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Animal-mediated seed dispersal underpins forest maintenance, yet climate change threatens this 
mutualism by reshaping plant-frugivore overlap. Most projections assume that frugivore richness and 
binary interactions adequately capture seed dispersal success, overlooking the unequal quantitative 
and qualitative contributions of individual species. Here, we combine estimates of seed dispersal 
effectiveness (SDE) with species distribution models to assess climate change impacts on seed 
dispersal of two keystone trees—the jussara palm (Euterpe edulis) and silver cecropia (Cecropia 
hololeuca)—in the semideciduous Atlantic Forest. We show that frugivore richness is a poor predictor of 
future dispersal outcomes: across approximately 60% of projected plant ranges, richness either under- 
or over-estimated seed dispersal and germination potential. This mismatch was species-specific. For 
the jussara palm, richness explained < 13% of the variance in climate-driven changes in both dispersal 
quantity and germination success, whereas for silver cecropia, richness aligned only with germination 
outcomes. Consequently, projected changes in frugivore assemblages and seed dispersal function can 
diverge under climate change. Our findings demonstrate that richness-based metrics can misrepresent 
climate risks to plant-frugivore mutualisms and that incorporating functional measures of SDE yields 
more accurate forecasts of plant recruitment potential and ecosystem-level disruption—essential for 
predicting ecosystem resilience in a warming world.

Animal-mediated seed dispersal underpins tropical forest dynamics, with up to 90% of woody plant species relying 
on vertebrate frugivores for dispersal1. In exchange for nutritional rewards from fruit pulp or arils, frugivores 
transport seeds to suitable sites, enhancing metapopulation connectivity, reducing intraspecific competition, 
escaping species-specific seed predators2–4, increasing germination success5, and facilitating climate-driven niche 
tracking6. Climate change threatens this mutualism by reshaping species distributions, potentially generating 
novel interactions through the arrival of disturbance-adapted or the persistence of climate-resilient species while 
simultaneously eroding long-standing plant-frugivore relationships. Such redistribution may decouple plants 
from their dispersers7,8, altering not only whether seed dispersal occurs, but also which species provide this 
service and how effectively it is delivered. Despite the central role of seed dispersal in tropical ecosystems, the 
functional consequences of climate-driven changes in species overlap remain poorly understood. This gap arises 
largely because most forecasts rely on frugivore richness or binary plant-disperser interactions as proxies for 
dispersal success (e.g., refs9–12), overlooking the strongly unequal quantitative and qualitative contributions of 
individual frugivore species13. As a result, our ability to predict how climate change will reshape, and thus the 
resilience of tropical ecosystems, remains limited.

Focusing on the functional roles of individual species rather than community-level metrics offers a more 
mechanistic perspective on how climate change may alter seed dispersal processes13. Measures of taxonomic 
diversity such as species richness often obscure functional variation: while some frugivores are functionally 
redundant, others provide unique and irreplaceable dispersal services14,15, such that the loss of a single key 
species can cause a disproportionate decline in dispersal function16. Frugivore richness is therefore expected 
to track dispersal outcomes when contributions are relatively evenly distributed among species, but to 
become a poor proxy when dispersal function is strongly skewed toward a few dominant contributors. Seed 
dispersal effectiveness (SDE) captures this variation by integrating quantitative components (the number of 
seeds dispersed) with qualitative components (the probability that dispersed seeds successfully establish)17,18. 
Although this framework has been widely applied in empirical, site-based studies, often in local or oceanic 
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systems19,20, to quantify species-specific dispersal roles, both components of SDE are shaped by species traits such 
as body size, gape limitation, and seed-handling behaviour, leading to large interspecific differences in functional 
contributions17,21. Despite growing recognition that incorporating biotic interactions can improve biodiversity 
forecasts22,23, functional dimensions of SDE remain rarely integrated into spatially explicit projections of how 
climate change will affect animal-mediated plant dispersal.

Incorporating SDE into biodiversity forecasts remains challenging because empirically quantifying both its 
quantitative and qualitative components across interaction networks is logistically demanding24. Such data are 
scarce, as they require intensive field sampling25,26, including frugivory observations, faecal or regurgitation 
analyses, and germination experiments17. The substantial time investment involved often constrains datasets 
geographically and limits their ability to capture spatial variation in SDE, which can arise from multiple sources 
such as habitat structure, plant crop size, and local frugivore assemblages. Nevertheless, when interpreted with 
careful attention to context dependence, SDE provides a powerful mechanistic framework for quantifying species-
specific contributions to seed dispersal17,27. Integrating field-based estimates of SDE with species distribution 
models under current and future climates makes it possible to evaluate how plant-frugivore interactions shift 
across space and time. This approach moves beyond richness-based proxies to reveal the functional consequences 
of biodiversity change, offering a more predictive understanding of how climate change may alter seed dispersal 
dynamics, plant recruitment, and ultimately the resilience of tropical ecosystems.

Here, we integrate field-based empirical estimates of SDE—derived from direct frugivory observations, 
feeding trials, and germination experiments—with species distribution models to test how function-based 
approaches modify richness-based forecasts of seed dispersal under climate change. We focus on two keystone 
tree species of Brazil’s Atlantic Forest: the silver cecropia (Cecropia hololeuca) and the jussara palm (Euterpe 
edulis), both of which fruit during the winter dry season, when resources are scarce28,29, and therefore represent 
critical food sources for a wide range of vertebrate frugivores. As a result, these species occupy highly central 
positions in seed dispersal networks across fragmented forests, and substantial empirical evidence indicates 
that many interacting frugivores act as legitimate seed dispersers  (i.e.,  they do not destroy the seeds)28,30–32. 
The two systems also offer complementary advantages for field-based study:  the jussara palm is among the 
best-documented tropical plant-frugivore systems in terms of species life-history traits and geographic 
distributions33,34, while silver cecropia is readily identifiable in forest fragments by its distinctive silvery foliage29. 
Our study is set within the Atlantic Forest, a global biodiversity hotspot characterized by high endemism and 
severe habitat loss35, where semideciduous forests are particularly vulnerable due to strong seasonal bottlenecks 
in fruit availability36,37.

Focusing on these keystone plant species, we address three main questions: (1) how frugivores differ in their 
quantitative and qualitative contributions to seed dispersal, (2) how climate change will alter the composition 
and spatial redistribution of seed dispersers, and (3) to what extent do richness-based forecasts capture climate-
driven changes in seed dispersal effectiveness. Based on the pronounced functional heterogeneity among 
frugivores and their contrasting climatic tolerances, we formulated three expectations. First, we predicted strong 
interspecific variation in dispersal contributions, with a small subset of species disproportionally contributing to 
both quantitative and qualitative components of seed dispersal21,38. Second, we expected climate change to reduce 
plant-frugivore co-occurrence overall, while allowing the persistence of some climate-resilient dispersers9,39. 
Third, we anticipated that richness-based forecasts would frequently diverge from SDE-based projections, 
because the loss or persistence of a few highly effective dispersers can drive disproportionate functional declines 
or buffering effects13,15,40,41.

Results
Quantitative and qualitative contributions to seed dispersal
Based on 350  h of focal tree observations in semideciduous Atlantic Forest fragments, we documented 23 
frugivore species (21 birds, two mammals) dispersing seeds: 14 species (12 birds, two mammals) for silver 
cecropia and 15 (14 birds, one mammal) for jussara palm. Using focal tree observations, we quantified the 
quantitative component of seed dispersal effectiveness (qSDE) as the number of seeds dispersed per frugivore 
species, based on visitation frequency and seeds consumed per visit. Small (< 50 g) and medium-sized (> 50 g) 
birds dominated visits, while larger frugivores (> 100 g) were rarer but dispersed more seeds per visit. Feeding 
trials and germination experiments revealed strong interspecific differences in qualitative seed dispersal 
contributions (Fig. 1b). For silver cecropia, mean germination after gut passage was ~ 40% (vs. 9% for controls), 
and ~ 70% for jussara palm (vs. 18% for controls), with some dispersers exceeding 90%. Germination data 
were available for 35% of dispersers of silver cecropia and 40% for jussara palm. Combining quantitative and 
qualitative components, SDE estimates highlighted a few key species: the black-pencilled marmoset (Callithrix 
penicillata), sayaca tanager (Thraupis sayaca), and great kiskadee (Pitangus sulphuratus) for silver cecropia, and 
the pale-breasted thrush (Turdus leucomelas) as the dominant disperser of jussara palm (Fig. 1c).

Climate change effects on species redistributions
Using ensemble forecasts under moderate and business-as-usual climate scenarios, we projected current and 
future distributions of the two keystone trees and their frugivores in the semideciduous Atlantic Forest. Silver 
cecropia currently occupies ~ 20% of the region (164,644 km2) and jussara palm ~ 54% (512,801 km2), with both 
predicted to undergo marked range contractions. By 2070, silver cecropia is expected to lose 21% and 34% of its 
range under a moderate and business-as-usual climate scenario, respectively, while the jussara palm is projected 
to contract its range by 14% and 24% under the same scenarios (Supplementary Table 3). Frugivores are also 
predicted to face widespread range contractions: current ranges have an average size of 384,637 ± 114,901 km2 
and are projected to contract by 23 ± 21% under moderate and 37 ± 17% under business-as-usual scenarios 
(Supplementary Table 3).
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Fig. 1.  Frugivore contributions to quantitative, qualitative and overall seed dispersal effectiveness (SDE) 
for two keystone trees in the Atlantic Forest. (a) Quantitative component: frequency of visits (x-axis) 
versus seeds dispersed per visit (y-axis), with isoclines indicating equal dispersal output. (b) Qualitative 
component: cumulative germination proportion (y-axis) of seeds over time (x-axis) after gut passage through 
different frugivores. (c) Seed dispersal effectiveness: product of quantitative (x-axis) and qualitative (y-axis) 
components, with isoclines showing equal effectiveness. Key dispersers differ strongly between silver cecropia 
(Cecropia hololeuca) and jussara palm (Euterpe edulis), highlighting the disproportionate role of a few species 
such as the black-pencilled marmoset (Callithrix penicillata), sayaca tanager (Thraupis sayaca), and the pale-
breasted thrush (Turdus leucomelas). See Supplementary Tables 1 and 2 for supporting data.
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Richness-based forecasts of plant-disperser interactions
Frugivore richness and spatial overlap with both keystone plants are projected to decline under future climates. 
Within their current ranges, silver cecropia co-occurs with an average of 9 ± 4 frugivores per grid cell and 
jussara palm with 8 ± 4. Climate change is expected to reduce this by ~ 1–2 species per cell, leaving ~ 7 dispersers 
on average for each plant (Supplementary Fig.  1). Spatial overlap (i.e., the area simultaneously predicted as 
suitable for each plant-animal pair) also contracts substantially. At present, frugivores associated with the silver 
cecropia overlap with 67 ± 16% of its suitable range, and those of the jussara palm with 56 ± 13% of its range 
(Supplementary Table 4). Although we project some gains in overlap, particularly in the southern portion 
of the semideciduous forest, overall projections indicate a net reduction of 25 ± 16% (moderate) to 41 ± 13% 
(business-as-usual) for silver cecropia, and 26 ± 13% to 39 ± 14% for the jussara palm (Supplementary Fig. 1 and 
Supplementary Table 4).

