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ABSTRACT
Aims: Forest fragmentation induces edge effects that alter the abiotic environment and plant–enemy interactions, with poten-
tial consequences for the regeneration of shade-tolerant species. Importantly, plant–enemy interactions are context-dependent, 
suggesting that fragmentation can differentially modify natural enemy pressure along edge-interior gradients, weakening some 
interactions while intensifying others. However, experiments quantifying how multiple natural enemies differentially affect seed 
germination and seedling establishment at forest edges versus interiors remain scarce. To provide a biotic mechanistic under-
standing of edge effects in plant regeneration, we experimentally evaluated how natural enemies (vertebrates, insects, and fungi) 
influence seed germination and seedling establishment of two shade-tolerant palm species, Prestoea decurrens and Synechanthus 
warscewiczianus, in forest edges and interiors within a highly fragmented landscape.
Location: Choco Forest in northwestern Ecuador.
Methods: In an enemy-exclusion experiment, we manipulated access by natural enemies using wire cages and pesticides and 
established control plots at 13 paired edge (0–10 m) and interior forest (90–100 m) sites. We monitored seed germination (radicle 
emergence) and seedling establishment (development of epicotyl and roots) weekly over 5 months.
Results: Germination and establishment were consistently higher in the forest interior for both species, highlighting strong 
negative edge effects on early recruitment. Insects emerged as the primary natural enemies; they negatively impacted the regen-
eration of P. decurrens in both edge and interior habitats, whereas for S. warscewiczianus, the impact was restricted to the forest 
interior. Conversely, fungi and vertebrates had no detectable effects.
Conclusions: Our findings demonstrate that forest edges and biotic filtering through insect predation limited the regeneration 
of the two understory palm species evaluated, reducing their regeneration potential in forest remnants within fragmented land-
scapes. Conservation strategies should prioritize maintaining interior forest conditions, minimizing edges when possible, and 
preventing seed and seedling damage by insects in restoration programs.

1   |   Introduction

Forest fragmentation causes profound and lasting alterations 
to tropical ecosystems (Haddad et  al.  2015; Joly et  al.  2014; 

Laurance et  al.  2018; Banbury Morgan and Jucker  2025). 
Forest fragments exhibit edge effects, where the transition 
from forest interior to the surrounding matrix creates micro-
climatic gradients characterized by increased light availability, 
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higher temperatures, and reduced humidity toward the edge 
(Tuff et al. 2016; Laurance et al. 2018; Banbury Morgan and 
Jucker  2025; Reek et  al.  2025). These altered conditions act 
as an abiotic filter, leading to a well-documented shift in 
plant community composition: shade-tolerant species decline, 
while light-demanding species become more abundant near 
the edges (Mesquita et al. 1999; Laurance et al. 2001; Benítez-
Malvido and Martínez-Ramos  2003; Laurance et  al.  2006a, 
2006b; Tabarelli et al. 2008; Laurance et al. 2018). This pattern 
raises significant concerns about the long-term maintenance 
and regeneration of shade tolerant-late successional species 
in increasingly fragmented landscapes (Benítez-Malvido and 
Martínez-Ramos 2003; Joly et al. 2014) and highlights the im-
portance of understanding the ecological processes underly-
ing these patterns.

Numerous studies have focused on niche-based processes re-
lated directly to abiotic factors, such as light availability, to 
explain edge effects on plant communities (Joly et  al.  2014; 
Laurance et  al.  2018), but plant establishment and survival 
cannot be fully understood through abiotic drivers alone. 
Successful regeneration depends on how plants respond to 
simultaneous changes in abiotic and biotic filters (Comita 
et al. 2014; Long et al. 2015; Comita and Stump 2020). Evidence 
highlights the importance of natural enemies in shaping plant 
species diversity and composition in conserved tropical for-
ests due to their impact on survival of seeds and seedlings 
(Janzen  1970; Connell  1971). This mortality is mediated by 
soil pathogens (Augspurger 1984; Augspurger and Kelly 1984; 
Bell et al. 2006; Dalling et al. 2011; Long et al. 2015; Sarmiento 
et al. 2017), insects (Bagchi et al. 2014; Gripenberg et al. 2014), 
and vertebrates such as rodents (Hulme et  al. 1998; Larios 
et  al.  2017). Despite this extensive body of work, little is 
known about how edge effects alter plant–enemy interactions, 
impacting regeneration of shade-tolerant species.

