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Pathogens and insect herbivores drive rainforest
plant diversity and composition
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Tropical forests are important reservoirs of biodiversity', but the
processes that maintain this diversity remain poorly understood’.
The Janzen-Connell hypothesis®* suggests that specialized natural
enemies such as insect herbivores and fungal pathogens maintain
high diversity by elevating mortality when plant species occur at high
density (negative density dependence; NDD). NDD has been detected
widely in tropical forests®~, but the prediction that NDD caused by
insects and pathogens has a community-wide role in maintaining
tropical plant diversity remains untested. We show experimentally
that changes in plant diversity and species composition are caused
by fungal pathogens and insect herbivores. Effective plant species
richness increased across the seed-to-seedling transition, corres-
ponding to large changes in species composition®. Treating seeds
and young seedlings with fungicides significantly reduced the diver-
sity of the seedling assemblage, consistent with the Janzen-Connell
hypothesis. Although suppressing insect herbivores using insecti-
cides did not alter species diversity, it greatly increased seedling recruit-
ment and caused a marked shift in seedling species composition.
Overall, seedling recruitment was significantly reduced at high con-
specific seed densities and this NDD was greatest for the species that
were most abundant as seeds. Suppressing fungi reduced the nega-
tive effects of density on recruitment, confirming that the diversity-
enhancing effect of fungi is mediated by NDD. Our study provides
an overall test of the Janzen-Connell hypothesis and demonstrates
the crucial role that insects and pathogens have both in structuring trop-
ical plant communities and in maintaining their remarkable diversity.
Understanding the mechanisms that allow species to coexist in nat-
ural ecosystems is one of the most enduring questions in community
ecology. The key challenge is to identify how competitive exclusion is
prevented, particularly in situations where large numbers of species share
similar resource requirements'’. This question has special relevance to
tropical forest plant communities, which can have exceptional species
richness>’. The rapid degradation and destruction of tropical forests''?
and the large impact this may have on global biodiversity', carbon and
water cycling and climate feedbacks'® makes understanding the mech-
anisms maintaining and structuring their diversity imperative.
There is compelling evidence that natural enemies, including insect
herbivores and fungal and oomycete pathogens (hereafter referred to col-
lectively as pathogens), regulate many plant populations in the tropics™***
and elsewhere'®". Transmission of natural enemies is more effective
between plants growing in areas of high conspecific density, reducing
plant survival. The Janzen-Connell hypothesis suggests that this nega-
tive density dependence (NDD) will promote plant community diver-
sity by preventing dominant species from competitively excluding other
species™. This hypothesis is one of the most widely invoked explanations
for species coexistence, and ultimately high diversity, in plant communities.
Although numerous studies have revealed NDD in plant communities®®'*,
there is considerably less empirical support for the contention that this

will translate into enhanced community diversity>®. A key study® in
Panama documented NDD at the seed-to-seedling transition in a suite
of 53 species, and linked this NDD to increased community diversity.
However, the causes of this NDD were not identified. Although reduced
herbivory by vertebrates can alter the composition of tropical plant
communities'*~', such effects rarely show NDD, and insect herbivores
and pathogens are widely regarded as the most likely causes of NDD
leading to enhanced plant diversity>>*>. Despite this, studies demon-
strating a causal link between insect- and pathogen-mediated NDD and
plant community diversity are lacking.

We compared community diversity of seeds and recruiting seedlings
ina tropical forest in Belize, Central America, and investigated whether
experimentally excluding natural enemies decreased plant diversity,
as predicted by the Janzen-Connell hypothesis. The effective number
of species (inverse Simpson’s dominance index, 1/D) among seedlings
recruiting in unmanipulated (control) plots was significantly higher
than among seeds falling in adjacent seedfall traps (Alog(1/D) = 0.69
*s.em. = 0.058,tp; = 11.91, P < 0.001), corresponding to a doubling
of the effective number of plant species at the seed-to-seedling trans-
ition. To determine whether insect herbivores or pathogens could be
contributing to this increase in diversity we compared the diversity of
seedlings growing in control plots (sprayed weekly with water) to plots
where we suppressed either insects by spraying an insecticide (Engeo),
or pathogens by spraying one of two fungicides, Amistar or Ridomil.
Each of the pesticide treatments reduced species diversity, but the effects
were only statistically significant for the fungicide Amistar (Fig. la;
ti0s = —2.45, P = 0.016), which reduced the effective number of spe-
cies by approximately 16%. This result clearly implicates pathogenic
fungi in promoting seedling diversity.

