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Forestrestoration is fundamental to overcoming biodiversity crises and
climate change. In tropical forests, animals can improve forest recovery

asthey disperse >70% of tree species. However, representing animals in
restoration and climate change policies remains challenging because
aquantitative assessment of their contribution to forest and carbon
recovery islacking. Here we used individual-based models to assess

frugivore-mediated seed rainin open areas along a fragmentation gradient.
Movements of large birds were limited in landscapes with <40% forest cover,
although small birds continued to disperse seeds. Large birds disperse seeds
of late-successional species with higher carbon storage potential. Their
restricted movement therefore reduced potential biomass in future forests

by 38%. Maintaining forest cover >40% is essential to optimizing animals’
contribution to restoration success. Active restoration (for example,
planting trees) is required in more fragmented landscapes to achieve carbon
and biodiversity targets.

Natural climate solutions (NCS) present opportunities to address cli-
mate change while promoting biodiversity conservation and human
well-being. The IPCC suggests that to prevent global temperature
increases beyond 2 °C, NCS must remove and store around 10 GtCO,
from the atmosphere annually, of which ~62% is associated with for-
ests' . In this context, forest restoration has gained massive global
expansion with the promotion of the UN Decade on Ecosystem Res-
toration*”. However, forest restoration remains a complex social and
ecological challenge, particularly intropical regions that are central to
achieving climate and biodiversity goals"®. Natural forest regeneration
often presents an ecologically responsible and cost-effective method
forrecovery relative to active planting. Yet, thisis not always possible
in degraded regions where the soil is too depleted or the seed bank
has been irreparably changed, and it remains unclear which ecosys-
tems can recover to their full maturity without active intervention.
Therefore, a critical outstanding challenge in restoration ecology is
identifying where animals can contribute to the natural recovery of

carbonstorage potential and where active management interventions
areneeded.

A growing body of evidence suggests that animals can underpin
the carbon cycle and therefore NCS’™". In particular, animals can be
determinants of carbonrecovery in tropical restoration projects, given
that they are essential for seed dispersal>”. Seed arrival at degraded
sites is akey step limiting ecological recovery in many tropical forests'.
In these regions, frugivorous animals are responsible for dispersing
70% to 90% of tree species’®, so animal movement restrictions can
present a primary barrier to natural ecological recovery. However,
their contributions to the deposition of seeds across an area (that
is, seed rain) may vary depending on the composition of animals in
the region®, as well as their diets”, their traits™'® and the barriers to
movement". Explicit consideration of each of these interacting fac-
tors is necessary for generating a unified, predictive understanding
of the frugivore-mediated seed rain in degraded regions. For exam-
ple, large frugivores tend to consume seeds from trees that often are
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Fig.1|Landscape locations where seed deposition was simulated. a, Location
ofthe landscapes in South America. The black polygons represent Brazilian
states. The red fill shows the state of Sao Paulo. The orange squares show the
locations of the study landscapes. b, Specific locations of the ten landscapesin
Sao Paulo state. The green polygons show the forest areas, and white indicates
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deforested areas. ¢, Forest cover of the ten landscapes. Each landscape is 2 km?.
The squares are organized from low forest cover in the upper left to high forest
cover in the lower right (from 9% to 61% forest). Green represents forest cover,
yellowindicatesisolated trees or corridors and white indicates open areas.
Credit: Esri, GEBCO, Garmin, NaturalVue.

long-lived species with large sizes and dense wood, which are critical
for carbonstorage'®"”. Given that the movement of larger frugivores is
disproportionately affected by fragmentation”, the limitation of their
movements may strongly limit the recovery of large, late-succession
trees, ultimately reducing the carbon storage potential of recovering
ecosystems”*, However, empirical evidence for these trends s limited
to local-scale studies that provide mixed trends**, and we still lack
quantitative information about the importance of animal movement
infacilitating forest carbon recovery in fragmented landscapes.

To address this, we developed a regional-scale study to quantify
seed dispersal by birds and the resulting impacts on natural forest
recovery across alarge gradient of forest fragmentationin the Atlantic
Forest, Brazil (Fig.1). Thisapproach enables us to map seed rain across
fragmented landscapes to explore which areasreceive sufficient seed
dispersal, enabling natural forest regeneration while enhancing carbon
storage and biodiversity. Conversely, we can also identify the areas
where seed rain is insufficient to improve forest management and
promote natural regeneration of healthy forest systems. Specifically,
we assess (1) how landscape-scale forest cover and isolation determine
animal-induced seed rainin open areas and the potential carbon stor-
age of the resultant forests and (2) how bird traits interact with for-
est cover to determine the species composition and carbon storage
potential of regenerating forests.

The Atlantic Forest presents a unique opportunity to explore
potential forest regeneration in fragmented landscapes. This region
is a hotspot for tropical forest restoration®® and biodiversity”. The

Atlantic Forest s highly fragmented, with only 12% of the original for-
est remaining”®°, and is targeted for 12 million hectares of reforesta-
tion by 2030°'"*. We chose ten landscapes spanning a fragmentation
gradient from 9% to 61% forest cover (Supplementary Table 1). Along
this gradient, we built three hierarchical Bayesian models for critical
components of the seed dispersal process: fruitingestion (frugivory),
the movements of frugivores between forest fragments and the time
needed for seed deposition (gut passage time (GPT)). Using the esti-
mated parameters for each species across the fragmentation gradient,
we conducted simulations to estimate the potential seed rain deposited
by each bird species in open areas across the fragmentation gradient
(Extended DataFig.1). Wethenevaluated the seed rainand the potential
carbon stock of forests that would result from the composition of dis-
persed species. By providing anintegrated understanding of frugivore
contributions to seed rain, it is possible to determine where animals
contribute tothe natural recovery of forests and where active manage-
ment efforts are necessary to meet restoration goals while contributing
to carbon sequestration® *, By better matching restoration strategies
to thelocal landscape and diversity context, fund investments can be
optimized to maximize theinfluence of restorationin addressing cur-
rent climate and biodiversity crises.

