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Growing awareness of the role of enemies in plant community dynamics has led to
ecologists exploring how plant-enemy interactions change in human-modified systems.
Proximity to forest edges was found to weaken the role of two groups of plant
enemies—insect herbivores and fungal pathogens—in increasing plant diversity during
the seed-to-seedling transition. However, it is less clear whether edge effects similarly
compromise the diversifying effects of fungi and insects on established seedlings. We
examined this question in a human-modified wet tropical forest in the Western Ghats
of southern India. Over an annual cycle of recruitment, in 730 seedling plots (1 x 1m
each) arrayed at distances 0-100m from the forest edge across 15 locations in a 30
km? landscape, we suppressed the activity of fungal pathogens and insect herbivores
by applying fungicide and insecticide to soil, seeds, and seedlings in a subset of plots.
Suppressing fungi and insects reduced diversity mainly for seedling recruits and not for
seedlings that had already established. However, pesticide effects were only apparent
at 90-100 m from forest edges. Specifically, in the interior sites, fungi and insect activity
increased recruit diversity, which helped maintain local seedling diversity even though
diversity of established seedlings declined with annual mortality. By comparison, canopy
openness affected neither the diversity of survivors from the initial seedling cohort nor
total seedling diversity after an annual cycle of recruitment. Our results indicate that
insects and fungi promote diversity more prominently during early seedling establishment
rather than through impacts on post-establishment seedling survival. Thus, edge effects
can weaken the diversifying effects of plant-insect and plant-fungal interactions during
recruitment and thereby modify the seedling template available for the future tree
community in human-modified forests.

Keywords: diversity, edge effects, fragmentation, fungal pathogens, insects, plant-enemy interaction, seedling
recruitment, tropical forest

INTRODUCTION

Top-down regulation by enemies plays a key role in mediating coexistence among plant species
and maintaining plant diversity (Janzen, 1970; Connell, 1971; Terborgh, 2012). The diversifying
effects occur because individuals of a plant species would be more likely to be infected or killed
when situated near individuals of their own species vs. other species, due to distance- and/or
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density-dependent depredation by enemies (Janzen, 1970;
Connell, 1971; Klironomos, 2002; Freckleton and Lewis, 2006;
Bever et al.,, 2015; Teste et al., 2017). Among the plethora of
plant enemies found in nature, the role of fungal pathogens
and insect herbivores in maintaining diversity is particularly
evident during the seed-to-seedling transition and early seedling
establishment (Packer and Clay, 2000; Bell et al., 2006; Bagchi
et al,, 2010, 2014; Mangan et al., 2010; Gripenberg et al., 2014;
Liang et al., 2016; Bennett et al., 2017). However, the extent to
which fungi and insects also regulate diversity among established
seedlings and mediate temporal changes in diversity is unclear.
In closed canopy forests where seedlings often remain in the
understory for many years (Connell and Green, 2000), weaker
regulation of seedling abundances by fungi and insects can alter
the community structure of seedlings available to become adults,
potentially modifying future species composition of the forest
(Gilbert, 2002; Bever et al., 2015).

While seedling recruitment is a crucial bottleneck in plant
population dynamics, established seedlings also experience
diversifying processes (Comita et al, 2010a; Green et al,
2014). Standing seedling crops suffer depredation from fungal
pathogens and insect herbivores (Benitez-Malvido et al., 1999;
Gilbert and Webb, 2007), and a diversifying effect of these
enemies would increase the diversity of survivors compared to
the starting cohort. On the other hand, enemies might only
play a substantial role during the seed-to-seedling transition
(Bagchi et al., 2014; Krishnadas et al., 2018), ensuring that
successive crops of recruits enhance local diversity of established
seedlings. Against this backdrop, we recently demonstrated that
the diversifying effect of fungi and insects during seed-to-seedling
transition can weaken in human-modified forests (Krishnadas
etal,, 2018). If edge effects similarly weaken diversifying effects of
fungal pathogens and insect herbivores on established seedlings,
it would compound diversity loss by affecting both recruitment
and post-establishment seedling survival.