Two other changes in the plant community at the seed-to-seedling
transition were evident: a shift in species abundances, and altered species
composition. These trends were also affected by pesticide treatments.
Insecticide treatment increased the total number of recruiting seed-
lings by a factor of 2.7 compared to the control (Fig. 1b; t;o5s = —7.67,
P < 0.001), demonstrating that plant-feeding insects are a major cause
of mortality at this life stage. Although Amistar enhanced seedling recruit-
ment, this effect was marginally nonsignificant (¢;o5 = 1.81, P = 0.074).
Dissimilarity in species composition between the seeds and seedlings,
measured using the abundance-weighted Morisita-Horn index (R,)**,
was approximately 87% in the control plots (Fig. 1¢). Treating seedlings
with insecticide dramatically and significantly reduced this dissimilarity
(tio5s = —7.86, P<0.001). The fungicides (Amistar and Ridomil) did
not reduce the dissimilarity to seeds significantly, but nevertheless the
dissimilarity between the species compositions of the fungicide-treated
plotsand the control plots was about 20% (Extended Data Fig. 1). Over-
all, our results suggest that insects disproportionately kill certain plant
species, reducing their abundances during the transition from seeds to
seedlings. Insects thus strongly influence the structure of plant communities
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Figure 1 | Suppression of insects and pathogens alters seedling community
composition and diversity, respectively. a-c, Effects of insecticide (Engeo)
and two fungicides (Amistar and Ridomil) on the mean effective number of
species recruiting as seedlings (a); the mean seedling abundance summed

in this forest; however, by doing so relatively independently of plant
density, their net effect on plant species diversity is small.

For 18 species, sufficient data were available to conduct a formal test
for NDD (see Methods). The slope of the relationship between the log
number of seeds and the log number of seedlings in the control plots
was less than 1 in 13 of the 18 species, and significantly less than 1 for 3
of these (Fig. 2a and Supplementary Table 1), indicating NDD". Fur-
thermore, the mean slope across species was significantly less than 1 in the
control treatment (t,3 = —2.68, P = 0.010), suggesting that NDD is wide-
spread, as has been found in previous studies of the seed-to-seedling
transition in tropical forests’. Suppressing fungi using the fungicide
Amistar reduced the strength of NDD so that the mean slope was
no longer significantly different from 1 (Fig. 2b; t43 = —1.54, P = 0.130).
Neither Ridomil nor Engeo reduced the strength of NDD, with the mean
slope remaining significantly less than 1 in both treatments (Fig. 2b).
Thus, the significant effects of fungal pathogen exclusion on seedling
diversity shown in Fig. 1 can be causally linked to a reduction in the
magnitude of NDD.

The strength of NDD in control plots was greatest in the species that
were most abundant as seeds (Fig. 3a; t;s = —4.33, P = 0.001; Extended
Data Table 1). Greater NDD might be detected in these species because
their high densities facilitate transmission of insects and pathogens, or
because pests and diseases adapt to exploit the most abundant resources.
The positive relationship between NDD and seed abundances contrasts
with the results of two recent studies investigating NDD in relation to
adult abundances'>**. These differing results may arise because the rank
abundances of species can shift substantially between seeds and adults,
and because seed abundance reflects fecundity (which will be inversely
correlated with seed size) as well as adult abundance. A third possibility
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Figure 2 | Recruitment across the seed-to-seedling transition showed NDD
in the control, but spraying with the fungicide Amistar removed this NDD.
a, The relationship between number of recruits and number of seeds for one
example species, Terminalia amazonia. Without NDD, the expected slope is 1
on alog-log scale (dotted line) and the y intercept represents recruitment at low
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across all species (b); and the mean abundance-weighted Morisita-Horn
dissimilarity in species composition for seedlings under each treatment
compared to seeds in adjacent seed traps (c). The error bars represent the 95%
confidence intervals of the mean across the 36 stations.

is that abundant seed production is correlated with other traits (for
example, lower defence investment or shade tolerance?), which are asso-
ciated in turn with greater susceptibility to density-responsive natural
enemies. Regardless of the cause, by reducing the survival of common
species disproportionately, NDD may have increased the diversity of
recruits more than expected from the average NDD effect. All pesticide
treatments weakened the relationship between NDD and abundance
markedly (Fig. 3b—-d and Extended Data Table 1). By weakening NDD,
especially in species that are abundant as seeds, fungicide application
may have removed one mechanism for enhancing diversity at the seed-
to-seedling transition, leading to the significantly lower seedling diver-
sity observed in the Amistar treatment.