Function-based forecasts of plant-disperser interactions
By combining empirical qSDE and SDE scores with projected frugivore distributions, we estimated climate 
impacts on species- and community-level contributions of frugivores to seed dispersal. Nearly all frugivores 
are projected to reduce their quantitative and qualitative roles under future climates. The only exception is the 
silver-beaked tanager (Ramphocelus carbo), which under a moderate climate change scenario is forecasted to 
increase its quantitative component by nearly 30% (Fig. 2; Supplementary Tables 5–6). Across their predicted 
ranges, based on ensemble-mean projections, silver cecropia is expected to experience a ~ 37% decline in 
dispersed seeds relative to current conditions (− 28% under moderate and − 45% under business-as-usual 
scenarios), while the jussara palm faces a ~ 30% reduction (− 23% and − 37%, respectively) (Supplementary 
Fig. 2 and Supplementary Tables 5–6). Germination outcomes follow a similar trend, with declines of ~ 37% 
for silver cecropia (− 32% to − 41%) and ~ 22% for jussara palm (− 16% to − 28%) (Supplementary Figs. 3–4 and 
Supplementary Tables 5–6). Importantly, the magnitude of projected losses differs between the quantitative and 
qualitative components, indicating that species-level contributions decline unevenly once germination success is 
incorporated. For example, some dispersers experience strong reductions in the number of seeds dispersed, but 
their overall functional contribution declines even more sharply when seed germination is considered (e.g., the 
black-pencilled marmoset on silver cecropia).

Decoupling frugivore richness and seed dispersal function
Richness-based forecasts failed to capture spatial patterns of seed dispersal function—both qSDE (seeds dispersed) 
and SDE (seeds germinated)—for silver cecropia and jussara palm, which showed contrasting decoupling 
patterns (Fig. 3 and Supplementary Table 7). Under the business-as-usual scenario, mismatches occurred across 
most of each species’ range: 63% (qSDE) and 43% (SDE) for silver cecropia, and 60% (qSDE) and 65% (SDE) of 
jussara palm range. For silver cecropia, mismatches were bidirectional. Richness overestimated qSDE in ~ 31–
34% of the range, underestimated it in ~ 28–32%, and matched function in ~ 36–37%. For SDE, richness aligned 
more often (57–63%) but still showed substantial overestimation (20%–32%) or underestimation (10–17%). By 
contrast, jussara palm showed consistent unidirectional decoupling, with function exceeding richness-based 
predictions across most of its range (qSDE: ~ 59–60%, SDE: ~ 65%).

Linear models revealed contrasting strengths of the decoupling between richness and function (Supplementary 
Table 8). For silver cecropia, richness strongly predicted SDE under both scenarios (moderate: R2 = 0.95–0.96; 
slopes ≈ 0.9) and explained qSDE under business-as-usual conditions (R2 = 0.62). However, its predictive power 
collapsed for qSDE under the moderate scenario (R2 = 0.06). By contrast, richness consistently failed to predict 
either qSDE or SDE for jussara palm (R2 ≤ 0.13 across scenarios). Thus, differences in the richness–function 
relationship reflect how evenly seed dispersal contributions are distributed among frugivores, with stronger 
functional asymmetries leading to weaker correspondence between richness and seed dispersal effectiveness.

Discussion
Our study shows that climate change is likely to disrupt vertebrate-mediated seed dispersal in the semideciduous 
Atlantic Forest in ways that species richness alone fails to capture. By combining empirical measures of seed 
dispersal function (qSDE and SDE) with species distribution forecasts, we show that richness consistently 
misrepresented functional outcomes—both the number of seeds dispersed and those successfully germinating—
across large portions of the projected future ranges of two keystone tree species. The magnitude and direction 
of this mismatch varied across tree species and scenarios, revealing strong context dependence in richness-
function relationships. Together, these results indicate that functional contributions are unevenly distributed 
among frugivores and that richness-based metrics can obscure critical changes in mutualistic performance, 
emphasizing the need for functionally explicit approaches when anticipating climate-driven impacts on plant-
frugivore interactions.

Our results highlight the disproportionate role of small-bodied generalists in contemporary seed dispersal, 
reflecting pervasive defaunation in semideciduous Atlantic Forest fragments42, where larger frugivores are 
locally or functionally extinct43. This compositional shift elevates the importance of thrushes and tanagers44 and 
may even have driven evolutionary responses in plants, such as reduced seed size in the jussara palm28. Across 
frugivore species, we detected marked differences in both seed removal and germination effects, with contrasting 
functional patterns between the two focal plants. For silver cecropia, its small seeds (~ 2  mm) allowed high 
numbers of seeds numbers to be dispersed per visit (high qSDE), while germination success varied little among 
species, rendering overall SDE largely quantity-driven. This pattern is consistent with systems dominated by 
small-seeded plants interacting with generalized frugivore assemblages21,38,45. In contrast, the larger fruits of 
the jussara palm impose constraints on both disperser identity and performance: gape-size limitations restrict 
which species can act as dispersers, longer handling times reduce the number of seeds dispersed per visit46, 
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and satiation or seed ballast effects can further depress visitation rates46,47. As a result, jussara seed dispersal 
exhibited pronounced interspecific variation in both quantitative and qualitative components. Toucans and 
guans visited less frequently and dispersed relatively fewer seeds but achieved high germination success, 
black capuchins dispersed many seeds with low germination success, and thrushes combined both high seed 
removal with high germination. These contrasts generate a steep functional hierarchy in which a small subset of 
frugivores disproportionately determines SDE through either quantitative effects, qualitative effects, or both48. 
Moreover, because our SDE estimates do not incorporate seed deposition patterns, the functional importance 
of large frugivores like toucans and guans is likely underestimated, particularly given their capacity to mediate 
long-distance seed dispersal and connect forest types across their extensive movement ranges49.

Fig. 2.  Climate-driven changes in frugivore contributions to seed dispersal of two keystone trees in the 
semideciduous forest of the Atlantic Forest. (a) Percentage change in the quantitative component (qSDE; 
number of seeds dispersed) across the geographic ranges of silver cecropia (Cecropia hololeuca, left) and jussara 
palm (Euterpe edulis, right) for each frugivore relative to current levels. (b) Percentage change in overall seed 
dispersal effectiveness (SDE; number of seeds germinating after gut passage) for the subset of frugivores with 
available data. Results are shown for both moderate and business-as-usual climate scenarios, highlighting 
widespread reductions in dispersal function and the disproportionate vulnerability of key frugivores.
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Fig. 3.  Decoupling of frugivore richness and functional seed dispersal under climate change. Maps show the 
spatial mismatches between interaction richness and two functional metrics of seed dispersal under a business-
as-usual scenario: (a) quantitative seed dispersal (qSDE) and (b) seed dispersal effectiveness (SDE). Left panels 
show silver cecropia (Cecropia hololeuca); right panels show jussara palm (Euterpe edulis). The decoupling 
index (function minus frugivore richness) ranges from -1 to + 1, where negative values (red) indicate that 
richness overestimates function, zero (grey) indicates agreement, and positive values (blue) indicate that 
richness underestimates function. Black outlines denote projected future plant distributions. Insets show 
frequency distributions of decoupling index values within each plant’s forecasted area of co-occurrence with 
frugivores (in km2).
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By 2070, the semideciduous Atlantic Forest is projected to experience warming of up to 3.5 °C and increased 
aridity in the central and northern regions50,51, with potentially severe consequences for keystone plants and their 
associated frugivore assemblages. Our forecasts indicate pronounced range contractions for both silver cecropia 
and the jussara palm, coupled with substantial losses of canopy-dependent frugivores such as primates, which 
are unlikely to track shifting climates across a highly fragmented and low-permeability landscape52,53. Beyond 
the direct effects of range loss, which alone poses a major conservation challenge54, climate change is expected 
to destabilize plant-frugivore mutualisms9,39, as evidenced here by sharp declines in spatial co-occurrence and 
local disperser richness. Crucially, when seed dispersal effectiveness was incorporated into species distribution 
projections, these emerging spatial mismatches translated into large reductions in both seed dispersal quantity 
and successful germination for both plant species. Over medium to long time scales, such declines in dispersal 
function are likely to compromise recruitment, gene flow, and ultimately the persistence of these keystone plants, 
further exacerbating the vulnerability of the already imperilled semideciduous Atlantic Forest55.

We found that frugivore richness alone misrepresented future seed dispersal and germination potential 
across approximately 60% of the projected ranges of both plant species. This decoupling likely arises from the 
interaction between climate-driven shifts in plant-frugivore co-occurrence—determined by species-specific 
climate sensitivities and resulting spatial overlap—and the highly uneven distribution of functional contributions 
among frugivores, as captured by applying species-specific functional weights applied to binary presence maps. 
These patterns reinforce the need for trait- and function-based frameworks to more accurately anticipate 
ecosystem responses to climate change8,13,56. In regions where dispersal function exceeded expectations 
based on richness, a small number of climate-resilient species contributed disproportionately to dispersal and 
germination, buffering functional losses despite declining richness. In contrast, where richness overestimated 
function, the species most sensitive to climate change were often those with the greatest dispersal effectiveness, 
and their loss left functionally weaker dispersers unable to compensate. Consequently, richness-based metrics 
can obscure profound shifts in functional dynamics, a pattern also reported for long-distance seed dispersal 
processes6,16,41. Together, these results highlight a critical conservation implication: taxonomic presence alone is 
an unreliable proxy for ecosystem functioning under climate change.