Temporal changes in seedling diversity can also occur in
response to spatial variation in light availability (Nicotra et al,,
1999; Gravel et al,, 2010). In human-modified forests, higher
light availability closer to edges can provide more conducive
environments for seedling recruitment and survival than the
shaded understory (Matlack, 1993; Murcia, 1995). More open
canopies may thus support seedlings of many more species
and increase diversity. Local diversity can increase with greater
canopy openness because increased light availability especially
favors the recruitment and survival of shade-intolerant species,
otherwise rare in shaded conditions (Hubbell et al., 2001;
Montgomery and Chazdon, 2002; Valladares et al., 2016).
Alternatively, higher light may decrease recruitment and survival
of shade-tolerant species and hence decrease local seedling
diversity (Comita et al., 2010b). It is also possible that all species
recruit better in conditions of higher light availability, but many
shade-intolerant species do not survive as well as they would
under shaded conditions, resulting in survivors having lower
diversity than recruits.

Previously, in a human-modified forest in southern India, we
found that sites at 90-100 m had a higher diversity of seedling
recruits than sites within 60m of edges, despite similar seed

diversity at all edge-distances (Krishnadas et al., 2018). At 90—
100 m, diversity during the seed-to-seedling transition declined
when we applied pesticides to suppress insects and fungi, but
pesticides did not alter recruit diversity within 60m of edges
(Krishnadas et al., 2018). We also found that sites > 60 meters
from edges had higher diversity of established seedlings than
sites closer to edges (Krishnadas et al., 2019). However, we
have not examined whether established seedlings also experience
diversifying effects due to fungi and insects. Here, we examine
whether insects and fungi regulate temporal changes in seedling
diversity through effects on seedling survival, recruitment, or
both. Specifically, we ask:

1. How does proximity to edges affect diversity of seedlings over
an annual cycle of recruitment?

Given our previous findings, we expected that sites farther from
edges would maintain higher diversity of seedlings through
another recruitment season. We expected that higher diversity
farther from edges would accrue from both higher diversity
among established seedlings that survive and due to higher
recruit diversity farther from edges. Furthermore, we expected
that sites farther from edges would have a greater increase in
diversity between survivors and the initial seedling cohort, and
between total final diversity and the initial seedling cohort.

2. Are edge effects on seedling diversity due to variation in light
or natural enemy activity?

We expected that sites with higher light would have higher
diversity of established seedlings that survived through the study.
However, based on our previous findings, we did not expect a
correlation between light and changes in total seedling diversity,
i.e., established seedlings and recruits. Furthermore, we expected
that suppressing insects and fungi would decrease the diversity
of established seedlings that survived through the year, but
only farther from forest edges. We expected that total seedling
diversity (established + recruits) would be lower in plots treated
with fungicide, insecticide or both pesticides and we expected this
response to manifest farther from but not near forest edges.

3. Are changes in seedling diversity due to natural enemy effects
on established seedlings, recruits alone, or both?

Studies from other tropical forests have found that the impacts
of pathogens and insect herbivores are not restricted to the seed-
to-seedling transition, but also influence growth and survival at
later stages (Gilbert et al., 2001; Gilbert and Webb, 2007; Benitez-
Malvido et al., 2018). Hence, we expected that fungi and insects
would regulate diversity among established seedlings as well as
recruits, but the effects may be stronger during early recruitment
due to potentially greater susceptibility of younger seedlings to
fungi and insects (Gilbert, 2002).

METHODS

Study Site and Sampling Design

This study was conducted in a 3,600 ha human-modified
landscape patchwork of tea plantations, abandoned coffee
plantations, roads, and grassland located within Kadamane
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village (12°56’'N and 75°39’E) limits in the Western Ghats
Biodiversity Hotspot, Karnataka, south India. The forest is
classified as tropical wet evergreen (Pascal, 1986). Details of the
study site and sampling design can be found in Krishnadas et al.
(2018, 2019), where the reader can also find a map of the study
area. Here, we provide a brief overview.

