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Abstract

1. Pioneer trees with fleshy fruits are typically planted in restoration projects to attract 

frugivores as a mean to increase dispersal and accelerate forest regeneration. However, 

differences in fruit traits of pioneer trees can potentially influence dispersal and their 

restoration outcomes.

2. Here we investigated the effects of bird and plant traits, and distance to forest fragments, 

on the seed rain using a tree-planting experiment replicated in 12 deforested sites in Brazil. 

Factors were fruit traits of pioneer trees (wind-dispersed, bird-dispersed with lipids or with 

carbohydrates, and controls) and distance (10, 50, 300 m) from forest fragments.

3. We found that density and richness of birds and seeds decreased exponentially with 

distance from fragments, yet these effects were minor compared to the effects of fruit traits 

on the structure of the seed rain.

4. Overall, plots with fleshy-fruited pioneers attracted much greater bird activity and seed 

dispersal than plots with wind-dispersal pioneers and the controls. For instance, plots with 

carbohydrate-rich fruits received more than twice the average species richness and density 

of birds and seeds of plots with lipid-rich pioneer trees, surpassing wind-dispersed pioneers 

by more than 80%, and controls by over 90%. Furthermore, the fruit trait treatments 

resulted in morphological shifts in the average traits of visiting birds. Significant 

differences in bill gape and flight capacities (wing-loading) were associated with the 

differences in the seed rain associated with each treatments.

5. Synthesis and applications. Understanding how trait-matching processes mediating 

mutualistic seed dispersal by frugivores interact with distance-dependent dispersal 

limitation on deforested tropical landscapes is critical for improving forest restoration 

efforts. This is especially relevant in the context of applied nucleation. As shown here, 

avian seed dispersal can thus be manipulated in restoration projects in order to increase 

connectivity and speed up forest recovery and the provision of the multiple ecosystem 

services that follow forest succession.

Keywords: applied nucleation; connectivity; forest restoration; frugivory; fruit chemical content; 

long-distance seed dispersal, planting; trait-matching. 
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Resumo

1. Árvores pioneiras com frutos carnosos são frequentemente plantadas em projetos de restauração 

para atrair frugívoros como um meio de aumentar a dispersão e acelerar a regeneração florestal. 

No entanto, diferenças nas características de frutos das árvores pioneiras podem potencialmente 

influenciar a dispersão e seus resultados de restauração.

2. Aqui, investigamos os efeitos das características das aves e das plantas e da distância dos 

fragmentos florestais sobre a chuva de sementes, usando um experimento de plantio de árvores 

replicado em 12 locais desmatados no Brasil. Usamos como fatores as características dos frutos 

das árvores pioneiras (dispersas pelo vento, dispersas por aves com frutos ricos em lipídios ou 

carboidratos, e controles) e a distância (10, 50 e 300 m) dos fragmentos florestais.

3. Descobrimos que a densidade e a riqueza de aves e sementes diminuíram exponencialmente 

com a distância dos fragmentos, mas esses efeitos foram menores comparados aos efeitos das 

características dos frutos na estrutura da chuva de sementes.

4. No geral, parcelas com pioneiras de frutos carnosos atraíram muito mais atividades de aves e 

dispersão de sementes do que parcelas com pioneiras dispersas pelo vento e os controles. Por 

exemplo, parcelas com frutas ricas em carboidratos receberam mais que o dobro da riqueza e 

densidade média de espécies de aves e sementes das parcelas com árvores pioneiras ricas em 

lipídios, superando as pioneiras dispersas pelo vento em mais de 80% e os controles em mais de 

90%. Além disso, os tratamentos das características dos frutos resultaram em mudanças nas 

características morfológicas média das aves visitantes. Diferenças significativas na largura do bico 

e na capacidade de vôo (carga alar) se relacionaram às diferenças na chuva de sementes associadas 

a cada tratamento.