The strength of the richness-function decoupling differed markedly between the two plant species. For silver 
cecropia, decoupling was weak: frugivore richness reliably predicted qSDE under the business-as-usual scenario 
and SDE under both climate scenarios. This reflects relatively even functional contributions across dispersers 
that are largely independent of species-specific climatic vulnerability13,57. Although per-visit seed dispersal 
scales with beak size in birds and jaw size in primates, seed dispersal is dominated by small birds, while primates 
interact infrequently, resulting in broadly additive and weakly hierarchical contributions. Importantly, the most 
effective dispersers were not disproportionately climate-sensitive, and under moderate climate change, species 
turnover was concentrated among low-contribution frugivores, buffering overall function losses. In contrast, 
for the jussara palm, richness was a poor predictor of both qSDE and SDE. Here, seed dispersal function was 
concentrated in a small subset of species, particularly climate-resilient thrushes. Notably, the Pale-breasted 
Thrush combined high seed dispersal with high germination success while experiencing only modest projected 
range loss. Larger dispersers such as toucans and guans, also projected to retain substantial spatial overlap with 
the palm, may further reinforce this pattern. Consequently, whereas cecropia dispersal appears to be buffered by 
diffuse contributions across a broad frugivore assemblage, jussara palm dispersal depends disproportionately on 
a few climate-resilient species, amplifying richness–function decoupling under climate change.

Our projections are necessarily shaped by the scope of the empirical data, the ecological information available 
for each species, and the modelling assumptions adopted. We acknowledge that our field-based observations 
may not capture the full assemblage of potential dispersers for the two focal plants, particularly nocturnal and 
ground-dwelling species. Moreover, although seed dispersal effectiveness was quantified over two years and 
multiple sites to incorporate spatial and temporal variation, additional sources of variability, such as interannual 
fluctuations in fruit production and changes in frugivore abundance, may further influence visitation rates 
and germination outcomes. Accordingly, the spatially explicit seed dispersal metrics presented here should be 
interpreted as relative indices of potential dispersal and germination capacity rather than estimates of realized 
seed flux.

Functional losses may be partly buffered by dispersers not included in our analyses, especially where such 
species perform similar functional roles and are less vulnerable to climate change56. This form of compensation 
is more plausible for silver cecropia, whose small seeds attract a broad range of generalist dispersers29, including 
bats and additional bird species58, than for the jussara palm, whose larger seeds strongly constrain disperser 
identity28 and exclude many species already functionally extinct in fragmented Atlantic Forests (e.g., tapirs)28,43. 
Indeed, bat-mediated dispersal has been shown to enhance germination probabilities in some Cecropia species59. 
While trophic rewilding could, in principle, restore lost dispersal functions43,60,61, the extent to which ecosystem 
functioning can be recovered—whether via overlooked, novel, or reintroduced dispersers—ultimately depends 
on the functional roles these species perform rather than their taxonomic presence alone. A remaining and more 
general limitation is the scarcity of empirical seed dispersal effectiveness data20,25,26, which continues to constrain 
robust functional projections across species and ecosystems. Expanding such measurements is therefore critical 
for improving forecasts of how biodiversity loss and climate change will reshape ecosystem functioning and the 
services it underpins.

By integrating empirical measures of seed dispersal effectiveness with species distribution models, we show 
that climate-driven changes in frugivore richness can diverge sharply from functional outcomes. Critically, both 
the magnitude and direction of this divergence depend on how unevenly dispersal function is distributed among 
frugivores: when contributions are relatively homogeneous, richness and function tend to covary spatially, 
whereas strong functional asymmetries cause richness to misrepresent functional vulnerability. These results 
underscore that improving biodiversity forecasts under climate change requires moving beyond taxonomic 
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metrics to explicitly incorporate interaction processes—such as visitation rates, fruit removal, and germination 
success—that directly determine ecosystem functioning.  Although such data remain limited for most plant-
animal interactions, embedding functional information into predictive frameworks offers a tractable path to 
anticipating interaction loss and prioritizing monitoring and conservation actions an increasingly dynamic and 
uncertain world.

Methods
Our workflow (Supplementary Fig. 5) combined empirical and secondary data—including frugivore observations, 
occurrence records, environmental variables, feeding trials, and germination experiments—to model species 
distributions and quantify seed dispersal (qSDE and SDE). Richness-based forecasts were derived from plant-
frugivore co-occurrence, while function-based forecasts integrated qSDE and SDE with species distributions 
to estimate the potential number of seeds dispersed and germinated under current and future scenarios. Two 
keystone tree species of Brazil’s Atlantic Forest and their frugivore assemblages were included.

Keystone tree species
We focused on two keystone tree species (Supplementary Fig. 6). The silver cecropia (Cecropia hololeuca), a 
6–12 m tall tree of primary and secondary forests, produces infructescences consisting of three catkins bearing 
numerous small seeds29, ripening from June to November62. The jussara palm (Euterpe edulis), a 8–12 m tall 
single-stemmed palm of old-growth forest, bears single-seeded, round fleshy drupes (13.5 ± 1.3 mm diameter)28 
that ripen from April to August62.

Study area
The semideciduous forest, a formation within the Atlantic Forest of South America, is characterized by strong 
seasonality with a rainy period (October–March) and a dry period (April–September)63. It extends from Brazil 
to Paraguay and Argentina (8°–30°S, 35°–57°W), spanning habitats from alluvial and (sub)tropical to montane 
and submontane, along an elevational gradient up to 1200 m64. As part of the Atlantic Forest biodiversity 
hotspot, the semideciduous forests face intense anthropogenic pressures, including severe deforestation and 
habitat fragmentation35. Land-use change has converted large tracts into cropland, pastures, urban areas, and 
roads43,52, and protection remains scarce, with only ~ 7% under reserves65. We selected three field sites in São 
Paulo, Brazil, that are representative of the current ecological status of semideciduous forest remnants: small 
in size (< 2000 ha in 60% of the fragments), embedded in human-dominated matrices52, and subject to intense 
defaunation, with larger, forest-specialist frugivores largely being absent or functionally extinct42,43. The three 
field sites were: 1) Estação Ecológica dos Caetetus (22°24′10″S 49°42′04″W; 2178 ha), with a rural matrix where 
only jussara palm occurs; 2) ARIE Mata Santa Genebra (22°49′18″S 47°06′38″W; 252 ha), a peri-urban fragment 
where both jussara palm and silver cecropia occur; and 3) Parque Estadual da ARA in Valinhos (23°00′37″S 
47°04′06″W; 64 ha), also peri-urban, where only silver cecropia occurs66. The two peri-urban sites are ~ 20 km 
apart and ~ 275 km east of Estação Ecológica dos Caetetus.

Seed dispersal effectiveness of frugivores
Quantitative component
At each site, focal tree observations were used to characterize frugivore-plant interaction networks and to derive 
the quantitative component of seed dispersal effectiveness (qSDE; Supplementary Fig. 5). Observations were 
conducted during fruiting seasons across two years: April-August 2021/2022 for jussara palm and July-November 
2021/2022 for silver cecropia. We selected trees with unobstructed crowns and ripe fruits (dark purplish drupes 
for jussara palm, dark brown catkins with peck marks for silver cecropia67).

Frugivore visits were recorded during morning (05:00–10:00) and afternoon (16:00–18:00) sessions in 30-
min blocks with 5-min breaks. We documented species identity and assessed number of seeds dispersed per 
visit, defining dispersal events as either (a) seed swallowing or (b) seed carrying away from the parent tree1. The 
frugivore assemblages included in this study were primarily treated as legitimate seed dispersers, that is, species 
whose main foraging behaviour does not involve systematic seed destruction, at least for the two focal plants, 
based on our field observations and the available literature (e.g., refs28,68,69). We did not record visits by ground-
dwelling frugivores due to logistical constraints during field observations. Moreover, in the highly defaunated 
semideciduous forest context considered here70, most ground-dwelling frugivores interacting, with jussara 
palm fruits are predominantly reported as seed predators rather than legitimate seed dispersers (e.g., rodents)28. 
For this reason, excluding ground frugivores is unlikely to bias our estimates of seed dispersal effectiveness in 
this system. In total, 48 jussara palm individuals (284 ± 129 min per tree) and 21 silver cecropia individuals 
(350 ± 136 min per tree) were observed.

Because jussara palm fruits are single-seeded, each fruit dispersed corresponds to one seed. In silver cecropia, 
however, frugivores consume only portions of catkins containing many small seeds, requiring species-specific 
estimates of seed intake. For birds, we estimated seeds per peck by calculating beak volume (BV) using the cone 
formula adapted from ref71.

	 BV = 1/3πr2h� (1)

where r = ½ beak width (measured between commissures72) and h = cone height (culmen length measured from 
the beak tip to skull base73). Measurements were taken on ≥ 10 museum specimens per species at the Museu de 
Zoologia da Universidade Estadual de Campinas (ZUEC). Seed density was determined from fresh catkins (n = 5 
trees × 5 catkins), yielding ~ 1 viable seed per 150 mm3 of fresh pulp. Dividing BV by this value provided species-
specific estimates of seeds per peck31,74.
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For the two primates (Black-horned Capuchin, Black-pencilled Marmoset), which handle and bite catkins75, 
seed intake was estimated using mandible length (L), measured in mm from the last molar insertion point 
to the central incisor (n = 5 skull specimens per species; at ZUEC). Catkin dissections (n = 5 trees × 5 catkins) 
indicated ~ 1 seed per 0.9 mm of fruit length. Thus, dividing L by 0.9 mm yielded seeds per bite.

Finally, the quantitative component of SDE for both plants was calculated as the product of frugivore 
visitation rate (number of visits per 10 h) and mean number of seeds dispersed per visit17,18.

