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Abstract 

Many trees depend on animals for seed dispersal, and human activities that disrupt seed dispersal 

by animals may impact forest regeneration and carbon storage. Yet whether expected negative 

impacts are observable across regrowing forests remains untested. We modeled seed dispersal 

disruption and its relationship to aboveground carbon accumulation observed across 3026 sites in 

the tropics, where most trees are animal dispersed. We found that seed dispersal disruption 

explains wide variation in local carbon accumulation rates. Across areas identified for 

restoration, we estimate that seed dispersal disruption reduces carbon accumulation rates by 57% 

on average. These results advance understanding of animal biodiversity’s impact on forest 

carbon and emphasize the need to address biodiversity loss and climate change together. 
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Climate change and biodiversity loss are critical environmental challenges of our time. 

Well-established linkages between these challenges include the exacerbating effect of climate 

change on biodiversity loss (1) and the positive relationship between plant biodiversity and 

carbon storage (2, 3) in vegetation communities. Less well known is the potential for terrestrial 

vertebrates such as birds and mammals to influence carbon storage at a scale that is relevant to 

climate change (4–7), yet animals may influence the carbon stored in forest ecosystems through 

their role as seed dispersers.  

Many tree species rely on animals for the dispersal of their seeds (8). Without dispersal, 

plants have lower germination, growth, and survival (9, 10), and they often cannot access 

suitable regeneration sites including those made available through disturbances such as fire, 

storms, drought, and deforestation (11, 12). In forests regrowing after disturbance, dispersal 

limitations pose a primary barrier to regeneration (13). Where seed dispersers have declined, 

field studies show reduced abundance and diversity of regenerating trees (14) and altered 

functional composition, especially the lower prevalence of late successional, large-seeded trees 

with dense wood (15–17). Together, local ecological research shows that seed dispersers affect 

the abundance, diversity, and functional composition of regenerating trees. 

The disruption of seed dispersal—caused by ongoing declines in animal diversity, 

abundance, and movement (18–20)—could therefore negatively impact forest carbon dynamics. 

Process-based models, which have paired short-term field data with long-term demographic 

modelling, suggest that seed dispersal disruption should reduce carbon storage in both existing 

forests (21, 22) and areas regrowing after disturbance (23). Although these studies have been 

restricted to local areas, they indicate that the magnitude of seed dispersal disruption’s negative 

effects may be large, particularly in regrowing forests. For example, in a fragmented region of 
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the Atlantic Forest in Brazil, modelling by Bello et al. (23) showed that observed disruption of 

seed dispersal would lead to 38% lower carbon storage in naturally regrowing forests in the more 

fragmented versus less fragmented areas of the study landscape. Yet whether the signature of 

seed dispersal disruption that is predicted by such models is discernible across field records of 

tropical forest regrowth globally remains untested. This obscures the relevance of animal seed 

dispersers for broad-scale carbon dynamics, especially the impact of seed dispersal disruption on 

natural forest regrowth, which contributes substantially to the land carbon sink (24, 25) and 

which is often promoted as a natural climate solution (26) to be implemented alongside 

necessary steep reductions in fossil fuel emissions. 

 

Dependence on animal seed dispersal  

To assess how seed dispersal disruption may affect natural forest regrowth, we first asked 

how prevalent animal-mediated seed dispersal is across all forest and savanna biomes. We 

developed a relative metric of the prevalence of animal-mediated seed dispersal that is weighted 

by plant species’ abundance and their dependence on animals for seed dispersal (27). We 

analyzed data from 17,071 vegetation plots on the relative abundance of tree species and their 

dependence on animals for seed dispersal. Species-specific estimates of dependence on animals 

for seed dispersal were developed using 346,501 records of seed dispersal mode for 24,600 plant 

species from 4,693 genera and 369 families. The prevalence of seed dispersal by animals varies 

spatially (R2 = 0.66 on test data; map in Fig. 1; Fig. S1) and strongly increases toward the 

equator (F = 1893, P < 0.0001; inset plot in Fig. 1). On average across tropical plots, we estimate 

that 81% of trees rely on animals for seed dispersal. This suggests that loss of animal seed 

dispersal function could limit the regrowth and carbon accumulation potential of tropical forests 
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in particular. We therefore focus our next analyses on tropical regions where animal seed 

dispersers may be most influential for natural regrowth. 

 
 

 
Fig. 1. The prevalence of seed dispersal by animals in woody vegetation across forest and 
savanna biomes. Points in the inset panel show the weighted, relative metric of animal seed 
dispersal prevalence in 17071 vegetation plots across latitude and the fitted line shows the 
relationship with latitude from a generalized additive model. The map illustrates estimated 
animal dispersal prevalence developed using the plot data, climate covariates, and a random 
forest model. Estimates of model uncertainty are presented in Fig. S1. 
 
 
 
Seed dispersal disruption 

A key challenge for evaluating how seed dispersal disruption may influence tropical 

forest regrowth is the limited understanding of how seed dispersal function varies across 

landscapes; whereas global gridded products of environmental variables (e.g., temperature, 

precipitation) are available for modelling forest processes (25, 26), analogous estimates for seed 

dispersal disruption are lacking. To generate location-specific estimates, we combined published 

estimates of animal species-specific seed dispersal function, compilations of field data on animal 

presence and movement, and geographic distribution data for mammals and birds (27) (see 

conceptual diagram showing an overview of these methods in Fig. S2). We started with 

published estimates of the seed dispersal function provided by birds and mammals globally from 

ref. (28). Their modelling involved ecological analyses of the quantity of seeds that animals 
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disperse (406 local inventories of seed dispersal interactions), the distance they carry seeds (data 

on seed retention times and seed dispersal distance for interactions involving 302 animal 

species), and the probability that seeds germinate following deposition (results of 2215 studies of 

the impact of gut passage on seed germination). Their modelling showed a high capacity to 

predict aspects of seed dispersal based on species’ traits (28), such as seed retention times (cross-

validation R2 = 0.96; Fig. 2A). Together, this modelling offers species-specific estimates of seed 

dispersal function or, across a local species assemblage, the seed dispersal function provided by 

birds and mammals at a location. However, these estimates do not account for anthropogenic 

impacts on seed dispersers’ presence or movement patterns. To incorporate these impacts, here 

we analyzed the effect of habitat fragmentation on species presence (27) (61,716 occurrence 

records across 1990 species; Fig. S3A) and, following ref. (19), of the magnitude of the human 

footprint on animal movement (488,583 geolocations across 1838 individuals of 80 species; Fig. 

S3B). This showed, for example, that when the human footprint index is higher, animals move 

shorter distances during the time when they retain seeds (Fig. 2B). Using data on the geographic 

ranges of birds and mammals, habitat fragmentation, and human footprint, we then estimated 

seed dispersal disruption as the proportional loss of seed dispersal function attributable to these 

anthropogenic drivers across tropical regions (27) (Fig. S2). This metric emphasizes the quantity 

of effective seed dispersal, which is important for overcoming the seed limitation that often 

hampers regrowth (13), and relatively long-distance seed movements, which are important for 

vegetation recovery following disturbance (11, 29).  

Seed dispersal disruption varies at landscape scales and across regions within tropical and 

subtropical forest biomes (Fig. 2C-H); key regional differences reflect factors such as the greater 

prevalence of high-integrity forest landscapes remaining in Amazonia and effects of widespread 
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land conversion in Asian forest biomes (30, 31). Seed dispersal disruption also changes over time 

under ongoing fragmentation; these changes have caused net increases in the severity of seed 

dispersal disruption from 2000 to 2020 (Fig. 2D,F,H). 

 

 
Fig. 2. Modelling seed dispersal disruption. (A) Example of the processes modelled to estimate 
seed dispersal function, showing observed seed retention times versus model-predicted values 
based on species traits by ref. (28) (see also Fig. S2). (A) Observed relationship between the 
human footprint index and displacement distances over a typical seed retention period, based on 
field observations of animal movement; detailed results are presented in Figure S3. (C-H), 
examples of seed dispersal disruption values and distribution of values across regional scales; 
dashed lines show estimates c. 2000 and filled area shows estimates c. 2020. Inset plots show 
areas in the Amazon Basin (C), the Congo Basin (E), and Borneo (G).  
 
 
 
Impacts on carbon accumulation 

We then analyzed the relationship between seed dispersal disruption and records of 

carbon accumulation over time from a database of field observations of natural forest regrowth in 

previously deforested areas (26). Analyzing the records of aboveground carbon in tropical plots, 

we fit a Bayesian model to estimate how forest carbon accumulation over time at these plots 

depends on seed dispersal disruption and other environmental drivers of variation in regrowth. 

These include processes that may also constrain regrowth in anthropogenically modified 
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landscapes: drought conditions associated with heat- and desiccation-related edge effects, the 

prevalence of fire on the landscape, and the abundance of grazing livestock (27). 