Results

We found that the contribution of frugivorous birds to potential seed
rainand carbon storage restoration changed along the fragmentation
gradient. Specifically, seed deposition and potential aboveground
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Fig.2|Relationship of seed rain and potential of biomass restoration with
landscape variables. a,b, The number of seeds deposited in open areas per
landscape as a function of forest cover (percentage of forest cells) (a) and
isolation of forest (distance in metres to the nearest forest patch averaged across
cells) (b). c,d, The same relationships were tested for potential AGB derived from

Forest isolation (m)

the seed rain generated by birds (in Mg per landscape). Each point depicts a result
of the ten simulations performed per landscape scenario, where the same x-axis
value indicates a unique landscape of the ten tested. The lines represent fitted
mean tendency, and the shaded areas indicate 95% confidence intervals. The
vertical dashed lines depict inflection points in the responses.

biomass (AGB) increased nonlinearly with increasing forest cover
(R%seeq = 0.83, R%,;0mass = 0.55) and decreased with increasing forest iso-
lation (R%ceq = 0.79, R%);omass = 0.62; Fig. 2 and Supplementary Table 2).
Seed depositionand AGB decreased inlandscapes with approximately
40% forest cover (Fig. 2 and Supplementary Table 3). For forest isola-
tion, seed deposition strongly decreased at distances >133 m from for-
est, while potential AGB had a stronger limitation and declined beyond
112 m (Supplementary Table 3). By comparing the carbon stock poten-
tial of regenerating communities between the two extremes of the
fragmentation gradient, we found that regenerating tree communities
infragmented landscapes harbour up to38%less carbon thanthosein
less fragmented landscapes.

In general, bird body mass and gape size had an inverse relation-
ship with the contribution of frugivores to seed dispersal into open
areas (coefy,,q, = -2.31, P< 0.001; coef,,,. = -0.54, P< 0.001; Fig. 3a,b),
which became more abrupt in highly fragmented landscapes (Sup-
plementary Table 4). Small birds with small gapes dispersed more
seeds, especially in highly fragmented landscapes (<40% forest cover;
Supplementary Table 4). However, they primarily dispersed plant
species with lower carbon storage capacity (lower wood density and
height). As a result, despite depositing a larger number of seeds into
open areas, their contribution to potential AGB was lower, especially
in landscapes with high forest cover (>40%; Fig. 3d,e). Birds with a

higher degree of frugivory contributed more to seed deposition and
potential AGB, but only inlandscapes with high forest cover (Fig.3d-f
and Supplementary Table 4).

Across alllandscapes, our simulations predicted strong decay in
the number of seeds deposited (coef =-1,598.9, P < 0.001; Supplemen-
tary Table 2) and potential biomass restoration (coef =-0.99, P < 0.001;
Supplementary Table 2) as the distance to the forest increased (Fig. 4).
This trend was apparentinall landscapes, irrespective of the percent-
age of forest coverin each landscape. This decay is pronounced at dis-
tances smaller than 133 m from the forest edge, with low contributions
afterwards (Fig. 4 and Supplementary Tables 2 and 3).

Discussion

Anopen question in forest restoration ecology is in which areas ani-
mals can contribute strongly to trigger natural restoration and which
areas require active restoration”?***, Studies in temperate regions
suggest that natural regeneration is often more efficient than active
intervention, but thereis nosuch consensusintropical regions, where
natural regeneration can be highly variable”>*. The effectiveness of
natural regeneration of tropical forest ecosystemsis limited, inits initial
stage, by the dispersal of seeds into degraded areas®?*°. Especially in
tropical ecosystems, seed dispersal mediated by animals plays a funda-
mental role in determining the species that can regenerate™'¢. Natural
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Fig.3|Relationship of birds’ traits with seed deposition and potential AGB.
a-f, The points represent the contributions of bird species with different body
masses (ingrams, log-transformed) (a,d), gape widths (in mm) (b,e) and degrees
of frugivory (low (n =14,180), middle (n = 7,280) and high (n =1,920)) (c,f). Each
point (n=23,570) represents an individual bird simulated in each landscape in
eachrepetition. The forest cover of the landscapes is represented with colours.

Gape size (mm)

Fruit dependence

Inthe scatter plots, the points and lines are coloured from light green to dark
blue (9-61% forest cover); in the box plots, the landscapes are grouped into low
(light green, 0% to 30%), intermediate (green, 30% to 50%) and high (grey-blue,
>50%) forest cover. The centre lines in the box plots show the median values, the
box limits show the upper and lower quartiles, the whiskers represent 1.5x the
interquartile range and the points represent the outliers.

regeneration therefore depends directly on the interaction between
seed-dispersing frugivores and the surrounding landscape structure,
especially when the goal is to restore biodiversity and carbon storage
potential. Here we provide evidence that the functional composition
of frugivorous bird communities and landscape structure interact
to drive the regeneration of functional, diverse forests. For example,
natural regeneration in landscapes with healthy populations of large
frugivorous birds is expected to receive diverse seed rain with many
large seeds, promoting a higher carbon sequestration potentialin the
regenerating forests. However, we observed that this potential will not
be achieved if large birds cannot move across the landscape. Overall,
our results highlight that the restricted movement of frugivorous birds
across fragmented landscapes can reduce carbon recovery by up to
38%. Thisinformationis valuable for designing restoration projects as
aneffective NCS for mitigating climate change and biodiversity loss™.