We quantified the sampling completeness of our focal observations using the iNEXT function from the 
“iNEXT” R package76. Each unique plant–frugivore interaction was treated as a “species”, and the number of 
recorded interaction events (i.e., visits resulting in seed dispersal events) was treated as “abundance”. Sampling 
completeness (SC) was estimated as the ratio between the observed richness of interactions and the asymptotic 
interaction richness estimated using a Chao-type estimator (q = 0)77,78. We further estimated sample coverage 
and associated 95% confidence intervals, which quantify the proportion of total interactions captured by the 
observed data79. Because our goal was not to compare sites but to obtain a representative seed dispersal network 
for the two focal plant species across the semideciduous Atlantic Forest, interaction data were pooled by plant 
species. However, because sampling effort differed among study areas, we first evaluated sampling completeness 
separately for each plant-area network to ensure that local interaction networks were adequately sampled. 
Sampling completeness was consistently high across areas (SC = 0.97 ± 0.03; Supplementary Fig. 7), justifying 
the pooling of interactions for each focal plant. The pooled networks also showed high completeness (silver 
cecropia: SC = 0.98; jussara palm: SC = 0.99), indicating that the interactions were well sampled (Supplementary 
Fig. 7).

In addition, to assess whether the observed frugivore assemblages for each plant are representative of 
published interaction records in the semideciduous Atlantic Forest, we cross-checked our data against the 
Atlantic-frugivore database58, the most comprehensive seed dispersal interaction dataset currently available 
for the Atlantic Forest. Because our analyses focus specifically on semideciduous forests, we retained only 
interaction records involving the two focal plants with complete geographic coordinates (representing 36% 
of available records for silver cecropia and 70% for jussara palm) and further filtered records to those falling 
within the semideciduous forest polygon. Within this forest type, only two unique interactions were previously 
reported for silver cecropia. In contrast, our focal observations overlapped with 4 out of 11 previously recorded 
disperser species for jussara palm (36%), while documenting 11 additional dispersers not explicitly reported for 
this forest type (Supplementary Fig. 7).

Qualitative component
We estimated the qualitative component of SDE from feeding trials and germination experiments (Supplementary 
Fig. 5), quantifying the effect of frugivore gut passage on seed germination. For each frugivore, qualitative SDE 
was calculated as the proportion of germinated seeds relative to the total number of seeds tested per treatment17,18.

Feeding trials were conducted in captivity at Centro de Manejo e Reabilitação de Animais Silvestres 
(CEMACAS), a wildlife rehabilitation centre in São Paulo, Brazil, using nine frugivore species (seven birds 
and two primate species), totalling 55 individuals. For the jussara palm, this included the pale-breasted thrush 
(Turdus leucomelas) (n = 4), the rufous-bellied thrush (Turdus rufiventris) (n = 4), the rusty-margined guan 
(Penelope superciliaris) (n = 4), the toco toucan (Ramphastos toco) (n = 8), the green-winged saltator (Saltator 
similis) (n = 4), and the black-horned capuchin (Sapajus nigritus) (n = 8). Ripe infructescences of silver cecropia 
were offered to five bird species and one primate species, including the sayaca tanager (Thraupis sayaca) (n = 3), 
the great kiskadee (Pitangus sulphuratus) (n = 3), the green-winged saltator (Saltator similis) (n = 4), the pale-
breasted thrush (Turdus leucomelas) (n = 3), and the black-pencilled marmoset (Callithrix penicillata) (n = 10). 
Despite the constraints of working with captive animals, these trials allowed us to obtain data for approximately 
35% of the known disperser assemblage of silver cecropia and approximately 40% of the dispersers of jussara 
palm. Fruits and infructescences were collected from the field sampling sites during the fruiting season, stored 
under refrigeration, and used within five days of collection.

At CEMACAS, each frugivore species was housed separately in aviaries, and food was withheld for eight 
hours prior to the experiments to increase the likelihood of fruit consumption. On experimental days, individuals 
were exclusively provided with either jussara palm fruits or silver cecropia infructescences, and the two plant 
species were never offered simultaneously. Water was provided ad libitum throughout the trials. Defecated and 
regurgitated seeds were collected at the end of each experimental day and immersed in water for 12 h to facilitate 
separation of seeds from faeces and other biological material. In total, we obtained 609 seeds from gut-passage 
experiments, comprising 313 jussara palm seeds and 296 silver cecropia seeds. These seeds were subsequently 
compared with control seeds obtained from intact fruits or infructescences in germination experiments. All 
seeds and fruits were surface sterilized in a 2.5% sodium hypochlorite solution for 5 min and rinsed thoroughly 
in distilled water80, and sown in sterilized Petri dishes on filter paper. Germination trials were maintained in 
chambers with alternating 28 °C day/20 °C night temperatures and a 12-h photoperiod, conditions mimicking 
the field. All Petri dishes were regularly watered. We checked for germination every two days. Germination was 
defined as the emergence of the germinative bottom in jussara palm81 and ≥ 1 mm radicle growth or geotropic 
movement for silver cecropia82.

Seed dispersal effectiveness
For frugivore species with data on both quantitative (seeds dispersed per 10  h) and qualitative components 
(germination proportion), we calculated seed dispersal effectiveness (SDE) as their product (Supplementary 
Fig. 5)17,18. This approach integrates both the number of seeds dispersed and their likelihood of germinating 
after gut passage, providing a standardized measure of each species’ contribution to plant recruitment. We 
plotted these values in a seed dispersal effectiveness landscape, a two-dimensional representation in which 
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the quantitative and qualitative components define the axes, and isoclines connect all combinations of these 
components that yield identical effectiveness values18,83.

Species distribution forecasts
We modelled current and future distributions for all frugivore and plant species to assess potential changes in 
seed dispersal function.

Occurrence records
Frugivore occurrences were obtained from Atlantic birds84 and Atlantic primates85 datasets, the most 
comprehensive ones currently available for the Atlantic Forest. Plant occurrences were obtained from the Atlantic 
frugivore dataset58 and the Red List of Threatened Species from the National Center for Flora Conservation 
(CNCFlora; cncflora.jbrj.gov.br). For frugivores and plants we complemented with records from the Global 
Biodiversity Information Facility (GBIF, www.gbif.org), iNaturalist (www.inaturalist.org), and the Berkeley 
Ecoinformatics Engine (Ecoengine, www.ecoengine.berkeley.edu). Taxonomy for birds and primates followed 
the IUCN Red List (April 2023). We obtained 4,016,636 records, with an average of 160,655 ± 277,945 records 
per species (range: 361–1,40,4619) (Supplementary Table 9).

Data cleaning
Species occurrence records were cleaned using the R package “CoordinateCleaner”86 by removing duplicates, 
incomplete coordinates, records in oceans, museums, herbaria, or centroids of municipal and political polygons, 
and those > 200 km outside IUCN range boundaries. Records with georeferencing uncertainty ≥ 1 km or collected 
before 1979 were also excluded to match the spatiotemporal resolution of environmental data. This yielded 
662,207 records (mean 26,488 ± 36,017 per species). To reduce spatial autocorrelation, occurrences < 1 km apart 
were thinned with the R package “spThin”87, resulting in 250,652 records (mean 10,026 ± 8630; range: 109–
32,914). Overall, 86 ± 8% of initial records were removed (Supplementary Table 9).

Predictor variables
Environmental predictors included both climatic and, for plants, soil variables (Supplementary Fig.  5; 
Supplementary Table 10). Because our models targeted species distributions at biogeographical scales and were 
projected under future climate scenarios, we did not include fine‐scale vegetation‐structure variables (e.g., 
canopy cover or NDVI), which are not consistently available as robust future projections and may reduce model 
transferability at broad spatial extents88–90. Present-day climate data were obtained from CHELSA v2.1 (www.
chelsa-climate.org; 30 arc sec, ~ 1 km2; 1979–2013)91, while soil variables (0–30 cm depth) were extracted from 
SoilGrids v2.0 (https://soilgrids.org/; 30 arcsec, ~ 1 km2)92. To reduce multicollinearity, we applied the ‘vifcor’ 
function in the R package ‘usdm’93, excluding variables with higher variance inflation factor (VIF) values in 
variable pairs correlated above r = 0.6. This procedure yielded 6–8 predictor variables per species (Supplementary 
Table 11).

Species distribution models
We modelled species ranges using species distribution models (SDMs) with species occurrences and 
environmental predictors (climate and, for plants, soil variables) in the ‘sdm’ R package93. Three machine-
learning algorithms were applied: boosted regression trees (BRT)94, MaxLike95 and random forests (RF)96—with 
75% of records used for calibration and 25% for evaluation. Each algorithm was run 15 times per species, yielding 
45 models. Model accuracy was assessed with the true skill statistic (TSS) and area under the curve (AUC) of 
the receiver operating characteristic (ROC). Ensemble predictions were generated in the ‘sdm’ R package93 using 
a weighted method approach that gave higher weight to models with greater TSS97. Background areas were 
defined by species-specific bounding boxes based on occurrence extremes, extended by an additional 10° in 
all directions to include potentially accessible areas for each species98,99. Environmental layers were cropped to 
these backgrounds, and pseudo-absences were sampled in equal number to presences.

Projected future species distributions
We forecasted future distributions of plants and frugivores by projecting ensemble SDMs under climate change 
scenarios from the sixth assessment of the International Panel on Climate Change (IPCC-6, www.ipcc-data.
org) using CHELSA v2.1 climate data91. We selected the MPI-ESM1-2-HR model100, which performs well in 
the Atlantic Forest101, and applied two Shared Socioeconomic Pathways (SSP370 and SSP585) 2041–2070, 
representing moderate (~ 2.1 °C warming by 2070) and business-as-usual (~ 2.4 °C warming by 2070) trajectories. 
Soil variables for plants were held constant due to the absence of future edaphic projections. Continuous habitat 
suitability outputs were converted into binary maps using TSS-maximizing thresholds (Supplementary Table 
11), ensuring balanced sensitivity and specificity102. Final outcomes were species-level maps of current and 
future potential distributions under both climate scenarios (Supplementary Fig. 5).

