaise Emiliob, Juliana Schiettib, Sylvain J. M. Desmoulièrec, and Taal Levid
a
Centre for Ecology, Evolution and Conservation, School of Environmental Sciences, University of East Anglia, Norwich NR4 7TJ, United Kingdom; bInstituto
Nacional de Pesquisas da Amazônia, Manaus, Amazonas, Brazil; cFiocruz Amazônia, Manaus, Amazonas, Brazil; and dDepartment of Fisheries and Wildlife,
Oregon State University, Corvallis, OR 97331

Tropical forests are the global cornerstone of biological diversity,
and store 55% of the forest carbon stock globally, yet sustained
provisioning of these forest ecosystem services may be threatened
by hunting-induced extinctions of plant–animal mutualisms that
maintain long-term forest dynamics. Large-bodied Atelinae primates and tapirs in particular offer nonredundant seed-dispersal
services for many large-seeded Neotropical tree species, which on
average have higher wood density than smaller-seeded and winddispersed trees. We used field data and models to project the spatial
impact of hunting on large primates by ∼1 million rural households
throughout the Brazilian Amazon. We then used a unique baseline
dataset on 2,345 1-ha tree plots arrayed across the Brazilian Amazon
to model changes in aboveground forest biomass under different
scenarios of hunting-induced large-bodied frugivore extirpation.
We project that defaunation of the most harvest-sensitive species
will lead to losses in aboveground biomass of between 2.5–5.8%
on average, with some losses as high as 26.5–37.8%. These findings
highlight an urgent need to manage the sustainability of game hunting in both protected and unprotected tropical forests, and place full
biodiversity integrity, including populations of large frugivorous vertebrates, firmly in the agenda of reducing emissions from deforestation and forest degradation (REDD+) programs.
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ropical forests worldwide store >460 billion tons of carbon—
over half of the total atmospheric storage (1)—and tropical
forest conversion and degradation account for as much as 20%
of global anthropogenic greenhouse gas emissions (2). Tropical
forests are also the most species-rich ecosystems on Earth, yet
the role of species interactions in stabilizing tropical forest dynamics and maintaining the flow of natural ecosystem services,
including long-term forest carbon pools, remains poorly understood. Over 80–96% of all woody plant species in tropical
forests produce vertebrate-dispersed fleshy fruits (3, 4), yet many
large-bodied frugivore populations in tropical forest regions have
already been severely overhunted (5), resulting in functionally
“empty” or “half-empty” forests with subsequent disruptions in
seed dispersal mutualisms (6). Indeed, the total forest area degraded by unsustainable hunting in the largest remaining tropical
forest regions may exceed the combined extent of deforestation,
selective logging, and wildfires (7, 8). Even formally decreed forest
reserves in remote areas have succumbed to population declines
and local extinctions of large vertebrates (9, 10), yet the consequences of this pervasive defaunation process to the persistence of
tropical forest ecosystem services remains poorly explored.
Overhunting can amplify dispersal limitation in many largeseeded plant species relying primarily or exclusively on harvestsensitive large-bodied frugivores. The causal mechanisms through
which hunting leads to altered phytodemographics—recruitment
bottlenecks resulting from replacement of seedlings from species
dispersed by large frugivores with those dispersed by wind, small
birds, and bats—has been established in many parts of the humid
tropics (e.g., refs. 3 and 11–16). Because stem wood density is a
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strong predictor of aboveground forest biomass (AGB) across
stands with similar basal areas (17–19), overhunting could eventually lead to reduced forest carbon stocks if nonrandom compositional turnover penalizes large-seeded, heavy-wooded species that
are primarily dispersed by megafrugivores susceptible to overhunting, thereby favoring wind-dispersed or small-seeded species
associated with lower wood density (20–23), as hypothesized by
Brodie and Gibbs (24). Evolutionary selection pressure on wood
density, or wood-specific gravity (WSG), operates on a trade-off
whereby high-WSG trees can achieve a competitive advantage by
supporting crowns with greater lateral spread for canopy space, but
fast-growing low-WSG trees can reach the canopy and reproduce
more quickly (25). Such a competition-colonization trade-off is related to seed dispersal mode because of the observation that smallseeded, often wind-dispersed, trees that are efficient gap colonizers
have lower WSG than those bearing large animal-dispersed seeds
experiencing greater dispersal limitation (20, 23). However, the
trophic cascade between overhunting and reduced stand-scale carbon storage capacity remains controversial in both disturbed and
undisturbed tropical forests because: (i) volumetric compensation
by species unaffected by this form of dispersal limitation can have
the opposite effect (11, 26), (ii) hunting can suppress both plant
mutualists (e.g., effective seed dispersers) and antagonists (e.g.,
seed predators and seedling herbivores) (11), and (iii) several exceptionally large-seeded, heavy-wooded species may continue to be
successfully dispersed by large scatter-hoarding rodents that are
able to persist in large tracts of overhunted forests (5, 27; but see
refs. 28 and 29).
Amazonian forests store ∼125 Pg C in live biomass, or nearly
half of the global terrestrial carbon in tropical forests (30), and
contribute with ∼15% of the global terrestrial photosynthesis
(31). The forests also sustain the highest diversity of fruiting
plants (32, 33) and associated mutualists. Harvest-sensitive largebodied seed-dispersal agents have been extirpated in most
tropical forest areas through the combined effects of overhunting,
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Results
Effects of Hunting. Vertebrate surveys across 166 structurally un-