Toassess the most appropriate management strategies for natural
regeneration, itis necessary toidentify the compositionand configura-
tion of landscapes that enable or obstruct animals’ contribution to seed
rain in open areas®?**°, Recent evidence highlights the correlation
between landscape forest cover and forest regeneration*. However,
data that untangle the mechanisms underpinning this pattern andits
effectshave notbeen explored. By integrating frugivore diversity and
landscape configuration, we were able toidentify tipping points where
natural regeneration is no longer sufficient and active intervention
practices are required to restore functional forests with high carbon
sequestration capacity. Inthe Atlantic Forest, 5.5 million hectares have
been identified as having the potential for natural regeneration*.
However, all these regrowing forests will not achieve high diversity and

carbonsequestration potential when animal movementis limited, par-
ticularly when the aim is to promote carbon sequestration. We found
that natural regeneration, induced by animal-mediated seed dispersal,
canfosterarestorationstrategyinlandscapes with>40% forest cover
and where fragments are separated by <133 m. In these landscapes, bird
movement can facilitate rich seed raininopen areas, which ultimately
definesadiverse composition of regenerating forests. In contrast, natu-
ralregeneration may be less effective in more fragmented landscapes,
as the contribution of birds to seed rain decreases significantly when
the distance fromthe forest edge exceeds 133 m, especially if the objec-
tiveistorestorethe carbonsequestration potential of the forest, which
is strongly limited by forest distance (112 m). The ecosystem service of
carbon sequestrationis more susceptible to forest fragmentation, and
recovering the full carbon storage potential may require additional
interventionsinisolated fragments. These tipping points are likely tobe
specific tothisimportant study region, but evaluating such thresholds
across different forested landscapes will be critical for maximizing the
effectiveness of forest regeneration efforts across tropical regions.

A forest cover threshold of 30-40% has been previously recom-
mended to preserve the diversity of small mammals, amphibians and
birds in the Brazilian Atlantic Forest”*. Our study demonstrates that
maintaining landscape forest cover at >40% is also crucial for restoring
key ecosystem functions performed by animals, such as seed dispersal.
We therefore recommend that restoration policies and management
(suchasthe Atlantic Forest Restoration Pact, whichaims to restore and
reforest 12 million haby2030**) should integrate this threshold more
broadly to optimize restoration planning. For example, we suggest
that restoration projects located in areas with forest cover >40% and
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Fig. 4 | Relationship of the number of seeds and potential AGB in each
pixel with distance from forest. a, Number of seeds deposited in each pixel.
b, Potential AGB from forest regeneration per pixel. The grey dashed lines
show theinflection thresholds. The lines and points are coloured according
to the percentage of forest cover remaining in each transect. The magenta
line represents the mean tendency. ¢, Community-level seed shadowsin each

landscape are organized from low forest cover (upper left) to high forest cover
(lower right). We provide the results from one repetition as an example, with
greenrepresenting forest and red indicating the number of seeds in each pixel,
from high numbers of seeds deposited in dark magenta to low numbers in light
magenta.

distance between fragments <133 m could rely more heavily on natural
regeneration, potentially including assisted natural regeneration or
hybrid strategies such as applied nucleation to speed up the recovery
time*¢, depending on the duration and severity of prior land uses. How-
ever, restoration projects located in areas with <40% forest cover are
likely to require active restoration strategies to enable forest recovery
and to promote the recovery of forest carbon stocks.

Beyond landscape composition, our results suggest that restora-
tion projects should also consider management strategies to restore
diverse plant-frugivore interactions, especially those between large
birds and large-seeded trees. We found that small frugivores were the
main seed dispersers across all landscapes. However, they may not be
the most important for restoring forest carbon stock, and even their

seed dispersal behaviour changed with increasing forest fragmenta-
tion. These results highlight the changing ecological behaviour of
different types of frugivores with fragmentation”. Typically, large frugi-
vores eat more fruits and disperse seeds further than small frugivores
in continuous forests*, but given their preference for forested areas,
their seed dispersal patterns can be reversed in fragmented forests?*,
Ensuring trait matching across the full spectrum of plant-animal func-
tional traits can therefore promote the dispersal of a diverse range of
speciesinto open areas*®*’,

To guarantee that species spanning the full range of frugivory
traitsinteractacross the landscape, local management strategies that
aim to attract frugivores and facilitate animal movement should be
implemented. Some examples of these strategies include establishing
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living fences, planting shelter and fruit trees, enriching forest nucle-
ation with fruiting trees, establishing feeders and perches for ani-
mals, offering seeds embedded in pulp, and, importantly, preventing
poaching***°=2, These strategies can increase frugivorous bird visita-
tion rates to regeneration sites, facilitate frugivory interactions and
increase the frequency of long-distance seed dispersal events™*?~¢,
Implementing these strategiesin restorationareas is more economical
than the cost associated with large-scale tree planting, which is tradi-
tionallyimplementedinactive restoration projects*>*’. In combination,
these strategies will encourage the colonization of frugivorous animals
into restoration sites, supporting the regeneration of native tree spe-
cies and their mutualists and ultimately aiding the potential recovery
of forest carbon stocks.

