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Abstract 

Large scale reforestation is promoted as an important strategy to mitigate climate change and 

biodiversity loss. A persistent challenge for efforts to restore ecosystems at scale is how to 

accelerate ecological processes, particularly natural regeneration. Yet, despite being recognized 

as an important barrier to the recovery of diverse plant communities in agricultural landscapes, 

the impacts of dispersal limitation on natural regeneration in secondary forests – and especially 

how this changes as these forests grow older – is still poorly studied at local and landscape scales. 

Here, we evaluate the multi-scale impacts of proximity to a connected network of forest 

fragments on recruitment in 1–40-year-old secondary forest. We used eight years of annual 

census data from 45 sites with paired plots, one directly adjoining a streamside forest fragment 

and the other further uphill, and a null model approach to test the effects of basal area and 

proximity to streamside forest fragments. In general, we found that proximity to streamside 

forest fragments enhanced multiple aspects of recruitment across spatial scales, including 

species diversity and the proportion of rarer and less-widely distributed species among the 

recruits. Unexpectedly, this effect did not weaken over time, despite a fast increase in stand basal 

area, canopy complexity and diversity. This suggests that successional changes in forest structure 

may not be sufficient to attract the animals that disperse rarer tree species. Our results provide 

empirical evidence to guide restoration initiatives in agricultural landscapes in tropical regions, 

principally prioritizing the restoration of forest corridor networks along streams, while also 

highlighting the knowledge gap about restoring animal dispersers in secondary forests. 

 

Keywords: ecological succession, secondary forest, forest fragments, recruitment dynamics, 

seed limitation, dispersal corridors, natural regeneration, forest restoration  
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1. Introduction 

Most tropical landscapes that were once covered with forests are now at least partly 

deforested and dominated by agricultural land uses (Carter et al., 2017; Harvey et al., 2008; 

Pendrill et al., 2022), which has led to alarming rates of biodiversity loss (Almond et al., 2022; 

Alroy, 2017; Barlow et al., 2016; Decaëns et al., 2018) and a decline in ecosystem services 

provided by forests (Estoque et al., 2018; Hall et al., 2015; Lima et al., 2014; Portela & 

Rademacher, 2001). The last decade has seen a large number of ambitious forest restoration 

initiatives that aim at slowing or even reversing these losses. The Bonn Challenge, for example, 

currently includes 70 pledges from more than 60 countries to restore 210 million hectares of 

degraded and deforested lands within the coming decade (Dave et al., 2019; 

www.bonnchallenge.org). In addition, buttressed by a handful of international agreements and 

the UN Decade on Ecosystem Restoration, large scale reforestation is promoted as an important 

strategy to mitigate climate change and consequently, official and voluntary carbon credit 

markets provide a growing source of funding for forest restoration projects (Brancalion et al., 

2017; Busch et al., 2019). These developments exert  growing pressure to accelerate efforts to 

scale-up reforestation (Edwards et al., 2021; Vincent et al., 2021). Given the ability of secondary 

forests to rapidly sequester carbon and restore species diversity and ecosystem services (Hall et 

al., 2022; Poorter et al., 2021), and the challenges and costs associated with active reforestation 

on infertile soils (Coleman et al., 2021; Sinacore et al., 2023), arguably one of the most effective 

approaches to restore forest ecosystems is  natural regeneration (Cook-Patton et al., 2020; 

Crouzeilles et al., 2020; but see Lippke et al., 2021).  

Key to the successful application of natural regeneration as part of a forest landscape 

restoration strategy is the presence of seed sources and connectivity (Crouzeilles et al., 2016; 

Harvey et al., 2008; McConkey et al., 2012; Zahawi et al., 2021). In the highly fragmented 

landscapes in which tropical secondary forests generally are embedded, the abundance and 

diversity of local seed sources is more limited (Gardner et al., 2009; Harvey et al., 2008; Ngo Bieng 

et al., 2022), as open crop fields and pastures impose strong barriers to seed dispersal (e.g., Aide 

& Cavelier, 1994; Charles et al., 2017; Holl, 1999; Laborde et al., 2008; Wijdeven & Kuzee, 2000; 
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Wunderle, 1997; Zimmerman et al., 2000). This is especially true when a large proportion of the 

tree species are animal dispersed, as is the case in many tropical regions (Corlett, 2016; Estrada-

Villegas et al., 2022; Howe & Smallwood, 1982; Rogers et al., 2021; Seidler & Plotkin, 2006), with 

many forest-dependent dispersers rarely or never venturing far outside closed-canopy forests 

(Bello et al., 2024; Harvey et al., 2008; Mendenhall et al., 2016; Moore et al., 2008). In such 

landscapes, networks of connected forest fragments are thought to mitigate these constraints 

by providing seed sources and the habitat that enables animal dispersers to persist in and move 

through the landscape (Anzures-Dadda & Manson, 2007; Bennett, 2003; Caughlin et al., 2016; 

Mitchell et al., 2018; San-José et al., 2022; Zahawi et al., 2021). However, we still lack long-term 

studies that test the effects of forest fragments and corridors on species recruitment across 

secondary forests in human-modified tropical landscapes at multiple spatial scales (e.g., local and 

landscape), and changes therein during succession (Arroyo-Rodríguez et al., 2017; Chazdon et al., 

2009; Palma et al., 2021).  