Plant–enemy interactions are highly sensitive to environmental 
conditions (Hargreaves et al. 2019; Liu and He 2019; Hamann 
et al. 2021). Changes in temperature and moisture levels drive 
variation in the abundance and effect of fungal pathogens 
and herbivorous insects that attack plants (Desprez-Loustau 
et  al.  2006; Hamann et  al.  2021). Elevated temperatures can, 
in some systems, increase insect herbivory and plant damage 
caused by soil-borne fungal pathogens by increasing natural 
enemy abundance and plant susceptibility through changes in 
plant growth and reproduction (Delgado-Baquerizo et al. 2020; 
Hamann et  al.  2021). Similarly, low humidity can reduce the 
abundance of herbivorous insects, such as sap-feeders and 
gall-formers, and decrease disease incidence caused by cer-
tain soil pathogens by negatively affecting fungal reproduction 
(Huberty and Denno 2004; Desprez-Loustau et al. 2006; Singh 
et al. 2023). Low humidity can also increase plant susceptibility 
to enemies through water stress, highlighting the context de-
pendency of these responses (Huberty and Denno 2004; Milici 
et al. 2020; Romero et al. 2022; Singh et al. 2023). Light avail-
ability also modulates these interactions: increased light can 
reduce pathogen-related mortality in seedlings and saplings 
(Augspurger  1984; Augspurger and Kelly  1984; Ichihara and 
Yamaji 2009) but, in some cases, may also trigger a shift from 
benign endophytes fungi under shade to lethal pathogens under 
high light conditions (Álvarez-Loayza et al. 2011). Antagonistic 

plant–vertebrate interactions are also context dependent, vary-
ing with habitat, foraging behavior, and seed traits (Hulme 
et  al. 1998; Chen et  al.  2017; Larios et  al.  2017). Small gener-
alist rodents may benefit from human disturbances (Mendes 
et  al.  2016) and occur at higher abundance at the forest edge 
(de la Sancha et al. 2023), which can lead to an increase in seed 
predation (Fadini et al. 2009; Mendoza and Dirzo 2007). Some 
studies have found high seed predation in dense vegetation, as 
the abundance of small mammals increases with more vegeta-
tion cover (Hulme 1998), and depending on the age of the edge, 
these areas could have denser vegetation than forest interiors 
(Banbury Morgan and Jucker 2025).

This strong context-dependence in plant–enemy interactions 
suggests that fragmentation has the potential to differentially alter 
natural enemy pressures along edge-interior gradients (Benítez-
Malvido and Lemus-Albor 2005; Benítez-Malvido et  al.  2018), 
weakening some interactions (Krishnadas et al. 2018) while in-
tensifying others (Álvarez-Loayza et al. 2011). However, experi-
mental evidence of how these opposing patterns may drive plant 
regeneration in remnant forests is scarce (Mendes et  al.  2016; 
Bagchi et  al.  2018; Viswanathan et  al.  2020, 2025), especially 
how the effects of multiple natural enemies differ between for-
est edges and interiors in their impact on seed germination and 
seedling establishment (Krishnadas and Comita 2018, 2019).

Palms (Aracaceae) are ecologically dominant in many 
Neotropical forests, sensitive to drought and microclimate 
changes (Eiserhardt et  al.  2011; Renninger and Phillips  2016) 
and highly vulnerable to a variety of natural enemies at early 
life stages. Seeds and seedlings of numerous palm species suffer 
intense mortality pressure from pathogenic fungi (Thompson 
et al. 2010; Álvarez-Loayza et al. 2008, 2011), insects (Delgado 
et al. 1997; Pacheco 2001; Pizo et al. 2006; Dracxler et al. 2011; 
Visser et al. 2011; Peguero et al. 2017; Ragusa-Netto 2019; Ferreira 
et  al.  2022), rodents (Galetti et  al.  2006; Donatti et  al.  2009; 
Dracxler and Kissling  2022), peccaries (Fragoso  1997; Silman 
et  al.  2003; Wyatt and Silman  2004; Beck  2006), and birds 
(Dracxler and Kissling 2022). Consequently, palms offer a useful 
system to evaluate the degree to which edge effects may impact 
plant–enemy interactions in fragmented forests. Despite the fact 
that palms are ecologically (Queenborough et al. 2012; Muñoz 
et al. 2019; Muscarella et al. 2020) and economically (Valencia 
et  al.  2013) important throughout the Neotropics, the biotic 
mechanisms shaping their persistence in fragmented land-
scapes remain poorly understood. A mechanistic understand-
ing of their responses to fragmentation would help inform their 
management in human-modified landscapes.