Our objective here wasto evidence the determinant role of animals
infostering forest restoration by shaping the composition of the forest
that canregeneratein fragmented landscapes. However, toimprove our
estimates and to extrapolate to global conditions, we need toinclude the
effects of resource distribution, post-dispersal processes and the contri-
bution of other taxonomic groups that are important seed dispersers.
Forexample, fruit spatial and temporal distribution impact the number
and composition of seeds dispersed into the deforested matrix®**. In
our study, we used the tree species composition of asingle representa-
tive conserved forest in the region to inform the species pool that can
remain in forest fragments and naturally regenerate in the region.
However, fragmentation can change forest composition, allowing the
inclusion ofinvasive species or decreasing large-seeded trees®**'. Hence,
this forest composition may not represent the entire regional tree spe-
cies pool of fragmented forest. Future work should therefore explore the
impacts of changes in species composition and the spatial distribution
of fruit resources in fragmented landscapes. In addition, birds usually
prefer resting on perches rather than on the ground***>. When perches
are present, bird activity in the matrix increases, promoting amore even
distribution of seeds throughout open areas®>*, Although birds are the
major frugivorous group, other taxonomic groups (such as aerial and
terrestrial mammals and reptiles) can substantially shape seed rainin
open areas, either by seed dispersal or by predation mechanisms (for
example, rodents and bats)®’. However, we need more information on
theirinteractions, traits and localmovements toinclude these groups.
Currently, large datasets on frugivory are biased towards birds®*. In
addition, tracking animal movements in local landscapes is especially
difficult for mammals, which require capture and high-resolution GPS
tags. Finally, other post-dispersal processes, such as seed predation,
desiccation, competition, environmental filters and herbivory, can
alter seedling establishment and therefore the composition of regen-
erating forest®. These post-dispersal processes are also influenced by
animals, which may have adverse effects, especially in the early stages
of restoration®®. However, these processes must be carefully evaluated,
since herbivores also act as seed dispersers and regulate the growth of
strongly competitive species, promoting greater diversity®’. Contrast-
ing evidence regarding the effects of herbivores on restoration may
berelatedto the health of the trophic chaininthe areastoberestored,
where the presence of predators can regulate the adverse effects of
herbivores and promote their diversifying effect on the composition
of the forest to be regenerated®.

Recognizing all the limitations mentioned above allows us to
define future work priorities to improve estimates of the carbon
potential in regenerating forests along the fragmentation gradient.
Animportant next step is to gather empirical information to validate
our predictions in the field. Obtaining data on seed rain density, as
well as identifying plants and animals across various landscape con-
figurations, requires a huge data collection effort. Fortunately, new
technologies such as high-resolution satellite images® "2, GPS trackers
tostudy precise animal movement patterns’ and the advancement of
new DNA sequencing technologies’™ 7 can facilitate the description
of resource abundance, animal behaviour and frugivory interactions.

These technologies can also be used to rapidly validate the models by
empirically measuring seed deposition by species with diverse traits”’
and to measure derived properties such as potential carbon stock
recovery or genetic flow’,

Natural forest regeneration presents a cost-effective opportunity
to recover functional forests in fragmented landscapes. Our findings
highlight that the recovery of tropical forests is contingent on the
movement of frugivorous animals that are required for seed dispersal.
Atleast-40%tree coverisrequired to allow sufficient animal movement
toenhance animal-mediated seed rain for the full recovery of tropical
forest diversity and functionality across this region. In areas where
animalsareableto disperse seeds freely, natural regenerationislikely to
be more cost-effective thanactive planting’®, reducingimplementation
costs by up to 77% (ref. 42). However, in more fragmented areas that
are below this tree cover threshold, restricted animal movement can
reducethe spread of larger tree seeds and reduce the potential carbon
regeneration by approximately 38% compared with less fragmented
areas. Forestrestoration policies should therefore explicitly consider
mechanisms that enhance animal movement and landscape connectiv-
ity thresholds to optimize forest restoration as both a climate change
solution and an effective conservation strategy.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-024-01989-1.
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Methods

We explored the potential contribution of birds to forest restora-
tion by applying an individual-based model. This model simulates
seed deposition by birds in open areas inside ten landscapes located
along a forest fragmentation gradient in the Atlantic Forest. The
model comprises three components of the seed dispersal process
that define the potential locations of seed deposition: (1) frugivore
diet (bird-plant interactions), (2) bird movement and (3) GPT. The
frugivory interaction component defines which plant species are
consumed by each bird species and therefore defines the potential
composition of regenerating forests'>". The movement component
defines the birds’ movement trajectories according to their ability to
move between forest patches and open areas”. The GPT determines
how long a consumed seed takes to be digested and defecated®.
This time, in conjunction with the bird trajectory, defines the pos-
sible sites of seed deposition. To parameterize the models, we fitted
a hierarchical model to each process. The hierarchical structure of
the models allows us to use morphological traits that indirectly influ-
enceall processes, suchasbody size, hand-wingindex, tail length and
tarsus length, to characterize the average response of species. These
traits influence species mobility and foraging strategy®*. We also
included the phylogenetic relationships among species to improve
predictions for those species with little information®. In addition,
each model included relevant variables that influence each process.
Finally, we simulated the potential interactions, movement and seed
depositionforeachbirdindividualinopenareasinside each landscape
(Extended DataFig.1).