disturbed Amazonian forest sites hunted to varying degrees (Fig.
S1) indicate that hunting pressure (HP) had a significant effect
on overall primate assemblage structure, with the strongest effects on the two large-bodied frugivorous ateline primates
(>8.5 kg; spider monkey, Ateles spp. and woolly monkey, Lagothrix spp.). Spider monkey population densities severely declined
or were driven to local extinction from an average of 11.14 ±
13.98 ind/km2 (individuals/km2) across 50 nonhunted forest sites
to only 0.36 ± 0.81 ind/km2 at 17 heavily hunted sites. The
comparable figures for woolly monkeys were 18.97 ± 12.55 ind/km2
at 29 nonhunted sites and 0.79 ± 1.65 ind/km2 at 13 heavily hunted
sites. The proportional biomass contribution of these two genera
across all 166 forest sites ranged from a mean of 33.8 ± 23.0% for
Ateles and 44.9 ± 16.9% for Lagothrix in nonhunted sites to only
2.3 ± 4.5% and 5.5 ± 10.2%, respectively, in persistently hunted
sites (Fig. 1 and Fig. S2). These two primate genera had either
been completely extirpated in heavily hunted sites or retained
population densities of only 0–4% of comparable densities in
productivity-equivalent nonhunted sites. This represents a mean
loss in population biomass density (and seed-dispersal functions)
of 96.97% and 95.80% for spider and woolly monkeys, respectively, across the entire gradient of HP in Amazonian forests.
Spatial Extent of Overhunting. The potential extent of large primate extirpation was predicted by assuming central-place hunting
by a single forest hunter for each of the 915,877 georeferenced
rural households within the forest phytogeographic boundaries of
Brazilian Amazonia (Fig. 2A), which excluded ∼1.38 million
mapped rural households in nonforest areas of the political region
of Legal Amazonia. Central-place animal protein acquisition,
which concentrates hunting effort near households, has the potential to extirpate highly susceptible game species, such as large
primates throughout the heavily settled southern and eastern
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habitat fragmentation, and wildfires (7, 34). However, the degree to
which local extinctions of plant–frugivore interactions will destabilize long-term forest ecosystem services, such as high carbon
stocks, is yet to be assessed at large spatial scales. Here we use 166
line-transect surveys throughout the Amazon basin to quantitatively
assess the degree to which unregulated subsistence hunting affects a
key group of forest frugivores (arboreal primates) throughout lowland Amazonia. Based on a spatially explicit biodemographic model
(35, 36), we then predict the spatial footprint of hunting-induced
population depletion envelopes for a large primate throughout the
Brazilian Amazon. Next, we simulate the impact of large-bodied
frugivore extirpation on changes in AGB throughout Amazonian
forests based on one of the largest tree plot networks available in
the tropics, where 129,720 trees ≥ 100 cm in circumference at breast
height (CBH) [or ≥31.8 cm in diameter at breast height (DBH)]
were inventoried. These large canopy and emergent trees comprise
the most important component of tropical forests in terms of phytomass and carbon storage (37). We further model the geographic
variation in stand-scale basal area of the most sensitive morphological guild of fruiting trees that is largely dispersed by a small
group of large-bodied frugivores, and explain these changes
based on a number of physical and floristic variables across
the region. Our approach involves multiscale steps ranging from
primate population-density estimates derived from the largest
standardized series of line-transect censuses ever conducted in a
tropical forest region; mapping of population depletion and extinction envelopes throughout the entire Brazilian Amazon;
stand-scale inventories (conducted by Projeto RADAMBRASIL
since the early 1970s) of tree species composition and size structure
across 2,345 1-ha plots distributed throughout the Brazilian Amazon; to simulations of changes in aboveground biomass and carbon
stocks throughout this large tree-plot network. These combined
approaches provide spatially explicit projections of how aboveground carbon densities may change in overhunted Amazonian
forests (SI Results).
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Fig. 1. Relationships between primate body mass and population biomass
density at 166 Amazonian forest sites surveyed to date, showing the local
extirpation or population collapse of large-bodied atelines in heavily hunted
sites. All forest sites were hunted to varying degrees but were otherwise
structurally undisturbed at the time of line-transect surveys. Data are presented for four major classes of HP (none, light, moderate, and heavy) (SI
Results). Black lines represent smoothers within 95% CI regions.