In this study, we experimentally excluded vertebrates, fungi 
(true Fungi and oomycetes), and insects for two shade-tolerant 
palm species (Prestoea decurrens and Synechanthus warscewic-
zianus) at paired forest edge and interior locations in a frag-
mented Chocó forest ecosystem in Ecuador. Specifically, we 
asked: How do different groups of natural enemies affect seed 
germination and seedling establishment at edge vs. interior for-
est? We tested three hypotheses:

Hypothesis 1.  Seed and seedling mortality caused by verte-
brates (e.g., generalist rodents) will be higher at the edge than in 
the forest interior.
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Hypothesis 2.  Seed and seedling mortality caused by fungi 
and insects will be higher in the forest interior than at the forest edge.

Hypothesis 3.  Overall seed germination and seedling establish-
ment will not differ between the forest edge and the interior, because 
vertebrates reduce success more at the edge, while fungi and insects 
reduce success more in the interior, balancing the net outcome.

By explicitly testing how multiple natural enemies contribute to 
early regeneration of understory palm species in forest edge ver-
sus interior, our study provides causal evidence on the biotic filters 
that influence the regeneration capacity of these late-successional 
species in forest remnants. Given the high rates of forest fragmen-
tation in the tropics (Ma et al. 2023), such understanding is essen-
tial for predicting species persistence in remaining fragments and 
for designing informed conservation strategies.

2   |   Methods

2.1   |   Study Site

The study was conducted in northwestern Ecuador, within the 
reserve of the Fundación para la Conservación de los Andes 
Tropicales (FCAT; 0°23′28″ N, 79°41′05″ W; Figure  1). The re-
gion lies within the Chocó biogeographical zone, one of the most 
biodiverse ecosystems on Earth (Gentry  1986; Pérez-Escobar 
et al. 2019), but continues to decline at alarming rates (Fagua and 
Ramsey  2019). Mean annual temperature ranges from 23°C to 
25.5°C (Clark et al. 2006). The climate is characterized by a pro-
nounced wet season from December to June, although rain, mist, 

and fog occur year-round. The reserve was 607 ha at the time of 
this study and consists of predominantly continuous forest. The 
surrounding landscape has experienced extensive deforestation 
for over 50 years until present due to logging and agricultural ex-
pansion (Perlin and Leguizamón 2024; Browne 2025), resulting in 
a mosaic of forest fragments embedded within a matrix of pastures 
and cacao farms. Vertebrate seed and seedling predators have been 
recorded within the FCAT reserve using camera traps, including 
mice, squirrels, agoutis, and peccaries (Authors, unpublished re-
sults). The insects we observed predating seeds in the study system 
during our experiment were ants, curculionid and bruchid beetles, 
although other insect groups may also be present.

2.2   |   Focal Species

Since we were interested in shade-tolerant species, we focused 
on understory palms. The exact species used was determined 
by fruit availability at the time we were setting up the experi-
ment. We conducted the experiment on two species: Prestoea 
decurrens and Synechanthus warscewiczianus. P. decurrens 
exhibits a solitary or clustered growth habit, with stems 
reaching 1.4–7 m in height (Henderson  1995). It produces 
spherical, blackish-violet fruits (0.7–1.1 cm in diameter) con-
taining a single seed (5–8 mm in diameter) with a slightly to 
deeply ruminate endosperm (Henderson and de Nevers 1988; 
Galeano and Bernal 2010). At our study site, its seeds are dis-
persed primarily by birds (Lamperty et  al.  2021). S. warsce-
wiczianus grows with solitary or clustered stems reaching 
2–4 m in height (Henderson and Ferreira  2002). It produces 
red, globose to ellipsoid fruits (1.5–2 cm long) containing a 

FIGURE 1    |    Study area in the Chocó forest of northwestern Ecuador, located in the Fundación para la Conservación de los Andes Tropicales 
(FCAT) Reserve. Forested areas are shown in green, and nonforested areas are shown in yellow. The distribution of 13 experimental blocks across 
forest edge and interior locations are shown in blue dots.
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single oblong seed (10 mm long) characterized by deep surface 
furrows and a deeply ruminate endosperm (Henderson 1995; 
DeMattia et al. 2004; Galeano and Bernal 2010). At our study 
site, its seeds are also dispersed primarily by birds (Chenevert 
et al. 2026).