Probability that abird interacts with a fruiting plant

To predict the probability that a bird species interacts with a plant
species and eats its fruits, we used a probabilistic approach that uses
functional traits to predict the occurrence of interaction (that is,
seed size must be smaller than gape width to ensure ingestion). We
fitted a hierarchical model with Bayesian estimation to the Atlantic
frugivory dataset®’. The Atlantic frugivory dataset comprises more
than 3,804 frugivory interactions between 232 birds and 511 plant spe-
cies across the Atlantic Forest of Brazil®*. Our approach fits a logistic
Bernoulli model that relates the occurrence (1) or lack (0) of inter-
action between a bird (i) and a plant (j) species as a function of the
log-ratio of trait matching between the bird and the plant species
(thatis, trait matching between seed size and gape width). The model
assumes an optimal range of interaction probability (4;), contingenton
the trait-matching relationship with the quadratic polynomial of the
log-ratio (that s, log(trait,/trait;) + log(trait,/trait,)*). This hump-shaped
relationship between interaction probability and the log ratio of con-
sumer-resource traitsis interpreted as an optimal phenotypic match
between species®. In other words, a defined range of trait-matching
values enhances the probability of interaction between partner spe-
cies (equation (1)):

Z; ~ Bernoulli (A;); logit (A;) = By; + Ba 10g(TMy) + B3 log(TM}) (1)

whereireferstothebirds,jreferstothe plants, TMrefersto trait match-
ing between seed size and gape width defined as TM = log (M)

seed diameter;
and TM§ is the second-order orthogonal polynomial. Parameter §;;
represents theintercept for each bird, §,;and B;; define the strength of
the relationship of trait matching for each bird, and A; is the mean
probability of interaction between abird i and a plant;.

Probability of bird movement between forest patches and
open matrix

To predict the movement of birds between forest fragments in land-
scapes with different levels of fragmentation, we used the joint species
movement model approach proposed by ref. 17. We calibrated the
joint species movement models for bird movements in a subset of six

landscapes with different levels of fragmentation, and on the basis of
the estimated parameters, we predicted the movement for the remain-
ing four landscapes. Each landscape differs in forest cover and forest
isolation. Within each landscape, we selected a 600 m x 600 m plot.
The plots were located at least 3 km apart (see refs. 3,17 for details of
bird census methodology). In each plot, short-distance bird move-
ments were monitored from September to December 2014 and Sep-
tember to December 2015, totalling 72 hours of observation per plot.
Two observers were located at a vantage point location for four and
a half hours and followed bird movements using 10 x 42 binoculars
and a chronometer. Once a bird was spotted, the observers identi-
fied the species and tracked its movement, recording the time spent
flying and perching (in seconds). A movement step was considered a
discrete movement of an individual from one location, where it had
been stationary, to another location. A movement track was defined
as a consecutive sequence of steps. To identify the sequence of cells
used, eachlandscape was divided into a grid of 10 m x 10 mcells (that
is, 3,600 cells), and the identities of the origin and destination cell
were recorded. We recorded the cells used by each bird between con-
secutive flights until the bird left the study plot or was lost. Using
high-resolution satellite imagery (0.5 m x 0.5 m) of each plot, we
related bird movements to forest cover. To estimate the probability
of movement between different landscape covers, we modelled the
probability p,;., that bird i in landscape s moves from cell n to cell m
(equation (2)):

Psinm = knsi exp (_dnm/asi) exp (Vlsih]sm) €xXp (VZsihlcm) (2)

whered,,,is the Euclidean distance between the grid cellsnand m, and
the parameter o ;> 0 models the typical flight distance of species i in
landscape s. The variable A, is an indicator of whether grid cell m of
landscape shasremnant trees (1) orisan openarea (0). The parameter
Y1 measures the movement bias of the species to remnant tree areas
compared with open areas. Similarly, the variable h,, is an indicator
of whether grid cell m belongs to the forest habitat (1) or not (0), and
the parameter y,; measures the movement bias of the species to forest
habitat compared with open habitat. The normalizing constant k,,; is
defined so that the probabilities sum to unity over the target cells—that
is, that )} ps»m =1 forall n,iands. The model does not include the
possibility of the individual leaving the study plot. It therefore models
the next location on the condition that the individual does not leave
the study plot. We thus truncated the dataso that they did notinvolve
steps outside the study plot. The likelihood of the data was computed
as the product of the movement probabilities over all the steps
observed in the data.

Probability that abird deposits aseed inagiven time
GPT—thatis, thetimeinterval between seed ingestion and defecation—
is amain determinant of the seed dispersal functions of an animal®*¢,
The GPT has a critical impact on the spatial pattern of seed dispersal
generated by a frugivore, as well as on seed survival and subsequent
seed germination®. To determine the time interval between seed inges-
tion and defecation, we developed a hierarchical model that linearly
relates the time a seed takes to pass through the animal gut (GPT)
and the animal’s body mass (equation (3)). We fitted the model to the
dataset published by ref. 80, which includes 432 events of seed reten-
tion time between 112 bird species consuming 249 plant species. We
decided to include traits from the bird and plant species to capture
the complexity of the digestion process. For the birds, we used body
mass, as it has been previously identified as the main determinant of
GPT®°, For the plants, we used seed size (mm), as it can influence the
GPTinside the sameindividual (Supplementary Fig.1):

GPT; ~ Normal (mg;, €); log (mg;) = 6y; + 6, 10g(BM,) + 65;10g (SS;) +
3)
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where mg;is the mean passage time for seedjinbird i, 8;is theintercept
foreachbirdi, 8, represents the force of the relationship between body
mass (BM) and mean passage time for bird i, 8;; represents the force
of the relationship between seed size (SS) and mean passage time for
bird i, and €is the standard error that draws from a truncated Cauchy
distribution £ - C(0,10) to avoid negative time values.