Amazon and along the main tributaries of the Amazon River (Fig.
2 B and C). Nonhunted refugia are, however, maintained within
inaccessible regions and large protected areas that are depopulated
or sparsely populated. The actual spatial extent of overhunting will
vary regionally as a result of local food taboos that may inhibit
primate hunting, which are common among recent economic immigrants to the Amazon, or deviations from assumptions of central-place foraging that increase the area accessible to hunters.
Nevertheless, the total basin-wide spatial extent of remaining
forest areas that likely succumbed to complete extirpation (0.0 K;
103,022 km2) or overhunting (<0.5 K; 236,308 km2) represent 3.3%
and 7.5% of the total remaining forest area, respectively, across
Brazilian Amazonia. The total area where large primate frugivores
have been affected by any level of hunting (<1.0 K) represents
32.4% of all remaining forest areas across the entire Brazilian
Amazon (Fig. 2D). This spatial extent (1,017,569 km2) is ∼1.34-times
larger than the cumulative area deforested across this region over
the 1970–2014 period (www.obt.inpe.br/).
Correlates of Sites Facing Dispersal Limitation. Across the entire
network of 2,345 RADAMBRASIL tree plots, each of which
containing 31–153 canopy trees, higher plot-scale basal area of
trees primarily dispersed by large primates (e.g., Fig. 3) was most
strongly associated with high genus-level tree diversity (βstd = 0.39,
P < 1−15) and high WSG (βstd = 0.15, P < 2−15) (Fig. 3G). The
strong association between high WSG and aggregate basal area of
trees primarily dispersed by large primates (Fig. 3G and Table S1)
suggests that loss of large-primate dispersed trees would reduce
AGB and carbon storage. Soil fertility was also a significant predictor of high basal area of trees at risk for aggravated dispersal
limitation (βstd = 0.05, P < 0.01), elevation was a weak and only
marginally significant predictor (βstd = –0.04, P = 0.08), and
strength of the dry season was not significant (βstd = 0.03, P = 0.19).
The autoregressive parameter λ indicated strong and significant
spatial autocorrelation across all forest plots (β = 0.69, P < 1e-15),
but successfully eliminated spatial autocorrelation of the residuals
(Moran’s I, P = 0.58). Aggregate basal area of tree genera susceptible to strong dispersal limitation was also unrelated to contemporary human (household) density (βstd = –0.02, P = 0.32),
indicating that settled areas susceptible to overhunting are randomly
Peres et al.
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arrayed relative to floristic mosaics susceptible to AGB loss via this
mechanism of dispersal limitation.
Effects of Dispersal Bottleneck on Forest AGB. We simulated large
stem turnover in which tree genera predominantly dispersed by
large primates (scenario I), or by either large primates or harvest-sensitive lowland tapir (Tapirus spp.; scenario II) remained
“undispersed” and replaced by the WSG values of randomly
selected cooccurring trees within each of the RADAMBRASIL
tree plots (Figs. 3G and 4). These 81 undispersed genera
accounted for 28.4% of the taxa but 49.0% of all 129,720 stems
across the entire dataset; undispersed genera also had higher
mean WSG values than those of dispersed genera (0.6715 vs.
06202 g/cm3) (Fig. S3). Total baseline AGB estimates at time
t0 (AGBt0) for canopy trees across all 2,345 plots at the time
of RADAMBRASIL forest inventories ranged from 26.08 to
684.39 Mg/ha–1 (mean ± SD, 128.59 ± 57.50 Mg/ha–1), with the
highest values concentrated in the northeastern Brazilian Amazon, and declining to the seasonally dry southern fringes of the
region (Fig. 5). Postoverhunting estimates of forest biomass at
time t1 (AGBt1), however, indicated that 77% and 88% of all
plots lost some fraction of their AGB following simulated species
turnover under the large-bodied frugivore extirpation scenarios I
and II, respectively (Fig. 6). Average AGB losses from t0 to t1
were considerably greater for scenario II (–5.77 ± 5.91%) than
for scenario I (–2.53 ± 4.27%), with as much as 26.5% and 37.8%
of plot-scale AGB lost under scenarios I and II, respectively. In
contrast, null models of stem turnover (with numbers of random
tree replacements equivalent to those of scenarios I and II) (SI
Results) indicated that there were no net changes in plot-scale
AGB (scenarios I: 0.043 ± 0.576%, range = –8.98% to 7.08%;
scenario II: 0.062 ± 0.667%, range = –8.53% to 7.91%). Differences in AGB between extirpation and null models (ΔAGB)
considering mean AGB changes over 1,000 simulated tree communities for each plot, were therefore overwhelmingly negative
for both scenarios [mean differences for scenario I = –2.57%, 95%
confidence interval (CI) = (–2.746, –2.395); paired t tests; t = –28.703,
df = 2,344, P < 2.2−16; mean differences for scenario II = –5.83%,
(–6.073, –5.587); t = –47.0043, df = 2,344, P value <2.2−16].
A total of 420 (17.9%) of the 2,345 RADAMBRASIL plots
considered here were surveyed in areas that had already been
deforested by 2014 (Fig. 5), which as expected, approximates the
Peres et al.