2.3   |   Seed Collection and Processing

We collected fruits without signs of damage in the peak of the 
fruiting season in July 2024. The ripe fruits were collected from 
the infructescence of more than eight different individuals per 
species located at least 10 meters from each other. Fruits were 
mixed across maternal plants within each species to homogenize 
potential maternal effects and ensure that observed differences 
in germination and seedling performance were attributable to lo-
cation (edge vs. interior) and natural enemies' effects rather than 
to variation among maternal plants. Once this mixing occurred, 
we were unable to track fate progeny cohorts from different ma-
ternal seed sources. The mesocarp was manually removed from 
the seeds after soaking them in water for 24 h, using gloves. We 
checked seed viability using the flotation test and discarded non-
viable seeds (i.e., those that did not sink). Seeds were immedi-
ately set in the treatment plots after this process.

2.4   |   Experimental Design

We conducted a field experiment to evaluate how seed germi-
nation and seedling establishment respond to vertebrate, fungal 
(true fungi and oomycetes), and insect attack at forest versus 
forest interiors.

We established 13 experimental blocks, each separated by at least 
100 m. Each block included paired edge (0–10 m from edge) and 
interior (90–100 m from edge) locations. Edges were bordered by 
pastures, which are unsuitable habitats for the regeneration of 
these understory palm species (Lueder et  al.  2022). Locations 
were selected to avoid recent disturbances such as canopy gaps 
(Figure 1).

Within each location, we installed five 100 × 30 cm treatment 
plots spaced 1.5 m apart (Figure  2), each containing 10 ran-
domly selected seeds per species. This design yielded a total of 
1300 seeds per species (i.e., 26 locations × 50 seeds per site). All 
treatments, except the control, were enclosed in closed-top metal 
wire-mesh (0.5 mm) cages, buried ~10 cm into the soil to exclude 
rodents and prevent vertebrate exposure to fungicides and insec-
ticides, which were used to exclude fungi and pathogens, respec-
tively. The five treatments were

1.	 Control (C): no cage; sprayed with 50 mL of water to ac-
count for the moisture added in chemical treatments.

2.	 Vertebrate exclusion (V): mesh cage only; sprayed with 
50 mL of water.

3.	 Vertebrate + fungal exclusion (VF): mesh cage plus ap-
plication of the systemic fungicides Amistar Gold (azox-
ystrobin + difenoconazole) and Ridomil (mefenoxam), 
targeting true fungi and oomycetes.

4.	 Vertebrate + insect exclusion (VI): mesh cage plus applica-
tion of the insecticides Banzai (thiamethoxam + lambda-
cyhalothrin) and cypermethrin, which control a broad 
range of insects.

5.	 Vertebrate + fungal + insect exclusion (VFI): mesh cage 
plus the combined fungicide and insecticide treatments de-
scribed above.

The fungicide, insecticide, and water treatments were applied 
every 7 days during the experiment, which ran from July to 
December 2024 (22 weeks). Protective equipment, including 
resistant coverall, face shields, rubber boots, and gloves, was 
used throughout the experiment for all treatments. This ex-
perimental approach has been widely used to isolate the ef-
fects of natural enemies on seed and seedling performance 
under field conditions, with low toxicity to nontarget organ-
isms (Gripenberg et al. 2014; Krishnadas et al. 2018; Williams 
et  al.  2021). During the 22-week study period, we visited 
all plots weekly to record seed germination and seedling 
establishment.

FIGURE 2    |    Experimental treatments applied at each location to evaluate the impact of vertebrates, fungi, and insects on the germination and 
establishment of Prestoea decurrens and Synechanthus warscewiczianus at forest edge versus interior in remanent Chocó Forest of northwestern 
Ecuador.
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2.5   |   Statistical Analysis

We analyzed the proportion of seeds that had germinated by 
the end of the experiment, hereafter referred to as the cumu-
lative proportion of seeds that germinated, defined as radicle 
emergence, and, among germinated seeds, the proportion of 
seedlings that established, defined as the development of an 
epicotyl and roots, for P. decurrens and S. warscewiczianus 
separately.

To analyze the cumulative proportion of seeds germinated 
and established, we fitted a generalized linear mixed model 
(GLMM), using the glmmTMB R package (Brooks et al. 2017) 
in R program (R Core Team  2025). We used the betabino-
mial distribution (logit link) to handle overdispersion. The 
model for each species included location (edge vs. interior) 
and treatment as fixed effects. Block was included as a ran-
dom effect to control for variation among experimental blocks. 
To determine how natural enemies and location influenced 
germination and establishment, we compared additive and 
interactive models including location and treatment using 
Akaike's Information Criterion corrected for small sample 
sizes (AICc; Bolker et  al.  2009). This allowed us to discern 
whether these factors operate independently or if the effect 
of natural enemies is contingent upon the location (edge vs. 
interior).