To select sites for the experiment, we first generated 45
random points on a digitized map of the study area using QGIS
version 2.17, from which we finalized 15 locations based on
field surveys of accessibility, ongoing disturbance, and previous
history of human use. We chose the least used sites with intact
canopies and minimal ongoing disturbances, especially closer
to edges. The criteria for generating random points and final
selection of locations are detailed in Krishnadas et al. (2018).
At each location, we sampled sites at three distances from the
edge—0-5m (E0), 20-30m (E1), and 50-60 m (E2), with three
replicates (hereafter stations) per site, totaling 45 stations across
15 locations. At five of these locations, we also included three
sampling replications at 90-100 m from the edge for a total of
15 additional stations. Replicates at 90-100 m at the other 10
locations was not possible due to logistical challenges of reaching
some sites and the fact that sites > 90 m from the edge were often
situated in topographically steep or rocky areas with markedly
different structure and composition of tree communities.
However, previous analysis (using linear mixed-effects models
and Tukeys post-hoc comparison of means) showed that
diversity of both established seedlings and new recruits remain
qualitatively similar whether analyses are conducted with data
from all 15 locations or with only data from the five locations
with stations at 90-100 m (Krishnadas et al., 2018).

To assess both the extant seedling pool and recruitment
of new seedlings, we established five permanently marked
1 x 1m seedling plots. We randomly assigned three of
five seedling plots per station to be sprayed with either
fungicide (Amistar® + Ridomil®), insecticide (Actara®), or
both pesticides to evaluate the role of fungal pathogens and
insect herbivores on seedling communities. Amistar® (active
drug: azoxystrobin) is a broad-spectrum systemic fungicide and
acts against multiple plant pathogenic fungi and Ridomil®
(mancozeb and metalxyl) targets both fungi and oomycetes, with
low activity against non-target fungi such as mycorrhizae. The
insecticide Actara® (thiamethoxam) provides broad-spectrum
systemic and contact protection. We prepared solutions of each
pesticide in recommended doses (Amistar: 0.01 g, Ridomil: 0.5 g,
Actara: 0.021g in 100ml water per 1 m? plot) and used a
hand-mister to apply preparations to the soil and seedlings. We
sprayed one plot with 100 ml of water and left one plot untreated.
Treatments were applied from September 2015 until November
2016, every 10 days during the dry season and every 5-7 days
during the rains. Preliminary analysis showed that diversity did
not vary between untreated and “water” plots, so the mean
diversity of these two plots were used as “Control” for each
station (linear mixed-effects models, Table S1).

To quantify the initial diversity of seedlings prior to starting
the experiment, we censused and tagged all existing seedlings
before we began spraying pesticides (September 2015). We

conducted one census in late March 2016 and a final census after
the post-monsoon recruitment peak (November 2016). In both
censuses we recorded survival among established seedlings and
tagged and identified to species all new seedlings. Less than 2% of
seedlings were unidentified. For this analysis, seedlings tagged in
the initial census in September 2015 and alive in the final census
in November 2016 were considered “survivors.” New seedlings
tagged in the final census or tagged in the March 2016 census and
alive in the final census were considered “recruits.”

Canopy Openness

We characterized canopy openness as a proxy for understory
light availability using hemispherical photos taken 0.25 m above
ground at the center of each 1 m? seedling plot, with a
Nikon Coolpix 950 digital camera (Melville, NY, USA) fitted
with a Nikon FC-E8 fish-eye lens. Photos were taken in the
early mornings from mid-June through mid-July when skies
are uniformly overcast with the onset of the rainy season. We
analyzed images using Gap Light Analyzer version 2.0 (Frazer
et al,, 1999). Median canopy openness was significantly higher
at E0 (0-5m) than all other distances from the edge (Kruskal-
Wallis test, Chi-squared = 33.04, df = 3, P < 0.001; Krishnadas
etal., 2018).

Seedling Diversity Estimates

To enable comparison with our previous analyses (Krishnadas
et al., 2018), we used the Inverse Simpson index of effective
species number to quantify diversity. We assessed seedling
diversity over the 14 months of the study using four metrics:
(1) the diversity of established seedlings (i.e., those tagged
in the initial census) that survived through the experimental
period (hereafter “survivor diversity”), (2) difference between
final survivor diversity and initial diversity (hereafter “survivor
change”), (3) the total diversity of seedlings that were alive at the
end of the experiment, including both survivors from the initial
census and new seedling recruits (hereafter “total diversity”), and
(4) difference between final total diversity and initial diversity
(hereafter “total change”).