5. Síntese e aplicações. Compreender como os processos de correspondência de características que 

mediam a dispersão mutualística de sementes pelos frugívoros interagem com a limitação da 

dispersão dependente da distância em paisagens tropicais desmatadas, é fundamental para 

melhorar os esforços de restauração florestal. Isso é especialmente relevante no contexto da 

nucleação aplicada. Como mostrado aqui, a dispersão de sementes por aves pode, portanto, ser 

manipulada em projetos de restauração, a fim de aumentar a conectividade e acelerar a 

recuperação da floresta e a prestação de vários serviços ecossistêmicos que seguem a sucessão 

florestal.
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Introduction

Tropical forest restoration is central to global strategies to face the most pressing environmental 

challenges of our time because of its role in mitigating climate change, biodiversity loss, and the 

decline of essential ecosystem services for human wellbeing (Holl, 2017; Brancalion et al., 2019b; 

Lewis, Wheeler, Mitchard, & Koch, 2019). To date, over 170 million hectares – most of them in 

tropical countries − have been committed to the Bonn Challenge, a global forest landscape 

restoration program that aims to restore 350 million hectares of deforested and degraded 

landscapes by 2030 (Bonn Challenge, 2020). One critical barrier for achieving such ambitious 

commitments is the high-costs of tree planting (Shoo et al., 2017; Brancalion et al., 2019a). 

Although natural regeneration is a much more cost-effective restoration approach (Chazdon & 

Guariguata, 2016; Crouzeilles et al., 2017), it is still challenging to predict in which conditions 

regeneration processes will operate more effectively (Arroyo-Rodríguez et al., 2017; Borda-Niño, 

Meli, & Brancalion, 2020). 

One potential strategy to foster natural regeneration is planting small tree patches across 

the targeted restoration area, which can attract seed dispersers and, through the ongoing 

regeneration of dispersed plants, promote the gradual expansion of forest nuclei up to their 

coalescence (Corbin & Holl, 2012; de la Peña-Domene, Martínez-Garza, & Howe, 2013). This 

approach, known as applied nucleation, has been employed worldwide to enhance human’s 

capacity to upscale forest restoration and is one of the main promises to reduce restoration costs 

(Benayas, Bullock, & Newton, 2008; Zahawi, Holl, Cole, & Reid, 2013; Bechara et al., 2016; 

Corbin, Robinson, Hafkemeyer, & Handel, 2016). A key ecological process for applied nucleation 

success is the attraction of seed dispersers to restoration sites, which can be controlled by a myriad 

of factors such as the distance to seed sources, the tree species planted, and the planting design 

(Reid, Harris, & Zahawi, 2012; Reid, Holl, & Zahawi, 2015; Viani et al., 2015). Thus, a better 

understanding of the factors driving seed dispersal is critical to effectively manipulate this 

ecological process to favor restoration success (McAlpine et al., 2016). 

Birds are one of the principal agents of seed dispersal for fleshy-fruited plant species on 

cleared lands because of their high abundance, mobility, and high diversity (Wunderle Jr, 1997; 

Carlo & Morales, 2016). In deforested areas, seed dispersal can be severely limited even a few 

meters away from forest fragments (Aide & Cavalier, 1994; Cubiña & Aide, 2001). This is in part 

because there are relatively few species that disperse seeds and forage on both open and forested A
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areas (Pizo & dos Santos, 2011; Carlo & Morales, 2016; González-Varo, Carvalho, Arroyo, & 

Jordano, 2017). Bird and bat species are key seed dispersal agents on deforested tropical areas 

although they differ in the types of seed shadows they generate: birds create highly focal seed-

deposition patterns under perching structures (Guevara & Laborde, 1993; Vieira, Uhl, & Nepstad, 

1994; Carlo & Morales, 2016) while create more widespread seed shadows (Galindo-González, 

Guevara, & Sosa, 2000; Muscarella & Fleming 2008). Developing methods to attract keystone 

dispersal agents at long distances on deforested landscapes can be a powerful tool for restoring 

biodiversity and lowering atmospheric carbon (Kelm, Wiesner, & Helversen, 2008; Bastin et al., 

2019).