For the models selected, we evaluated model fit using the 
DHARMa package (Hartig 2024). We confirmed that the scaled 
residuals were uniformly distributed (via visual inspection of 
the Q-Q plot and a nonsignificant Kolmogorov–Smirnov test) 
and that the model did not suffer from remaining overdispersion 
(via a nonsignificant Dispersion function test, p > 0.05).

We also explicitly tested for residual spatial autocorrelation by 
calculating Moran's I on the residuals aggregated by sampling 
location. We detected significant spatial autocorrelation for the 
seedling establishment model of P. decurrens, largely due to two 
blocks located together in the northern portion of the reserve 
(Figure 1). Therefore, in addition to analyzing all 13 blocks, we 
also ran a model with just the 11 southern blocks, given that the 
model residuals with the 13 blocks presented spatial autocor-
relation even when incorporating a spatial covariance structure. 
The models with and without the two northern blocks pre-
sented similar results. Therefore, we present the model includ-
ing all 13 blocks in the main text, as it contains the full dataset, 
and the model with 11 blocks in the Supporting Information 
(Appendices S1 and S2), for which spatial autocorrelation was 
not detected.

We used a combination of the model summary outputs and 
custom contrasts using estimated marginal means (emmeans 
package; Lenth  2024) for the GLMMs to isolate the effect of 
the different natural enemy groups (vertebrates, insects, and 
fungi) and evaluate whether these effects varied by location. We 
used the model summary when the hypothesis corresponded to 
model-estimated location or interaction effects, including the ef-
fect of overall germination or establishment between edge and 
interior controls (C edge vs. C interior), and the effect of verte-
brate exclusion across locations ([V − C in the interior] − [V − C 
at the edge]). For treatment-specific comparisons that were not 

directly represented by individual model coefficients, we used 
custom emmeans contrasts (emmeans package; Lenth  2024). 
These contrasts tested whether the combined suppression of in-
sects and fungi had stronger effects in the forest interior than 
at the edge ([VFI − V in the interior] − [VFI − V at the edge]) 
and also evaluated the separate effects of insect ([VI − V in the 
interior] − [VI − V at the edge]) and fungal ([VF − V in the inte-
rior] − [VF − V at the edge]) suppression across locations. When 
the location × treatment interaction was not significant but the 
main effect of treatment was, we tested our hypotheses as main 
effect contrasts, averaging the results across both locations. If 
there was a significant location × treatment interaction, we 
tested our hypotheses as interaction contrasts to test whether 
the effect of a given treatment differed between edge and inte-
rior locations. p Values for contrast tests were adjusted using the 
Benjamini–Hochberg method.

For seedling establishment of S. warscewiczianus, we used a 
nonparametric approach given that the initial GLMM (includ-
ing both locations) failed to converge due to complete separa-
tion, as there was no establishment at the edge in any treatment. 
Furthermore, a separate GLMM restricted to the interior site 
also failed to converge, likely due to no establishment in the 
control and vertebrate exclusion treatments. Therefore, we as-
sessed differences among treatments within the interior using 
a Kruskal–Wallis test followed by Dunn's post hoc tests with 
Benjamini–Hochberg-adjusted p values to evaluate the effect of 
the different natural enemies.

3   |   Results

Across all treatments (n seeds = 2600), 54% of seeds germinated 
(n = 1404) and 16% successfully established (n = 416). The two 
palm species showed distinct success rates. For P. decurrens (n 
seeds = 1300), 86% of seeds germinated (n = 1118) and 30% estab-
lished (n = 390). In contrast, S. warscewiczianus (n seeds = 1300) 
exhibited significantly lower success, with 22% germination 
(n = 286) and 3% establishment (n = 39).

3.1   |   Natural Enemy Impacts on Seedling 
Regeneration at Forest Edge Versus Interior

For P. decurrens, both seed germination and seedling estab-
lishment were best explained by the additive effects of loca-
tion and treatment (Appendix  S3), indicating that the effects 
of natural enemies were similar at the forest edge and inte-
rior. Germination was higher in the forest interior than at the 
edge (Z = 2.33, p = 0.02). The exclusion of vertebrates (V vs. C; 
Z = −0.75, p = 0.45) did not influence germination (Figure  3a, 
Appendix S4). Conversely, the combined exclusion of both fungi 
and insects significantly increased germination (VFI vs. V; 
Z = 5.18, p < 0.001). When looking at effects of fungi and insect 
exclusion separately, germination increased with the exclusion 
of insects at the edge and interior forest (VI vs. V; Z = 5.02, p < 
0.001), but excluding fungi had no effect on germination (VF vs. 
V; Z = 0.60, p = 0.55; Figure 3a, Appendix S5).