Forecasting animal-plant interactions under climate change
Richness-based forecasts
We used binary SDM outputs for the silver cecropia and jussara palm to evaluate shifts in animal-plant 
interactions across the semideciduous Atlantic Forest (Supplementary Fig. 5). By overlaying the distributions 
of frugivores with those of their key food plants, we quantified present and future co-occurrence patterns. 
From these overlaps, we derived maps of frugivore richness per grid cell (i.e. the number of disperser species 
potentially interacting with each plant) and calculated the proportion of each plant’s range occupied by each 
frugivore species, thereby mapping the spatial distribution of potential interactions103.
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Function-based forecasts
To assess functional consequences, we projected changes in the quantitative component of seed dispersal 
(number of seeds dispersed per grid cell) and, for a subset of frugivores with experimental data, in SDE (number 
of germinated seeds per grid cell). For each grid cell and frugivore–plant pair, we calculated the quantitative 
contribution or SDE as

	 SDP,f = Hsf,C × qSDEf� (2)

where SDP,f is the contribution of frugivore f to plant P in grid cell C, Hsf,c indicates frugivore presence (0/1), 
and qSDEf is the species-specific dispersal quantity or SDE score. The cumulative contribution of the frugivore 
assemblage in each grid cell was then computed as

	
SDP,C =

n∑
f=1

SDP,f� (3)

where SDP,C is the sum of the quantitative component or SDE of all frugivores n for plant P in grid cell C. By 
comparing current and future assemblage-level contributions within and beyond each plant’s projected range in 
the semideciduous part of the Atlantic Forest, we quantified potential climate-driven changes in both dispersal 
quantity and SDE for these two keystone species (Supplementary Fig. 5).

Decoupling frugivore richness and seed dispersal function
We tested whether frugivore richness predicts seed dispersal function by comparing standardized maps of 
frugivore richness, the quantitative component of SDE (qSDE), and seed dispersal effectiveness (SDE). All 
rasters were rescaled to a 0–1 range using min–max normalization,

	
x′ = x − min (x)

max (x) − min (x) � (4)

to allow comparability among metrics. We then calculated a decoupling index as the difference between function 
(qSDE or SDE) and richness per grid cell and scenario. Index values range from -1 (richness overestimates 
function) to + 1 (richness underestimates function), with 0 indicating perfect agreement. For the SDE-based 
index, richness maps only included frugivores for which quantitative and qualitative data were available from 
feeding trials and germination experiments.

To quantify the strength of decoupling, we calculated percentage changes in richness, qSDE, and SDE 
between current and future scenarios for each grid cell. We then fitted linear models with changes in qSDE or 
SDE as response variables and richness change as the predictors. Analyses were conducted separately for each 
plant species and climate scenario, restricted to stable areas of plant occurrence (i.e. grid cells suitable under both 
current and future conditions). Models were fitted using ordinary least squares with robust, heteroskedasticity-
consistent (HC3 corrected) standard errors, implemented in the R packages ‘lmtest’104 and ‘sandwich’105.

Data availability
The climatic and soil predictor rasters, as well as the curated species occurrence records used for the analyses, are 
available via Zenodo at https://doi.org/10.5281/zenodo.17054306 (ref.83). Species interaction data underpinning 
the richness- and function-based maps are provided in Supplementary Tables S1 and S2.  The R code used for 
species occurrence acquisition, cleaning, and spatial thinning, as well as code for species distribution modelling, 
richness- and function-based predictions, and regression analyses, is available via Zenodo at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​
5​2​8​1​/​z​e​n​o​d​o​.​1​7​0​5​4​3​0​6​​​​ (ref.83).

Received: 17 October 2025; Accepted: 9 March 2026

References
	 1.	 Jordano, P. Fruits and frugivory. In Seeds: The Ecology of Regeneration in Plant Communities (ed. Fenner, M.) 125–165 (CABI 

Publishing, 2000). https://doi.org/10.1079/9780851994321.0125.
	 2.	 Howe, H. F. & Smallwood, J. Ecology of seed dispersal. Annu. Rev. Ecol. Syst. 13, 201–228. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​4​6​/​​a​n​n​u​r​​e​v​.​e​s​.​​1​3​.​

1​1​0​​1​8​2​.​0​0​​1​2​2​1 (1982).
	 3.	 Connell, J. H. On the role of natural enemies in preventing competitive exclusion in some marine animals and in rain forest trees. 

In Dynamics of populations (eds Pieter J. & Gradwell, G. R.) 298–312 (Wageningen Pudoc, Landbouw Universiteit Wageningen, 
Wageningen, 1971).

	 4.	 Janzen, D. H. Herbivores and the number of tree species in tropical forests. Am. Nat. 104, 501–528. https://doi.org/10.1086/282687 
(1970).

	 5.	 Traveset, A. Effect of seed passage through vertebrate frugivores’ guts on germination: A review. Perspect. Plant Ecol. Evol. Syst. 1, 
151–190. https://doi.org/10.1078/1433-8319-00057 (1998).

	 6.	 Fricke, E. C., Ordonez, A., Rogers, H. S. & Svenning, J.-C. The effects of defaunation on plants’ capacity to track climate change. 
Science 1979(375), 210–214. https://doi.org/10.1126/science.abk3510 (2022).

	 7.	 Fontúrbel, F. E., Lara, A., Lobos, D. & Little, C. The cascade impacts of climate change could threaten key ecological interactions. 
Ecosphere 9, e02485. https://doi.org/10.1002/ecs2.2485 (2018).

	 8.	 Schleuning, M. et al. Trait-based assessments of climate-change impacts on interacting species. Trends Ecol. Evol. 35, 319–328. 
https://doi.org/10.1016/j.tree.2019.12.010 (2020).

Scientific Reports |        (2026) 16:13775 11| https://doi.org/10.1038/s41598-026-43964-0

www.nature.com/scientificreports/

https://doi.org/10.5281/zenodo.17054306
https://doi.org/10.5281/zenodo.17054306
https://doi.org/10.5281/zenodo.17054306
https://doi.org/10.1079/9780851994321.0125
https://doi.org/10.1146/annurev.es.13.110182.001221
https://doi.org/10.1146/annurev.es.13.110182.001221
https://doi.org/10.1086/282687
https://doi.org/10.1078/1433-8319-00057
https://doi.org/10.1126/science.abk3510
https://doi.org/10.1002/ecs2.2485
https://doi.org/10.1016/j.tree.2019.12.010
http://www.nature.com/scientificreports


	 9.	 Sales, L., Rodrigues, L. & Masiero, R. Climate change drives spatial mismatch and threatens the biotic interactions of the Brazil 
nut. Glob. Ecol. Biogeogr. 30, 117–127. https://doi.org/10.1111/geb.13200 (2020).

	 10.	 Sales, L., Kissling, W. D., Galetti, M., Naimi, B. & M. Pires, M. Climate change reshapes the eco‐evolutionary dynamics of a 
Neotropical seed dispersal system. Glob. Ecol. Biogeogr. 30, 1129–1138. https://doi.org/10.1111/geb.13271 (2021).

	 11.	 Bascompte, J., García, M. B., Ortega, R., Rezende, E. L. & Pironon, S. Mutualistic interactions reshuffle the effects of climate 
change on plants across the tree of life. Sci. Adv. 5, 1–9. https://doi.org/10.1126/sciadv.aav2539 (2019).

	 12.	 Schleuning, M. et al. Ecological networks are more sensitive to plant than to animal extinction under climate change. Nat. 
Commun. 7, 1–9. https://doi.org/10.1038/ncomms13965 (2016).

	 13.	 Schleuning, M., Fründ, J. & García, D. Predicting ecosystem functions from biodiversity and mutualistic networks: An extension 
of trait-based concepts to plant-animal interactions. Ecography 38, 380–392. https://doi.org/10.1111/ecog.00983 (2015).

	 14.	 Valiente-Banuet, A. et al. Beyond species loss: The extinction of ecological interactions in a changing world. Funct. Ecol. 29, 
299–307. https://doi.org/10.1111/1365-2435.12356 (2015).

	 15.	 Moracho, E., Normand, S. & Ordonez, A. Rebuilding ecological networks: A multi-scale approach to global restoration. Biol. 
Conserv. 312, 111477. https://doi.org/10.1016/j.biocon.2025.111477 (2025).

	 16.	 Donoso, I. et al. Downsizing of animal communities triggers stronger functional than structural decay in seed-dispersal networks. 
Nat. Commun. 11, 1582. https://doi.org/10.1038/s41467-020-15438-y (2020).

	 17.	 Schupp, E. W., Jordano, P. & Gómez, J. M. Seed dispersal effectiveness revisited: A conceptual review. New Phytol. 188, 333–353. 
https://doi.org/10.1111/j.1469-8137.2010.03402.x (2010).

	 18.	 Schupp, E. W., Jordano, P. & Gómez, J. M. A general framework for effectiveness concepts in mutualisms. Ecol. Lett. 20, 577–590. 
https://doi.org/10.1111/ele.12764 (2017).

	 19.	 González-Castro, A., Calviño-Cancela, M. & Nogales, M. Comparing seed dispersal effectiveness by frugivores at the community 
level. Ecology 96, 808–818. https://doi.org/10.1890/14-0655.1 (2015).

	 20.	 Nevo, O., Filla, C., Valenta, K. & Schupp, E. W. What drives seed dispersal effectiveness?. Ecol. Evol. 13, e10459. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​0​2​/​e​c​e​3​.​1​0​4​5​9​​​​ (2023).

	 21.	 Campagnoli, M., Christianini, A. & Peralta, G. Plant and frugivore species characteristics drive frugivore contributions to seed 
dispersal effectiveness in a hyperdiverse community. Funct. Ecol. 39, 238–253. https://doi.org/10.1111/1365-2435.14697 (2025).

	 22.	 Essl, F. et al. Potential sources of time lags in calibrating species distribution models. J. Biogeogr. 51, 89–102. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
1​1​1​/​j​b​i​.​1​4​7​2​6​​​​ (2024).

	 23.	 Cosentino, F., Seamark, E. C. J., Van Cakenberghe, V. & Maiorano, L. Not only climate: The importance of biotic interactions in 
shaping species distributions at macro scales. Ecol. Evol. 13, 1–10. https://doi.org/10.1002/ece3.9855 (2023).