proportional area deforested to date across the entire Brazilian
Amazon (www.obt.inpe.br/). However, given the variation in
composition and abundance of tree functional groups, plots
converted to other land-uses—which primarily occur in
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Fig. 3. Examples of whole fresh fruits and seeds within a typical tree family
(Sapotaceae) within the morphological guild of undispersed tree species
(A–F ). These bear one to a few large, gut-dispersed seeds within hard-husked
indehiscent exocarps and are most likely to succumb to seedling recruitment
bottlenecks resulting from local extinctions of large-bodied prehensile-tailed
ateline primates. (G) Coefficient estimates (±95% CI) showing the magnitude and direction of effect sizes of different forest site and biophysical
predictors of the aggregate plot-scale basal area of undispersed tree taxa
across the entire Brazilian Amazon. For a description of predictor variables,
see SI Results.
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Fig. 2. Maps of the (A) spatial distribution of all
georeferenced rural households across the phytogeographic boundaries of Brazilian Amazonia;
(B) population depletion envelopes for a game species
that is highly sensitive to hunting (spider monkey,
Ateles spp.) based on a biodemographic model that
considers both the behavior of central-place hunters
and the population dynamics of prey species; and
(C) the overall distribution of depletion envelopes
excluding all deforested areas as of 2013 (shown in
orange). Small Inset square shows depletion envelopes in greater detail. The combined areas across
the Brazilian Amazon (D) encompass radially asymmetric annuli around each household in which spider monkeys have been driven to extinction or
depleted to small populations <50% of carrying
capacity, K (dark to light red annuli) or 50–90% of K
(light to dark blue annuli). Green vertical bar represents the total area remaining inaccessible to
central-place game hunters.