Model parametrizations

To parameterize all three hierarchical models, we followed ajoint spe-
ciesmodel approach®*®, where species-level parameters (8,) are sam-
pled from a multivariate normal whose mean is derived from species
functional traits, and with a variance-covariance matrix (9?) modified
by species phylogeny® (Extended Data Fig.1). We used body mass, gape
width, hand-wing index, tail length, tarsus length and frugivory
dependence as traits that constrain bird movement ability and foraging
strategy. Species’ functional traits were obtained from the Elton traits
database® and AVONET®*® and indirectly influenced all the modelled
processes. We built a consensus phylogenetic correlation matrix
obtained from Birdtree® with the package ape’® from 100 phylogenetic
trees provided by ref. 89. We fitted the model using a Markov chain
Monte Carlo sampling scheme. Weran three chains for 10,000-30,000
iterations. This setup was sufficient to achieve convergence (R < 1.1)
for the vast majority of parameters (Supplementary Table 5). To evalu-
ate the model performance, we used the Tjur R*metric for the frugivory
model and the R? for Bayesian regression models proposed by ref. 91
for the movement and GPT models. The models were fitted using the
RSTAN package®?, and the hierarchical model structures for frugivory
interactions (SM1), movements (SM2), seed retention times (SM3) and
simulation code (SM4) are provided in the Figshare repository at
https://doi.org/10.6084/m9.figshare.c.7086625.v1. All models had a
high level of chain convergence and good performance (frugivory
model: Ry, = 0.39; movement model: Rgeman = 0.7; GPT model:
Rgeiman = 0.97; Supplementary Table 5). On the basis of these models,
we were able to simulate movement for a total of 36 bird species that
were the most commonly recorded moving between the fragments
(Supplementary Table1).

Seed dispersal simulations

We performed the simulations in ten square landscapes from the
Cantareira-Mantiqueira Corridor, a priority areafor the conservation
ofthe Atlantic Forest. Theregionis predominantly composed of forest
patches and a matrix of pasture for extensive cattle production (that
is, openareas). We chose landscapes representative of the region, with
multiple forest patches and an open pasture matrix with remnant trees
and corridors (bird perches) and different forest cover percentages
(from 9% to 61%; Fig. 1and Supplementary Table 1). The square land-
scapes measured 1,800 m x 1,800 m and were subdivided into 8,100
cells of 20 m x 20 m to enable the movement simulations. Each cell
contained information about its location (and Euclidean distance to
the rest of cells) and the type of habitat it held (forest or open areas).
Inopen-areacells, we calculated their isolation from forest fragments
(measured as their minimum distance to the nearest forest fragment
or perch, as adapted from ref. 93 by ref. 30). To this end, we used the
function distance fromthe package raster®*. To characterize the level of
fragmentation of each landscape, we measured the percentage of cells
with forest habitat and the mean distance of pasture cells (thatis, open
areas) to forest patches (isolation from forest). For the simulations, we
obtained the bird relative abundance ineach of these landscapes from
ref. 95 and the plant composition fromarepresentative conserved for-
estof the Cantareira-Mantiqueira Corridor sampled by Pompeu®. The
plant composition represents the potential species foundin conserved
forestsinthe region, which serve as a source of seeds to be dispersed
in open areas and that can naturally regenerate in this region. How-
ever, forest fragmentation can change the species composition and
abundance of the tree species, altering the regenerating community

in open areas®®®'. Before performing the simulations, we classified
bird speciesinto five classes according to their trait similarity. We used
hierarchical clustering with the ward.D2 agglomeration method and
Euclidian distance. In cases where we did not have abundance or fruit
consumption parameters for a specific bird, we used the mean value
ofthe class to which the species belongs.

To perform a simulation for any randomly selected bird species
fromthe pool of species that were recorded moving between fragments
ineachlandscape (Supplementary Table1), we performed anumber of
steps. Specifically, we first chose a bird individual from the bird pool
of speciesin eachlandscape on the basis of their relative abundance®.
Wethenrandomly selected a source cell with forest cover, in which the
bird eats the fruitand seeds of agiven plant species and startsits move-
mentacross the landscape; we chose the plant species to be consumed
according to the probability of interaction estimated by the interac-
tion probability model. We calculated these probabilities by drawing
parameter values fromthe 95% confidence intervals corresponding to
the parameter distribution and the traits of the selected bird species
and the plant species present in the forest. Next, we randomly drew
the number of fruits consumed from a Poisson distribution that has
as aparameter the mean number of fruits consumed for different size
classes of birds. We collected information on fruits consumed from
107 plant species by 3,339 individuals of 171 bird species in the Atlan-
tic Forest (Supplementary Table 6, SM4). We used the average fruit
consumed per species. When we did not have information for each
species, we used the average fruit consumed for different size classes
of birds. Once we had chosen the food plant species and the number
of consumed fruits, we simulated the movement track by calculating
the probability of the selected bird moving from the source cell to any
othercellinthelandscape by using landscape class, bird traits and the
parameter values from the 95% confidence interval of the parameter
distribution estimated by the movement model; we randomly chose a
target cell using these probabilities. As we calibrated the model in six
landscapes and predicted the movements in ten landscapes, we used
the movement parameters estimated for the landscape that was most
similar in terms of landscape structure—that is, we set parameters
estimated in low-forest-cover landscapes to simulate the probability
of movements in the landscapes with less forest cover. By doing so,
we recognized that the landscape structure modifies the bird’s move-
ment patterns”. We allowed consecutive movements of the birdin the
landscape for three hours, which represents the period of greatest
activity for birds””. We then calculated the time of each movement by
dividing the distance of the movement by the speed of the bird taken
fromdata presentedinref.17. Finally, toidentify in which cell the seeds
were deposited, we calculated the GPT for the selected seed and bird
species by using seed size, bird traits and parameter drawing fromthe
95% confidence interval of the parameter distribution estimated by the
GPT model, and we determined the bird’s position when the GPT was
equal to the time passed in the simulated movements.