Statistical Analysis
To assess how proximity to edges correlated with temporal
changes in seedling diversity, we used linear mixed effects models
(LMMs) to first model how the four metrics of diversity change
varied with distance to forest edge as a four-level categorical
variable—EO (0-5m), E1 (20-30 m), E2 (50-60 m), and E3 (90—
100 m). EO (0-5 m) was the base level. For these models, we only
included data from control plots. Next, data from control plots
was used in an LMM to model changes in each diversity metric as
a function of percent canopy openness to understand how light
availability affected temporal changes in seedling diversity. High
seedling diversity may just result from higher initial diversity
at a site. Therefore, we examined how initial seedling diversity
correlated with diversity of survivors and total diversity at the end
of the experiment.

Finally, to understand the role of fungi and insects in
mediating changes in diversity, we modeled plot-level diversity
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as an interaction between distance to edge (four-level factor)
and pesticide treatment (three levels: fungicide, insecticide and
both) using LMM. For these models, control plots at E0 was
set as the base level. In all models, stations were included as
random intercepts. We checked the distributions of residuals
for all models to ensure that assumptions of normality were
met. To assess pairwise differences among the estimated means
of different levels of factors in the respective models, we
used Tukey’s post-hoc tests of Honest Significant Difference
(HSD), with P-value corrections for multiple comparisons.
Significance of results was assessed at alpha = 0.05, unless
otherwise stated.

In all figures, letters show the outcome based on all possible
pairs of comparisons, but we also provide the results of contrasts
set up to compare 90-100 m from the edge with other edge-
distance categories. Our rationale in doing so was that the
interior-most sites likely represent the most undisturbed sites
for the processes being examined. All analysis was conducted
using software R version 3.2.1. GLMMs were implemented
using package “nlme” (Pinheiro et al., 2015). We used the
function “emmeans” to assess all possible pairwise comparisons
and the “contrast” function to contrast 90-100 m against all
other edge-distances. Both functions are in package “emmeans”
(Russell, 2018). All figures were generated using package
“ggplot2” (Wickham, 2016).

RESULTS

Distance to Edge and Seedling Diversity
Change

Survivor diversity tended to be higher at 90-100m from edges
than up to 60m from edges, but not all differences were
significant after correcting for multiple pairwise comparisons
(Figure 1A; Table S2). Pairwise contrasts showed that survivor
diversity of sites at 90-100 m from edges differed significantly
from sites at 0-5m (f = —2.3, P = 0.05) and 20-30 m from edges
(t = —2.9, P = 0.01), but not 50-60m (t = 0.45, P = 0.65). At
all edge-distance categories, mean change in diversity between
initial seedling pool and survivors was negative, i.e., mean
diversity decreased through the study period for established
seedlings, with no statistically significant differences among edge-
categories (Figure 1B; Table S2). Total diversity of seedlings alive
at the final census (i.e., survivors and new recruits) was greater
at sites at 90-100 m from edges compared to all other edge-
distances (Figure 1C; Table S2). Compared to 90-100 m, total
diversity decreased at 0-5m (t = —4.8, P < 0.001), 20-30 m
(t = =54, P < 0.001), and 50-60m (t = —4.4, P < 0.001).
In addition, sites at 90-100 m also had greater increase in total
diversity from the initial diversity than all other edge-distances
(Figure 1D; Table S3). Pairwise comparisons show that change in
total diversity at 90-100 m was higher than at 0-5m (t = —2.3, P