Fig. 4. Schematic representation of (A) a nonhunted, faunally intact forest
and an (B) overhunted, half-empty forest in lowland Amazonia, showing the
degree to which large arboreal and terrestrial forest frugivores are either
extirpated or severely decline in abundance; and (C) abundance-based lottery transition models considering 129,720 canopy trees contained within
2,345 (1-ha) plots in which undispersed species at time t0 are replaced by any
other dispersed species (green tree) at time t1 with a probability that is
proportional to their cooccurring abundances at t0 within each plot. A total
of 1,000 simulation runs for both random and nonrandom replacements
(from t0 to t1) were performed for each plot, with a total number of 48,237
stem substitutions per run.

seasonally dry portions of Amazonia—are expected to lose
considerably less AGB and forest carbon than plots in extant
forest areas [scenario I: forest plots (–2.578 ± 0.098 SE, n =
1,863); deforested plots (–2.134 ± 0.208 SE, n = 420), t test, P =
0.027; scenario II: forest plots (–5.92 ± 0.13 SE, n = 1,863);
deforested plots (–4.59 ± 0.27 SE, n = 420, t test, P < 0.001]. This
indicates that remaining forest areas are more vulnerable to
the type of dispersal-mediated forest carbon loss documented
here (Fig. 7).
Committed Forest Carbon Loss Estimates. We extrapolated the basin-wide variation in our estimates of committed net changes in
forest carbon stocks per 1-ha plot [mean, 95% CI for scenario
I: 3.08 Mg C (2.85–5.93 Mg C); scenario II: 7.36 Mg C (6.97–
14.33 Mg C)] to the remaining Brazilian Amazon forest area that
had been depleted of critical seed dispersal agents, which excludes all deforested areas and all natural nonforest ecosystems.
These estimates now include both all trees ≥31.83 cm DBH
sampled by the RADAMBRASIL forest inventory, and the additional AGB contribution from smaller trees between 10 cm and
31.83 cm DBH that we predicted to cooccur in each plot, which
on average increased AGB estimates by 94.4% (see SI Results for
details). On average, this forest region would be expected to lose
72,869,652 Mg C [95% CI = (67,313,474–78,425,831 Mg C)] and
174,034,150 Mg C (164,710,514–183,357,785 Mg C) under extinction scenarios I and II, respectively, throughout the entire
area predicted by our biodemographic model to be heavily
overhunted (<0.5 K). However, these estimates would further
increase to 313,784,973 Mg C (289,859,441–337,710,505 Mg C)
and 749,410,750 Mg C (709,262,120–789,559,381 Mg C) under
these scenarios if we consider all forest areas exhibiting any level
of hunting-induced declines in the population densities of largebodied primates (<1.0 K).

Discussion
Although erosion in the full complement of species within a
community may affect the functional integrity of ecosystems
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1516525113