If seed limitation (Clark et al., 1998) is a major factor in the assembly of plant communities, 

we expect proximity to forest fragments to be reflected in spatial recruitment patterns within 

early successional forests. Specifically, we would expect diversity of newly recruited plants to 

decline with increasing distance from forest fragments (Cubiña & Aide, 2001; Dosch et al., 2007; 

Garate-Quispe et al., 2023; González-Castro et al., 2019; but see Lasky & Keitt, 2012; Zahawi et 

al., 2021). In addition, we would expect newly recruited plants closer to forest fragments to have 

a  higher proportion of rare species and larger-seeded species (González-Castro et al., 2019; 

Piotto et al., 2019). However, few studies have tracked the effects of proximity to forest 

fragments on recruitment patterns in secondary forests beyond the first few years of forest 

succession. This reflects a general paucity of studies on the role of seed source and dispersal 

limitation in the context of forest restoration through natural regeneration, despite its 

importance in determining the assembly of plant communities during succession, the rate of 

forest recovery, and the success of restoration initiatives (Chazdon et al., 2009; Dent & Estrada-

Villegas, 2021; Kulikowski et al., 2022; Turnbull et al., 2004) (but see, e.g., Piotto et al., 2019; 

Verheyen & Hermy, 2001).  
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In the humid lowland tropics, recruitment early in succession is generally dominated by a 

relatively small group of widely distributed and small-seeded plant species that are dispersed 

by wind, bats, and birds. As secondary forests grow, decreasing light levels in their understory 

increasingly limit the establishment of many species of this group, while more seed-limited but 

shade-tolerant species are more likely to continue recruiting (Craven et al., 2015; Lai et al., 

2020, 2021; Lohbeck et al., 2013; Reid et al., 2015; Rüger et al., 2023; van Breugel et al., 2013). 

Figure 1. Study design of the Agua Salud Secondary Forest Dynamics study in central Panama. A) 
Distribution of secondary forest plots. A total of 54 sites were selected in 49 0-32 year old forests and 5 
>50 year old forests. In each site, one 10x50m plot was established at the lower end of the hill slope, 
adjacent to the streamside secondary forest fragment (blue) and one plot at the upper section of the hill 
slope (green). Distance between plots was 23-149m (mean ± sd: 83 ± 25 m). The satellite image is from 
July 2011, 2 years after the start of the study. The contiguous forest at the bottom of the photo is 
Soberania National Park. B, C) At the onset of succession, the upper slope plot is more isolated, with no 
direct connectivity to the larger network of forest fragments along streams. In contrast, forest regrowth 
creates a continuous forest cover along the slope later in succession. C) For illustrative purposes only, 
rectangles are at scale but do not represent real plot locations. 
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At the same time, the taller and more diverse canopy of older secondary forests provides a 

more hospitable environment for seed dispersing animals, attracting a higher number and 

diversity of birds, bats, and non-volant animals (Acevedo-Charry & Aide, 2019; Borges et al., 

2021; DeWalt et al., 2003; Hilje et al., 2020; Moran et al., 2004; Muscarella & Fleming, 2007) 

Succession can thus be described as a process of concurrent feedback loops between a 

changing environment caused by forest growth and the differential response of plant species in 

terms of availability and performance (van Breugel et al., 2024). This implies that, as succession 

proceeds, recruitment patterns within sites are increasingly shaped by local plant communities 

and less by proximity to adjacent older forest fragments (Chase & Myers, 2011; Huanca Nuñez 

et al., 2021). Indeed, this is a basic premise of many ecological restoration programs that 

involve tree planting to accelerate natural regeneration, such as the framework species 

approach (Elliott et al., 2022) and applied nucleation (Corbin & Holl, 2012; Kulikowski et al., 

2022).  

Here, we use an eight-year study on secondary forest dynamics to test the hypothesis that 

proximity to a connected network of forest fragments moderates recruitment dynamics in 

secondary forests. The study includes 45 0-30y old secondary forest sites, each with one plot in 

close proximity to and another plot further from narrow strips of older secondary forests along 

the streams that border the study sites (SFF; Fig. 1). We further hypothesize that feedback 

dynamics between the regrowing vegetation and dispersers (an environment–species-

availability-feedback loop, sec. van Breugel et al., 2024) leads to a weakening of an initially strong 

effect of proximity to the SFFs on recruitment as succession proceeds. Based on these 

hypotheses, we predict that, within a secondary forest, the diversity of tree recruitment is higher, 

with more rare and large-seeded species, in plots adjacent to SFF than in plots further from SFFs. 

We further expect the composition of recruitment closer to SFFs to be more similar to the 

composition of the extant trees in adjacent forest fragments than recruitment further from SFFs. 

Across the landscape, we expect that recruitment closer to SFFs will be more influenced by 

variation in rarer, more dispersal limited species in the local species pools, and recruitment 

further from SFFs to be more dominated by species that are widespread. This would lead to 

higher species turnover among plots closer to SFFs and, consequently, a higher landscape-scale 
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diversity. We therefore predict that the effect of proximity to SFFs on recruitment dynamics 

weakens over the course of succession at both local and landscape scales.  

 

2. Methods 

2.1 Site description 

Our study was conducted as part of the Agua Salud Project that seeks to explain how different 

land-uses and forest restoration approaches impact ecosystem services in rural tropical 

landscapes. The study area is located in a 15 km2 area in the central Panama Canal watershed 

(9°13' N, 79°47’ W, 330 m amsl), adjacent to the 19,545 ha Soberania National Park (SNP), which 

consists of a mosaic of ≥ 80 year old secondary and old-growth forests and which is part of a 

much larger buffer zone that runs from the Atlantic to the Pacific coast along the Panama Canal. 

Annual precipitation averages 2700 mm per year, with a dry season from mid-December to early 

May (Ogden et al., 2013). The area is characterized by an undulating topography, with short, 

steep slopes intersected by a dense network of narrow streams (Hassler et al., 2011)(Fig. 1a). 