	 24.	 González-Castro, A., Morán-López, T., Nogales, M. & Traveset, A. Changes in the structure of seed dispersal networks when 
including interaction outcomes from both plant and animal perspectives. Oikos 2022(2), e08315 (2022). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​
o​i​k​.​0​8​3​1​5​​​​​​​

	 25.	 Lees, A. C. et al. A roadmap to identifying and filling shortfalls in Neotropical ornithology. Auk 137, 1–17. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
9​3​/​a​u​k​/​u​k​a​a​0​4​8​​​​ (2020).

	 26.	 Simmons, B. I. et al. Moving from frugivory to seed dispersal: Incorporating the functional outcomes of interactions in plant–
frugivore networks. J. Anim. Ecol. 87, 995–1007. https://doi.org/10.1111/1365-2656.12831 (2018).

	 27.	 Perea, R., Delibes, M., Polko, M., Suárez-Esteban, A. & Fedriani, J. M. Context-dependent fruit–frugivore interactions: Partner 
identities and spatio-temporal variations. Oikos 122, 943–951. https://doi.org/10.1111/j.1600-0706.2012.20940.x (2013).

	 28.	 Galetti, M. et al. Functional extinction of birds drives rapid evolutionary changes in seed size. Science 1979(340), 1086–1090. 
https://doi.org/10.1126/science.1233774 (2013).

	 29.	 Berg, C. C., Rosselli, P. F. & Davidson, D. W. Cecropia Vol. 94 (New York Botanical Garden Press, 2005).
	 30.	 Grombone-Guaratini, M. T. & Rodrigues, R. R. Seed bank and seed rain in a seasonal semi-deciduous forest in south-eastern 

Brazil. J. Trop. Ecol. 18, 759–774. https://doi.org/10.1017/S0266467402002493 (2002).
	 31.	 Silva, W. R. et al. Inducing seed dispersal by generalist frugivores: A new technique to overcome dispersal limitation in restoration. 

J. Appl. Ecol. 57, 2340–2348. https://doi.org/10.1111/1365-2664.13731 (2020).
	 32.	 De Barros Leite, A., Brancalion, P. H. S., Guevara, R. & Galetti, M. Differential seed germination of a keystone palm (Euterpe 

edulis) dispersed by avian frugivores. J. Trop. Ecol. 28, 615–618. https://doi.org/10.1017/S0266467412000594 (2012).
	 33.	 Carvalho, C. S., Galetti, M., Colevatti, R. G. & Jordano, P. Defaunation leads to microevolutionary changes in a tropical palm. Sci. 

Rep. 6, 1–9. https://doi.org/10.1038/srep31957 (2016).
	 34.	 Laps, R. R. Frugivoria e dispersão de sementes de palmiteiro (Euterpe edulis, Martius, Arecaceae) na Mata Atlântica, sul do estado 

de São Paulo. (Universidade Estadual de Campinas (Unicamp), 1996).
	 35.	 Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B. & Kent, J. Biodiversity hotspots for conservation priorities. 

Nature 403, 853–858. https://doi.org/10.1038/35002501 (2000).
	 36.	 Terborgh, J. Keystone plant resource in the tropical forest. In Conservation Biology (eds Soulé, I. & Michael, E.) 330–344 (Sinauer, 

1986).
	 37.	 Morellato, P. C., Camargo, M. G. G. & Gressler, E. A review of plant phenology in South and Central America. In Phenology: An 

Integrative Environmental Science (ed. Schwartz, M.) 91–113 (Springer Netherlands, 2013). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​9​7​8​-​9​4​-​0​0​7​-​6​
9​2​5​-​0​_​6​​​​​.​​​

	 38.	 Rehling, F. et al. Common seed dispersers contribute most to the persistence of a fleshy-fruited tree. Commun. Biol. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​1​0​3​8​/​s​4​2​0​0​3​-​0​2​3​-​0​4​6​4​7​-​y​​​​ (2023).

	 39.	 Sales, L., Culot, L. & Pires, M. M. Climate niche mismatch and the collapse of primate seed dispersal services in the Amazon. Biol. 
Conserv. 247, 108628. https://doi.org/10.1016/j.biocon.2020.108628 (2020).

	 40.	 Donoso, I., Schleuning, M., García, D. & Fründ, J. Defaunation effects on plant recruitment depend on size matching and size 
trade-offs in seed-dispersal networks. Proc. R. Soc. B Biol. Sci. https://doi.org/10.1098/rspb.2016.2664 (2017).

	 41.	 Campagnoli, M., Rumeu, B., Peralta, G. & Christianini, A. Functional robustness declines faster than structural robustness in 
hyperdiverse seed dispersal networks following defaunation. Biol. Conserv. 308, 111265. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​i​o​c​o​n​.​2​0​2​5​.​1​
1​1​2​6​5​​​​ (2025).

	 42.	 Cavarzere, V. & Silveira, L. F. Overlooked bird extinctions in semideciduous Atlantic Forests. Ecol. Evol. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​
e​c​e​3​.​7​0​3​8​8​​​​ (2024).

	 43.	 Galetti, M. et al. Causes and Consequences of Large-Scale Defaunation in the Atlantic Forest. In Marques, M. & Grelle, C. (eds.) 
The Atlantic Forest 297–324 (Springer International Publishing, Cham, 2021). https://doi.org/10.1007/978-3-030-55322-7_14.

	 44.	 Emer, C. et al. Seed-dispersal interactions in fragmented landscapes – A metanetwork approach. Ecol. Lett. 21, 484–493. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​e​l​e​.​1​2​9​0​9​​​​ (2018).

	 45.	 Quintero, E., Arroyo, J. M., Dirzo, R., Jordano, P. & Rodríguez-Sánchez, F. Lasting effects of avian-frugivore interactions on seed 
dispersal and seedling establishment. J. Ecol. 112, 656–672. https://doi.org/10.1111/1365-2745.14260 (2024).

	 46.	 Carlo, T. A., Camargo, P. H. S. A. & Pizo, M. A. Functional ecology of Neotropical frugivorous birds. Ornithol. Res. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​0​0​7​/​s​4​3​3​8​8​-​0​2​2​-​0​0​0​9​3​-​2​​​​ (2022).

	 47.	 Howe, H. F. Seed dispersal by fruit-eating birds and mammals. In Seed Dispersal 123–189 (Elsevier, 1986). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​
6​/​B​9​7​8​-​0​-​1​2​-​5​1​1​9​0​0​-​9​.​5​0​0​0​9​-​7​​​​​.​​​

	 48.	 Carlo, T. A. & Yang, S. Network models of frugivory and seed dispersal: Challenges and opportunities. Acta Oecol. 37, 619–624. 
https://doi.org/10.1016/j.actao.2011.08.001 (2011).

Scientific Reports |        (2026) 16:13775 12| https://doi.org/10.1038/s41598-026-43964-0

www.nature.com/scientificreports/

https://doi.org/10.1111/geb.13200
https://doi.org/10.1111/geb.13271
https://doi.org/10.1126/sciadv.aav2539
https://doi.org/10.1038/ncomms13965
https://doi.org/10.1111/ecog.00983
https://doi.org/10.1111/1365-2435.12356
https://doi.org/10.1016/j.biocon.2025.111477
https://doi.org/10.1038/s41467-020-15438-y
https://doi.org/10.1111/j.1469-8137.2010.03402.x
https://doi.org/10.1111/ele.12764
https://doi.org/10.1890/14-0655.1
https://doi.org/10.1002/ece3.10459
https://doi.org/10.1002/ece3.10459
https://doi.org/10.1111/1365-2435.14697
https://doi.org/10.1111/jbi.14726
https://doi.org/10.1111/jbi.14726
https://doi.org/10.1002/ece3.9855
https://doi.org/10.1111/oik.08315
https://doi.org/10.1111/oik.08315
https://doi.org/10.1093/auk/ukaa048
https://doi.org/10.1093/auk/ukaa048
https://doi.org/10.1111/1365-2656.12831
https://doi.org/10.1111/j.1600-0706.2012.20940.x
https://doi.org/10.1126/science.1233774
https://doi.org/10.1017/S0266467402002493
https://doi.org/10.1111/1365-2664.13731
https://doi.org/10.1017/S0266467412000594
https://doi.org/10.1038/srep31957
https://doi.org/10.1038/35002501
https://doi.org/10.1007/978-94-007-6925-0_6
https://doi.org/10.1007/978-94-007-6925-0_6
https://doi.org/10.1038/s42003-023-04647-y
https://doi.org/10.1038/s42003-023-04647-y
https://doi.org/10.1016/j.biocon.2020.108628
https://doi.org/10.1098/rspb.2016.2664
https://doi.org/10.1016/j.biocon.2025.111265
https://doi.org/10.1016/j.biocon.2025.111265
https://doi.org/10.1002/ece3.70388
https://doi.org/10.1002/ece3.70388
https://doi.org/10.1007/978-3-030-55322-7_14
https://doi.org/10.1111/ele.12909
https://doi.org/10.1111/ele.12909
https://doi.org/10.1111/1365-2745.14260
https://doi.org/10.1007/s43388-022-00093-2
https://doi.org/10.1007/s43388-022-00093-2
https://doi.org/10.1016/B978-0-12-511900-9.50009-7
https://doi.org/10.1016/B978-0-12-511900-9.50009-7
https://doi.org/10.1016/j.actao.2011.08.001
http://www.nature.com/scientificreports


	 49.	 González-Varo, J. P. et al. Frugivore-mediated seed dispersal in fragmented landscapes: Compositional and functional turnover 
from forest to matrix. Proc. Natl. Acad. Sci. U. S. A. https://doi.org/10.1073/pnas.2302440120 (2023).

	 50.	 Calvin, K. et al. IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero (Eds.)]. IPCC, 
Geneva, Switzerland. (2023). https://doi.org/10.59327/IPCC/AR6-9789291691647.

	 51.	 Veiga, S. F. et al. Climate change over South America simulated by the Brazilian Earth system model under RCP4.5 and RCP8.5 
scenarios. J. South Am. Earth Sci. https://doi.org/10.1016/j.jsames.2023.104598 (2023).

	 52.	 Ribeiro, M. C., Metzger, J. P., Martensen, A. C., Ponzoni, F. J. & Hirota, M. M. The Brazilian Atlantic Forest: How much is left, and 
how is the remaining forest distributed? Implications for conservation. Biol. Conserv. 142, 1141–1153. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​
i​o​c​o​n​.​2​0​0​9​.​0​2​.​0​2​1​​​​ (2009).