(38), this relationship remains largely untested in tropical forest
systems. Here, we show that: (i) wildlife populations in a small
group of large-bodied, harvest-sensitive frugivores have been
affected by semisubsistence hunters in as much as 32.4% of all
remaining forest cover across the Brazilian Amazon; (ii) that this
process is widespread and affects a larger spatial extent than any
other pattern of less cryptic and better mapped natural (39) and
anthropogenic forest disturbance, including deforestation, logging, and wildfires (7); and (iii) the extirpation of this key group
of frugivores can severely degrade the long-term forest dynamics
that maintains forest AGB and carbon stocks. Despite the
global-scale congruence between carbon stocks and biodiversity
value (40), this is not necessarily the case at regional scales (41)
so that conservation planning should take into account both the
carbon and biodiversity values of remaining tropical forests.
Our results build on plot-scale analyses in Amazonian forests
(16, 42), and trait correlations between seed size and wood
density (Fig. S4) (20, 23), suggesting that overhunting-induced
reductions in seedling recruitment are disproportionately stronger in heavy-wooded tree species. These patterns are corroborated by studies in Mesoamerica (11, 15), Africa (13, 14, 43, 44),
and southern Asia (12), showing that severe depletion of large
frugivores negatively affects the recruitment, relative abundance,
and population growth rate of large-seeded trees. However, our
simulations may conservatively exclude some very large-seeded
species (typically with seed lengths >45 mm) from our list of
candidate taxa projected to undergo severe dispersal limitation,
even though these species are often associated with high wood
density (Fig. S4). These very large seeds are often primarily
scatter-hoarded by large rodents, such as Dasyprocta and Myoprocta (28), rather than ingested and passed intact. We also excluded most medium-seeded species (typically with seed lengths
15–25 mm) that may be dispersed by medium-sized frugivores
that often persist in hunted forests (5). Our results are consistent
with a Central African study showing that forests that had been
both hunted and logged had higher abundances of fast-growing
pioneer trees, and supported a biomass 16% lower than that of
logged-only forests with similar timber extraction practices (44).
Significant controversy remains over how the Amazonian forest
will respond to future scenarios of large-scale human disturbance
and climatic change. Some modeling studies have predicted a
large-scale dieback of Amazonian forests (45), whereas other
predictions show a carbon sink well into the 21st century induced
by CO2 fertilization (46, 47). Several studies based on tree-plot
networks have shown that tropical forests are either carbon neutral
or a carbon sink, with measured positive net carbon sinks in trees
≥10 cm DBH in both Amazonia (0.30% yr–1) (48) and Africa
(0.29% yr–1) (49). However, observations based on 321 forest plots
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Fig. 5. (A) Inverse distance-weighting interpolation of forest AGB estimates
based on (B) 2,345 1-ha forest plots arrayed across all nine states within the
phytogeographic boundaries of Brazilian Amazonia, which were surveyed
by the RADAMBRASIL forest inventory program in the 1970s to early 1980s.
These estimates are highly variable but follow a (C) log-normal distribution with a mean (±SD) value of 128.6 ± 57.5 Mg/ha‒1, ranging from 26.1 to
684.4 Mg/ha‒1.
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Fig. 6. Distribution of simulated changes in plot-scale AGB estimates under
two mutualism extirpation scenarios considering two functional groups
of large-bodied seed dispersal vectors that are highly sensitive to HP
throughout Amazonian forests: (A) large atelinae primates (Lagothrix spp.
and Ateles spp.), and (B) both large ateline primates and the largest neotropical forest ungulate, lowland tapir (Tapirus terrestris). The resulting ΔAGB
values are predominantly negative under both scenarios (orange bars to the
left of dashed vertical dashed lines), with 77% and 88% of all 2,345 plots losing
biomass under dispersal-limitation scenario I (A) and scenario II (B), respectively.

show that the Amazon biomass carbon sink over the last two decades may be declining, because of recent leveling of wood productivity increases combined with a sustained long-term increase in
tree mortality (47), not least because of severe droughts (44) and
wildfires (50). Our analysis reinforces these projections in that
patterns of tree replacements, even in structurally intact but
overhunted forests, are likely to be dominated by small-seeded,
light-wooded, fast-growing, short-lived trees facing little or no
dispersal limitation (Fig. S4), which may accelerate overall forest
dynamics and reduce carbon stocks. Should these patterns hold
over vast tropical forests areas, then even weakly disproportionate
recruitment limitation of heavy-wooded tree species in overhunted
forests could result in substantial losses of carbon storage over one
to a few tree generations.
Our analysis shows that RADAMBRASIL forest plots inventoried
in areas of high agricultural value, which were subsequently deforested in the last 35 y, are less sensitive to dispersal-mediated forest
carbon loss than more remote forest areas still standing today.
Similarly, formerly intact forest areas within the nearly one-fifth of
Brazilian Amazonia converted to nonforest land-uses stored a far
lower carbon stock per unit area than currently remaining forests (51,
52). This finding suggests that any management intervention either
preventing further large-bodied frugivore defaunation or promoting
recovery of depleted populations (e.g., through community-based