Studies have also shown that trees that bear fleshy fruits increase the seed rain, long-

distance dispersal, recruitment, and diversity of plants compared to abiotically-dispersed species 

(Vieira et al., 1994; Slocum, 2001, Carlo, García, Martínez, Gleditsch, & Morales, 2013, Li, 

Cadotte, Martínez-Garza, de la Peña-Domene, & Du, 2018). Bird-dispersed pioneer trees with 

preferred fruits in the avian community can be important attractors of seeds in restoration sites 

(Guevara & Laborde, 1993; Vieira et al., 1994 Guidetti, Amico, Dardanelli, & Rodriguez-Cabal, 

2016). However, beyond broad categories such as “animal-dispersed” and “wind-dispersed”, we 

lack a predictive understanding of how fruit traits of particular pioneer tree species matter for 

attracting the dispersal agents and seeds. Also important to understand is how distance to forest 

fragments interacts with the traits of pioneer trees, as distance is a major factor considered by 

restoration decision-making models to predict regeneration potential (Molin, Chazdon, Ferraz, & 

Brancalion, 2018; Crouzeilles et al., 2019). 

We expect that traits of pioneer species – including fruit nutrients – strongly affect the 

quantity, richness, and composition of the seed rain given the influence of trait-matching in the 

structure of seed dispersal networks (Bascompte & Jordano, 2007; Schleuning, Fründ, & García, 

2015; Morán-López et al., 2020). It is well known that morphological features like bill gape are 

positively correlated with bird body size and influence the sizes of seeds that arrive in the initial 

stages of forest succession (Reid et al., 2015; González-Castro, Yang, & Carlo, 2019). Seed 

dispersal is also affected by the movement capacity of birds, which is affected by the ratio of body 

mass to wing size. However, not all trait-matching is morphological. Further, matching between 

physiological traits of frugivores and the nutritional content of fruits further drives selection by 

frugivores (Levey & Martínez del Rio, 2001) and can structure frugivory networks by promoting 

specialized modules (González-Castro, Yang, Nogales, & Carlo, 2015). Thus, restoration methods A
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aimed at increasing landscape connectivity and forest regeneration can benefit from a better 

understanding of how trait-matching affects seed dispersal on cleared lands. When trait-matching 

is unimportant, pioneer tree species can be used interchangeably, but if trait matching is important, 

then species’ differences can be more critical for restoration than previously recognized.

Lipids and carbohydrates are important nutritional components of fleshy fruits that are 

negatively correlated to each other (Herrera, 1987). Their distinct molecular structures require 

different metabolic pathways for absorption, which may filter distinct sets of frugivorous birds 

(Levey & Martínez del Rio, 2001). Thus, trait-matching processes inherent to frugivory networks 

could have a pervasive influence on the assembly of successional forest communities (Schleuning 

et al., 2015; González-Castro et al., 2019), especially when the fruit traits of pioneer species 

modify subsequent seed dispersal patterns. This is a key gap to fill to understand and manage the 

assembly of mutualistic plant-animal communities on deforested lands (Martínez & García, 2017). 

Here, we report on a landscape-level experiment investigating the effects of dispersal 

limitation by distance and trait-matching between bird frugivores and pioneer trees on a 

fragmented Atlantic Forest landscape in Brazil, a leading global hotspot for biodiversity 

conservation (Laurance, 2009) and forest restoration (Brancalion et al., 2019b). We created a full-

factorial experiment combining three fruit traits of native pioneer trees (wind-dispersed and two 

bird-dispersed trees with contrasting fruits) placed at three distance classes from forest fragments. 

We hypothesized that fruit traits would significantly affect the quantity, richness, and composition 

of both the bird communities active on pastures, and the seed rains they generate across distance 

classes. 

Materials and methods

Study sites

We conducted the experiment in 12 sites in Paranapanema, São Paulo, Brazil (23°23'S, 48°43'W, 

Fig. 1). Paranapanema is located at ca. 600 m a.s.l. on the watershed region of the Alto 

Paranapanema river (Cielo-Filho et al., 2009). Average precipitation is 1.407,9 mm mostly during 

December-March, and a mean temperature of 18 °C (Cielo-Filho et al., 2009). Atlantic forest 

fragments cover ~6% of the Paranapanema landscape (Fundação SOS Mata Atlântica, 2013). Our 

study sites were located on private cattle pastures and fragments of primary and secondary 

semideciduous forest >30 years old and 12.2-98.8 ha in size. A
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Experiment set up

Between December 2016 and November 2018 we conducted a full-factorial experiment using two 

explanatory variables: distance to forest fragment at three levels: 10, 50, 300 m, and fruit traits of 

pioneer trees at three levels: Heliocarpus popayanensis Kunth with wind-dispersed fruits, Acnistus 

arborescens Schltdl, with bird-dispersed fruits, and Trema micrantha (L.) Blume also with bird-

dispersed fruits, plus a control treatment without any tree. Thus, the 4 x 3 design yielded 12 types 

of plots that were replicated once in each of 12 localities in Paranapanema, totaling 144 (Fig. 1). 