Soils are classified predominantly as Inceptisols, and are strongly weathered, infertile, and well 

drained. Topsoil texture (silty clays to clays) and soil nutrient concentrations vary little across the 

landscape (Neumann-Cosel et al., 2011; van Breugel et al., 2019). On a local scale, soil fertility 

and dry season soil water tend to be slightly higher at downslope locations than at locations 

towards the top of the hill slopes, even though this varies strongly from site to site (Fig. S1). The 

landscape is dominated by active and abandoned cattle pastures and secondary forest of 

different ages (van Breugel et al., 2013).  Over at least the last 40 years (age of oldest plot in this 

study at the end of the study), farmers have typically preserved narrow strips of secondary forest 

fragments alongside streams that cross or border their active pastures. These fragments cover 

on average 14.3% (± 6.6 sd) of the pasture areas (Suppl. Information SI1) and presumably act as 

corridors that connect many parts of the landscape to the SNP (Estrada-Villegas et al., 2022).  
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2.2 Field data 

In 2009, 54 sites were randomly selected within the study area and information on land-use 

history and time since abandonment was acquired from interviews with former landowners and 

local residents and corroborated with aerial photos. Sites were defined as a single slope within a 

secondary forest on an abandoned pasture. Two plots of 20 m x 50 m were established in each 

site; one plot near the bottom of the slope adjacent to the streamside CFF (LS plots) and another 

near the top of the slope (US plots; Fig. 1). The age of streamside fragments was unknown but 

was always at least a decade older than the secondary forest on the hill slope (and thus the study 

plots). Distance between plots within a site ranged between 23 m and 149 m (mean ± sd: 83 ± 25 

m). The age of the five oldest sites was not known (but > 50 years) and in four sites the upper 

and lower slope plots turned out to be of different ages. These nine sites were excluded from 

analyses that compare slope positions within sites, but not from the landscape-scale analyses. 

Time since abandonment of the other sites at the onset of this study varied from one to 32 years 

(Fig. 1).  

In each plot, all stems of trees, shrubs, and palms with a diameter-at-breast-height (DBH) 

equal to- or more than five cm and all stems of woody climbing plants with a diameter of one cm 

or more were tagged, identified and their DBH was measured. In one-half of each plot, stems of 

trees, shrubs, and palms with a DBH of 1 to 4.99 cm DBH were also included (van Breugel et al., 

2013). From 2009 until 2017, the growth and mortality of established plants and the recruitment 

of new plants, i.e., individuals that surpassed the size threshold since the previous inventory, was 

monitored annually, with the exception of 2013 (Lai et al., 2017, 2018).   

Data on the floristic composition of streamside CFFs adjoining the study sites was collected 

in 2010. An inventory of trees ≥ 20cm DBH was performed in two-meter wide transects 

perpendicular to the stream, from the waterside to the border of streamside vegetation at 5 m 

intervals over a total distance of 150m, at alternating sides of the stream. The average length of 

these transects – and thus mean width of the SFF – was 11.8m (± 0.19 SE) and the mean combined 

sample area of the transects in the SFFs was 737m2 (± 26 SE) (Suppl. Info. SI3).  
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Seed dry mass data (g) was collected for 88 common species in the Agua Salud study area. 

For another 140 species, seed mass data was collected from trees in forest plots across the 

Panama Canal Watershed (Wright et al., 2010). Seeds were collected from 3 to 6 trees per 

species. Per species, seed mass data was calculated from 2 to 6 fruit replicates, with each 

replicate consisting of between one and >20 seeds, depending on seed size. Seed dry mass was 

measured without testa, unless seeds were too small to separate the testa from the seed. We 

acquired seed dry mass data for an additional 51 species from published databases (Daws et al., 

2004; Moles et al., 2007). In the case of multiple data sources, priority of seed dry mass was given 

to measurements taken locally, followed by data collected in the region, to data collected at 

other sites. Seed mass data covered on average 80.7% (± 6.4 SD) of the species and 89.6% (± 7.1 

SD) of individuals in the study plots.   

2.3 Explanatory variables 

The main variables of interest in our study were plot basal area (m2ha-1) and landscape context. 

Landscape context was defined as either lower slope plots adjacent to or upper slope plots 

further from the streamside strip of older secondary forest (LS and US, respectively). We used 

basal area and not forest age because, while both are strongly correlated (Fig. 1a), basal area is 

a better predictor of temporal and spatial variation in local site conditions (e.g., understory light 

levels; Suppl. Info. SI1)(Lebrija-Trejos et al., 2011; van Breugel et al., 2007, 2013). To model 

within-site differences in recruitment variables as a function of within-site variability in local site 

conditions, we calculated the mean of the basal areas of the upper and lower-slope plots (BAm = 

(BALS + BAUS) /2) and the within-site differences in their basal areas (BAdif = BALS – BAus).  

Recruitment differences between upper and lower slope plots may also reflect spatial 

heterogeneity in soil resources within a site. To account for this, we included data on between-

plot differences in dry-season soil water content (SWCdif, %) and in soil fertility (SFdif)(van Breugel 

et al., 2019) as predictor variables in our analyses (Suppl. Info. SI2). 
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2.4 Recruitment variables 

We defined recruitment as plants that grew into the ≥ 1cm DBH diameter class during the 

eight-year study period (2009-2017), irrespective of whether they survived until the last census. 

Therefore, we used only data from the half of the plot with the 1-cm DBH limit to calculate eight 

plot-level recruitment variables (Table 1). We calculated for each recruitment variable the 

pairwise differences between the lower and upper slope plots (RVdif = RVLS-RVUS). 

Table 1. Recruitment variables (RV). See Suppl. Info. SI4 for details. 

RV Description 

1 Counts of the total number of recruits 

2 Species richness of recruits 

3 Hill-Shannon diversity of recruits, calculated using Hill number of order 1 (exponential of 
the Shannon-Wiener index, Jost, 2006) 

4 Number of recruited species that were new to the plot 

5 Species dissimilarity between the extant trees (≥ 20cm DBH) of the streamside forest 
fragments and tree recruits  within the same site, using Ružička dissimilarity (abundance-
weighted analogue of the Jaccard index, Ružička, 1958). 

6 The proportion of recruited tree species that were among the species (trees ≥ 20cm DBH) 
in the streamside older forest fragments 

7 Occupancy, i.e. how common the average recruit was across the secondary forests of the 
Agua Salud study area. For this, we calculated the proportion of all 108 study plots in 
which the species occurred (henceforth, occupancy). Because site locations were 
randomly selected, we assume that this represents an unbiased estimation of their 
prevalence across the secondary forests in the study area (van Breugel et al., 2013). We 
then calculated for each plot the community-weighted mean (CWM) of the occupancy of 
recruits, weighted by species’ relative abundances. 