Fig. 7. Geographic trends in either positive or negative simulated changes in ABG (ΔAGB) interpolated
across the entire Brazilian Amazon from time t0 to t1
considering two conservative faunal extinction scenarios, in which (A) only large ateline primates (i.e.,
Ateles and Lagothrix) are extirpated (scenario I); and
(B) both ateline genera and lowland tapir are extirpated (scenario II). The full spectrum of committed
losses or gains in AGB (%) is color-coded from red to
blue. Small Inset maps show the total number of 1-ha
RADAMBRASIL plots that either lost (white dots) or
gained (black dots) biomass across floristic transitions
(see SI Results and Fig. 5).
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Number of 1-ha tree plots

300

game management programs) would still potentially yield the most
benefits in terms of averting future floristic transitions affecting local
carbon stocks.
There are a number of additional reasons our estimates of
biomass decay and carbon loss from seed-dispersal bottlenecks
could be conservative: (i) our plots only take into account trees
>31.8 cm DBH, whereas many large-seeded stems that are vulnerable to similar demographic effects are more abundant and
below this size cut-off; (ii) our semidefaunated scenarios do not
consider the likely infestation of host trees by high-climbing
woody lianas, which are typically wind-dispersed, suppress tree
growth and survival, often doubling mortality rates, eventually
reducing overall forest biomass (53, 54); (iii) our models do not
take into account changes in population density of other midsized to large-bodied vertebrate frugivores that gut-disperse
large-seeded, heavy-wooded species that also decline in overhunted forests (5); (iv) the strength of seed-dispersal functions may be suppressed nonlinearly and below the density of
key dispersal agents in ways that disproportionately reduce
seed dispersal effectiveness (55); and (v) dispersal of verylarge–seeded species in many overhunted forests is likely
suppressed by depleted populations of large scatter-hoarding
rodents (28, 29).
The unprecedented recent expansion of Amazonian protected
areas, including those strictly protected on paper and extractive
reserves, has been extolled as a critical component of globalscale terrestrial carbon reservoirs (56, 57). Indeed, the 610 forest
reserves and 2,954 indigenous territories across all nine Amazonian countries may be able to store 11-times more carbon than
all unprotected areas combined (58). However, this takes no
account of overhunting within protected areas, which is ubiquitous across Amazonia (9), again reinforcing the notion that
protecting forests against structural degradation alone is not
enough to maintain baseline carbon stocks in perpetuity if
megafrugivores are extirpated from otherwise intact forests.
Large-bodied fruit consumers that disperse viable seeds provide a critical ecosystem service maintaining large-seeded, heavywooded tree populations, which may have consequences for
long-term AGB and carbon storage in tropical forests worldwide.
Our population models and empirical data from 166 Amazonian
forest sites show that large primates and other harvest-sensitive
frugivores (5) can be rapidly extirpated by unregulated hunting
and that this process has occurred at vast spatial scales. Although
rates of carbon loss per unit area in overhunted forests are more
gradual and lower than in deforested areas, the total area impacted by overhunting far exceeds the area affected by either
deforestation or structural forest degradation induced by selective logging. We project that long coevolved mutualisms involving large canopy trees and large-bodied frugivores in tropical
forests maintain between 158.6 and 378.9 Mg C/km‒2 in aboveground carbon storage, assuming scenarios I and II, respectively.
However, these estimates would further increase to between
308.4 and 736.5 Mg C/km‒2 under these scenarios, if we extrapolate

well as food security for semisubsistence forest dweller that rely on
game vertebrates, as long as they are allowed to persist as ecologically viable populations in forest ecosystems containing a full
complement of large vertebrate species.

plot-scale rates of carbon loss for canopy trees to all coexisting
trees above 10-cm DBH predicted to occur in those plots (see SI
Results for details). This would represent a current value of between US$ 5.91 and 13.65 trillion if extrapolated to the entire
remaining forest cover across the Brazilian Amazon alone based on
modest transaction prices (US$ 5/Mg C) in global carbon markets
under the reducing emissions from deforestation and forest degradation (REDD+) framework, and these estimates could increase
by 20% if carbon losses were extended to belowground biomass
(59). Preventing the loss of large-bodied frugivores with effective
spatial zoning and wildlife management is likely to contribute to
both long-term maintenance of tropical forest carbon stocks, as
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