The analysis showed a strong negative effect of seed dispersal disruption on carbon 

accumulation of regrowing forests (Fig. 2A, Table S1; posterior estimate of effect on annualized 

growth: -0.38, 95% CI: [-0.46, -0.30]) and strong effects of other environmental variables (Fig. 

2B; Table S1). Drought had a strong negative impact on carbon accumulation (Fig. 2B; -0.19 [-

0.27, -0.10]), as did the prevalence of fire on the landscape (-0.10 [-0.19, -0.01]). A weak 

negative effect of grazers was not statistically significant (-0.042 [-0.123, 0.044]).  

Isolating the effect of seed dispersal disruption, the fitted model estimates that areas of 

natural regrowth with lowest seed dispersal disruption accumulate four times as much carbon as 

areas with the most extreme seed dispersal disruption (Fig. 2C). This negative relationship is 

absent in monoculture plantation sites (32), where trees were planted by people (Fig. 2B, Table 

S1; 0.026 [0.011, 0.050]). The finding that carbon accumulation is reduced in naturally 

regrowing forests under more severe seed dispersal disruption is consistent with local short-term 

field studies that show that dispersal disruptions reduce the abundance and diversity of 

regrowing trees and alter their functional composition (12–14, 16, 17). Further, the observed 

effect on forest carbon is quantitatively consistent with the process-based modelling predictions 

of ref. (23), which were made over a moderate range in the severity of seeds dispersal disruption. 

Together, our results provide empirical support for large-magnitude effects of seed dispersal 

disruption on observed carbon accumulation across regrowing tropical forests.  
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Fig. 3. Effect of seed dispersal disruption on aboveground carbon accumulation. (A) Stand 
age versus fitted values of aboveground carbon during natural regrowth, with color gradient 
showing levels of seed dispersal disruption at each site. (B) Standardized effect sizes 
representing the effect of a 1 SD increase in the predictor variable on carbon accumulation rates 
annualized over the first 30 years of regrowth. Bars show 95% and 99% CIs, points show median 
posterior values, and filled points indicate 95% CIs that do not overlap zero. (C) Annualized 
carbon accumulation rate under either natural regrowth or monoculture plantation, with lines 
showing model estimates for average environmental conditions and shaded areas showing 95% 
credible intervals. 
 
 
 
Assessing impacts on regrowth potential 

Evidence for a feedback between seed dispersal disruption and forest regrowth alters our 

understanding of natural regrowth potential across the tropics. We highlight three factors not 

captured when mapping regrowth potential using only other environmental predictors (26, 33). 

First, overlooking the impact of seed dispersal disruption may overestimate natural regrowth 

potential in many areas and underestimate it in others. We used our model incorporating seed 

dispersal disruption and environmental predictors to estimate current (c. 2020) regrowth potential 

(Fig. 4A). Compared to a model ignoring seed dispersal and including only the other 

environmental predictors (Fig. S4A), our model projected lower carbon accumulation in areas 

with greater seed dispersal disruption and, conversely, greater regrowth potential in more intact 

forest landscapes (Fig. S4B). Incorporating knowledge of the severity of seed dispersal can 
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improve predictions for the carbon accumulation potential of regrowth and help to identify where 

natural regrowth can be most successful. 

Second, because the severity of seed dispersal disruption can change over time, ongoing 

negative impacts on animal biodiversity could be altering the ability of tropical landscape to 

recover carbon through natural regrowth. For example, deforestation and reforestation both 

influence forest habitat fragmentation and thus the severity of seed dispersal disruption. By 

comparing regrowth potential for 2000 versus 2020, we estimated that tree cover changes have 

largely increased seed dispersal disruption and in turn reduced carbon accumulation potential 

(Fig. 4B). Of the areas with appreciable (over ± 5%) changes in regrowth potential, the majority 

(94%) showed declines. The estimated losses are conservative because many locations showing 

tree cover gains are plantations (34) that may not in reality support animal populations or 

movement (35). This indicates that ongoing pressures on animal biodiversity are reducing the 

ability for tropical forests to recover naturally from deforestation. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.12.06.627256doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.06.627256
http://creativecommons.org/licenses/by/4.0/


10 

 
Fig. 4. Mapping aboveground carbon accumulation potential in light of seed dispersal 
disruption. (A) The current (c. 2020) regrowth potential of tropical forest and savanna 
ecosystems while accounting for seed dispersal disruption. Hatching indicates savanna biomes. 
Estimates of model uncertainty are presented in Fig. S5. (B) The cumulative effect of land use 
change over the period 2000-2020 on natural regrowth potential. (C) the impact of seed dispersal 
disruption on regrowth potential in tropical forest areas. Values estimate the degree to which 
current levels of seed dispersal disruption would limit carbon accumulation for regrowing forests 
at each location. Inset panel shows the distribution of lost carbon accumulation potential across 
sites identified as potential restoration areas by ref. (36) that occur in the tropical forest biomes. 
Model uncertainty is presented in Fig. S6. 
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Third, we sought to understand the cumulative degree to which seed dispersal disruption 

has reduced the regrowth potential of tropical forest landscapes. Focusing on tropical forest 

biomes, we estimated regrowth potential if seed dispersal was not disrupted and compared this to 

current regrowth potential (Fig. 4C). In both cases, we kept other environmental variables (e.g., 

drought, fire) constant to isolate the effect attributable to seed dispersal disruption alone. Many 

areas show multiple tons per hectare of lost yearly carbon accumulation potential. To evaluate 

how this impacts carbon accumulation specifically in areas where forest regrowth may be 

implemented for ecosystem restoration and climate mitigation, we examined lost carbon 

accumulation potential in areas identified as potential restoration sites by ref. (36). We used the 

location of potential restoration sites not to indicate where reforestation should be implemented, 

but instead to characterize the impact of seed dispersal disruption in the types of landscapes 

where natural forest regrowth may be implemented. We estimate losses in yearly carbon 

accumulation averaging -1.8 Mg/ha/year (Fig. 4C inset), equating to a 57% reduction in regrowth 

potential for a typical site. Although these estimates represent a maximum loss—relative to the 

lowest levels of observed seed dispersal disruption—this result indicates that many potential 

restoration sites exist in landscapes where the current level of seed dispersal disruption strongly 

limits the climate mitigation potential of natural regrowth. 

Together, these finding underscore actionable insights. First, natural regrowth projects 

are more likely to achieve high carbon storage if located in landscapes with low seed dispersal 

disruption. Target landscapes may include recently deforested areas, locations near high-integrity 

forest landscapes, or areas with higher existing tree cover (37). These are the landscapes where 

natural regrowth without further active restoration interventions could represent the most cost-

effective restoration approach (38). Second, animal biodiversity decline threatens further losses 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.12.06.627256doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.06.627256
http://creativecommons.org/licenses/by/4.0/


12 

in the ability of tropical forests to regrow. The protection of animal biodiversity and landscape 

connectivity could support the regrowth potential of tropical landscapes. A host of tools can 

support seed dispersal function, including habitat corridors (39), protected area planning that 

emphasizes landscape connectivity (40), reintroduction of seed-dispersing species (41), and 

mitigation of physical barriers to movement (42). Active restoration practices, such as planting 

tree species that attract seed dispersers to nucleate regrowth (43, 44), can also accelerate 

recovery through the restoration of seed dispersal. 

 

Evaluation of our results 

By modelling a key ecosystem function provided by animals and the severity of its 

disruption, we quantified a mechanism by which animal biodiversity changes are altering carbon 

dynamics across the tropics. We found that seed dispersal disruption explains four-fold variation 

in carbon accumulation rates across natural regrowth sites and that its current severity has 

reduced by more than half the average carbon accumulation potential of proposed tropical 

reforestation sites. Tropical regrowth forests are currently the largest land-based carbon sink (24) 

and seed disperser declines, if left unmitigated, threaten their climate mitigation potential. Our 

approach, and the large magnitude of the observed effects, demonstrates the potential for 

incorporating the ecological roles of animals within global-scale climate research and for 

considering the role that animal biodiversity plays in supporting forest restoration for climate 

mitigation. However, several limitations apply to our work that, if addressed, would advance 

these efforts. First, the breadth of available data on animal biodiversity has a direct impact on the 

precision of our conclusions. As animal biodiversity monitoring continues to improve, 

uncertainty and bias caused by spatiotemporal mismatches between data available on animal 
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biodiversity and vegetation dynamics should decline. Resolving further interspecific variation in 

seed dispersers’ functional roles and responses to anthropogenic drivers would also offer more 

precise estimates of change in seed dispersal function. Second, while we were able to evaluate 

the effect of key drivers of forest growth, additional anthropogenic and environmental drivers 

could be considered in future analyses to enhance our understanding of this biodiversity-carbon 

linkage. Expanded data collection may help resolve the effects of differences in competing 

vegetation (45) and in other dimensions of ecosystem degradation related to differences in land 

use history, which did not predict natural growth potential in the data analyzed here (26). Other 

ecological functions that wild animals provide also change under the same drivers that cause 

seed dispersal disruption, although known impacts on processes such as pollination and 

herbivory under these drivers (46, 47) suggest that the results we attribute to seed dispersal 

disruption may be conservative. Third, our analysis aims to assess key drivers of spatial 

variation, but the field measurements nonetheless derive from a sample of tropical areas. 