8 Community-weighted mean of seed dry mass (g) of the recruits 

 

2.5 Statistical analyses 

We used generalized linear mixed-effects models to examine successional trends in 

recruitment variables, how these varied between lower and upper slope plots, and their 
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interaction with plots within site as the random intercept. We fit nested models with subsets of 

explanatory variables using the ‘MuMIn’ package (Bartoń, 2020). Prior to analyses, we 

standardized basal area to a mean of zero and standard deviation of 1. Recruitment variables 1-

4 and 8 are count variables and were modelled with the negative binomial family and logit link 

using the ‘lme4’ package (Bates et al., 2015). Recruitment variables 5-7 are proportions and were 

modelled with the beta distribution and logit link using the ‘glmmTMB’ package (Brooks et al., 

2017).We subsequently ranked all models using the Akaike information criterion with a 

correction for small sample sizes (AICc) and performed model averaging using all models within 

the top 2 AICc to predict and plot recruitment variables as a functions of landscape context and 

basal area (Burnham & Anderson, 2004). We used the full-averaging approach because full-

averaging minimizes model selection biases and is advocated when the study objective is to 

produce a predictive model (Symonds & Moussalli, 2011). 

To test if recruitment variables 2-8 differed between topographic positions as predicted, we 

first fitted the linear regression model: RVdif  ~ BAm × (BAdif + SFdif + SWCdif) and all nested models. 

We averaged the coefficients of the selected models as described above, predicted values of the 

recruitment variables for a range of BAm from 0-30 m2ha-1 and with BAdif, SFdif and SWCdif set at 

zero. Next, we repeated this procedure with three sets of permuted data, each representing a 

different null model. For the first null model, we permuted the landscape context (LS / US) among 

the recruits within sites × census, while for the second null model we permuted the landscape 

context within sites, and for the third null model, we resampled landscape context within sites 

with replacement. The first null model retains for each plot the observed number of species 

among the recruits, for each site the observed number of recruits per species, and the observed 

temporal variation in both. The second null model removes the among-census variability in 

recruitment and the third null model randomizes, in addition, among-site differences in the 

number of recruits. For each null model, we permuted the data 1000 times and computed 95% 

percentile confidence intervals for all predicted values. In other words, we examined successional 

change in RVdif for a hypothetical site in which the LS and US plots do not differ in soil or stand 

variables. Because results were similar, we only present the results of the first null model.   
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To examine the effects of landscape context on landscape-scale diversity of recruits and how 

this effect changes over the course of succession, we calculated gamma and beta diversity for 

each landscape context (LS/US) and basal area class. Basal area was calculated at the site level as 

the mean of both plots within the site and across all censuses. Next, basal area class boundaries 

were set at 12.2, 16.5 and 20.2 m2ha-1 to obtain four intervals with approximately equal numbers 

(11 or 12) of plots. We then resampled plots without replacement to obtain an estimated mean 

number of recruited species per 10 plots for each basal area class. We computed beta diversity 

for each landscape context as the average pairwise Růžička dissimilarity using the R package 

‘vegan’ (Oksanen et al., 2020). We performed type III ANOVAs using the R package ‘car’ (Fox & 

Weisberg, 2019) to test for differences between landscape context, basal area classes, and the 

interaction between both. We compared observed differences in gamma and beta diversity with 

expected values using the same null model as discussed above (Suppl. Info., SI8-9).  

See Appendices S3-9 for annotated R scripts for data preparation, analyses and visualization 

and test statistics. The R package ‘tidyverse’ (Wickham et al., 2019) was a major part of our 

workflow and all analyses were performed using R Statistical Software v4.0.3 (R Core Team, 

2020). 

 

3. Results  

The expected number of recruits over an 8-year period dropped sharply over the first decades 

of succession, from 421 to 60 new saplings per 1000m2, in forests with initial ages of one and 28 

years, respectively. These numbers did not differ between the upper and lower slope plots (Fig. 

2a). In contrast, species richness and diversity of the recruits and the number of newly recruited 

species were, on average, significantly higher in the lower slope plots than in the upper slope 

plots during the first four decades of succession (Fig. 2b-e). The number of species among the 

recruits remained constant, with an average of 53 recruited species over 8 years in the lower 

slope plots and 45 species in the upper slope plot (Fig. 2b). At the same time, the Hill-Shannon 

diversity of recruits increased over time (Fig. 2c). As species richness of the plant community 

increased over the course of succession (van Breugel et al., 2013) – meaning that the species in 
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a plot represented an increasing proportion of the local species pool – a decreasing number of 

recruited species were new to the plot (Fig. 2e).  

Compositional similarity and species overlap between recruits in the study plots and extant 

trees in the strips of older secondary forest along the stream were significantly higher for lower 

slope plots than for upper slope plots (Fig. 2e,f). Yet, in all sites the species composition of the 

recruits differed strongly from that of the adjacent streamside forests and the proportion of 

recruits also found in the streamside forest decreased over the course of succession from an 

average of 13% to 5% in lower slope plots and from 8% to 2.8% in upper slope plots.  