A Diversity: survivors B Diversity change: survivors
51 ab a ab b 11 a a a a
41 . | |
s = .
3 — - v
| ! |
=
11
= L]
o
ol | | .
= EO E1 E2 E3 EO E1 E2 E3
) (0-5m) (20-30 m) (50-60 m) (90-100 m) (0-5m) (20-30 m) (50-60 m) (90-100 m)
o4 . . . .
® C Diversity: total D Diversity change: total
96 1 a a a b a a a b
c [ ]
— [ ]
- , 21 |
ul .
| = S :l:; =
) o] =g B | |
| | 2
01 ]
EO E1 E2 E3 EO E1 E2 E3
(0-5m) (20-30 m) (50-60 m) (90-100 m) (0-5m) (20-30 m) (50-60 m) (90-100 m)
FIGURE 1 | Edge effects on seedling diversity. Through an annual recruitment cycle, at increasing distances from the forest edge, (A) diversity of established
seedlings alive at the end of the experiment, (B) change in diversity between initial seedling cohort and final survivors, (C) total seedling diversity including both recruits
and survivors, and (D) change in diversity between initial seedling cohort and final seedling cohort including recruits. Boxes correspond to median (central line), first
and third quartile of the data and whiskers correspond to 1.5 times the inter-quartile range. Square points show the estimated mean response and gray lines are the
associated 95% confidence intervals, assessed using linear mixed effects models with station as a random intercept. Letters denote significance (at alpha = 0.05) of
pairwise comparisons assessed using Tukey’s post-hoc tests, with P-value correction for multiple comparisons.
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=0.02),20-30m (t = —2.2, P =0.03), and 50-60m (t = —2.3, P
= 0.02). In addition, sites with higher initial diversity of seedlings
had higher values of both survivor diversity and total diversity.

Light and Seedling Diversity

Survivor diversity, change in survivor diversity (from the initial
pool), and final total diversity did not vary with canopy
openness (Figures 2A-C; Table S3). However, sites with more
open canopies had larger increases in total diversity from their
initial diversities (Figure 2D; Table S3).

Effect of Fungi and Insects on Seedling

Diversity

Pesticides did not explain differences in survivor diversity
among edge-distances (Figures 3A-D; Table S4). Final total
diversity of seedlings (i.e., survivors + recruits) varied with
pesticide treatment only at 90-100 m from edges (Figures 3E-H;
Table S5), where diversity declined in plots treated with fungicide
(t = —2.4, P = 0.04) and insecticide (t = —2.7, P = 0.01)
and marginally so in plots with both pesticides (t = —2.2, P
= 0.07). The change in diversity between survivors and the
initial seedling pool did not significantly differ between control

plots and treatments of fungicide, insecticide and both pesticides
at any edge-distance category (Table S6), but tended to be
smaller in fungicide plots at 50-60 m from edges compared to
control plots at that edge-distance (Figures 4A-D). Similarly, no
edge-distance category showed significant differences between
control plots and any pesticide treatment for change in total
diversity from the initial diversity. However, at 90-100 m from
edges, increases in diversity through recruitment was consistently
smaller in plots with insecticide, fungicide and both pesticides
compared to control plots (Figures 4E-H; Table S7).

DISCUSSION

In a human-modified forest in southern India, we found
that edge effects influenced temporal changes in seedling
diversity over an annual cycle of recruitment. Sites > 60 m
from the edge had higher diversity of established seedlings
and higher total diversity when including seedling recruits
compared to sites closer to forest edges. These patterns were
not explained by light availability, because higher light correlated
positively with total diversity, and sites closest to edges had
higher light. By comparison, suppressing fungi and insects
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FIGURE 2 | Variation in seedling diversity with canopy openness. Through an annual recruitment cycle, in relation to increasing canopy openness across sites,
(A) diversity of established seedlings alive at the end of the experiment, (B) change in diversity between initial seedling cohort and final survivors, (C) total seedling
diversity including both recruits and survivors, and (D) change in diversity between initial seedling cohort and final seedling cohort including recruits. For each
response, patterns were assessed using linear mixed effects models with station as a random intercept. Lines denote predicted responses from models; solid lines are
significant and dashed lines are non-significant relationships estimated at alpha = 0.05.
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mean and error bars are the associated 95% confidence intervals. Letters denote significance (at alpha = 0.05) of pairwise comparisons within each edge-category
assessed using Tukey'’s post-hoc tests with P-value correction for multiple comparisons.

decreased total seedling diversity at 90-100m from edges
but not sites within 60m of edges, suggesting that the role
of fungi and insects in diversifying seedlings weakens near
forest edges. However, change in the diversity of established
seedlings did not differ between control plots and when
suppressing insect and fungal activity. Overall, these results
indicate that edge effects on plant-insect and plant-fungal
interactions mainly occur during early seedling establishment

and not through short-term impacts on post-establishment
seeding survival.