As a final evaluation of the contribution of NDD to enhancing the
diversity of recruiting seedlings, we used a simulation approach. Changes
in community diversity and composition across the seed-to-seedling
transition and following the exclusion of natural enemies could result
from either NDD or trade-offs between seed production and allocation
to defence against insects and pathogens. To distinguish these two
possibilities we used models fitted to the 18 most abundant species
to simulate communities in two scenarios (see Methods). In the first
scenario (low-density survival), per-capita recruitment was independ-
ent of seed density and equal to that expected under each treatment in
the absence of conspecific neighbours. In the second scenario (NDD
survival), per-capita recruitment was dependent on both pesticide
treatment and seed density. Simulations in the low-density survival
scenario greatly underestimated the effective number of species in the
control plots (Fig. 4a). Total seedling abundance was also over-
estimated (Fig. 4b) and dissimilarity in species composition under-
estimated (Fig. 4¢) in the control and insecticide treatments in the
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density. The observed slope was lowest (and <1) in the control; treatment with
fungicides but not insecticides increased the slope. b, The NDD effect is
significantly <1 across 18 species in the control treatment, indicating prevalent
NDD. Spraying with Amistar but not other pesticides, removed this effect.
Error bars show 95% confidence intervals of the mean.
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Figure 3 | Negative density dependence is strongest in species that are most
abundant as seeds. The relationship between seed abundance and the strength
of NDD is shown for the 18 species analysed. a-d, The relationship for the
control plots sprayed with water (a), plots sprayed with the insecticide

Engeo (b), plots sprayed with the fungicide Amistar (c), and plots sprayed with an
alternative fungicide, Ridomil (d). The bold lines are the relationships fitted with
a weighted linear mixed-effects model (weights are the inverse of the standard
deviations, which are indicated by error bars), with the 95% confidence intervals
of the mean. The dotted line shows the null expectation of regression coefficients
of 1 in the absence of an effect of seed abundance on the strength of NDD.

absence of NDD. Similar results were obtained using an alternative
simulation scenario, where per-capita recruitment reflected that
recorded at the mean seed density for each species® (Extended Data
Fig. 2). Adding NDD to the simulations replicated the observed data
better. Overall, these simulations confirm that pathogen-mediated
NDD is responsible for increasing the diversity of seedlings.
Although individual components of the Janzen—Connell hypothesis
have been tested repeatedly since its formulation more than 40 years
ago™, experimental tests of the key overall hypothesis that natural ene-
mies cause NDD and thus promote species coexistence and enhance
species diversity are rare. One such study' found no evidence that exclud-
ing vertebrate herbivores reduced NDD or diversity. However, although
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vertebrates have occasionally been implicated as drivers of NDD**%,
the primary causes of NDD are thought to be insects and pathogens™**.
The results presented here build on existing evidence for widespread
NDD in tropical plant communities®**'*** by establishing the cause of
NDD, and by linking it to increased plant species diversity, as suggested
by the Janzen-Connell hypothesis.

Our experiments highlight that both insect herbivores and pathogens
help structure tropical plant communities at the early stages of com-
munity assembly and provide support for a pivotal role for natural-
enemy-mediated NDD in maintaining species diversity in this tropical
forest. Although the magnitude of the NDD we observed was relatively
small, this study was conducted over a relatively short timescale (17
months) in a tropical forest of relatively low plant species diversity
(approximately 320 tree species have been recorded in the reserve™).
The effects of NDD will probably accumulate over time, and may be
stronger in more species-rich forests. Indeed, similar experiments in
other forests are now needed to evaluate the generality of the Janzen-
Connell hypothesis as an explanation for variation in species diversity
among tropical plant communities.