Research to monitor natural forest regrowth across more regions and to capture biogeographic 

differences in the sensitivity of forest regrowth to animal seed dispersal disruption could reduce 

spatial biases. 

Our study demonstrates a strong linkage between animal biodiversity and terrestrial 

carbon storage and identifies animal biodiversity decline as a threat to the resilience of carbon 

stocks in dynamic tropical landscapes. Although global biodiversity conservation efforts often 

focus on land mammals and birds because of their high levels of decline (48), our results 

underscore the necessity of protecting and restoring them not only for their own sake but for the 

ecosystem functions that they provide, including climate mitigation. If carefully designed, 

projects to protect and restore animal biodiversity and landscape connectivity under the 
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Kunming-Montreal Global Biodiversity Framework may not only achieve biodiversity aims but 

also support the resilience of tropical forests carbon stocks, offering ‘win-wins’ for biodiversity 

and climate.  
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Supplementary Materials 

Materials and Methods 

 Our analysis involved bringing together disparate data types matched to different 

methods of analysis. The first set of analyses addressed spatial variation in animal-mediated seed 

dispersal. We then quantified the link between animal biodiversity and forest carbon storage by 

estimating seed dispersal disruption, modelling its relationship to aboveground carbon 

accumulation, and using this model to map both carbon accumulation potential and the impact of 

seed dispersal disruption on carbon accumulation potential. The flowchart in Figure S7 outlines 

the data and methods used in the latter set of analyses. We describe each aspect in detail below.  

 

Prevalence of animal seed dispersal 

To assess the global relevance of seed dispersal by animals and evaluate the prediction 

that tropical regions are most dependent on animal seed dispersal, we estimated the prevalence of 

animal-mediated dispersal in woody vegetation plots and analyzed its spatial variation. We 

paired data on seed dispersal mode of plant species with data on plant species’ relative 

abundance in woody vegetation plots. Using these data, we calculated a weighted, relative metric 

indicating the prevalence of seed dispersal by animals at each vegetation plot. Then we produced 

a map of spatial variation in this metric to illustrate variation in the importance of seed dispersal 

by animals in woody vegetation globally. 

To characterize plant species’ dependence on animals for seed dispersal, we first 

assembled data on dispersal mode from plant trait databases (49, 50) and additional published 

studies (17, 54–66). Because different sources reported dispersal mode using different 

categorizations, we recategorized all records of dispersal mode either as abiotic if the seed 
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dispersal process did not involve an animal (e.g., wind, ballistic) or as biotic if it did (e.g., 

endozoochory, epizoochory). Because multiple records existed for many plant species and 

sometimes suggested both biotic and abiotic dispersal (e.g., a conifer whose seeds have wings for 

wind dispersal but also known to be dispersed by seed-caching birds), we treated individual 

records of biotic dispersal mode as binary (biotic equates to a value of 1 and abiotic equates to a 

value of 0) and took the average by species. The resulting value aims to characterizes plant 

species’ dependence on animal seed dispersal, with possible values ranging from zero, meaning 

the available evidence shows the species is completely abiotically dispersed, and one, indicating 

full reliance on animals for seed dispersal. This dataset included 346,501 seed dispersal mode 

records for 24,660 plant species from 4,693 genera and 369 families. 

Next, we assessed the prevalence of biotic dispersal in a global database of vegetation 

plots, sPlotOpen (67). Because the focus of the study is on forest regrowth, we examined the 

subset of plots labelled as containing forest and existing in natural landscapes. This database 

offers relative abundance measures. We developed a community-weighted measure of biotic 

dispersal using the biotic dispersal estimates described above and the relative abundance 

estimates of individual species from the plot data. In each case where dispersal mode was 

unavailable, we used average values at the finest taxonomic resolution available (e.g., genus, 

family) to fill missing values. We used the Taxonomic Name Resolution Service (68) to 

harmonize plant species names. Because of an error associated with integration of plots into 

sPlotOpen from the SALVIAS network (one of many sources of vegetation plot data that are 

integrated within the larger sPlotOpen dataset), we used the original records of the SALVIAS 

plots that are also hosted by BIEN, accessing it using the ‘rbien’ package (50). In these cases, we 

calculated an analogous measure of relative abundance in terms of biomass using records of stem 
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diameter, data from BIEN on wood density, and the ‘BIOMASS’ package (69) in R, 

harmonizing species names and using taxonomy to fill in missing wood density data as above. 

To evaluate the prediction of higher dependence on animal seed dispersal in tropical 

forests, we fitted the relationship between latitude and biotic dispersal prevalence with a 

generalized additive model implemented using the ‘mgcv’ package (70). We report average 

biotic dispersal prevalence among plots in tropical biomes, with biomes defined by Dinerstein et 

al. (71). To map biotic dispersal prevalence, we developed a random forest model with the 

‘ranger’ (72) and ‘tidymodels’ (73) packages in R. The biotic dispersal prevalence of each plot 

was the response variable and the predictor variables were the bio variables from WorldClim 

version 2.1 at 5 minute resolution. We considered map accuracy by fitting the random forest 

regression model with three quarters of the dataset (N = 12,793) and withholding a quarter as a 

test set (N = 4,258), evaluating performance using R2. During model training, we performed 

spatially clustered five-fold cross validation implemented using the ‘spatialsample’ package (74), 

testing a grid of hyperparameters. We used a full model using the best-performing 

hyperparameters to develop the map of biotic dispersal prevalence across both tropical and 

temperate forest and savanna biomes (Fig. 1). We present model uncertainty as a bootstrapped 

coefficient of variation by fitting the model over ten resamples of the dataset (Fig. S1).  

 

Quantifying seed dispersal disruption 

We estimated the severity of disruption of animal-mediated seed dispersal by linking 

three sets of analysis that describe 1) the effectiveness of each animal species for seed dispersal, 

2) the composition of animal species across location effected by habitat fragmentation, and 3) 

how anthropogenic alteration of animal movement alters seed dispersal. We develop these 
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estimates for birds and mammals, which are the groups with the major role in animal-mediated 

primary seed dispersal across most ecosystems and those with the highest data availability. Other 

animal groups of seed dispersers can play important roles, such as the important role of reptiles 

in island ecosystems, and we assume that the broad patterns of seed dispersal disruption that we 

identify largely apply across these other groups as well. Below we describe the data used to 

characterize these three processes and finally how we bring them together to estimate a metric of 

seed dispersal disruption (Fig. S7). 

Seed dispersal effectiveness. We incorporate species-specific estimates of seed dispersal 

function by birds and mammals developed by Fricke et al. (28). Briefly, their analysis involved a 

large synthesis of published studies of the seed dispersal process and trait-based machine 

learning models to predict seed dispersal function for each species. The training data they 

assembled from the literature included seed dispersal records of 406 local ecological networks, 

data on seed retention times and movement across 302 animal species, and results of 2215 

studies of the impact of gut passage on seed germination. Traits of birds and mammals include 

traits describing their morphology, life history, and diet (75). Their trait-based approach to model 

stages of the seed dispersal process for individual species showed high cross-validated 

performance on a withheld tenth of the data; for example, in predicting which animal species 

disperse seeds (AUC = 0.90), seed retention times (R2 = 0.96), dimensions of animal movement 

(R2 = 0.80, R2 = 0.73), and germination rates following gut passage (R2 = 0.36) (28). In the 

analysis of Fricke et al. (28), the outputs of these models were combined (overviewed in panels 1 

and 2 in Fig. S7) to generate a species-specific measure of seed dispersal function above a given 

distance threshold from a mother plant of a hypothetical representative plant species. The metric 

is unitless but is proportional to the number of seeds dispersed past the distance threshold that 
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germinate per unit time. This approach thus emphasizes the quantity of effective seed dispersal, 

which is important for overcoming the seed limitations that often hampers regrowth (13). By 

following the 1 km threshold of long-distance dispersal defined in ref. (28), this approach 

characterizes relatively long-distance seed movements that are important for plant recovery 

following disturbance (11, 29). 

Animal composition. To incorporate information on which species provide seed dispersal 

function at a location, we first considered data on species ranges provided by the IUCN/BirdLife 

International. We used range data for extant species in their current ranges. While range 

information outlines where species can occur, whether species occur at individual sites is also 

determined by local processes, and we focus on how habitat loss and fragmentation impact 

animal populations locally. To incorporate this effect, we used data from a meta-analysis of 

records of local occurrence in fragmented forest landscapes (76). The data provide information 

on the probability that species that exist in the region occur at specific locations, which vary in 

the levels of fragmentation. Although the dataset focuses on birds, quantitatively similar patterns 

are known from studies of mammals (77) for which similar global syntheses are unavailable. To 

characterize habitat fragmentation, we used a simple measure of proportional tree cover per area 

in a 500m radius circle around the observation location from the local occurrence dataset. We 

calculated this using Earth Engine implemented in the ‘rgee’ package (78) in R with tree cover 

data (51) from the year 2000. Although the occurrence data spans decades, this is roughly the 

average year of field recording in this dataset. The simple metric of forest habitat fragmentation 

enables us to characterize fragmentation for the sites of field records and to apply pixel-wise 

calculations during the map development described below. In a generalized linear mixed effects 

model, the binomial response variable reflected species presence or absence and the predictor 
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variable was the measure of forest habitat fragmentation. We included random intercepts for 

biome, species name, and study ID. We used the fitted relationship (Fig. S3A) along with species 

composition for a location based on range data to calculate a weighted occurrence value for each 

species describing their density on the landscape (79).  