	 53.	 Pinto, M. P., Beltrão-Mendes, R., Talebi, M. & de Lima, A. A. Primates facing climate crisis in a tropical forest hotspot will lose 
climatic suitable geographical range. Sci. Rep. 13, 641. https://doi.org/10.1038/s41598-022-26756-0 (2023).

	 54.	 Urban, M. C. Accelerating extinction risk from climate change. Science 348, 571–573. https://doi.org/10.1126/science.aaa4984 
(2015).

	 55.	 Fricke, E. C. et al. Drivers and impacts of global seed disperser decline. Nat. Rev. Biodivers. 1, 386–400. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​
4​4​3​5​8​-​0​2​5​-​0​0​0​5​3​-​w​​​​ (2025).

	 56.	 Larsen, T. H., Williams, N. M. & Kremen, C. Extinction order and altered community structure rapidly disrupt ecosystem 
functioning. Ecol. Lett. 8, 538–547. https://doi.org/10.1111/j.1461-0248.2005.00749.x (2005).

	 57.	 Heilpern, S. A., Weeks, B. C. & Naeem, S. Predicting ecosystem vulnerability to biodiversity loss from community composition. 
Ecology 99, 1099–1107. https://doi.org/10.1002/ecy.2219  (2018).

	 58.	 Bello, C. et al. Atlantic frugivory: A plant–frugivore interaction data set for the Atlantic Forest. Ecology 98, 1729. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​0​0​2​/​e​c​y​.​1​8​1​8​​​​ (2017).

	 59.	 Saldaña‐Vázquez, R. A., Castaño, J. H., Baldwin, J. & Pérez‐Torres, J. Does seed ingestion by bats enhance germination? A new 
meta‐analysis 15 years later. Mamm. Rev. 49, 201–209. https://doi.org/10.1111/mam.12153 (2019).

	 60.	 Genes, L. & Dirzo, R. Restoration of plant-animal interactions in terrestrial ecosystems. Biol. Conserv. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​
i​o​c​o​n​.​2​0​2​1​.​1​0​9​3​9​3​​​​ (2022).

	 61.	 Svenning, J.-C. et al. Science for a wilder Anthropocene: Synthesis and future directions for trophic rewilding research. Proc. Natl. 
Acad. Sci. 113, 898–906. https://doi.org/10.1073/pnas.1502556112 (2016).

	 62.	 Lorenzi, H. Árvores Brasileiras : Manual de Identificação e Cultivo de Plantas Arboreas Do Brasil Vol. 2 (Editora Plantarum, 2000).
	 63.	 Joly, C. A., Metzger, J. P. & Tabarelli, M. Experiences from the Brazilian Atlantic forest: Ecological findings and conservation 

initiatives. New Phytol. 204, 459–473. https://doi.org/10.1111/nph.12989 (2014).
	 64.	 Oliveira-Filho, A. T. & Fontes, M. A. L. Patterns of floristic differentiation among Atlantic Forests in southeastern Brazil and the 

influence of climate. Biotropica 32, 793–810. https://doi.org/10.1111/j.1744-7429.2000.tb00619.x (2000).
	 65.	 Esser, L. F., Neves, D. M. & Jarenkow, J. A. Habitat-specific impacts of climate change in the Mata Atlântica biodiversity hotspot. 

Divers. Distrib. 25, 1846–1856. https://doi.org/10.1111/ddi.12984 (2019).
	 66.	 Lira, P. K., Portela, RdeCQ. & Tambosi, L. R. Land-cover changes and an uncertain future: Will the Brazilian Atlantic Forest lose 

the chance to become a Hopespot? In The Atlantic Forest 233–251 (Springer International Publishing, 2021). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​0​7​/​9​7​8​-​3​-​0​3​0​-​5​5​3​2​2​-​7​_​1​1​​​​​.​​​

	 67.	 Galetti, M. & Pizo, M. Fruit eating by birds in a forest fragment in southeastern Brazil. Revista Brasileira de Ornitologia - Brazilian 
Journal of Ornithology. 4, 71-79 (1996).

	 68.	 Marcondes-Machado, L. O. & de Oliveira, M. M. A. Comportamento alimentar de aves em Cecropia (Moraceae), em mata 
atlântica, no Estado de São Paulo. Rev. Bras. Zool. 4, 331–339. https://doi.org/10.1590/S0101-81751987000400005 (1987).

	 69.	 Myster, R. W. Seed predation, disease and germination on landslides in Neotropical lower montane wet forest. J. Veg. Sci. 8, 55–64. 
https://doi.org/10.2307/3237242 (1997).

	 70.	 Cavarzere, V. & Silveira, L. F. Overlooked bird extinctions in semideciduous Atlantic forests. Ecol. Evol. 14, e70388. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​0​0​2​/​e​c​e​3​.​7​0​3​8​8​​​​ (2024).

	 71.	 Porzio, N. S., Repenning, M. & Fontana, C. S. Evolution of beak size and song constraints in Neotropical seedeaters (Thraupidae: 
Sporophila). Acta Ornithol. 53, 173–180. https://doi.org/10.3161/00016454AO2018.53.2.007 (2019).

	 72.	 Melo, J. F., Vargas, S. & Castillo-Aguilar, M. A. Feeding guilds and bill volume of an assemblage of birds present in four vegetation 
covers of the Terrapreta PNR Guaviare-Colombia. Indian J. Sci. Technol. 16, 4300–4308. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​7​4​8​5​/​I​J​S​T​/​v​1​6​i​4​6​.​2​4​
1​5​​​​ (2023).

	 73.	 Pigot, A. L. et al. Macroevolutionary convergence connects morphological form to ecological function in birds. Nat. Ecol. Evol. 4, 
230–239. https://doi.org/10.1038/s41559-019-1070-4 (2020).

	 74.	 Quintero, E., Pizo, M. A. & Jordano, P. Fruit resource provisioning for avian frugivores: The overlooked side of effectiveness in 
seed dispersal mutualisms. J. Ecol. 108, 1358–1372. https://doi.org/10.1111/1365-2745.13352 (2020).

	 75.	 Corlett, R. T. & Lucas, P. W. Alternative seed-handling strategies in primates: Seed-spitting by long-tailed macaques (Macaca 
fascicularis). Oecologia 82, 166–171. https://doi.org/10.1007/BF00323531 (1990).

	 76.	 Hsieh, T. C., Ma, K. H. & Chao, A. iNEXT: An R package for rarefaction and extrapolation of species diversity (H ill numbers). 
Methods Ecol. Evol. 7, 1451–1456. https://doi.org/10.1111/2041-210X.12613 (2016).

	 77.	 Chacoff, N. P. et al. Evaluating sampling completeness in a desert plant–pollinator network. J. Anim. Ecol. 81, 190–200. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​j​.​1​3​6​5​-​2​6​5​6​.​2​0​1​1​.​0​1​8​8​3​.​x​​​​ (2012).

	 78.	 Chao, A. Nonparametric estimation of the number of classes in a population. Scand. J. Stat. 11, 265–270 (1984).
	 79.	 Chao, A., Colwell, R. K., Lin, C.-W. & Gotelli, N. J. Sufficient sampling for asymptotic minimum species richness estimators. 

Ecology 90, 1125–1133. https://doi.org/10.1890/07-2147.1 (2009).
	 80.	 de Mello, T. et al. Reserve mobilization and in vitro germination of Euterpe edulis (Martius) seeds at different maturation stages. 

Trees 36, 415–426. https://doi.org/10.1007/s00468-021-02216-6 (2022).
	 81.	 de Queiroz, M. H. Botão germinativo do palmiteiro como indicador da germinação. Rev. Bras. Sementes ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​7​8​0​

1​/​0​1​0​1​-​3​1​2​2​/​r​b​s​.​v​8​n​2​p​5​5​-​5​9​​​​ (1986).
	 82.	 Godoi, S. & Takaki, M. Effects of light and temperature on seed germination in Cecropia hololeuca Miq. (Cecropiaceae). Braz. 

Arch. Biol. Technol. 47, 185–191. https://doi.org/10.1590/S1516-89132004000200004 (2004).
	 83.	 Rigacci, E. D. B., Silva, W. R., Boom, M. P. & Kissling, W. D. R code and workflows for species occurrence processing, species 

distribution models, functional predictions, and regression analyses. Zenodo. https://doi.org/10.5281/zenodo.17054306 (2026). 
	 84.	 Hasui, E. et al. Atlantic birds: A data set of bird species from the Brazilian Atlantic Forest. Ecology 99, 497. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​

2​/​e​c​y​.​2​1​1​9​​​​ (2018).
	 85.	 Culot, L. et al. ATLANTIC-PRIMATES: a dataset of communities and occurrences of primates in the Atlantic Forests of South 

America. Ecology 100, (2019).
	 86.	 Zizka, A. et al. CoordinateCleaner: Standardized cleaning of occurrence records from biological collection databases. Methods 

Ecol. Evol. 10, 744–751. https://doi.org/10.1111/2041-210X.13152 (2019).
	 87.	 Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B. & Anderson, R. P. spThin: An R package for spatial thinning of 

species occurrence records for use in ecological niche models. Ecography 38, 541–545. https://doi.org/10.1111/ecog.01132 (2015).
	 88.	 Sexton, J. P., McIntyre, P. J., Angert, A. L. & Rice, K. J. Evolution and ecology of species range limits. Annu. Rev. Ecol. Evol. Syst. 

40, 415–436. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​1​1​​4​​6​/​a​n​n​​u​​r​e​v​.​e​​c​o​l​​s​y​​s​.​1​1​​0​​3​0​8​.​1​2​0​3​1​7 (2009).