METHODS SUMMARY

We established 36 sampling stations within a 1-hectare (ha) area in the Chiquibul
Forest Reserve, Belize. Each station had three seed traps and four seedling plots. Plots
were randomly assigned to four treatments: control (sprayed with water), insecticide
(Engeo), or one of two fungicides (Amistar or Ridomil), applied weekly for 17 months.
We recorded numbers of seeds from each species collected weekly in each trap.
Number and identities of seedlings germinating in each plot were recorded monthly
during the peak recruitment period (April to August) and every 2 to 4 months other-
wise. We compared the total number of individuals and their diversity (inverse
Simpson’s dominance index, 1/D) between seeds and seedlings in the control plot
and among pesticide treatments using mixed-effects models. We also compared
dissimilarity in species composition between seeds and seedlings (abundance-
weighted Morisita—Horn dissimilarity index) among pesticide treatments. In the
absence of NDD, a slope of 1 is expected for the relationship between log number
of seeds and log number of seedlings®. We estimated this slope and the effect of
pesticide treatments for 18 species. To determine the average effect of density and
the effect of overall species abundance, we modelled the slopes (see Methods) of
each species and pesticide treatment combination as a function of log total seed
abundance and pesticide treatment, using a weighted mixed-effects model. Finally,
to determine whether NDD could generate observed differences in communities
among treatments, we used the models of the 18 species to simulate communities,
assuming survival to be either density dependent or density independent, based on
the establishment probability expected in the absence of conspecific neighbours.
We calculated abundance, diversity and dissimilarity based on 1,000 simulations
for each scenario and compared the mean and 95% confidence intervals of the
observed data to those derived from the simulations. Data (Supplementary Data 1)
and code for analyses (Supplementary Notes 1) are provided as Supplementary
Information.
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Figure 4 | Including NDD in model simulations reproduces the observed
diversity patterns, whereas excluding NDD underestimates diversity in the
control and insecticide treatments. Observed diversity (a), total abundance
(b) and dissimilarity in species composition to the seeds (c) in each treatment
were compared with those simulated either assuming a constant survival for
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each species equal to its estimated low-density survival (low-density survival)
or NDD survival. The error bars are 95% confidence intervals of the mean
extracted from models fitted to the data (observed) or the 95% quantile
(simulations) from 1,000 simulations in each scenario.
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METHODS

Field survey. Our field site was close to the Las Cuevas Research Station in south-
west Belize (16°43’ 53’ N, 88° 59’ 11'' W) at 450 m elevation within the 170,000-ha
Chiquibul Forest Reserve protected area. This site has limestone geology and a
relatively intact flora and vertebrate fauna. It experiences a marked dry season,
typically from February to May, with annual rainfall approximately 1,500 to 1,800
mm (ref. 30). We established 36 sampling stations on the forest floor, positioned at
20-m intervals on a 120 m X 120 m grid. Each station comprised seven 1-m* quad-
rats, placed as close together as possible while avoiding trees and large rocks. Three
of the quadrats at each station were randomly selected as locations for 1-m?> seed
traps made from 1-mm mesh fibreglass netting, suspended 80 cm above the ground
using PVC poles. The remaining quadrats were cleared of existing seedlings and
assigned at random to one of three enemy exclusion treatments or to a control
treatment. Two fungicide treatments were used: Amistar (Syngenta Ltd; active
ingredient, azoxystrobin), which has broad-spectrum systemic activity against a
range of plant pathogenic fungi, and Ridomil Gold MZ 68WP (Syngenta Ltd; active
ingredients, mancozeb and metalxyl), which protects plants from infection by oomy-
cetes and fungi. The insecticide used was Engeo (Syngenta Ltd; active ingredient,
thiamethoxam), which provides both systemic and contact protection against a
range of insects. Pesticides were applied weekly with a hand mister, following the
manufacturers’ guidelines (0.005 g of Amistar, 0.25 g of Ridomil Gold or 0.0025 ml
of Engeo, in each case dissolved in 50 ml of water). Control plots were sprayed with
50 ml of water at the same time as pesticide applications. Treatments began in July
2007 except for the Engeo application, which began in April 2008. All treatments
were applied weekly until September 2009. Only data from April 2008 onwards
(during which all treatments were applied) were used in the analyses presented here.

Seeds were collected weekly from the traps; damaged or inviable seeds (partially
eaten or immature) were discarded and the remaining seeds were counted and
identified to species level, where possible, or as morphospecies. A subset of the seeds
from each species and morphospecies were placed on moist tissue paper in seed
germination trays. We photographed examples of all seed and seedling morpho-
species to match seeds to seedlings in cases where species identification was not
possible. This ensured consistent classification throughout the experiment, and
facilitated subsequent plant identification. In this way we matched 97% of the
individual seeds collected in our study to seedlings.