Figure 2. Spatial-temporal variation in recruitment along a successional gradient. Lines plot components 
of recruitment (recruitment variables; RV) as a function of forest basal area and proximity to streamside 
forest fragments. The second x-axis gives the predicted forest age for the basal areas on the first x-axis 
(Suppl. Info., Suppl. Info. SI10).  Blue dots and lines represent plots adjacent to older secondary forest 
fragments along streams that border secondary forest sites and green dots and lines represent the plots 
located further away from those forest fragments (mean distance: 83 ± 25 m; range: 23-149m). A) RV1: 
Number of recruited individuals. B) RV2: Number of recruited species. C) RV3: Diversity of recruitment 
(Hill number of order 1). D) RV4: Number of recruited species that were new to the plot, i.e., not present 
at the first census. E) RV5: Ružička dissimilarity between extant trees ≥ 20cm DBH in the CFF and the tree 
recruits in the study plot. F) RV6: The proportion of recruited tree species that were among the species 
(trees ≥ 20cm DBH) in the CFF. G) RV7: The community weighted mean occupancy of the recruits. 
Occupancy was quantified as the proportion of 108 sample locations in 54 secondary forest sites in which 
a species was encountered. H) RV8: community-weighted mean seed mass (g) of the recruits. The eight 
recruitment variables are numbered as in Table 1. 
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Recruitment in the younger sites was dominated by species that were widespread across 

secondary forests in the landscape (Fig. 2g), but the dominance of these species among recruits 

decreased over the course of succession. Community-weighted seed mass of recruits increased 

rapidly with forest age (Fig. 2h), mostly because of a rapid decline in the recruitment of small-

seeded species (Rodriguez Ronderos et al., unpublished data). The steep decline in overall 

recruitment during succession thus seems to have been driven by a decline in the widely 

distributed and well-dispersed species, combined with a continuous recruitment of less common 

and more dispersal-limited species. The community-weighted mean landscape occupancy of 

recruits was on average 10% higher in upper slope plots than in lower plots (Fig. 2g). In contrast, 

the community-weighted mean seed mass differed little between lower and upper slope plots 

(Fig. 2h).  

Figure 3. Within-site differences in recruitment (RVLS – RVUS). Darker lines plot predicted within-site 
differences in recruitment variables (LS-US plots) and white lines with shaded area plot predictions with 
95% percentile confidence intervals from a null model. In both cases, within-site differences in soil fertility, 
soil water content and forest basal area set at zero (Suppl. Info. SI7). Lines falling outside of the 95% 
confidence intervals indicate that the observed within-site differences are significantly different from 
expected differences under the null model. A) Number of recruited species. B) Diversity of recruitment 
(Hill number of order 1). C) Number of recruited species that were new to the plot, i.e., not present at the 
first census. D) Ružička dissimilarity between extant trees ≥ 20cm DBH in the CFF and the tree recruits in 
the study plot. E) The proportion of recruited tree species that were among the species (trees ≥ 20cm 
DBH) in the CFF. F) The community weighted mean occupancy of the recruits. Occupancy was quantified 
as the proportion of 108 sample locations in 54 secondary forest sites in which a species was encountered. 
G) community-weighted mean seed mass (g) of the recruits. 
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Model predictions for the differences in recruitment between lower and upper slope plots 

mostly confirmed the patterns discussed above (Fig. 3): Recruitment in lower slope plots was 

more diverse than in upper slope plots (Fig. 3b-d); their composition was more similar to that of 

extant tree species in adjacent streamside forest fragments (Fig. 3e,f); and their recruitment was 

dominated by species that were less widely distributed across the landscape (Fig. 3g). For these 

six components of recruitment, predictions generally changed little over the course of succession 

(Fig. 3, dark lines) and for the most part diverged significantly from expectations under the null 

model (white line with shaded confidence interval). CWM seed mass was the only component of 

recruitment whose predicted differences between upper and lower slopes did not differ from 

those expected under the null model (Fig. 3h). Together, these results indicate that components 

of recruitment of upper and lower slope plots failed to converge over the course of the first four 

decades of succession.  

Figure 4. Landscape-scale diversity of woody plant recruitment across 45 secondary forests sites in 
relationship with forest stature and proximity to streamside forest fragments. Blue series: plots adjacent 
to the stream-side forest fragments. Green series: further from the forest fragment (mean distance: 83 ± 
25 m; range: 23-149m). Grey series: both proximity categories combined. Dots give observed values and 
shaded bars give the 95% confidence interval of the expected values under a null model of equal 
probabilities for species to recruit in lower and upper slope plots. Dashed lines are added to illustrate 
trends. a) Beta diversity, calculated as the mean of the Jaccard dissimilarities among all combinations of 
plots within forest basal area intervals (see Suppl. Info. SI8 for details). b) Total number of recruited 
species across 10 plots within each forest basal area intervals. The right-hand axis converts this number 
into percentage of the estimated total species pool of the total study area. a-b) Basal area classes (BA1-
4): 3-12 m2ha-1, 12-16.5 m2ha-1, 16.5-20.5 m2ha-1 and 20.5-29 m2ha-1. See Suppl. Info, SI8 and SI9 for 
details.     
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Of the 426 plant species that recruited in all study plots over the 8-year study period, 

representing 53% of the 811 species that were found and identified to species-level in the Agua 

Salud area (Suppl. Info. SI1), 89% recruited in the lower slope plots and 73% in the upper slope 

plots. The number of recruited species was consistently lower across upper slope plots (Fig. 4b). 

Moreover, in all basal area classes, overall species richness of recruitment in lower slope plots 

combined was within the 95% confidence intervals of expected values under the null model. In 

contrast, gamma diversity of recruitment in upper slope plots was much lower than expected 

under the null model (Fig. 4b). Beta diversity increased from basal area class 1 to 4 (Fig. 4a). There 

was little difference between the two slope positions in the youngest forests, but beta diversity 

diverged quickly as forests grew older, with higher beta diversity among locations adjacent to 

streamside forest fragments and lower beta diversity among upper slope forests. In all basal area 

classes and in both slope positions, observed values of beta diversity were significantly lower 

than expected under the null model.  

 

4. Discussion 

A key question when it comes to the conservation and restoration of plant diversity in human-

modified landscapes is how variability in landscape connectivity across spatial scales shapes 

recruitment dynamics across regrowing forests. In our study, streamside forest fragments (SFFs) 

generated spatial variability in the diversity and distribution of woody plant species that recruit 

into and across secondary forest patches, reflecting their importance in mitigating seed source 

and dispersal limitation in fragmented agricultural landscapes.  