Edge Effects on Temporal Changes in
Seedling Diversity

Sites at 90-100 m from forest edges had higher total diversity of
seedlings that survived to the end of the experimental period.
This was mainly due to the higher initial diversity of seedlings
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compared to other edge-distances (Krishnadas et al., 2019),
because here we found negligible changes in diversity between the
initial seedling cohort and those that survived. In fact, diversity
of survivors tended to be slightly lower than the initial pool,
suggesting that mortality can reduce seedling diversity. Notably
though, both survivor diversity and total diversity was higher
at sites with higher initial diversity of seedlings (Figure S1).

Thus, it appears that edge effects do not affect diversity
through survival of established seedlings, at least over the
relatively short time periods (14 months) examined in our study.
These patterns are consistent with results from an Amazonian
wet forest, where Sizer and Tanner (1999) found that edge
creation mainly affected recruitment and not so much survival
of seedlings.
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Compared to sites within 60 m of edges, sites at 90-100 m
from edges saw an increase in seedling diversity from the initial
diversity of established seedlings, which led to sites at 90-
100 m having higher total diversity of seedlings, i.e., including
individuals that recruited during the study. Together with
our previous findings of higher recruit diversity at 90-100 m
from edges relative to all other edge-distances, these results
suggest that edge effects on seedling diversity mainly occur
through altered recruitment dynamics (Krishnadas et al., 2018).
Because processes that regulate seedling recruitment contribute
to maintaining tree diversity (Connell and Green, 2000; Green
et al, 2014), persistent erosion of plant-enemy interactions
during seedling recruitment can compromise future diversity of
tree communities in human-modified forests (Muscarella et al.,
2013; Larson et al, 2016; Krishnadas et al., 2018). Our study
suggests that conserving tree diversity may require retaining
forest patches large enough to prevent edge effects on key biotic
interactions that maintain diversity.

Canopy Openness and Seedling Diversity
Edge effects on seedling recruitment and survival are often
thought to accrue from increased light availability near edges
(Sizer and Tanner, 1999; Benitez-Malvido and Martinez-Ramos,
2003b; Tabarelli et al., 2012; Santo-Silva et al., 2013). Consistent
with patterns seen in other tropical forests (Sizer and Tanner,
1999), we found that median canopy openness and light
availability was greater at 0-5 from edges than at all other edge-
distances (Krishnadas et al, 2018). In closed-canopy forests,
higher light availability under more open canopies can increase
seedling diversity by promoting the recruitment of shade
intolerant species, as observed in canopy gaps (Augspurger,
1984; Hubbell et al., 1999). Nonetheless, we found no correlation
between canopy openness and diversity of seedlings that survived
from the initial pool or the change in diversity between survivors
and initial pool.

Increase in the diversity of the final seedling pool compared
to the initial pool after the annual cycle of recruitment increased
with greater canopy openness, but canopy openness did not
correlate with net total diversity (survivors + recruits) or recruit
diversity (Krishnadas et al., 2018). Initial diversity of established
seedlings was also uncorrelated with canopy openness (linear
mixed-effects model, t = —0.65, P = 0.51, Figure S2), suggesting
that canopy openness played only a weak role in regulating spatial
variation in diversity in this landscape. Thus, the effect of canopy
openness on seedling diversity was likely overridden by other
factors regulating seedling recruitment, e.g., regulation by insects
and fungi. How the relative importance of light and enemies plays
out over multiple cycles of recruitment remains to be understood,
but our findings highlight why seedling communities vary in their
response to edge effects, which have generally been discussed
with respect to light availability (Sizer and Tanner, 1999; Benitez-
Malvido and Martinez-Ramos, 2003b; Tabarelli et al., 2012;
Santo-Silva et al., 2013).

In our study landscape, light availability—estimated using Gap
Light Analyzer using the same photos as for canopy openness—
was highly correlated with canopy openness (r = 0.81), but not
correlated with seedling diversity. This suggests that sustained

edge effects on seedling diversity may not occur primarily
because of increased light under more open canopies. Of course,
canopy openness can be associated with changes in abiotic
factors other than light that can affect seedling dynamics, e.g.,
soil moisture and temperature (Arroyo-Rodriguez et al., 2017b),
but we did not measure other abiotic variables in this study.
Moreover, we chose sites with relatively intact canopies, avoiding
tree fall gaps, historically logged or currently disturbed areas, and
the limited variation in canopy openness/light may explain its
weak correlation with seedling diversity.