P. decurrens seedling establishment was also higher in the for-
est interior than at the edge (Z = 4.73, p < 0.001). Vertebrate 
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exclusion had no effect on establishment (V vs. C; Z = −1.43, 
p = 0.15; Figure  3b, Appendix  S6). The combined exclusion of 
fungi and insects (VFI vs. V; Z = 5.98, p < 0.001) and the sole 
exclusion of insects (VI vs. V; Z = 6.02, p < 0.001) led to an in-
crease in establishment at edge and interior forest. Conversely, 
excluding fungi did not significantly affect establishment (VF 
vs. V; Z = 0.60, p = 0.55; Figure 3b, Appendix S7).

For S. warscewiczianus, germination was best explained by 
the model including the interaction of location and treatment 
(Appendix S3). In the control treatment, germination was higher 
in the forest interior than in the edge (Z = 2.22, p = 0.03). There 
was no effect of vertebrates in either edge or interior forest sites 
(Z = −0.41, p = 0.68; Figure 4a, Appendix S8). The combined ef-
fect of excluding both fungi and insects (VFI vs. V by site type) 
increased germination in the forest interior, but there was no 
effect at the edge (Z = 2.31, p = 0.03; Figure  4a, Appendix  S9). 
When the impact of each natural enemy was isolated, exclud-
ing insects only increased germination in the forest interior (VI 
vs. V by site type; Z = 2.86, p = 0.01; Figure  4a, Appendix  S9), 
while excluding fungi did not affect germination at edge and in-
terior forest (VF vs. V by site type; Z = 1.37, p = 0.17; Figure 4a, 
Appendix S9).

No seedlings established at the forest edge for S. warscewiczianus 
(Figure 4b). In the forest interior, the overall effect of treatment 
was significant (χ2 = 10.76, p = 0.03; Appendix S10). According to 
post hoc tests, excluding insects positively influenced establish-
ment in forest interior (VI vs. V; Z = 2.22, p = 0.04). However, the 
exclusion of vertebrates (V vs. C; Z = 0, p = 0.50), fungi (VF vs. V; 
Z = 0.34, p = 0.41), or the combined effect of fungi and insects (VFI 
vs. V; Z = 1.58, p = 0.11) did not significantly influence seedling es-
tablishment (Figure 4b, Appendix S10).

4   |   Discussion

Our study experimentally evaluated how seed germination 
and seedling establishment of two tropical plant species, P. 
decurrens and S. warscewiczianus, are modulated by edge ef-
fects (forest edge vs. interior) and natural enemies (vertebrates, 
fungi, and insects) in a fragmented landscape in the Chocó re-
gion of Northwestern Ecuador. We found that germination and 
establishment were consistently higher in the forest interior, 
confirming the negative influence of proximity to the edge on 
regeneration in shade-tolerant species. We identified insects as 
the main natural enemy, negatively affecting both germination 

FIGURE 3    |    Seedling regeneration of Prestoea decurrens in forest edge vs. interior in response to exclusion of natural enemies (vertebrates, fungi, 
and insects). Models predicted-mean and 95% confidence intervals for (a) cumulative seedling germination and (b) seedling establishment (calculat-
ed from germinated seeds).
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and establishment for both palm species: at the edge and interior 
of the forest for P. decurrens and in the interior for S. warscewic-
zianus. Surprisingly, neither vertebrates nor fungi had a signifi-
cant effect on these life stages for the species evaluated.

Our results indicate that the species evaluated were filtered at 
forest edges predominantly by abiotic conditions, exhibiting 
significantly higher germination and establishment in the inte-
rior, particularly for S. warscewiczianus, compared to the for-
est interior, edges are characterized by elevated temperatures, 
increased light availability, and more dry conditions (Tuff 
et al. 2016; Laurance et al. 2018; Reek et al. 2025), factors that 
could hinder regeneration of understory palm species. Although 
we did not directly quantify microclimatic variables, the marked 
edge-interior contrast in regeneration is in line with known en-
vironmental alterations at forest edges that could reduce habitat 
suitability for shade-tolerant species. The small amount of extra 
moisture applied to the seeds via pesticide treatments (or water, 
in the control plots) likely failed to fully buffer the seeds against 
the low humidity typical of edge environments. According to 
Daws et  al. (2005), S. warscewiczianus possesses desiccation-
sensitive seeds; therefore, the combined effects of high tem-
perature and solar exposure likely induced seed desiccation, 