Seed disperser movement. Seed dispersal function also depends on landscape factors that 

alter animal movement; the movement of individual animals is affected by anthropogenic 

impacts on landscapes (19), and this in turn influences seed dispersal distances (20). To 

incorporate these effects into our estimates of seed dispersal disruption, we repeated the 

approach applied by Tucker et al. (19). This approach involved taking animal movement records 

and calculating displacement (the distance between an individual’s location at one time and 

another) over time from an arbitrary starting location, and then relating displacement to a holistic 

metric of anthropogenic environmental impact, the human footprint index (HFP) (53). We 

incorporated data provided on MoveBank under CC0 licenses (Table S2) for terrestrial mammals 

and birds. Using the movement records, we randomly chose timestamped records and used 

subsequent timestamped location records over a set time period to represent a hypothetical seed 

dispersal event. The time periods over which we developed these movement tracks were chosen 

to encompass typical seed retention times given species’ traits based on modelling by ref. (28). 

We allowed up to five non-overlapping periods of these hypothetical seed dispersal events per 

animal individual, leading to 7769 periods total. For movement tracks with frequent location 

records, we thinned this frequency to improve computational efficiency, although this did not 

quantitatively affect results. Following Tucker et al. (19), we extracted HFP for each location 

record and also included remotely sensed NDVI as a covariate. Using the MOD13Q1.061 Terra 

Vegetation Indices dataset from the Earth Engine data catalogue accessed via the ‘rgee’ package, 
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we used average monthly values for the corresponding month over the period 2001 to 2021, and 

otherwise associated individual movement records with the nearest corresponding calendar 

month with available data. In a general linear mixed effects model, log-transformed displacement 

values were the response variable, and the predictor variables were log-transformed time and 

average values for each of HFP and NDVI. To account for sources of non-independence, we 

allowed random slopes and intercepts by species and random intercepts by time period. The 

fitted model (Fig. S3B) was used to estimate the proportional reduction in seed dispersal distance 

caused by a given level of HFP. 

Calculating seed dispersal disruption. To assess the severity of seed dispersal disruption, 

we compared current levels of seed dispersal to levels of seed dispersal in a scenario of seed 

dispersal not disrupted by anthropogenic landscape impacts. We first calculated current seed 

dispersal function by modifying the seed dispersal estimates as calculated by Fricke et al. (28) by 

incorporating the anthropogenic impacts on species presence and movement outlined above. In 

the scenario without seed dispersal disruption, we similarly calculated seed dispersal function as 

a present counterfactual lacking habitat fragmentation and with HFP equal to zero. We calculated 

seed dispersal disruption as the proportional decline between the current values and the values 

without the drivers of seed dispersal disruption. This gives seed dispersal disruption as a unitless 

value bounded between zero (no seed dispersal disruption) and one (complete seed dispersal 

disruption). We used seed dispersal disruption values associated with the tropical regrowth 

locations described below and in analyses that involved mapping seed dispersal disruption across 

the tropics, which we calculate at ~1 km resolution. When expressed in a Behrman equal area 

projection for visualization and analysis, pixels represent c. 0.71 km2. To estimate seed dispersal 

disruption in 2020, we repeated the above steps to calculate seed dispersal disruption, but 
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incorporating tree cover changes between 2000 and 2020 (52) to update estimates of habitat 

fragmentation. We use both the circa 2000 and 2020 estimates of seed dispersal disruption in our 

analyses below.  

 

Modelling aboveground carbon accumulation 

Forest carbon data and covariates. To assess how forest regrowth over time is related to 

seed dispersal disruption and variables related to forest growth, we used field records of the 

natural regrowth of aboveground biomass or carbon per hectare over stand age assembled by 

Cook-Patton et al. (26). We analyzed the portion of these data from the tropics (71) and 

converted biomass values to carbon units by multiplying by 0.47 following ref. (80). To help 

disentangle the relevance of seed dispersal disruption on observed forest regrowth differences, 

we also include in the analysis data from a corresponding dataset of field records of carbon 

accumulation in monoculture plantations assembled by Bukoski et al. (32). We include the 

tropical aboveground carbon per hectare records available in this dataset. Monoculture plantation 

sites show similar ranges of environmental variables as observed in the natural regrowth sites 

(Fig. S8) but were more prevalent at higher latitudes and somewhat cooler and drier locations. 

We analyzed resurvey data (that is, after stand age of zero), including 2014 natural regrowth 

records and 1351 records from monoculture plantations. In the analysis, we used seed dispersal 

disruption values estimated circa 2000, which is roughly the average year across records where 

date information is available.  

We included additional variables that can influences forest growth or that can pose 

limitations on regrowth in anthropogenically modified landscapes: temperature, precipitation, 

drought, fire, grazing livestock, and potential net primary productivity. We used WorldClim 
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annual mean temperature and total annual precipitation values. To directly model constraints on 

regrowth caused by heat- and desiccation-related edge effects, we used the additive inverse of 

the Vegetation Health Index (81) as a descriptor of drought conditions that can occur within 

fragmented landscapes. We used averaged values of the monthly VHI values provided by 

UNFAO at 1 km resolution over the period 2001-2011. We masked to areas that maintained at 

least 10% forest cover (51) over this period to capture drought condition of (regrowing) forest 

areas in the local area rather than of other land cover types. We calculated average values within 

a 2500 m radius, or within 5000 m if data were otherwise missing. Fire also limits forest 

regrowth, and we used the MODIS Fire-cci Burned Area version 5.1 product at 250 m resolution 

to characterize the prevalence of fire on the landscape, calculated number of fire days for each 

pixel, and masked and averaged within a buffer as above. Although we calculated these metrics 

over the period 2001-2011, the values were highly correlated with other time periods (e.g., R2 > 

0.99 when correlated with values for the period 2011-2020). We incorporated information on the 

density of grazing animals, which may also limit regrowth in anthropogenically modified forest 

landscapes. Using data from the Gridded Livestock of the World (GLW 3) product (82) 

estimated c. 2010 at 10 km resolution, we summed the abundance of cattle, sheep, and goats and 

extracted values at the site coordinates. To capture the net residual effect of additional factors 

that constrain or favor forest growth in a given landscape, we included potential net primary 

productivity as a predictor variable. Because anthropogenic land use often reduces net primary 

productivity (NPP) (83), directly observed NPP values for a given location may not accurately 

reflect the NPP that would occur if forests were regrowing at that location. We therefore aimed 

to estimate potential NPP using observations of NPP from nearby areas of natural vegetation. To 

do so, we started with the MOD17A3HGF.061 Terra Net Primary Production dataset accessed 
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via Earth Engine and the ‘rgee’ package in R. We calculated potential NPP by first averaging 

NPP values over the period 2001-2011 and then calculating the maximum value over a 10 km 

radius. This has the effect of smoothing out local reductions in NPP caused by anthropogenic 

land use, offering a proxy for the maximum potential NPP that would occur in a pixel if it were 

covered by natural forest vegetation. The potential NPP values thus enable the modelling of 

overall site productivity influenced by landscape-scale drivers not captured directly by other 

predictor variables. This could include factors such as soil degradation or forest resource 

extraction for which direct pantropical estimates are not available. 

Forest carbon accumulation model. In a Bayesian model implemented in JAGS using the 

‘rjags’ package (84)  in R, we fitted a saturating model of aboveground carbon (μ) over time in 

years (t) using the Monod equation. 