The relative position of each Fruit trait treatment plot was randomly determined within each 

distance class, and spaced the others by a distance equal to their distance to the from fragments. 

The two bird-dispersed trees (Acnistus & Trema) differed in their fruit traits: Acnistus has larger 

carbohydrate-rich fruits, while Trema has small lipid-rich fruits (See Table S1). Plots measured 

4.5 x 4.5 meters and were fenced with barbwire to keep cattle out (Fig. S1). Pioneer trees from all 

species had similar height, crown, and fruit crop (Tables S1-S2) and were grown nurseries until a 

height of ~1.5 m. A single tree was planted at the center of plots requiring trees, and fertilized with 

300 g of 15-18-28 (NPK) every six months. Grasses were mechanically controlled during the 

entire experiment. 

Bird activity

We recorded bird visits in all experimental plots using a combination of video recording and focal 

observation with effort equally distributed among plots. We used 28 video cameras from four 

different brands (ten Bushnell Trophy Cam, six Bushnell Trophy Cam HD, six Tigrinus, and six 

GoPro Hero 3). Camera traps operated 24 h/day recording 88,714.7 h, while the GoPro Hero 3 

cameras filmed for 2 hours per day for, 288 h. To prevent sampling bias associated with camera 

models, all units were systematically rotated to sample for the same amount of time in each 

experimental plot across the twelve study sites. In addition, in each plot one observer (P. 

Camargo) recorded bird visits using a pair of binoculars from a distance of 50m for 20 minutes, 

during morning hours (0730-1030), once a month, for 5 months.

Seed rain

We sampled the seed rain of all plots using one 0.25-m² seed trap lined with a 0.2-mm nylon mesh 

and located at the center of the enclosure and covered with a 2.5 x 2.5 cm wire mesh (Fig. S1). 

The sticky paste Formifuu® was applied to the support posts of traps to exclude ants. Traps were A
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collected each month and seeds counted and identified with the aid of a dissecting scope and 

reference books and seed collections. Seeds from grasses or from the species of the pioneer tree 

species in a plot were excluded from analyses.

Bird and seed traits

Bird traits included % fruit in diet (Wilman et al. 2014), wing-loading as a proxy of bird 

movement capacity, and gape-width as a proxy to their upper seed size dispersal potential. Wing-

loading was calculated as:

𝑊𝐿𝑜 =  𝐵𝑀 2 × 𝑊𝐿

where BM is the bird body mass and WL is wing length (species measurements were obtained 

from Rodrigues et al. 2019). As loading value increases, the movement capacity of a bird species 

decreases. We classified dispersed seeds by dispersal mode: bird-dispersed, wind-dispersed, and 

gravity-dispersed. In addition, we calculated seed mass and approximated lipid content of fruit in a 

rank scale (1 - 0 to 10% lipids, 2 - 10 to 20%, 3 - 20 to 30% and 4 - above 30%) adapted from 

Bello et al. (2017). 

Statistical Analyses

To assess the effects of fruit traits and distances on the quantity and species richness of visiting 

birds (combining video and focal observation records) and seeds (seed traps) we used Generalized 

Linear Mixed Models for count data (Poisson errors) where tree and distance were fixed effects, 

and study site was the random effect. The effects of treatments on species’ traits (wing-loading, 

gape width, fruit diet, seed mass, dispersal mode, and lipid score) were analyzed using GLMMs 

(Gaussian or binomial errors depending on response) (lme4 package; Bates, Maechler, Bolker, & 

Walker, 2014). We evaluated predictor variables by comparing models by likelihood ratio test 

(Zuur, Ieno, Walker, Saveliev, & Smith, 2009). For this, we compared the full model, containing 

fixed effects (fruit trait, distance, and the interaction between them) and the random effect (study 

site), with a null model, containing only the random effect. When comparisons were significant, 

we evaluated the effect of each variable by comparing reduced models with the full model. In 

reducing models we first removed interaction terms, and then predictor variables.