acting as a recruitment barrier at the forest edge. This species 
also requires moderate shade (Chazdon  1985) and is sensitive 
to human disturbances (Galeano and Bernal 2010). P. decurrens 
may prefer also humid conditions for establishment, as it has 
been reported growing near creeks (Ley-López and Avalos 2017), 
in riparian areas (Henderson 1995) and in saturated soils (Ley-
López and Morales  2015). Although this species occurs under 
shade conditions, it can develop in intermediate light conditions 
(McCarthy-Neumann and Kobe  2010), and it has shown high 
germination rates in green houses propagation trials (Ley-López 
and Morales  2015; Ley-López and Avalos  2017). These could 
explain why some seedlings established at the forest edge in P. 
decurrens, whereas S. warscewiczianus failed to do so.

The positive effect of the combined exclusion of fungi and in-
sects on germination and establishment was driven primarily 
by insects in both palm species, as demonstrated by the iso-
lated enemy effects. This aligns with previous studies high-
lighting the prominent role of curculionid and bruchid beetles 
as seed predators in palms (Janzen 1972; Terborgh et al. 1993; 
Salm  2006; Pizo et  al.  2006; Brancalion et  al.  2011; Dracxler 
et  al.  2011). In our experiment, we observed seed-borer in-
sects attacking seeds at multiple ontogenetic stages—prior to 

FIGURE 4    |    Seedling regeneration of Synechanthus warscewiczianus in forest edge vs. interior in response to exclusion of natural enemies (ver-
tebrates, fungi, and insects). (a) Model-predicted means and 95% confidence intervals for cumulative germination. (b) Observed means (±1 SE) for 
seedling establishment (calculated from germinated seeds).
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germination, after radicle emergence, and even once the epico-
tyl was present—showing the broad window of vulnerability 
to these enemies during early development. Seed traits such 
as size and mass may prevent mortality caused by seed preda-
tors, with larger seeds able to compensate for consumption of 
tissue (Armstrong and Westoby 1993; Green and Juniper 2004; 
Moles and Westoby 2004). However, both species in our study 
produce relatively small seeds (P. decurrens: 5–8 mm; S. warsce-
wiczianus: 10 mm), so even moderate beetle damage is likely to 
compromise the embryo or exhaust the limited reserves needed 
for establishment and early survival (Mack 1998). Future studies 
should aim to evaluate specific insect communities to better un-
derstand plant–natural enemy interactions in forest remnants.

Interestingly, although insect exclusion increased germination 
and establishment for P. decurrens in edge and interior forest, S. 
warscewiczianus responded differently. In this species, exclud-
ing insects improved performance only in the forest interior but 
not at the edge. This is consistent with strong abiotic filtering at 
the forest edge as germination was low and no seedlings estab-
lished across all treatments for S. warscewiczianus, suggesting 
that environmental stress at edges overwhelms any potential 
benefits of reduced insect pressure. Thus, even when insects 
were excluded, S. warscewiczianus could not overcome the abi-
otic constraints at forest edges.

Contrary to our hypothesis, the exclusion of fungi had no signif-
icant impact on seed germination or seedling establishment for 
either species in the edge or the forest interior. One possibility is 
that, as both species are understory palms, they may exhibit low 
susceptibility to pathogenic fungi, as observed in other studies for 
shade-tolerant species (Augspurger and Kelly 1984; McCarthy-
Neumann and Kobe 2008; García-Guzmán and Heil 2014; Spear 
and Broders 2021, but see Pringle et al. 2007; Krishnadas and 
Comita  2018). Shade-tolerant plants may be better adapted to 
low-light, humid environments because they allocate more re-
sources to defense (e.g., high tissue density and fiber, chemicals 
as phenolics, carbon buffer, etc.) against natural enemies (Coley 
and Barone  1996; Alvarez-Clare and Kitajima  2007), such as 
pathogenic fungi (Wood et  al.  2023), compared to more light-
demanding plant species. Further research is needed to disen-
tangle the defense traits that may protect these two species from 
fungal attack.

Another potential explanation for why soil fungi did not affect 
recruitment and establishment of the evaluated species is that 
seeds were not placed near conspecific adults. Seed dispersal 
may allow propagules to escape host-specific natural enemies 
(Muller-Landau et  al.  2003). Previous studies have reported 
negative effects of soil pathogens on the survival of P. decur-
rens seedlings when grown in soil collected beneath conspecif-
ics in Costa Rica (McCarthy-Neumann and Kobe 2008, 2010). 
A third potential explanation is that we conducted the study 
during the months of lower precipitation in the study area (July 
to December), which could reduce the abundance of pathogenic 
fungi and their impact on plant regeneration (Desprez-Loustau 
et  al.  2006; Milici et  al.  2020). We did not find evidence that 
pathogenic fungi increased mortality during germination or 
early establishment. Evaluating later life stages under varying 
environmental conditions is essential (e.g., wet vs. dry sea-
son), as previous studies suggest that fungal pathogens can be 

influential during subsequent stages of seedling development, 
with their effects modulated by abiotic factors such as precipita-
tion (Desprez-Loustau et al. 2006; Milici et al. 2020), and light 
availability (Álvarez-Loayza et al. 2011).