4.1 Network of forest fragments drives spatial variability in recruitment   
We found that the spatial patterns of multiple aspects of recruitment supported our 

prediction that proximity to streamside forest fragments (SFFs) has a positive effect on 

recruitment in secondary forests of all ages. Within sites, recruitment in locations adjacent to 

SFFs had a higher species diversity than locations further afield and their species composition 
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overlapped more with the species composition of the extant canopy trees in adjacent SFFs. This 

indicates the impacts of dispersal barriers on recruitment during secondary forest succession and 

highlights that proximity to streamside forest fragments can mitigate seed limitation of more 

dispersal-limited plant species. While the effect of distance from forest edges has been 

documented in early post-agriculture forest succession (e.g., Bennett, 2003; Charles et al., 2017; 

Piotto et al., 2019; Wijdeven & Kuzee, 2000) and in recently planted reforestation sites (e.g., 

Kulikowski et al., 2022; Pohlman et al., 2021; Zahawi et al., 2021), here we examined the effect 

of streamside forest fragments on the spatial and temporal dynamics of recruitment over 36 

years of succession, at  local and landscape scales.  

Being connected to larger, contiguous old-growth forest has been found to be critical for the 

reassembly of diverse disperser communities (Barlow et al., 2007; Dent & Joseph Wright, 2009; 

M. E. Jones & Davidson, 2016; Luck & Daily, 2003; Moran & Catterall, 2014), including in our study 

area (Mayhew et al., 2019) and this, in turn, is thought to affect the dispersal of propagules across 

the landscape (Bello et al., 2024; Link & Fiore, 2006; Moran et al., 2004; Stevenson, 2011; Wright 

et al., 2000). The low degree of species overlap between recruitment and potential seed trees in 

the adjoining 150m long segment of the stream-side forest fragments indicates that many seed 

sources were from further away along the streamside forest fragment. However, the observed 

decline in the proportion of recruited species that were new to the site during succession, with 

no change in the total number of recruited species, indicates that recruited species originated 

predominantly from limited local species pools (i.e., much smaller than the landscape species 

pool). From these two observations we infer that the streamside forests fragments,  rather than 

facilitating significant long-distance dispersal across the landscape, mitigate dispersal limitation 

at local scales (Ismail et al., 2017; San-José et al., 2022), resulting in larger, more diverse local 

species pools available for the colonization of secondary forests close to forest fragments.  

We note two caveats. First, we examined sapling recruitment rather than propagule 

availability (F. A. Jones & Muller-Landau, 2008). This approach does not distinguish among other 

factors that affect post-dispersal recruitment success, such as germination, establishment, 

growth and survival (Dalling et al., 2002; Nathan & Muller-Landau, 2000). Second, recruitment 

differences between upper and lower slope plots could also reflect a topographical gradient in 
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soil resources. Indeed, in an earlier study we found that within-site dissimilarities in species 

composition were correlated with differences in soil fertility, with no significant effects of forest 

age and within-site differences in basal area (van Breugel et al., 2019). However, in the present 

study we accounted for differences in soil fertility, dry season soil water content and forest 

structure. We therefore conclude that within-site differences in recruitment likely reflect spatial 

variation in dispersal limitation to a greater extent than local environmental filters (Kraft et al., 

2015).   

4.2 The role of dispersal limitation in successional feedback dynamics  

In contrast to our predictions, we found that the legacy effect of fragmentation continued to 

shape local recruitment dynamics decades after forest regrowth started. One model of forest 

succession is that of a successional environment–species-availability feedback loop in which, as 

succession proceeds, a more complex and diverse canopy attracts an increasing number, 

diversity and size range of seed dispersers. This, in turn, increases the diversity and the 

proportion of dispersal-limited plant species dispersed into secondary forests (Caughlin et al., 

2016; Dent & Estrada-Villegas, 2021; van Breugel et al., 2024). This conceptual model predicts 

that, within sites, recruitment directly adjacent to SFFs is less dispersal limited than in locations 

further from SFFs at the onset of succession. As forests regrow, recruitment in the latter locations 

becomes less dispersal limited and, thus, increasingly similar to the recruitment in the former 

locations. Yet, we found that even after over 30 years of secondary succession, the recruitment 

dynamics of lower and upper slope plots did not converge (Fig. 3), despite significant changes in 

canopy structure and composition over the course of succession (See Suppl. Info. S2)(van Breugel 

et al., 2013). This may indicate that in our study site, changes in forest structure over the first 

three decades of succession were not sufficient to facilitate the movement of some of the animal 

dispersers and the plant species they disperse from stream-side forest fragments further uphill 

into the regrowing secondary forests.  

We found that the CWM seed mass of recruits increased as succession proceeded, which 

could be interpreted as being driven by an environment–species-availability loop. However, 

recruitment is also shaped by a successional feedback loop between seedling performance and 
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light availability (environment–species-performance feedback loop; van Breugel et al., 2024). 

During forest succession, tree species that first colonize a site are typically fast-growing and light-

demanding species. Decreasing light levels in the understory (Matsuo et al., 2021; van Breugel et 

al., 2013) subsequently limit the recruitment of these species and favor the recruitment of more 

shade-tolerant species (Finegan, 1996; Rüger et al., 2023; van Breugel et al., 2007). Life history 

tradeoffs link the two feedback loops, as both acquisitive traits associated with fast growth under 

favorable conditions (e.g., photosynthetic rates, SLA) and traits associated with fecundity and 

dispersal (e.g., seed size) have been found to trade off with the ability to survive in the shade in 

tropical forests (Lai et al., 2021; Turner, 2008) (but see Clark et al., 2004). That implies that, 

because we analyzed sapling recruitment rather than seed dispersal, the pattern of increasing 

CWM seed mass may reflect that larger-seeded species became less dispersal limited, but also 

that decreasing  light levels increasingly limit seedling establishment and survival of smaller-

seeded species (Gratzer et al., 2022; Kraft et al., 2015; Rand et al., 2020). An earlier trait-based 

study in our field site provides support for the latter, showing that maximum photosynthesis was 

a better predictor of successional changes in species’ recruitment and mortality rates than seed 

mass (Lai et al., 2021). This suggests that successional shifts in community-weighted mean seed 

mass and landscape occupancy reflect the inability of many widely-distributed, smaller-seeded 

species to establish and survive in an increasingly light-limited environment (Baraloto et al., 2005; 

Bruun & Ten Brink, 2008; Metcalfe & Grubb, 1995; Poorter & Rose, 2005; Wendt et al., 2022).  