We censused the seedling plots for new seedlings every month during the peak
period of fruiting and recruitment (April to August) and less frequently (every 2 to
4 months) during the rest of the year. At each census, all new seedlings were tagged
and identified with species or morphospecies. Unidentified seedlings were photo-
graphed. By comparing these photographs to seedlings germinated from collected
seeds we were able to match 90% of the observed seedlings to seeds.

To confirm that the significant effects of insecticide treatment were a consequence
of reduced attack from insects rather than a direct effect of Engeo on plant survival®',
we set up experiments in May 2010 in which a subset of the focal plant species
(Stemmadenia donnell-smithii (n = 60), Cordia alliodora (n = 80), Cryosophila
stauracantha (n = 70), Combretum laxum/fruticosum (n = 70), Terminalia ama-
zonia (n = 100) and Forsteronia sp. (n = 70)) were grown from seed at high density
under insect-free conditions, and with Engeo treatment. Freshly collected seeds
were sown into 60 seed trays (36 cm length X 24 cm width X 5 cm depth) filled with
locally collected soil that had been sorted to remove large stones and roots. Each tray
was divided into six sections, with seeds of each species sown into one section.
Trays were enclosed in a bag made from insect-proof nylon netting to exclude
insects. The netting was raised above the surface of the tray to allow seedlings to
grow. For the shadehouse experiment, 30 trays were placed in randomly allocated
positions on raised benches in a small forest gap, covered with waterproof shade
netting. For the field experiment 30 trays were placed on the forest floor in a
randomized grid design, spaced by 200 cm. Trays in the shadehouse were watered
regularly (approximately every 2 to 3 days). Half of the trays (chosen at random)
in both experiments were sprayed weekly with 0.0025 ml m ™2 of Engeo using a
hand mister. The remaining trays were sprayed with an equal volume of water.
Germinating and surviving seedlings were censused after 8 weeks (shadehouse
experiment) or 7 weeks (field experiment). We analysed the number of seedlings
at the end of the experiment as a function of insecticide treatment using general-
ized linear models for each species, assuming a negative binomial distribution for
the errors. No significant (P < 0.05) effects of Engeo on survivorship were docu-
mented in any species in either experiment (see Extended Data Table 2).
Analysis. We calculated the total number of seeds or seedlings observed in each
seedliglg plot (N) and the reciprocal of the Simpson’s dominance index (1/D,
D= " p?, where py is the proportional abundance of species k in a community

ok . . .
with s species) as a measure of the effective number of species®. We quantified
differences in species composition among treatments by calculating the Morisita—
Horn index of dissimilarity (Ry,)*
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between the seed traps and all the seedling plots, i, at each station, j. We calculated
the pairwise dissimilarity between each plot and each trap, and then took the
mean for the three traps at each station. Results were qualitatively unchanged us-
ing other diversity and dissimilarity metrics (for example, Shannon’s diversity
index and the Bray—Curtis index of dissimilarity; see Extended Data Tables 3 and
4). All diversity and dissimilarity indices were calculated using the ‘vegan’ package™
inRv3.0.1 (ref. 34). We compared these metrics between control plots and seed traps
and among pesticide treatments (control, insect exclusion with Engeo, true fungi
exclusion with Amistar or oomycete and true fungi exclusion with Ridomil), using
linear mixed-effects models (fitted using the ‘nlme’ package in R v3.0.1 (ref. 34))
with different intercepts for the stations included as a normally distributed random
effect. We assumed a Gaussian error distribution for the models of N (log-trans-
formed), 1/D (log-transformed) and dissimilarity (logit-transformed). There was
evidence of heteroscedasticity in the residuals of the models of 1/D and Ry, so this
was accounted for by explicitly modelling the variance as a function of pesticide
treatment (for 1/D) or as an exponential function of the expected values (for Ry,).

We used these models to test three hypotheses: first, diversity is greater among
seedlings than among seeds; second, excluding natural enemies with pesticides
decreases diversity; and, third, excluding natural enemies with pesticides alters spe-
cies composition.