𝜇	 = 	𝛼	 𝑡
𝛽	 + 	𝑡 

The parameters describe peak carbon accumulation (α) and the half-saturating time (β). We 

allowed α to vary with key factors related to maximum forest carbon: temperature, precipitation, 

and potential NPP. We allowed β to vary with these variables as well as potential constraints on 

regrowth: seed dispersal disruption, fire, drought, and grazers as described above. For both α and 

β, we fitted a site-specific ‘random effect’ to account for non-independence among the multiple 

observations per site and for other spatial variation not captured by the predictor variables. To 

examine our prediction that in monoculture plantations seed dispersal disruption would have no 

negative impact on forest growth, we included an interaction term so that records from 

monoculture plantation and natural regrowth plots could exhibit different relationships to seed 

dispersal disruption. For monoculture plantation sites, we additionally included a coefficient to 

describe the effect of additional interventions of fertilizing, weeding, irrigation when these 
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interventions were reported (32). In all cases, we used weakly informative priors and sum-to-

zero constraints for the site-level effects. We ran three chains for 500,000 iterations, sampling 

with a 500-iteration thinning interval after 10,000 iterations each of adaptation and burn-in. We 

developed posterior predictions for forest growth over time for varying levels of seed dispersal 

disruption for both monoculture plantation and natural regrowth. For results presented as 

accumulation rates, we calculated an annualized accumulation rate over the first 30 years of 

regrowth. We also calculated a standardize effect size of the predictor variables; the units of the 

effect size represent the difference in carbon accumulation rate caused by a 1 standard deviation 

difference in the predictor variable, holding other variables at their average. We report 95% 

credible intervals for statistical inference. We also implemented a second version of the analysis 

that was otherwise identical but did not estimate the effects of seed dispersal disruption to 

compare model estimates with and without considering seed dispersal disruption. Full details of 

model implementation are presented with the data and code package. 

 

Mapping estimates and uncertainty 

We developed maps of carbon accumulation potential presented as an annualized rate 

based on mean posterior values from the fitted model of forest growth and maps of each 

predictor variable. For the current estimate, we used the map of seed dispersal disruption 

estimated circa 2020. We assessed how changes to seed dispersal disruption since 2000 have 

affected regrowth potential by taking the difference between current values and estimates based 

on seed dispersal disruption circa 2000. Finally, to estimate how much carbon accumulation 

potential has been lost due to seed dispersal disruption, we performed otherwise similar 
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calculations but set seed dispersal disruption to zero and took the difference with the current map 

of regrowth potential.  

To characterize uncertainty, we report the magnitude of the 95% credible interval of 

accumulation rates. To do so, we took 100 samples of the posterior distribution for each 

coefficient, mapped carbon accumulation rate at each pixel as above, and reported the difference 

between the 2.5 and 97.5 percentiles. We reported an equivalent uncertainty measure for the lost 

carbon accumulation potential attributable to seed dispersal disruption. To examine the influence 

of seed dispersal disruption on natural regrowth within sites where natural regrowth may be 

implemented for ecosystem restoration and climate mitigation, we considered the map of 

restoration areas developed by Griscom et al. (36). We present lost potential of accumulation 

rates in these areas by estimating carbon accumulation if seed dispersal were not disrupted versus 

accumulation rates under current levels of seed dispersal disruption. To characterize uncertainty 

in these estimates, we present a magnitude of uncertainty as described above, summing pixel-

wise the low estimates (2.5 percentile of accumulation rate at each pixel) and high estimates 

(97.5 percentile) and then taking the difference. Note that our carbon accumulation estimates do 

not include belowground carbon accumulation, nor soil carbon accumulation, associated with 

natural regrowth. 
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Fig. S1. Model uncertainty for the prevalence of biotic seed dispersal in woody vegetation across 

forest and savanna biomes expressed in terms of the coefficient of variation across models 

refitted using bootstrapping. 
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Fig. S2. Overview of approach to estimate seed dispersal function and the severity of seed 

dispersal disruption. See Fig. S7 for overview of datasets used to determine seed dispersal 

disruption. 
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Fig. S3. Model results for the effect of land use on the presence and movement of animals. (A) 

Forest species presence was significantly related to landscape fragmentation measured as 

proportional tree cover (generalized linear model standardized coefficient: -1.31 ± 0.06 S.E.; P < 

0.0001; n = 61,716). Points show average presence at each study site for data visualization. (B) 

Animal displacement distances were significantly related to the human footprint index 

(generalized linear model standardized coefficient: -1.86 ± 0.12 S.E.; P < 0.0001; n = 488,583; 

shown for an average time since start of seed retention period). Points are a random sample of 

three values per tracking period for data visualization, with distribution of displacement values 

above 3000 m represented by marginal density plot. 
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Fig. S4. Comparisons to a model fitted without considering seed dispersal disruption. (A) 

Regrowth potential estimated from an otherwise identical model that excluded seed dispersal 

disruption. (B) difference between model fitted with and without considering seed dispersal 

disruption. Negative values show areas where the model fitted using seed dispersal disruption 

estimates lower regrowth values than in the model driven only by other environmental variables. 
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Fig. S5. Uncertainty in current regrowth potential, corresponding to median estimates presented 

in Fig. 4A, measured as the magnitude of the 95% credible interval. 

 

 

 

Fig. S6. Uncertainty in the lost carbon accumulation potential due to seed dispersal disruption, 

corresponding to median estimates presented in Fig. 
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Fig. S7. Overview of data and methods used to estimate seed dispersal disruption, its influence on forest regrowth, and the 

consequences for estimates of climate mitigation potential. 
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Fig. S8. Comparison of the range of environmental variables for natural regrowth and 

monoculture sites. 
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Table S1. Posterior values of standardized effect sizes, showing the effect on aboveground 

carbon accumulation annualized over the first thirty years of growth. Columns give the median 

estimate or quantiles that make up the 95% and 99% credible intervals. Values represents the 

effect of a one standard deviation increase in the predictor variable or, for the binary plantation 

intervention term, the use of plantation interventions. 

Coefficient Median 0.005% 0.25% 0.975% 0.995% 

Potential net primary productivity 0.131 0.0331 0.0547 0.21 0.249 

Annual mean temperature 0.203 0.0452 0.0764 0.337 0.381 

Total annual precipitation 0.288 0.138 0.169 0.432 0.471 

Fire prevalence -0.104 -0.217 -0.19 -0.00889 0.0204 

Grazing livestock abundance -0.0424 -0.148 -0.123 0.0444 0.0789 

Drought -0.185 -0.3 -0.273 -0.105 -0.0841 

Dispersal disruption (nat. regrowth) -0.38 -0.49 -0.462 -0.303 -0.285 

Dispersal disruption (monoculture) 0.153 0.0348 0.0626 0.272 0.317 

Plantation interventions 0.925 0.493 0.575 1.38 1.56 
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Table S2. Animal movement datasets accessed via MoveBank under CC0 licenses, including 
numeric ID and available project names or study references. 

ID Project names or references. 

80479 Kays R. 2020. Data from: The social organization of the kinkajou Potos flavus 
(Procyonidae). Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.hp37j8cb Kays RW, Gittleman JL. 2001. 
The social organization of the kinkajou Potos flavus (Procyonidae). J Zool. 
253(4):491-504. https://doi.org/10.1017/S0952836901000450 Kays RW, 
Gittleman JL. 1995. Home range size and social behavior of kinkajous (Potos 
flavus) in the Republic of Panama. Biotropica. 27(4):530-534. 
https://doi.org/10.2307/2388969 

123413 Moreno R, Mares R, Aliaga-Rossel E, Kays R (2020) Data from: Ámbito de 
hogar y actividad circadiana del ocelote (Leopardus pardalis) en la Isla de 
Barro Colorado, Panamá. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.pb653nk3 Moreno RS, Kays R, Giacalone-
Willis J, Aliaga-Rossel, E (2012) Ámbito de hogar y actividad circadiana del 
ocelote (Leopardus pardalis) en la Isla de Barro Colorado, Panamá. 
Mesoamericana. 16(3): 30-39. 

236023 Bogan DA, Kays RW. 2019. Data from: Eastern coyote home range, habitat 
selection and survival in the Albany pine bush landscape. Movebank Data 
Repository. https://www.doi.org/10.5441/001/1.56pf8220 Bogan DA. 2004. 
Eastern coyote home range, habitat selection and survival rates in the Albany 
Pine Bush landscape [thesis]. [Albany (USA)]: State University of New York 
at Albany. 83 p. 
https://mafiadoc.com/boganthesis2004_59bd0a501723ddf2eb9d65cb.html 

433126 McCracken G, Safi K, Kunz T, Dechmann DKN, Swartz S, Wikelski M. 2016. 
Data from: Airplane tracking documents the fastest flight speeds recorded for 
bats. Movebank Data Repository. https://doi.org/10.5441/001/1.td71sn54 
McCracken GF, Kamran S, Kunz T, Dechmann D, Swartz S, Wikelski M. 
2016. Airplane tracking documents the fastest flight speeds recorded for bats. 
Roy Soc Open Sci. 3(11):160398. https://doi.org/10.1098/rsos.160398 