Overall, we found surprisingly little support for the prediction that recruitment further from 

SFFs becomes more like the recruitment adjacent to the SFFS in terms of the assessed 

recruitment variables. This, in combination with observations on trait-based recruitment 

dynamics, suggests that environment–species-performance feedback dynamics, more than 

environment–species-availability feedback dynamics, is the main driver of shifts in functional 

species composition over the first few decades of succession in our secondary forests.  

4.3 Implications for conservation and restoration  
Natural regeneration is proposed as a cost-effective strategy for meeting ambitious forest 

restoration goals, either by itself or in combination with a range of site preparation and 
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protection and tree planting and management schemes (Chazdon & Guariguata, 2016; Cook-

Patton et al., 2020; Martínez-Ramos et al., 2016; Shono et al., 2007; Veryard et al., 2023). In our 

site, recruitment of woody plant species over the first 40 years of secondary forest regrowth was 

remarkably diverse at both local and landscape scales, with a total of 426 recruited species – 

more than half the woody species found across multiple studies in the Agua Salud study area. 

This indicates that restoration of plant diversity through natural regeneration is a good option in 

this and similar landscapes (but see Gibson et al., 2011; van Breugel et al., 2013).  

It is important to point out that the Agua Salud study area is characterized by various factors 

that buffer seed source and dispersal limitations and thus support the recruitment of diverse 

assemblages of woody plant species in regenerating forests: an abundance of secondary forests 

in various stages of succession and relatively high densities of non-forest trees in most pastures 

(Laborde et al., 2008; Pignataro et al., 2017; Reid et al., 2015); a dense network of streamside 

forest fragments (Bennett, 2003; Caughlin et al., 2016; Harvey et al., 2008; Mitchell et al., 2018; 

Zahawi et al., 2021); and proximity to a large national park (Gilroy et al., 2014; Mayhew et al., 

2019). Equally important is the preservation of a diverse disperser community in human-modified 

landscapes (Ripperger et al., 2015; Stoner et al., 2007; Tucker et al., 2021). In our study area,  

communities of birds (Mayhew et al., 2019) and frugivorous bat communities (Brändel et al., 

2020) have been found to be still abundant and highly diverse. We have no data on other 

disperser groups, but Mantled Howler monkeys (Alouatta palliata) and White-throated Capuchin 

monkeys (Cebus capucinus) are regularly observed in the study area, especially along streams 

and in the older (older than the secondary forests included in this study) secondary forest 

fragments. Similar studies in agricultural landscapes with different land-use histories and 

intensities are likely to produce different results (Caughlin et al., 2016; Jakovac et al., 2021), and 

are thus needed to develop more comprehensive guidelines for incorporating natural 

regeneration in forest landscape restoration strategies (Arroyo-Rodríguez et al., 2017; Ashton et 

al., 2001; Chazdon & Guariguata, 2016). It is also important to emphasize that the feasibility of 

natural regeneration as restoration strategy depends, from a socio-economic point of view, on 

the restoration goals of stakeholders and financing options (Martin et al., 2021; Sinacore et al., 

2023). 
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 While recruitment was generally diverse in both lower and upper slope portions of the 

secondary forests, recruitment at lower slope locations was significantly more diverse at both 

the local and the landscape scale, with a higher proportion of rarer species. From a restoration 

perspective, this so-called biodiversity spillover effect of forest fragments (Brudvig et al., 2009) 

emphasizes  the importance of preserving or restoring a continuous network of forest fragments 

along streams. Our results provide further support for the idea that streamside forest fragments 

preserve local populations of tree species (seed sources) and critical habitat and movement 

corridors for a range of animal dispersers (Araujo Calçada et al., 2013; Carrasco-Rueda & Loiselle, 

2019; Pardini et al., 2005; Sánchez-Montoya et al., 2023), thus facilitating the arrival of more 

dispersal-limited species in adjoining forests (Brudvig et al., 2009; Tang et al., 2014; Tewksbury 

et al., 2002).  

A key assumption of many forest restoration approaches is that the growth and increasing 

complexity of a forest canopy will attract an increasing number of animal dispersers, resulting in 

a greater diversity of species dispersed into the restoration site. However, as discussed in the 

previous section, we found that it may take longer than 36 years of natural forest regrowth 

before these secondary forests become sufficiently hospitable for a subset of the local species 

pool of animal dispersers (Lennox et al., 2018). Our results are relevant not only in the context of 

passive restoration through natural succession, but also in the context of active restoration that 

aims at accelerating natural regeneration through tree planting (e.g., Boeschoten et al., 2021; de 

la Peña-Domene et al., 2013; Elliott et al., 2022; Pohlman et al., 2021; Vieira et al., 2021). A 

common recommendation in the literature on the ecological restoration of forests is the planting 

of early successional fruiting trees to attract frugivorous birds and bats and accelerate the 

dispersal and recruitment of trees into the restoration site (Camargo et al., 2020). We suggest 

that we need to extend this by investigating how to enhance dispersal in later successional forests 

as well, including the choice and planting of tree species that may act as dispersal foci later in 

succession.  