Edge Effects on Insect and Fungal
Regulation of Seedling Diversity

While canopy openness did not seem to explain edge effects
on seedling diversity, we found that sites at different distances
from the forest edge varied in how their seedling communities
responded to suppression of fungi and insects. Notably,
suppressing insects and fungi affected total seedling diversity
at the end of the experimental period and not the diversity of
survivors from the initial seedling cohort. While total seedling
diversity did not vary with fungicide and insecticide application
up to 60 m of forest edges, at 90-100 m from edges, total diversity
declined in plots treated with fungicide and insecticide treatment.
In relation to our previous findings of significant declines in
recruit diversity with fungicide and insecticide application at 90—
100 m from edges, our results here suggest that insects and fungi
played a stronger diversifying role during early seedling dynamics
compared to after seedlings have established (Krishnadas and
Comita, 2018; Krishnadas et al., 2018).

At 90-100m from edges, the change in total diversity with
suppression of fungi and insects also resulted in smaller increases
in diversity from the initial diversity of established seedlings,
albeit the result being marginally insignificant. Overall, our
results corroborate previous studies where recruitment dynamics
were found to play a key role in maintaining or enhancing local
seedling diversity (Harms et al., 2000; Green et al., 2014), which in
turn could influence long-term diversity through subsequent life-
stages (Wright, 2002). Lower diversity of established seedlings
near forest edges, observed here and elsewhere (Benitez-Malvido
and Martinez-Ramos, 2003a; Santo-Silva et al., 2013; Krishnadas
et al., 2019), may accrue with persistent declines in the ability
of fungi and insects to enhance local diversity through annual
cycles of recruitment. The lack of fungicide effects on established
seedlings may have occurred if fungicides affected mycorrhiza,
given their role in growth and survival of established seedlings,
but previous studies found limited negative effects of these
fungicides on mycorrhizae and other non-target organisms
(Gripenberg et al., 2014).

It is possible though that the duration of our study was
insufficient to pick up the effects of insects and fungal enemies
on established seedlings, which may occur over longer time
scales. For example, insect herbivores can alter survival and
growth of older seedlings and saplings (Forrister et al., 2019), but
these effects may take years to manifest, particularly in terms of
aggregate community responses such as diversity or composition.
Similarly, fungi infect established seedlings and saplings and
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impact their growth and survival (Gilbert and Webb, 2007),
and foliar fungal infection and associated plant performance
can be altered by fragmentation (Benitez-Malvido et al., 1999;
Benitez-Malvido et al., 2018). However, the aggregate effects of
altered fungal activity on temporal changes in seedling diversity
may only manifest over longer time-frames, indicating the need
for long-term studies that monitor plant-enemy interactions
in human-modified forests (Gilbert, 2002; Garcia-Guzman and
Heil, 2014).

CONCLUSION

Multiple processes simultaneously affect seedling recruitment
and diversity, and the relative importance of processes can
change with human modification of forests (Arroyo-Rodriguez
et al, 2017a; Comita et al., 2018). Recently, we found that
the diversifying effects of fungi and insects during seedling
recruitment weakens near forest edges in human-modified
forests (Krishnadas et al., 2018), which could be due to weaker
regulation of seedling abundances by enemies near forest edges
(Krishnadas and Comita, 2018). Here, we find that edge effects
on annual changes in seedling diversity mainly ensue from
this alteration of early seedling recruitment, and less through
the effects of fungi and insects of established seedlings. If
these changes to recruitment accumulate and persist, it could
compromise long-term maintenance of diversity in human-
modified forests, offering an explanation for observed losses of
seedling diversity and composition near forest edges (Benitez-
Malvido and Martinez-Ramos, 2003a; Krishnadas et al., 2019).
Such declines in diversity can potentially affect compositional
stability of tree communities, ie., temporal variation in
relative abundances of species, with implications for ecosystem
functioning (Tilman et al.,, 2014). Because seedlings present a
crucial population bottleneck and shape community structure
of future forests (Green et al., 2014), understanding seedling
dynamics will help design ecologically informed strategies for
management and restoration of human-modified forests (Larson
et al., 2016). While maintaining dispersal and connectivity
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