Non-Metric Multidimensional Scaling (vegan package; Oksanen et al., 2018) with Bray-

Curtis distance was used to examine the structure of bird communities and the seed rain in the 

experiment, and Permanova  (999 permutations) to test for differences in bird and seed A
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composition among treatments. All analyses were performed in R version 3.5.1 (R Core Team, 

2018).

Results

Bird activity and seed rain

Forty-one species of birds visited the experimental plots in a total of 635 visits (Table S3), 

and 953 seeds were captured by traps (Table S4). Of these, 92.86% belonged to 115 species and at 

least 47 families of bird-dispersed plants, and 7.14% belonged to 27 species and at least eight 

families of plants dispersed by wind or gravity. There was a strong correlation between the 

number of visits and the richness of bird species that visited the plots (r2
 = 0.99, n = 144, p < 

0.001), and between the amount and the species richness of dispersed seeds (r2 = 0.99, n = 144, p 

<0.001). We also found positive correlations between bird richness and the number of dispersed 

seeds (r2= 0.719, p < 0.001) and dispersed seed richness (r2 = 0.714, p < 0.001).

Fruit traits and distance to forest affected bird activity and seed rain in experimental plots. 

The plots with bird-dispersed fruits (Acnistus and Trema) received higher quantity and richness of 

birds and seeds than plots with wind-dispersed fruits (Heliocarpus) and control plots (Figs. 2, S2, 

Table S5). However, the bird-dispersed species also affected the amount and richness of the 

visiting bird and seed rain. Plots with carbohydrate-rich fruits (Acnistus) received on average 3.6 

times more bird visits and 2.3 times more seeds than plots with lipid-rich fruits (Trema), 

regardless of distance. As expected, the amount and richness of bird visits and seeds in the 

experimental plots decreased with distance to forest, but remarkably the effects of trait-matching 

on bird activity and seed rain were stronger than the effects of distance to forest fragments (Fig. 2, 

Table S5). For instance, plots with carbohydrate-rich bird-dispersed fruits 300 m from forest 

received on average 2.7 times more visits and 2.7 times more richness of visiting than plots with 

wind-dispersed fruits (Heliocarpus) and control plot 10 m from the forest. Likewise, plots with 

pioneer trees (Acnistus, Trema and Heliocarpus) 300 m from the forest received a greater 

abundance and richness of seeds than traps located in control plots at 10 m from the forest (Fig. 2).

Bird and seed communities

Examining the composition of visiting bird communities and seed species, we found 

markedly greater effects of trait-matching from fruit traits than effects of distance to forest 

fragments (Tables 1, S3-S4). The bests NMDS solutions were bidimensional with final stress of A
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0.13 for bird community (Fig. 3) and 0.11 for seed rain composition (Fig. S3). Bird communities 

were differentiated along axis one, with plots with lipid-rich Trema fruits (negative scores on Axis 

One, Fig. 3) being nearly completely separated from plots with carbohydrate-rich Acnistus fruits 

(positive scores on Axis One, Fig. 3). Treatments with wind-dispersed fruits and controls received 

sporadic visits and the composition of the visiting species seems to be less consistent. In the 

ordination graphic, it is clear the largest size of the 95% confidence ellipses of these two groups, 

compared to the groups with bird-dispersed trees (Acnistus and Trema) (Fig. 3). Predominantly 

frugivorous species (e.g. tanager species) were more associated with plots with Trema and more 

generalist or more insectivorous species (e.g. tyrant flycatchers) were more associated with plots 

with Acnistus (Fig. 3). Axis one of ordination was positively correlated with the proportion of 

invertebrates in visiting bird diets (r2 = 0.378, p = 0.018), and negatively correlated with 

proportion of fruits (r2 = -0.347, p = 0.030) and seeds (r2 = 0.320, p = 0.047) in the diets of bird 

visitors. 