The combination of bird feeding, moving and seed deposition
events constitute anindividual movement track. From each movement
track, we recorded the identities of the species involved, the number
of seeds deposited and the identity of the source and target cells. We
rantenrepetitions for eachlandscape. In each repetition, we simulated
100 movement tracks, representing 100 individual movements, and
obtained resultant raster maps that represent the seed shadow of the
bird community.

Calculating potential AGB

Using the assumption that the species identity of deposited seeds
will determine the potential composition of forests regenerating in
each pixel cell, we predicted future forest composition. The forest
composition regenerating in each pixel draws from the species pool
of our single reference conserved forest, possibly not representing the
entire regional tree species pool. We estimated the potential carbon
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stock that canregeneratein each cell. Asnot all deposited seeds recruit,
given other post-dispersal processes, we estimated the carbon poten-
tial that a given species can have per hectare, considering its natural
densities in the reference forest. For each species, we calculated the
AGB per hectare using an equation that relates basal area per hectare
inthe reference forest (absolute dominance (DoA)), wood density (p)
and height (H), estimated from the forests of the region™. By using
the DoA, we have an estimation of the sum of the basal area of the indi-
viduals of each species sampled in a hectare; it therefore reflects the
natural densities of the species. With values of the potential biomass
per hectare of each species, we were then able to estimate the potential
biomass representation of each species for the pixel size in our study
area. We assigned the potential species biomass per pixel if seeds of
the species were deposited in the pixel (equation (4)):

AGB; ha™ = exp(—0.679 + 0.967In (DoA; x p; x H;)) 4)

where AGB, ha is the AGB for species i per ha, DoA, is the basal area
per hectare, p; is the wood density and H, is the maximum height. We
used mean wood density values for each species obtained from ref.
98. Whenever this mean value of wood density was not available at
the species level, we used the genus average instead. To determine
the carbon concentration in AGB, we used the mean estimation of
40% water content in total biomass to get the dry biomass and 48.5%
carbonin the dry biomass to get the carbon content following ref. 99.

For each landscape repetition, we summed the AGB potential of
seed rainfromall open-areacells and transformed itinto AGB potential
(Mg) perlandscape. To be clear, thisisa potential AGB value that relies
onseed rain composition alone and does notinclude subsequent ger-
mination success or environmental filtering. In addition, for each frugi-
vore species, we estimated their contribution to seed depositioninto
openareasand to AGB (expressed as a percentage with respect to values
derived from the activity of all frugivores present in the community).

Data analysis

To understand the contribution of the frugivorous bird community to
the restoration potential of open areas along a forest fragmentation
gradient, we built models that relate (1) the number of seeds and the
potential AGB at each landscape to the percentage of forest cover and
isolation from forest, (2) bird species traits to seed rain and carbon
potential contributionin each landscape (we related species-specific
basis traits (gape width, body mass and frugivory dependence) to the
percentage of seeds deposited in open areas and the potential AGB
contributed according to the seed rain they generated in each land-
scape) and (3) the number of seeds deposited and carbon potential as
forest distance increases.

Tofitthese models, we used generalized linear mixed-effects mod-
elsand linear mixed-effects models by maximum likelihood estimation
(Laplace approximation) using the Ime4 package in R'°. For seed depo-
sition, we used a Poisson distribution for the residuals and a log link
function. For AGB, we used anormal distribution for the residuals and
anidentity link function. For the percentage of seeds, we used a bino-
mial distribution with a logit link function. We explored the second-
and third-order polynomial forms for the exploratory variables and
selected the model with abetter fit. For models that relate species traits
and distance, we used the landscape as arandom effect. For graphical
reasons, we plotted each landscape by its percentage of forest cover.
We evaluated model performance by using the pseudo-R*for general-
ized mixed-effect models using the functionr.squaredGLMM from the
package MuMIn'®, All statistical significance tests used a two-tailed
Pvaluefor a=0.05.Onthebasis of the model predictions, we found the
inflection point to identify forest cover andisolation thresholds where
the predicted curves change their behaviour. Toidentify the inflection
points, we used the function bede from the package inflection'*. This
functionimplements ageometric method to identify the points where

therightand left distances of the curve toa cord that joins the extreme
points are equal'®.

Inclusion and ethics statement

Thismanuscript was developedin collaboration withlocal researchers
who are authors of this manuscript. This manuscript has implications
forregional restoration policies; therefore, local and regional research
relevant to our study area was included.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All datasets used in this analysis are published and freely available
in Figshare at https://doi.org/10.6084/m9.figshare.c.7086625.v1
(ref.104). Theseinclude Dataltorunthefrugivory interactions model,
Data 2 to run the frugivory movement model, Data 3 to run the GPT
model and Data 4 to run the simulation code.