In summary, the results of our study support, at least in landscapes similar to that of the current 

study, a hierarchy of priorities for restoration initiatives that include natural regeneration and 

aim to restore biodiverse forests in agricultural landscapes (Bennett, 2003; Cook-Patton et al., 
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2021; Harvey et al., 2008; Tarabon et al., 2021): (1) conserve and, where necessary, restore 

networks of forest corridors along streams; (2) prioritize areas directly along these corridors for 

restoration; and (3) when active restoration measures are feasible, investigate how dispersal into 

regrowing forests can be accelerated.  
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Supplementary Information SI1 

Vegetation inventories in the Agua Salud area 
 

Figure S1. Trees in pastures. (A) Full tree inventory of 15 pastures, including all non-forest trees in the open pasture 
area (green-shaded areas) and streamside forest fragments that bordered or crossed these pastures (blue-shaded). 
(B) Mean percentage of the total pasture area covered by the forest fragments and open pasture (left-hand pie 
chart) and mean percentage of total tree above ground biomass in forest fragments and open pastures (right –hand 
pie chart). Colors as in A. The plots of the long-term secondary forest dynamics study are indicated by the small 
yellow rectangles. 

Vegetation inventories in the Agua Salud area included: 

1. the 54 secondary forests sites, each with two 20x50m plots, that were mentioned in the Method 
section of the main text, including the 45 study sites, four additional secondary forest sites in 
which the two plots differed in age, and five additional sites for which we did not have an exact 
age (but at least >50 year). 

2. The inventory of the streamside secondary forest fragments, as described in the main text.  

3. Four 1-ha plots in the adjacent Soberania National Park  sites, all secondary forests >100y old. 
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4. A full inventory of 15 pastures. The pastures were located in the Agua Salud study Area and the 
adjacent area around the town of Giral (Fig. S1). Total sampled area was 138 ha, and included 
open grass land and. All trees with a diameter at breast height of 10cm were measured and 
identified in  the open grass land areas within the pasture (living fences and isolated trees) and in 
the strips of streamside forests fragments along the streams (CFFs) that bordered or crossed the 
these pastures (unpublished data M. van Breugel & J.S. Hall). On average, 13% of each pasture 
was covered by the forest fragments, but these forest fragments contained about 50% of the total 
aboveground tree biomass (Fig. S1B). The average density of pasture trees was 58 ha-1 (±23 SD). 

Total number of species, including morphospecies, is 953, and the total number of species that 
were identified to species is 811.  
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Supplementary Information SI2 

Plot-level environmental variables 
 
 
Basal area 
We used basal area (m2 ha-1), and not age, as our primary variable representing ecological succession 
because, while it relates strongly to forest age, it has been found to be a better predictor of successional 
changes in environmental variables, stand dynamics, and species composition. To account for difference 
in sample area, tree basal area was scaled to the plot level according to sample effort per size class (i.e., 
woody plant individuals that were not lianas and with 1 cm ≤ DBH < 5 cm were counted double in our 
calculation of species abundances). 
 
Light 
Data on understory light was estimated from 11 hemispherical photographs per plot, taken at 5 m 
intervals along the central 50-m axis of the plots, at 1.5 meter above soil level. Data from van Breugel et 
al. (2013).  
 
Soil nutrients 

Figure S2. Variation in stand structure and environmental conditions across and within 45 secondary forest sites 
along a successional gradient. In each site, two plots were laid out on a hill slope within pastures abandoned 
between 0-32 y ago, one at the bottom of the slope adjacent to older stream-side forest and one at the top of the 
slope. Green and blue rectangles, dots and lines represent upper and lower slope plots, respectively.  Lines and 
shade areas plot loess regression models with 95% confidence intervals. (A) stand basal area (m2ha-1). (B) 
Understory light (%). (C) Soil fertility (the first principle component of a soil nutrient PCA). (D) Gravimetric soil 
water content (%). 
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We used soil fertility data from van Breugel et al. (2019), which was obtained as follows: Soil samples (0-
-15 cm) were collected in 2010 at five different locations in each plot. These samples were bulked and 
thoroughly mixed per plot and concentrations of extractable (plant-available) nutrients (P, K, Ca, Mg, Cu, 
Fe, Mn, Zn) and the potential toxin Al were determined by Mehlich-III extraction (Mehlich, 1984). Total N 
was determined by dry combustion using an elemental analyzer (Thermo Flash 1112, Bremen, Germany). 
To identify the nutrients that contributed most to the variation across the landscape, a principal 
component analysis (PCA) was run using the function 'rda' of R package 'vegan' (Oksanen et al. 2020). 
Between-plot dissimilarity in soil nutrients was calculated using Euclidean distances, with nutrient 
concentrations centered and scaled to standard deviation prior. A second PCA was run with the five 
elements with factor loadings on the first PC < -1 (Al) or > 1 (P, Ca, Mg, and Cu). In our analyses, we used 
the plot loadings on the first PC as explanatory variable. This PC explains 27% of the variation and suggests 
a soil fertility gradient ranging from low to very low nutrient concentrations, combined with increasing 
concentrations of extractable Al -- a potential toxin - for both slope positions. See van Breugel et al. (2019), 
supporting Information, figures S1-S4 for more details.  
 
Gravimetric soil water content 
We used unpublished data M. van Breugel & J.S. Hall. During the dry period of December 2009--April 2010, 
10-cm deep soil cores were collected at 10 points per plot every two weeks. Soil samples were wrapped 
in aluminum foil and transported in Ziplock bags to the lab to avoid water loss. Per sample, the gravimetric 
soil water content (SWC, %) was determined and plot means were calculated for each census. For this 
study, we used for each plot the lowest of the bi-weekly dry-season SWC means as explanatory variable 
– rather than the SWC at the end of the dry season – for two reasons: (i) It took two weeks to collect the 
soil samples across all plots, which means that collection dates differ among plots. (ii) During the 2009-
2010 dry period, occasional and spatially heterogeneous rainfall events occurred across the study area. 
As a consequence of both points, the census with longest previous period without rainfall varied among 
plots.  
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