The composition of the seed rain showed less differentiation along the NMDs ordination 

axes compared to the bird community (Table 1). Even so, trait-matching seems to influence seed 

arrival in association with fruit traits. The composition of the species that arrived in the plots with 

bird-dispersed fruits was more consistent when compared to the other treatments. In the ordination 

graph (Fig. S3), we observed a smaller variation in relation to plots with wind-dispersed and 

control. The axis two of ordination was positively correlated with seed mass (r2 = 0.202, p = 

0.038), however, there was no difference in seed mass between treatments or among distances 

(Fig. 4, Table S6).

Effects on Traits

We found that fruit traits influenced the traits of visiting birds while distance to forest fragments 

had no effect (Tables S6-S7). Birds that visited plots with Trema were more morphologically 

distinct than birds that visited the other treatments. For instance, wing-loading did not differ 

among plots with Heliocarpus, Acnistus and Control plots, but was on average 1.2 times larger for 

birds visiting plots with Trema (Figs. 4, S4, Table S7). Similarly, the proportion of fruits in diets 

of visiting birds did not differ among Control, Heliocarpus, and Acnistus plots, but was on average 

1.3 times higher in plots with Trema (Fig. 4, Table S7). In addition, the proportion of fruits in the 

diet of visiting birds decreased with the distance from forest in all fruit trait treatments, making 

predominately insectivorous species clearly dominant as long-distance dispersers (Fig. 4). The bill A
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gape of birds also decreased with distance from forest in Control, Heliocarpus, and Acnistus plots, 

but not in plots with Trema, which in turn increased with distance (Fig. 4, Table S7).

Fruit traits had an effect on traits of arriving seeds, especially those arriving at plots with 

bird-dispersed fruits. For instance, the proportion of bird-dispersed seeds did not differ between 

control and Heliocarpus plots, but was on average 1.3 and 1.4 times higher in plots with Acnistus 

and Trema (Fig. 4, Table S7). The average pulp-lipid score of plant species arriving to control 

plots was much lower than plant species arriving at plots with pioneer trees, being highest for plots 

with Trema (Fig. 4, Table S7). Plots with Trema (lipid-rich fruit) received a higher proportion of 

bird-dispersed seeds than all other treatments (Fig. 4). Most (90.45%) of the seeds dispersed by 

birds into our plots were small (< 1.0 g) and there was no effect of fruit traits or distance on seed 

size (Fig. 4, Table S7).

Discussion

The results of this large-scale experiment show that fruit traits of pioneer trees can strongly affect 

the abundance, richness, and composition of bird communities on fragmented landscapes, and the 

seed rains they generate. As expected, increasing distance from forest fragments negatively 

affected the quantity and richness of birds and seeds, but remarkably, the effects of treatments 

were little affected by distance. Responses to treatments remained differentiated across distances, 

with one of the tree treatments (Acnistus) more than doubling the density and richness of the seed 

rain of the other treatments (Figs. 2-3). These results have implications for tropical forest 

restoration because they suggest that connectivity between cleared areas and forest fragments, as 

well as compositional attributes of bird and plant communities, could be manipulated by 

accounting for fruit trait-differences of pioneer tree destinations (sensu González-Varo et al. 

2017). The factorial design and large-scale replication of our experiment reveals the consistency 

with which trait-mediated effects of pioneer tree species, and possibly other plants, structure seed 

dispersal by birds.

The huge differences we observed in the responses of bird and seed rain density and 

richness to the fruit traits of pioneer trees illustrate ways to improve restoration practices based on 

nucleation principles (Corbin & Holl, 2012). Pioneers can be strategically selected to reduce 

chronic limitations in seed dispersal, especially at long distances from forest fragments, and 

promote the passive regeneration and connectivity of fragmented tropical landscapes. Although 

previous studies have documented microhabitat-level differences in seed rain or recruitment A
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patterns (e.g., Slocum, 2001; Carlo et al., 2013), our study is the first to use a controlled 

experimental approach and thus provides new insights into the effect-sizes and consistency of such 

effects, including the decay of the effect with distance. For instance, plots with bird-dispersed 

pioneers amounted to 92.9% of bird visits and 88.5% of dispersed seeds. Plots with wind-

dispersed Heliocarpus received more bird visits and eight times as many seeds than control plots 

without trees, but still remained well below bird-dispersed pioneers. Results like this sum to the 

mounting evidence that seed dispersal patterns on landscapes are highly structured and directional 

towards resource-bearing trees (e.g., Carlo et al., 2013, Viani et al., 2015, Li et al., 2018) that can 

be used as long-distance attractors for ecological restoration.