Scientific Reports |        (2026) 16:13775 13| https://doi.org/10.1038/s41598-026-43964-0

www.nature.com/scientificreports/

https://doi.org/10.1073/pnas.2302440120
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.jsames.2023.104598
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.1038/s41598-022-26756-0
https://doi.org/10.1126/science.aaa4984
https://doi.org/10.1038/s44358-025-00053-w
https://doi.org/10.1038/s44358-025-00053-w
https://doi.org/10.1111/j.1461-0248.2005.00749.x
https://doi.org/10.1002/ecy.2219
https://doi.org/10.1002/ecy.1818
https://doi.org/10.1002/ecy.1818
https://doi.org/10.1111/mam.12153
https://doi.org/10.1016/j.biocon.2021.109393
https://doi.org/10.1016/j.biocon.2021.109393
https://doi.org/10.1073/pnas.1502556112
https://doi.org/10.1111/nph.12989
https://doi.org/10.1111/j.1744-7429.2000.tb00619.x
https://doi.org/10.1111/ddi.12984
https://doi.org/10.1007/978-3-030-55322-7_11
https://doi.org/10.1007/978-3-030-55322-7_11
https://doi.org/10.1590/S0101-81751987000400005
https://doi.org/10.2307/3237242
https://doi.org/10.1002/ece3.70388
https://doi.org/10.1002/ece3.70388
https://doi.org/10.3161/00016454AO2018.53.2.007
https://doi.org/10.17485/IJST/v16i46.2415
https://doi.org/10.17485/IJST/v16i46.2415
https://doi.org/10.1038/s41559-019-1070-4
https://doi.org/10.1111/1365-2745.13352
https://doi.org/10.1007/BF00323531
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1111/j.1365-2656.2011.01883.x
https://doi.org/10.1111/j.1365-2656.2011.01883.x
https://doi.org/10.1890/07-2147.1
https://doi.org/10.1007/s00468-021-02216-6
https://doi.org/10.17801/0101-3122/rbs.v8n2p55-59
https://doi.org/10.17801/0101-3122/rbs.v8n2p55-59
https://doi.org/10.1590/S1516-89132004000200004
https://doi.org/10.5281/zenodo.17054306
https://doi.org/10.1002/ecy.2119
https://doi.org/10.1002/ecy.2119
https://doi.org/10.1111/2041-210X.13152
https://doi.org/10.1111/ecog.01132
https://doi.org/10.1146/annurev.ecolsys.110308.120317
http://www.nature.com/scientificreports


	 89.	 Whittaker, R. J., Willis, K. J. & Field, R. Scale and species richness: Towards a general, hierarchical theory of species diversity. J. 
Biogeogr. 28, 453–470. https://doi.org/10.1046/j.1365-2699.2001.00563.x (2001).

	 90.	 Araújo, M. B. & Guisan, A. Five (or so) challenges for species distribution modelling. J. Biogeogr. 33, 1677–1688 (2006).
	 91.	 Karger, D. N. et al. Climatologies at high resolution for the earth’s land surface areas. Sci. Data 4, 1–20. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​

d​a​t​a​.​2​0​1​7​.​1​2​2​​​​ (2017).
	 92.	 Poggio, L. et al. SoilGrids 2.0: Producing soil information for the globe with quantified spatial uncertainty. SOIL 7, 217–240. 

https://doi.org/10.5194/soil-7-217-2021 (2021).
	 93.	 Naimi, B. & Araújo, M. B. Sdm: A reproducible and extensible R platform for species distribution modelling. Ecography 39, 

368–375. https://doi.org/10.1111/ecog.01881 (2016).
	 94.	 Friedman, J. H. Greedy function approximation: A gradient boosting machine. Ann. Stat. 29, 1189–1232. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​2​1​4​

/​a​o​s​/​1​0​1​3​2​0​3​4​5​1​​​​ (2001).
	 95.	 Royle, J. A., Chandler, R. B., Yackulic, C. & Nichols, J. D. Likelihood analysis of species occurrence probability from presence‐

only data for modelling species distributions. Methods Ecol. Evol. 3, 545–554. https://doi.org/10.1111/j.2041-210X.2011.00182.x 
(2012).

	 96.	 Breiman, L. Random forests. Mach. Learn. 45, 5–32. https://doi.org/10.1023/A:1010933404324 (2001).
	 97.	 Araújo, M. B. & New, M. Ensemble forecasting of species distributions. Trends Ecol. Evol. 22, 42–47. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​t​r​e​

e​.​2​0​0​6​.​0​9​.​0​1​0​​​​ (2007).
	 98.	 Barve, N. et al. The crucial role of the accessible area in ecological niche modeling and species distribution modeling. Ecol. Modell. 

222, 1810–1819. https://doi.org/10.1016/j.ecolmodel.2011.02.011 (2011).
	 99.	 Sales, L., Ribeiro, B. R., Chapman, C. A. & Loyola, R. Multiple dimensions of climate change on the distribution of Amazon 

primates. Perspect. Ecol. Conserv. 18, 83–90. https://doi.org/10.1016/j.pecon.2020.03.001 (2020).
	100.	 Müller, W. A. et al. A Higher-resolution Version of the Max Planck Institute Earth System Model (MPI-ESM1.2-HR). J. Adv. 

Model. Earth Syst. 10, 1383–1413. https://doi.org/10.1029/2017MS001217 (2018).
	101.	 Vale, M. M. et al. Climate change and biodiversity in the Atlantic Forest: Best climatic models, predicted changes and impacts, 

and adaptation options. In The Atlantic Forest (eds Marques, M. & Grelle, C.) 253–267 (Springer International Publishing, 2021). 
https://doi.org/10.1007/978-3-030-55322-7_12.

	102.	 Liu, C., Berry, P. M., Dawson, T. P. & Pearson, R. G. Selecting thresholds of occurrence in the prediction of species distributions. 
Ecography 28, 385–393. https://doi.org/10.1111/j.0906-7590.2005.03957.x (2005).

	103.	 Sales, L. P., Rodrigues, L. & Masiero, R. Climate change drives spatial mismatch and threatens the biotic interactions of the Brazil 
nut. Glob. Ecol. Biogeogr. 30, 117–127. https://doi.org/10.1111/geb.13200 (2021).

	104.	 Hothorn, T., Zeileis, A., Farebrother, R. W. & Cummins, C. lmtest: Testing Linear Regression Models. CRAN: Contributed 
Packages Preprint at https://doi.org/10.32614/CRAN.package.lmtest (2022).

	105.	 Zeileis, A., Köll, S. & Graham, N. Various versatile variances: An Object-oriented implementation of clustered covariances in R. 
J. Stat. Softw. 95, 1–36 (2020).

Acknowledgements
We are grateful to ARIE Santa Genebra, EEc Caetetus, ARA Valinhos, CEMACAS, and Museu de Zoologia/
Universidade Estadual de Campinas—ZUEC for allowing us to perform our field experiments, field trials and 
animal measurements and for providing the necessary infrastructure. We thank the members of the Biogeogra-
phy & Macroecology (BIOMAC) lab at the University of Amsterdam and the members of the Vertebrate-Plant 
interaction (LIVEP) lab at the University of Campinas for their help in the fieldwork and fruitful discussions. 
We also thank Stacy Shinneman for providing computational support for geoprocessing data and Luíz Fernando 
Esser for providing GIS files of Atlantic Forest habitats.

Author contributions
E.D.B.R., W.R.S. and W.D.K. conceived this study. E.D.B.R. and W.R.S. collected the field and laboratory data. 
E.D.B.R. and M.P.B. performed the statistical analysis. E.D.B.R. and W.D.K. wrote the manuscript and developed 
the data visualization. E.D.B.R., W.R.S., M.P.B., and W.D.K. contributed to the revisions and editing. W.D.K, 
W.R.S. and M.P.B. supervised the study.

Funding
E.D.B.R received a PhD scholarship from the Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq #155816/2019–5) and the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil (CAPES/
PRINT #88887.716175/2022-00). This study was financed in part by the Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior (CAPES) (Finance Code 001).

Declarations

Competing interests
The authors declare no competing interests.

Ethical approval
All applicable institutional and national guidelines for the care and use of animals were followed. Legal 
authorizations for conducting focal observations in the natural reserves and for carrying out feeding trial 
experiments were issued by the Instituto Chico Mendes de Conservação da Biodiversidade—ICMBio (SISBIO 
Licenses: #000019017/2022 and #000000038/2020). The study was also approved by the Animal Ethics 
Committee (CEUA) at the University of Campinas (Unicamp).

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​6​-​4​3​9​6​4​-​0​​​​​.​​

Correspondence and requests for materials should be addressed to E.D.B.R. or W.D.K.

Scientific Reports |        (2026) 16:13775 14| https://doi.org/10.1038/s41598-026-43964-0

www.nature.com/scientificreports/

https://doi.org/10.1046/j.1365-2699.2001.00563.x
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.5194/soil-7-217-2021
https://doi.org/10.1111/ecog.01881
https://doi.org/10.1214/aos/1013203451
https://doi.org/10.1214/aos/1013203451
https://doi.org/10.1111/j.2041-210X.2011.00182.x
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1016/j.tree.2006.09.010
https://doi.org/10.1016/j.tree.2006.09.010
https://doi.org/10.1016/j.ecolmodel.2011.02.011
https://doi.org/10.1016/j.pecon.2020.03.001
https://doi.org/10.1029/2017MS001217
https://doi.org/10.1007/978-3-030-55322-7_12
https://doi.org/10.1111/j.0906-7590.2005.03957.x
https://doi.org/10.1111/geb.13200
https://doi.org/10.32614/CRAN.package.lmtest
https://doi.org/10.1038/s41598-026-43964-0
https://doi.org/10.1038/s41598-026-43964-0
http://www.nature.com/scientificreports


Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026 

Scientific Reports |        (2026) 16:13775 15| https://doi.org/10.1038/s41598-026-43964-0

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Frugivore richness poorly predicts seed dispersal effectiveness under climate change
	﻿Results
	﻿Quantitative and qualitative contributions to seed dispersal
	﻿Climate change effects on species redistributions
	﻿Richness-based forecasts of plant-disperser interactions
	﻿Function-based forecasts of plant-disperser interactions
	﻿Decoupling frugivore richness and seed dispersal function

	﻿Discussion
	﻿Methods
	﻿Keystone tree species
	﻿Study area
	﻿Seed dispersal effectiveness of frugivores
	﻿Quantitative component
	﻿Qualitative component
	﻿Seed dispersal effectiveness


	﻿Species distribution forecasts
	﻿Occurrence records
	﻿Data cleaning
	﻿Predictor variables
	﻿Species distribution models
	﻿Projected future species distributions

	﻿Forecasting animal-plant interactions under climate change
	﻿Richness-based forecasts
	﻿Function-based forecasts