Unexpectedly, vertebrates influenced neither seed germination 
nor seedling establishment for the species evaluated in both forest 
edges and interiors. These findings contrast with previous stud-
ies that identified significant roles for rodents (Galetti et al. 2006; 
Donatti et  al.  2009; Dracxler et  al.  2011), birds (Dracxler and 
Kissling 2022), and peccaries (Wyatt and Silman 2004) in palm 
regeneration. Given that recent surveys confirmed the presence of 
these vertebrate taxa within the reserve (Cook et al. 2020; Authors, 
unpublished results), the observed lack of interaction is unlikely 
to be driven by local extirpation. A potential explanation for this 
lack of effect is that the evaluated seeds are not preferred by verte-
brates; their small size and the complete removal of pulp may have 
significantly reduced their attractiveness as a food resource for a 
variety of vertebrates (Dracxler and Kissling 2022) or detectability 
(Hulme 1993). However, further assessment is required to assess 
differences in the composition and abundance of seed and seed-
ling predators across edge to interior forest, as well as their specific 
influence in seed fate.

4.1   |   Implications for Conservation

Forest fragmentation often leads to declines in shade-tolerant 
species within remnant forests, as edge effects tend to favor light-
demanding plants (Benítez-Malvido and Martínez-Ramos 2003; 
Joly et al. 2014; Laurance et al. 2018). The mechanisms under-
lying these shifts are complex and driven by intertwined abi-
otic and biotic processes (Bagchi et  al.  2018; Krishnadas and 
Comita 2018). Our study demonstrates that the regeneration of 
both understory palm species is substantially reduced at forest 
edges, indicating that edge conditions can strongly filter shade-
tolerant species during early life stages. Therefore, conserva-
tion strategies should prioritize reducing the proportion of edge 
relative to core forest area in fragmented landscapes, ensuring 
that remnants can continue to support species with contrast-
ing life history strategies. Recent assessments demonstrate that 
tropical forests have undergone high levels of fragmentation in 
the last two decades (Ma et al. 2023), with an increase in forest 
edge area, such that by 2100, nearly 50% of the remaining for-
est may lie within 100 m of an edge (Fischer et al. 2021). Forest 
fragments' shape is also an important factor to consider, as nar-
row and elongated shapes amplify edge effects (Didham and 
Ewers  2012). As forest interior areas continue to decline, the 
conservation of a variety of taxa and ecological processes that 
rely on interior forest conditions could lack sufficient habitat 
for their maintenance in the long term (Banbury Morgan and 
Jucker 2025). Under these conditions, the regeneration of shade-
tolerant understory species, such as the palms evaluated here, 
may be compromised. This is particularly true for S. warscewic-
zianus, which appears to be highly susceptible to abiotic con-
ditions associated with forest edge and is thus at elevated risk. 
Given that our study was carried out within the FCAT Reserve, 
we recommend that future experimental studies be conducted 
across the broader landscape to further explore the effects of 
landscape configuration and fragment characteristics on palm 
regeneration.



9 of 13Applied Vegetation Science, 2026

In addition to abiotic constraints, our results underscore the 
strong negative impact of insects on germination and early es-
tablishment in both species. Although greenhouse studies have 
reported high germination percentages for these palms (Ley-
López and Morales  2015; Ley-López and Avalos  2017), field 
conditions introduce substantial mortality that must be better 
understood to inform effective restoration strategies. For exam-
ple, direct seeding, a widely used restoration technique in which 
seeds are dispersed in open areas or within degraded forests 
(Ferreira and Vieira 2024), may prove ineffective for species with 
high susceptibility to insect predation unless complemented 
with protective measures. Similarly, enrichment planting with 
young seedlings should consider strategies to minimize insect 
damage during the most vulnerable stages. Ultimately, integrat-
ing knowledge of both microclimatic constraints at edges and 
biotic pressures from seed predators will be essential for design-
ing restoration and management interventions that effectively 
support regeneration of shade-tolerant species in fragmented 
tropical landscapes.
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