The large difference between the two bird-dispersed trees in their effects on the seed rain 

and bird activity was surprising as we expected these trees to have rather similar effects (Fig. 2), 

since they were similar in crown size, height, and fruit crops (Table S1). Overall the carbohydrate-

rich fruits of Acnistus attracted more than twice the activity and seed rain than the lipid-rich fruits 

of Trema. Differences were large even over short distances from forest fragments, and Acnistus 

plots 50 m from fragments received more bird visits and seeds than Trema plots located just 10 m 

away from forest (Fig. 2). Still, when considering the traits of visiting birds and dispersed seeds, 

plots with Trema were the most distinct among all treatments (Figs. 2-4, S2). Thus, results suggest 

that differences in fruiting plant traits, including ones we did not consider such as fruit size, 

coloration and secondary metabolites (Jordano 2000), have the potential to increase the fine-scale 

spatial heterogeneity of frugivore activity and the resulting spatial patterns of seed deposition 

(Schupp, Milleron, & Russo, 2002). 

Our experiment illustrates that bird activity and seed dispersal decays with distance from 

forest fragments, but at far lower rates under fruiting trees that attract birds. For instance, in their 

classic work, Cubiña and Aide (2001) reported 97% of the seeds occurring at distances shorter 

than 4 m from the forest edge, but they did not sample under perching structures that attract avian 

seed vectors. In contrast in our study, plots at 10 m received more than 60% of seeds while another 

36% arrived at plots at 50 m. Only 3% of seeds (about 30 seeds in total) reached traps at 300 m 

from forest, although many seeds could originated at plants farther away. Moreover, plots with 

trees at 300 m received higher seed rain than control plots at 10 m distance from forest, especially 

plots with Acnistus (Fig. 2). The activity of birds also decreased with distance to forest (Fig. 2), 

and activity of common and heavily frugivorous species such as Turdus, Tangara, and Euphonia 

was basically restricted to near the forest edge (Fig. 3). Conversely, the primarily insectivorous A
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tyrant flycatchers (Tyrannidae) were active throughout the entire range of distances and thus 

became proportionally more important at longer distances where more heavily frugivorous species 

are missing (Figs. 3, S3).

Curiously, the role of tyrant flycatchers as seed-dispersing frugivores have been 

traditionally downplayed when compared to bird with diets dominated by fruit (Moermond & 

Denslow, 1985). Nonetheless, studies are starting to show the important role that primarily 

insectivorous bird species have on deforested Neotropical landscapes (Pizo & dos Santos, 2011; 

Carlo & Morales, 2016; González-Castro et al., 2019). In our study, insectivorous species that also 

eat fruit like Pitangus sulphuratus and Tyrannus melancholicus accounted for nearly half (43%) of 

all bird activity at experimental plots. The activity of tyrant flycatchers was concentrated in plots 

with Acnistus, while plots with Trema were characterized by tanagers (Thraupidae) (Fig. 3). 

However, tanagers were active only close to forest fragments, which may explain the weaker 

effect of Trema in attracting of seeds at longer distances when compared to Acnistus (Figs. 2-3). 

The apparent lack of activity by other important frugivore groups in open areas such as bats 

(Muscarella & Fleming, 2007) was unsurprising because small plots like ours are likely 

unattractive to bats and other frugivores (Reid et al., 2015), underscoring that baseline seed 

dispersal bi birds can be manipulated with minimal planting efforts.

Pioneer tree traits filtered bird species and the types of seeds they dispersed (Fig. 4, Table 

S7). For instance, birds visiting plots with lipid-rich Trema were more frugivorous and had higher 

wing-loading and smaller bill gapes compared to birds visiting the other treatments. Differences in 

wing loading and bill gape imply differences in the frequency of dispersal along distances, as well 

as in the sizes of dispersed seeds with pioneer tree species. The identity of pioneer trees also 

affected other traits of plants, such as the relative frequency of seed dispersal mode and the fruit 

lipid content (Fig. 4). Following previous studies, trees with gut-dispersal modes tend to attract 

more seeds of the same dispersal mode (a contagion effect)  and result in differences with the seed 

rain of wind-dispersed trees or open spaces (Galindo-González et al., 2000; Slocum 2001; Carlo & 

Morales 2016). Further demonstrating the importance of traits on bird-generated seed rains, our 

plots with Trema received more seeds from plants with high fruit lipid content compared to plots 

with other species (Fig. 4), which can be attributed to differences in the bird assemblages and their 

respective fruit preferences.