1760349 Cross, PC, DM Heisey, JA Bowers, CT Hay, J Wolhuter, P Buss, M Hofmeyr, 
A Michel, R Bengis, T Bird, IJ Whyte, JT Du Toit, and WM Getz. 2009. 
Disease, predation and demography: assessing the impacts of bovine 
tuberculosis on African buffalo by monitoring at individual and population 
levels. Journal of Applied Ecology 46: 467-475. doi:10.1111/j.1365-
2664.2008.01589.x 
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1764627 Cross PC, Bowers JA, Hay CT, Wolhuter J, Buss P, Hofmeyr M, du Toit JT, 
Getz WM. 2016. Data from: Nonparameteric kernel methods for constructing 
home ranges and utilization distributions. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.j900f88t Calabrese JM, Fleming CH, 
Gurarie E. 2016. ctmm: an r package for analyzing animal relocation data as a 
continuous-time stochastic process. Methods Ecol Evol. 7(9):1124-1132. 
https://doi.org/10.1111/2041-210X.12559 Cross PC, Heisey DM, Bowers JA, 
Hay CT, Wolhuter J, Buss P, Hofmeyr M, Michel AL, Bengis RG, Bird TLF, 
et al. 2009. Disease, predation and demography: assessing the impacts of 
bovine tuberculosis on African buffalo by monitoring at individual and 
population levels. J Appl Ecol. 46(2):467-475. https://doi.org/10.1111/j.1365-
2664.2008.01589.x Getz WM, Fortmann-Roe S, Cross PC, Lyons AJ, Ryan SJ, 
Wilmers CC. 2007. LoCoH: Nonparameteric kernel methods for constructing 
home ranges and utilization distributions. PLoS ONE. 2(2):e207. 
https://doi.org/10.1371/journal.pone.0000207 

2147218 Reid, N., McDonald, R.A. & Montgomery, W.I. (2010) Homogeneous habitat 
can fulfil the discrete and varied resource requirements of hares but may set an 
ecological trap. Biological Conservation, 143; 1701-1706. 

2919708 Spiegel O, Getz WM, Nathan R. 2014. Data from: Factors influencing foraging 
search efficiency: Why do scarce lappet-faced vultures outperform ubiquitous 
white-backed vultures? (V2). Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.mf903197 Spiegel O, Getz WM, Nathan R. 
2013. Factors influencing foraging search efficiency: why do scarce lappet-
faced vultures outperform ubiquitous white-backed vultures? Am Nat. 
181(5):E102-115. https://www.doi.org/10.1086/670009 

2923486 Kays R, Hirsch BT. 2015. Data from: Stink or swim: techniques to meet the 
challenges for the study and conservation of small critters that hide, swim or 
climb and may otherwise make themselves unpleasant. Movebank Data 
Repository. https://www.doi.org/10.5441/001/1.41076dq1 Powell RA, 
Ellwood S, Kays R, Maran T. 2017. Stink or swim: techniques to meet the 
challenges for the study and conservation of small critters that hide, swim, or 
climb, and may otherwise make themselves unpleasant. In Macdonald DW, 
Newman C, Harrington LA, editors. Biology and Conservation of Musteloids. 
Oxford University Press, Oxford. p 216-230. 
https://doi.org/10.1093/oso/9780198759805.003.0008 

2930072 Holland RA, Wikelski M, Kuemmeth F, Bosque C. 2012. Data from: The 
secret life of oilbirds: new insights into the movement ecology of a unique 
avian frugivore. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.35fs26kq Holland RA, Wikelski M, 
Kuemmeth F, Bosque C. 2009. The secret life of oilbirds: new insights into the 
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movement ecology of a unique avian frugivore. PLoS ONE. 4(12):e8264. 
https://doi.org/10.1371/journal.pone.0008264 

2931895 Kays R, Jansen PA, Knecht EMH, Vohwinkel R, Wikelski M (2016) Data 
from: The effect of feeding time on dispersal of Virola seeds by toucans 
determined from GPS tracking and accelerometers. Movebank Data 
Repository. https://www.doi.org/10.5441/001/1.f32gn841 Kays R, Jansen PA, 
Knecht EMH, Vohwinkel R, Wikelski R. 2011. The effect of feeding time on 
dispersal of Virola seeds by toucans determined from GPS tracking and 
accelerometers. Acta Oecologica. 37(6): 625-631. 
https://doi.org/10.1016/j.actao.2011.06.007 

2943485 Nye P, Hewitt G, Swenson T, Kays R. 2018. Data from: New York State bald 
eagle report 2010. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.s65q50j0 Li Z, Han J, Ding B, Kays R 
(2012) Mining periodic behaviors of object movements for animal and 
biological sustainability studies. Data Mining and Knowledge Discovery 
24(2): 355-386. doi:10.1007/s10618-011-0227-9 Nye P (2010) New York 
State bald eagle report 2010. New York State Department of Environmental 
Conservation, Albany, New York. 43 p. Martell MS, Henny CJ, Nye PE, 
Solensky MJ (2001) Fall migration routes, timing, and wintering sites of North 
American ospreys as determined by satellite telemetry. The Condor 103: 715-
724. doi:10.1650/0010-5422(2001)103[0715:FMRTAW]2.0.CO;2 Rodriguez 
F, Martell M, Nye P, Bildstein K (2001) Osprey migration through Cuba. In 
Bildstein K, Klem D, Jr (eds), Hawkwatching in the Americas: Proceedings of 
the 25th Anniversary Meeting of the Hawk Migration Association of North 
America, 8-11 June 2000. Hawk Migration Association of North America, 
North Wales, PA. p. 107-117. Bautz L and Nye P (1987) Spring movement of 
an adult bald eagle from southeastern New York to central Ontario. The Eyas 
10(1): 32-33. 

2950149 Kays R, Hirsch BT. 2015. Data from: Stink or swim: techniques to meet the 
challenges for the study and conservation of small critters that hide, swim or 
climb and may otherwise make themselves unpleasant. Movebank Data 
Repository. https://www.doi.org/10.5441/001/1.41076dq1 Powell RA, 
Ellwood S, Kays R, Maran T. 2017. Stink or swim: techniques to meet the 
challenges for the study and conservation of small critters that hide, swim, or 
climb, and may otherwise make themselves unpleasant. In Macdonald DW, 
Newman C, Harrington LA, editors. Biology and Conservation of Musteloids. 
Oxford University Press, Oxford. p 216-230. 
https://doi.org/10.1093/oso/9780198759805.003.0008 
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2988333 Wikelski M, Arriero E, Gagliardo A, Holland R, Huttunen MJ, Juvaste R, 
Mueller I, Tertitski G, Thorup K, Wild M, Alanko M, Bairlein F, Cherenkov 
A, Cameron A, Flatz R, Hannila J, Hüppop O, Kangasniemi M, Kranstauber B, 
Penttinen M, Safi K, Semashko V, Schmid H, Wistbacka R. 2015. Data from: 
True navigation in migrating gulls requires intact olfactory nerves. Movebank 
Data Repository. https://doi.org/10.5441/001/1.q986rc29 Wikelski M, Arriero 
E, Gagliardo A, Holand R, Huttunen MJ, Juvaste R, Mueller I, Tertitski G, 
Thorup K, Wild M, et al. 2015. True navigation in migrating gulls requires 
intact olfactory nerves. Sci Rep. 5:17061. https://doi.org/10.1038/srep17061 

7023252 Crofoot MC, Kays RW, Wikelski M. 2021. Data from: Study "Collective 
movement in wild baboons". Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.3q2131q5 Harel R, Loftus JC, Crofoot 
MC. 2021. Locomotor compromises maintain group cohesion in baboon troops 
on the move. P Roy Soc B. 288(1955):20210839. 
https://doi.org/10.1098/rspb.2021.0839 Farine DR, Strandburg-Peshkin A, 
Couzin ID, Berger-Wolf TY, Crofoot MC. 2017. Individual variation in local 
interaction rules can explain emergent patterns of spatial organization in wild 
baboons. P Roy Soc B. 284(1853):20162243. 
https://doi.org/10.1098/rspb.2016.2243 Strandburg-Peshkin A, Farine DR, 
Crofoot MC, Couzin ID. 2017. Habitat and social factors shape individual 
decisions and emergent group structure during baboon collective movement. 
eLife. 6:e19505. https://doi.org/10.7554/eLife.19505 Farine DR, Strandburg-
Peshkin A, Berger-Wolf T, Ziebart B, Brugere I, Li J, Crofoot MG. 2016. Both 
nearest neighbours and long-term affiliates predict individual locations during 
collective movement in wild baboons. Sci Rep. 6:27704. 
https://doi.org/10.1038/srep27704 Strandburg-Peshkin A, Farine DR, Couzin 
ID, Crofoot MC. 2015. Shared decision-making drives collective movement in 
wild baboons. Science. 348-6241:1358-1361. 
https://doi.org/10.1126/science.aaa5099 