Code availability

The code for the models and model parameterization is pub-
lished and freely available in Figshare at https://doi.org/10.6084/
mo.figshare.c.7086625.v1 (ref. 104). This includes SM1, hierarchical
model code for frugivory interactions; SM2, hierarchical model code
for bird movement; SM3, hierarchical model code for GPT interactions;
and SM4, simulation code.
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Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection

Data analysis The code developed for the data analysis is available in the repository Bello, C. Frugivores enhance potential carbon recovery in fragmented landscapes. https://
doi.org/10.6084/m9.figshare.c.7086625.v1 (2024). Besides data analysis was performed in R version 4.2.2 using the packages ape version 5.7, Ime4 version 1.1-31, mumin
version 1.47.1, and the rstan version 2.21.8.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All datasets used in this analysis are published and freely available in Figshare repository https://doi.org/10.6084/m9.figshare.c.7086625.v1 . We
present Data 1 to run frugivory interactions model. Data 2 to run frugivory movement model. Data 3 to run gut passage time model and data 4
to run simulation code.
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Gut passage time estimates published in [66]; 4. Bird trait data available in [74]; and 5. Bird phylogenetic data from [75]. Code for the models and model
parameterization is presented in supplementary materials (SM1, SM2 and SM3).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender

Population characteristics
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Ethics oversight
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Study description

Research sample

We explored the potential contribution of birds to forest restoration by applying an individual-based model. This model simulates
seed deposition by birds in open areas inside ten landscapes located along a forest fragmentation gradient in the Atlantic Forest. The
model comprises three components of the seed dispersal process that define the potential location of seed deposition: 1) frugivory
diet preference (bird-plant interactions), 2) bird movement, and 3) gut passage time. To parameterize the models, we fitted a
hierarchical model to each component. In the models, we related each process to plant and bird traits and phylogeny. We then
simulated the potential interactions, movement, and seed deposition for each individual bird in open areas inside each landscape.

To predict the probability of plant-bird interaction we used a probabilistic approach that uses functional traits (i.e. seed size must be
smaller than gape width to ensure ingestion). We fit a hierarchical model with a Bayesian estimation to the Atlantic frugivory dataset
that comprises more than 3,804 frugivory interactions between 232 birds and 511 plant species across the Atlantic Forest of Brazil
(Bello, C., et al., Atlantic frugivory: a plant—frugivore interaction data set for the Atlantic Forest. Ecology, 2017. 98(6): p. 1729-1729)

To predict the movement of birds between forest fragments in landscapes with different levels of fragmentation, we used the Joint
Species Movement Models (JSMM) approach proposed by Ramos, Pizo. We adjusted JSMM models for bird movements present in six
landscapes with different levels of fragmentation in relation to their traits (Ramos, D.L., et al., Forest and connectivity loss drive
changes in movement behavior of bird species. Ecography, 2020. 43(8): p. 1203-1214).

To determine the time interval between seed ingestion and defecation, we developed a hierarchical model that linearly relates the
time a seed takes to pass through the animal gut (GPT) and its body mass. We fitted the model to the dataset published by
Yoshikawa, Kawakami, which includes 432 events of seed retention time between 112 bird species consuming 249 plant species
(Yoshikawa, T., K. Kawakami, and T. Masaki, Allometric scaling of seed retention time in seed dispersers and its application to
estimation of seed dispersal potentials of theropod dinosaurs. Oikos, 2019. 128(6): p. 836-844)

We performed the simulations in ten square landscapes from the Cantareira-Mantiqueira Corridor, a priority area for the
conservation of the Atlantic Forest. To simulate frugivory, we obtained the bird community present in each of these landscapes from
[Barros et al., 2019] and the plant composition from a representative forest of the Cantareira-Mantiqueira Corridor sampled by
Pompeu et al., 2011.

(Barros, F.M., et al., Matrix type and landscape attributes modulate avian taxonomic and functional spillover across habitat
boundaries in the Brazilian Atlantic Forest. Oikos, 2019. 128(11): p. 1600-1612.
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Pompeu, P.V., Composi¢do e estrutura de uma floresta ombréfila densa ao longo de um gradiente altitudinal na serra da
Mantiqueira, Minas Gerais., ed. D.d. Mestrado. 2011, MG, Brasil.: Universidade Federal de Lavras, Lavras).

The combination of bird feeding, moving, and seed deposition events constitute an individual movement track. From each movement
track, we recorded the identities of the species involved, the number of seeds deposited, and the identity of the source and target
cell. We run 10 repetitions for each landscape. In each repetition, we simulated 100 movement tracks, representing 100 individual
movements, and obtained resultant raster maps that represent the seed shadow of the bird community.

Sampling strategy The present study is based on previously published databases

Data collection The present study is based on previously published databases. We integrated 1) frugivory interaction dataset ( Bello et al., 2015), 2)
Birds movements in fragmented landscapes ( Ramos et al 2020) and 3) Gut passage time datasets (Yoshikawa et al 2019).
Besides for bird composition in each landscape we used census data from (Barros et al., 2019) and plant census from (Pompeu et al.,
2011). Birds traits were obtained from (Wilman, H., et al.,2014) and Birds phylogeny from (Jetz, W., et al.,2014)

Timing and spatial scale  We chose 10 representative landscapes of the Mantequeira-Cantareira region in the Atlantic Forest, with different forest cover
percentages (from 9% to 60%). The square landscapes measured 1800 x 1800 m and were subdivided into 8100 cells of 20 x 20 m to
enable the movement simulations.
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Data exclusions Bird species without trait information where excluded from the analysis.

Reproducibility We provided code for model structure and simulation procedure

Randomization To allow randomization in the simulation repetitions, we drew plant and bird species and initial pixels from random distributions.
Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why

blinding was not relevant to your study.
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