In conclusion, our experiment shows that trait-matching shapes both frugivore and plant 

actors participating in the seed dispersal processes that take place on fragmented landscapes and A
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shape the early stages of forest succession. We acknowledge that competition with invasive 

grasses and herbivory can override compositional patterns in the seed rain and collapse 

recruitment in restoration sites, so post-dispersal filters have also be considered when planning 

nucleation projects (Holl, 1999; Reid & Holl, 2013). Our experiment, in particular, employed 

nuclei that were too small (2.5 m²), compared to the minimum size of 64-100 m² recommended to 

shade the ground and outcompete invasive grasses to support the recruitment of dispersed trees 

(Zahawi et al. 2013). Conversely, our findings illustrate how the traits of pioneer trees can be used 

to reduce dispersal limitation in restoration sites and increase connectivity and diversity 

transference from remnant forest fragments to the surrounding deforested areas across distances. A 

selective planting of long-distance attractors can be used to trigger the establishment of diverse 

and heterogeneous forest nuclei in short time periods, especially in combination with methods to 

control grass (e.g., 1-2 years, Carlo & Morales, 2016; González-Castro et al., 2019). It remains to 

be investigated, considering the characteristics that frugivory and seed dispersal networks impart 

to successional communities, if the effects we found lead to alternative successional pathways and 

community assembly rules in ways that models still do not fully account (Maggi, Bertocci, 

Vaselli, & Benedetti-Cecchi, 2011; Kraft et al., 2015).
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Figure captions

Fig. 1. Study area located in the municipality of Paranapanema-SP, Brazil. In detail, the 12 study 

sites with experimental plots with pioneer tree species (Acnitus arborescens, Heliocarpus 

popayanensis, Trema micrantha) and control at three distances to forest fragments (10, 50 and 300 

m).

 

Fig. 2. More birds visited experimental plots with bird-dispersed pioneer tree species located at 

three distances from forest fragments than plots with wind-dispersed pioneer trees (Heliocarpus 

popayanensis) and control plots with no trees (A-B). The seed rain (C-D) followed a similar 

pattern. Note that the carbohydrate-rich fruits of Acnistus arborescens attracted more than twice 

the activity and seed rain of the lipid-rich Trema micrantha, showing that plant species traits have 

a strong effect on seed dispersal patterns on deforested areas. For the fitted models conditioned to 

each study area, see Fig. S2.

Fig. 3. Ordination (NMDS) for bird species by family (A), and frequency plots for bird families 

pooled across tree treatments (B) and distances (C). Dotted ellipses (A) are 95% C.I. for treatment 

centroids. Arrows represent mean family scores (Amplified 6X for visualization purpose).

Fig. 4. Traits of seeds (A-C) and visiting birds (D-F) in the experimental plots with pioneer tree 

treatments at three distances from forest fragments. For the fitted models conditioned to each 

study area, see Fig. S4.
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Table 1. Permutational multivariate analysis of variance of composition of frugivorous birds and 

seeds in plots with pioneer tree treatments (Acnistus, Trema, Heliocarpus) and Control established 

at 10, 50, and 300 m from forests.

SS Df MS F R² P

Frugivores

Treatment 7.201 3 2.400 9.694 0.217 0.001

Distance 1.461 1 1.461 5.898 0.044 0.001

Treatment x distance 2.199 3 0.733 2.961 0.066 0.001

Residuals 22.286 90 0.248 0.672

TSS 33.148 97

Seeds

Treatment 2.371 3 0.79034 1.98358 0.08072 0.001

Distance 0.799 1 0.7991 2.00556 0.0272 0.002

Treatment x distance 0.703 2 0.35166 0.88257 0.02394 0.745

Residuals 25.500 64 0.39844 0.86813

TSS 29.374 70
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