8849813 John Brzorad and Roland Kays. Life Track Great Egrets 

10204361 Jenson B, Pandion haliaetus Osprey - SouthEast Michigan. 

11948467 Kays R, NCSU Mammalogy Campus Carnivores. 

16748598 Dechmann DKN, Fahr J, Wikelski M. 2014. Data from: Commuting fruit bats 
beneficially modulate their flight in relation to wind. Movebank Data 
Repository. https://www.doi.org/10.5441/001/1.62s17b4v Sapir N, Horvitz N, 
Dechmann DKN, Fahr J, Wikelski M. 2014. Commuting fruit bats beneficially 
modulate their flight in relation to wind. P Roy Soc B. 281(1782):20140018. 
https://doi.org/10.1098/rspb.2014.0018 
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16880941 Bildstein K, Barber D, Bechard MJ. 2014. Data from: Environmental drivers 
of variability in the movement ecology of turkey vultures (Cathartes aura) in 
North and South America. Movebank Data Repository. 
https://doi.org/10.5441/001/1.46ft1k05 Dodge S, Bohrer G, Bildstein K, 
Davidson SC, Weinzierl R, Mechard MJ, Barber D, Kays R, Brandes D, Han J. 
2014. Environmental drivers of variability in the movement ecology of turkey 
vultures (Cathartes aura) in North and South America. Philos T Roy Soc B. 
369(1643):20130195. https://doi.org/10.1098/rstb.2013.0195 

19411459 Morato RG, Kantek DLZ, Miyazaki S, Deluque T, de Paula RC. 2021. Data 
from: Jaguar movement database: a GPS-based movement dataset of an apex 
predator in the Neotropics. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.3c4fv0m4 These data are described in the 
following written publications:Morato RG Thompson JJ, Paviolo A, De la 
Torre JA, Lima F, McBride Jr RT, De Paula RC, Cullen Jr L, Silveira L, 
Kantek DLZ, et al. 2018. Jaguar movement database: a GPS-based movement 
dataset of an apex predator in the Neotropics. Ecology. 99(7):1691. 
https://doi.org/10.1002/ecy.2379 Morato RG, Connette GM, Stabach JA, De 
Paula RC, Ferraz KMPM, Kantek DLZ, Miyazaki SS, Pereira TDC, Silva LC, 
Paviolo A, et al. 2018. Resource selection in an apex predator and variation in 
response to local landscape characteristics. Biol Conserv. 228:233-40. 
https://doi.org/10.1016/j.biocon.2018.10.022 Morato RG, Stabach JA, Fleming 
CH, Calabrese JM, De Paula RC, Ferraz KMPM, Kantek DLZ, Miyazaki SS, 
Pereira TDC, Araujo GR, et al. 2016. Space use and movement of a 
neotropical top predator: the endangered jaguar. PLoS ONE. 11(12):e0168176. 
https://doi.org/10.1371/journal.pone.0168176 In addition, a version of these 
data are included as part of the following published datasets: Morato RG, 
Thompson JJ, Paviolo A, de la Torre JA, Lima F, McBride Jr RT, Paula RC, 
Cullen Jr L, Silveira L, Kantek DLZ, et al. 2019. Data from: Jaguar Movement 
Database: a GPS-based movement dataset of an apex predator in the 
Neotropics. Dryad. https://doi.org/10.5061/dryad.2dh0223 miltinhoastronauta. 
2018. LEEClab/jaguar_movement: Jaguar Movement Database v1.0 released! 
(v1.0). Zenodo. https://doi.org/10.5281/zenodo.1345119 
https://github.com/LEEClab/jaguar_movement/tree/v1.0 

20873986 Roland Kays and Ted Simons 
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29799425 van der Jeugd H, Oosterbeek K, Ens BJ, Shamoun-Baranes J, Exo K. 2014. 
Data from: Forecasting spring from afar? Timing of migration and 
predictability of phenology along different migration routes of an avian 
herbivore [Barents Sea data]. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.ps244r11 Shariati-Najafabadi M et al. 
2016. Environmental parameters linked to the last migratory stage of barnacle 
geese en route to their breeding grounds. Animal Behavior. 118:81-95. 
https://doi.org/10.1016/j.anbehav.2016.05.018 Shariati-Najafabadi M et al. 
2015. Satellite-versus temperature-derived green wave indices for predicting 
the timing of spring migration of avian herbivores. Ecological Indicators 
58:322-331. https://doi.org/10.1016/j.ecolind.2015.06.005 Kölzsch A et al. 
2015. Forecasting spring from afar? Timing of migration and predictability of 
phenology along different migration routes of an avian herbivore. J Anim Ecol. 
84(1):272-283. https://doi.org/10.1111/1365-2656.12281 Shariatinajafabadi M 
et al. 2014. Migratory herbivorous waterfowl track satellite-derived green 
wave index. PLoS ONE 9(9):e108331. 
https://doi.org/10.1371/journal.pone.0108331 Ens BJ et al. 2008. Tracking of 
individual birds‚Äîreport on WP 3230 (bird tracking sensor characterization) 
and WP 4130 (sensor adaptation and calibration for bird tracking system) of 
the FlySafe basic activities project. SOVON-onderzoeksrapport 2008/10, 
SOVON Vogelonderzoek Nederland, Beek-Ubbergen 78 p. 

33643212 Spiegel OM, Harel R, Centeno-Cuadros A, Hatzofe O, Getz WM, Nathan R. 
2015. Data from: Moving beyond curve-fitting: using complementary data to 
assess alternative explanations for long movements of three vulture species. 
Movebank Data Repository. https://www.doi.org/10.5441/001/1.8c56f72s 
Spiegel OM, Harel R, Centeno-Cuadros A, Hatzofe O, Getz WM, Nathan R. 
2015. Moving beyond curve-fitting: using complementary data to assess 
alternative explanations for long movements of three vulture species. Am Nat. 
185(2). https://www.doi.org/10.1086/679314 

37350671 Naniwadekar R, Rathore A, Shukla U, Chaplod S, Datta A. 2019. Data from: 
How far do Asian forest hornbills disperse seeds? Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.14sm8k1d Naniwadekar R, Rathore A, 
Shukla U, Chaplod S, Datta A. 2019. How far do Asian forest hornbills 
disperse seeds? Acta Oecol. 101:103482. 
https://doi.org/10.1016/j.actao.2019.103482 

40906102 O'Mara. 2012. Development of feeding in ring-tailed lemurs. PhD Thesis. 
Arizona State University. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.12.06.627256doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.06.627256
http://creativecommons.org/licenses/by/4.0/


 
 
 

 

49520609 Choi C, Takekawa JY, Yue X, Ying L, Wikelski M, Heine G, Prosser DJ, 
Newman SH, Edwards J, Guo F, Xiao X. 2016. Data from: Tracking domestic 
ducks: a novel approach for documenting poultry market chains in the context 
of avian influenza transmission. Movebank Data Repository. 
https://doi.org/10.5441/001/1.38f467s7 Choi C-Y, Takekawa JY, Yue X, Ying 
L, Wikelski M, Heine G, Prosser DJ, Newman SH, Edwards J, Guo F, et al. 
2016. Tracking domestic ducks: a novel approach for documenting poultry 
market chains in the context of avian influenza transmission. J Integr Agr. 
15(7):60345-7. https://doi.org/10.1016/S2095-3119(15)61292-8 

69724677 Garthe S, FTZ Geese Wadden Sea. 

99265106 Thorup K, Vega ML, Snell KRS, Lubkovskaia R, Willemoes M, Sjöberg S, 
Sokolov LV, Bulyuk V (2020) Data from: Flying on their own wings: young 
and adult cuckoos respond similarly to long-distance displacement during 
migration. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.vk36vq82 Thorup K, Vega ML, Snell 
KRS, Lubkovskaia R, Willemoes M, Sjöberg S, Sokolov LV, Bulyuk V (2020) 
Flying on their own wings: young and adult cuckoos respond similarly to long-
distance displacement during migration. Scientific Reports. 
https://doi.org/10.1038/s41598-020-64230-x 

163020445 Kölzsch A, Müskens GJDM, Nolet BA, Wikelski M. 2016. Data from: Scaring 
waterfowl as a management tool: how much more do geese forage after 
disturbance? Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.7tp81b7bNolet BA, Kölzsch A, 
Elderenbosch M, van Noordwijk AJ. 2016. Scaring waterfowl as a 
management tool: how much more do geese forage after disturbance? J Appl 
Ecol. 85(4):938-947. https://doi.org/10.1111/1365-2664.12698 

171287018 Smith JP. 2019. Data from: Study "HawkWatch International Golden Eagles". 
Movebank Data Repository. https://www.doi.org/10.5441/001/1.95r77m9k 
Portions of these data are represented in Smith JP. 2010. Raptor migration 
dynamics in New Mexico. In Cartron J-L E (ed) Raptors of New Mexico. 
University of New Mexico Press, Albuquerque, NM. p 29-67. ISBN: 978-
0826341457 Goodrich LJ, Smith JP. 2008. Raptor migration in North America. 
In Bildstein KL, Smith JP, Ruelas Inzunza E, Veit RR, editors. State of North 
America’s Birds of Prey. Series in Ornithology 3. Nuttall Ornithological Club, 
Cambridge, MA, and American Ornithologist’s Union, Washington, DC. 
Smith JP, Vekasy M, Gross HP. 2001. HawkWatch International expands 
Western Migratory Raptor Satellite Telemetry Project. North American Bird 
Bander. 26(4):199-200. 

172255794 Rodríguez D, Lifetrack Oilbirds Costa Rica. 
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177002088 Bonnell TR, Dostie M, Clarke PM, Henzi SP, Barrett L. 2017. Data from: 
Direction matching for sparse movement datasets: determining interaction 
rules in social groups. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.t2212r18Bonnell TR, Henzi SP, Barrett L. 
2016. Direction matching for sparse movement datasets: determining 
interaction rules in social groups. Behav Ecol. 28(1):193-203. 
https://doi.org/10.1093/beheco/arw145 

183770262 A more complete version of this dataset is stored in the study "Straw-colored 
fruit bats (Eidolon helvum) in Africa 2009-2014" Abedi-Lartey M, Dechmann 
DKN, Wikelski M, Scharf AK, Fahr J. 2016. Data from: Long-distance seed 
dispersal by straw-coloured fruit bats varies by season and landscape. 
Movebank Data Repository. https://www.doi.org/10.5441/001/1.44183438 
Abedi-Lartey M, Dechmann DKN, Wikelski M, Scharf AK, Fahr J. 2016. 
Long-distance seed dispersal by straw-coloured fruit bats varies by season and 
landscape. Global Ecol Conserv. 7:12-24. 
https://doi.org/10.1016/j.gecco.2016.03.005 

193545363 Mahoney PJ, Ebinger M, Jaeger M, Shivik JA, Young JK. 2017. Data from: 
Uncovering behavioural states from animal activity and site fidelity patterns. 
Movebank Data Repository. https://www.doi.org/10.5441/001/1.7d8301h2 
Mahoney PJ, Young JK. 2016. Uncovering behavioural states from animal 
activity and site fidelity patterns. Methods Ecol Evol. 8(2):174-183. 
https://doi.org/10.1111/2041-210X.12658 

196932952 Hämsch F, O'Mara MT, Jones PL. 2017. Data from: Foraging and roosting 
behaviour of the fringe-lipped bat, Trachops cirrhosus, on Barro Colorado 
Island, Panamá. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.15pq1m81Jones PL, Hämsch F, Page RA, 
Kalko EKV, O'Mara MT. 2017. Foraging and roosting behaviour of the fringe-
lipped bat, Trachops cirrhosus, on Barro Colorado Island, Panamá. Acta 
Chiropterol. 19(2):337-346. 
https://doi.org/10.3161/15081109ACC2017.19.2.010 

236953686 Duck data Max Planck Institute for Animal Behavior 

268904527 Fischer M, Di Stefano J, Gras P, Kramer-Schadt S, Sutherland DR, Coulson G, 
Stillfried M (2020) Data from: Circadian rhythms enable efficient resource 
selection in a human-modified landscape. Movebank Data Repository. 
https://www.doi.org/10.5441/001/1.6ss053tn Fischer M, Di Stefano J, Gras P, 
Kramer-Schadt S, Sutherland DR, Coulson G, Stillfried M (2019) Circadian 
rhythms enable efficient resource selection in a human-modified landscape. 
Ecology and Evolution 9(13): 7509-7527. https://doi.org/10.1002/ece3.5283 
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294524920 Marques AT, Santos CD, Hanssen F, Muñoz A, Onrubia A, Wikelski M, 
Moreira F, Palmeirim JM, Silva JP. 2019. Data from: Wind farm turbines 
cause functional habitat loss for migratory soaring birds. Movebank Data 
Repository. https://www.doi.org/10.5441/001/1.q23p1t84 Marques AT, Santos 
CD, Hanssen F, Muñoz A-R, Onrubia A, Wikelski M, Moreira F, Palmeirim 
JM, Silva JP. 2020. Wind farm turbines cause functional habitat loss for 
migratory soaring birds. J Anim Ecol. 89(1):93-103. 
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Amorim F, Scacco M, McCracken GF, Safi K, Mata V, Tomé R, Swartz S, 
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with quantitative estimates of ecosystem services of African fruit bats. Curr 
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Lartey M, Dechmann DKN, Wikelski M, Scharf AK, Fahr J. 2016. Long-
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landscape. Global Ecol Conserv. 7:12-24. 
https://doi.org/10.1016/j.gecco.2016.03.005 Fahr J, Abedi-Lartey M, Esch T, 
Machwitz M, Suu-Ire R, Wikelski M, Dechmann DKN. 2015. Pronounced 
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Horvitz N, Dechmann DKN, Fahr J, Wikelski M. 2014. Commuting fruit bats 
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Wildlife habitat effectiveness and connectivity: Final report. University of 
Alberta, Edmonton, AB.E. W. Neilson and S. Boutin. 2017. Human 
disturbance alters the predation rate of moose in the Athabasca oil sands. 
Ecosphere 8(8): e01913. DOI: 10.1002/ecs2.1913A. Droghini and S. Boutin. 
2018. The calm during the storm: Snowfall events decrease the movement 
rates of grey wolves (Canis lupus). PLoS ONE 13(10):e0205742. DOI: 
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harvest during southward migration. Ornithological Applications 
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Accipitridae) breeding near the Belgium-Netherlands border. Dataset. 
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625284084 O'Mara MT, Wikelski M, Kranstauber B, Dechmann DKN (2019) Data from: 
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https://doi.org/10.5441/001/1.5d736bf0 O'Mara MT, Wikelski M, Kranstauber 
B, Dechman DKN (2019) First 3D tracks of bat migration reveal large 
amounts of individual behavioral flexibility. Ecology. 
https://doi.org/10.1002/ecy.2762 
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Neung C, Tran A, Cappelle J (2020) Data from: Pteropus lylei primarily 
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https://www.doi.org/10.5441/001/1.j25661td Choden K, Ravon S, Epstein JH, 
Hoem T, Furey N, Gely M, Jolivot A, Hul V, Neung C, Tran A, Cappelle J 
(2019) Pteropus lylei primarily forages in residential areas in Kandal, 
Cambodia. Ecology and Evolution 9(7): 4181-4191. 
https://doi.org/10.1002/ece3.5046 
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897981076 Hebblewhite M, Merrill EH, Martin H, Berg JE, Bohm H, Eggeman SL. 2020. 
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N, Avgar T, et al. 2018. Moving in the Anthropocene: global reductions in 
terrestrial mammalian movements. Science 359(6374):466-469. 
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Merrill EH. 2007. Multiscale wolf predation risk for elk: does migration 
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007-0661-y Hebblewhite M. 2006. Linking predation risk and forage to 
ungulate population dynamics [dissertation]. Edmonton, Alberta: University of 
Alberta. 
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2019. Landscape-dependent time versus energy optimisations in pelicans 
migrating through a large ecological barrier. Funct Ecol. 33(11):2161-2171. 
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938783961 Spanoghe G, Desmet P, Milotic T, Janssens K, De Regge N, Vanoverbeke J, 
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from: Less is more: on-board lossy compression of accelerometer data 
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https://www.doi.org/10.5441/001/1.8ms7mm80 Nuijten RJM, Gerrits T, 
Shamoun-Baranes J, Nolet BA. 2020. Less is more: on-board lossy 
compression of accelerometer data increases biologging capacity. J Anim Ecol. 
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Data from: Goose parents lead migration V. Movebank Data Repository. 
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GJDM, Kruckenberg H, Glazov P, Wikelski M. 2020. Goose parents lead 
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R, Onrubia A, Wikelski M. 2020. The gateway to Africa: what determines sea 
crossing performance of a migratory soaring bird at the strait of Gibraltar? J 
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Argentatus); Ronconi; Kent Island, Canada". Movebank Data Repository. 
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Ronconi RA, Shlepr KR, Clark DE, Fifield DA, Robertson GJ, Mallory ML. 
2020. Both short and long distance migrants use energy-minimizing strategies 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.12.06.627256doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.06.627256
http://creativecommons.org/licenses/by/4.0/


 
 
 

 

in North American herring gulls. Movement Ecology. 8:26. 
https://doi.org/10.1186/s40462-020-00207-9 

1071134107 Ronconi RA, Shlepr KR. 2020. Data from: Study "Herring Gulls (Larus 
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States". Movebank Data Repository. 
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Ronconi RA, Shlepr KR, Clark DE, Fifield DA, Robertson GJ, Mallory ML. 
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2020. Both short and long distance migrants use energy-minimizing strategies 
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https://www.doi.org/10.5441/001/1.cp97k9j1 Schwartz K, Jarzyna M, Jetz W 
(2020) Hierarchical multi-grain models improve descriptions of species’ 
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1169168747 Castellanos A, Castellanos F, Kays R, Brito J. A pilot study on the home range 
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in Cotopaxi National Park, Ecuador. Mammalia. 2021;(): 
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published in the Movebank Data Repository:Castellanos A (2021) Data from: 
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1245488040 Fujioka E, Foraging flights of Japanese greater horseshoe bat. 

1259686571 Stienen EWM, Müller W, Lens L, Milotic T, Desmet P (2020) 
LBBG_JUVENILE - Juvenile lesser black-backed gulls (Larus fuscus, 
Laridae) hatched in Zeebrugge (Belgium). Dataset. 
https://doi.org/10.5281/zenodo.5075868 
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