For a subset of species we examined the effects of pesticides, seed density and
their interaction on seedling recruitment at the level of individual species. For this
analysis, we selected all 18 species that met two criteria: seeds and/or seedlings of
these species were recorded at =5 stations (the sets of stations with seeds and
seedlings did not have to overlap); and mean seed density varied at least threefold
among stations. The species that met these criteria are listed in Supplementary
Table 1. The relationship between the number of seeds in plot i at station j, No,;
and the expected number of recruits, N ;; can be described by the equation®

Nypj= exp(oc)N(/iij (2)

where exp(a) is the ratio of seedlings to seeds at low density (N ; = 1). The para-
meter f3 is 1 if survival is independent of conspecific density and less than 1 when
this ratio is reduced at high density (that is, NDD). Because we did not measure the
seed rain in the seedling plots at each station j directly, No,; has to be estimated
from the adjacent seed traps at station j instead. Ignoring the error in these esti-
mates of Ny ;; biases the estimation of 8 towards 0 (ref. 36), and therefore over-
estimates the importance of NDD. To overcome this potential bias, we modelled
Np and N jointly as:

NOV,‘]- =NegBin (4;,k); 4; ~lognorm(Z,0?)

Nl,,»jLzNegBin(exp (O(L)N&j,KLL) (3)

where both No,ij (the number of seeds in plot i at station j) and vaij (the number of
recruits in plot i at station j) were drawn from negative binomial distributions
defined by the expected number of individuals and stage (t = 0, 1) and treatment
(L) specific size or overdispersion parameters, k1. The expected number of seeds
in the plots at station j is 4; and the 4; were drawn from a lognormal distribution
with mean 1 and variance ¢>. The number of seeds falling in the seedling plots is
treated as missing data which need to be imputed from the seed trap data collected
at the same station. The parameters oy, and ff; correspond to the low-density sur-
vival rate and effect of density on recruitment under treatment L as described by
equation (2). This hierarchical model was fitted using the INLA package” in R
v3.0.1 (ref. 34).

We used estimates of ff; from these models to test two hypotheses for each
species: first, survival is negatively density dependent (Scontrol < 1); second, natural
enemies cause the observed negative density dependence, so that applying pesticides
weakens the relationship between seed density and survival (Bcontrol < Ppesticide)-

We tested whether the estimates of f§ across the 18 species were significantly
different from 1 in the control treatment and whether they varied among pesticide
treatments and with the logarithm of the seed abundance (N &) of each species, k.
This was achieved by fitting a linear mixed-effects model to estimates of f with
species included as a random effect. The contribution of each estimate of /3 to the
model was weighted by «y 1, the inverse of its standard deviation. The model can
be described as

©2014 Macmillan Publishers Limited. All rights reserved
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BkL =Y +71,L 727 1og(Nok) +75 1 10g(Nok) +bx + x réxs

by ~Norm (0,0,27); &k, ~Norm(0,67) (4)

where the y represent the estimated fixed effects parameters, by is the random
effect for species k and ¢, is the error under treatment L for species k. The
parameters 7, ;. (pesticide effect on mean NDD) and y; (pesticide effect on the
relationship between overall seed abundance and strength of NDD) are zero for
the control treatment and represent the change in these parameters under each
pesticide treatment compared to the control.

Finally, we tested whether the estimated effects of NDD and pesticides on recruit-
ment of individual species could account for the observed differences in diversity
among pesticide treatments. We used the parameters estimated in the 18 species-
specific models to simulate new communities in three scenarios. For each species,
the number of seeds in each trap was drawn from a negative binomial distribution
with mean /; and size k. In the ‘NDD survival’ scenario, the number of seedlings
in plots at station j with treatment L was drawn from a negative binomial distri-
bution with mean = exp(ocLL)/lj "*and size = K, ;. The low-density survival’ scen-
ario assumed that survival was independent of seed density and was equal to the
survival for each species within each pesticide treatment when density was 1 (that
is, when seedlings had no conspecific neighbours). The number of seedlings was
therefore drawn from a negative binomial distribution with mean = exp(a; 1) /;.
We then calculated the effective number of species for the simulated communities
at each station and treatment combination and extracted the means for each treat-
ment. This procedure was repeated 1,000 times and the median and 95% quantiles

across the simulations were extracted in each scenario. A similar procedure was used
to simulate communities expected in a third scenario, consistent with previous
studies®, where seed-to-seedling transition probabilities reflected those recorded at
the mean seed density for each species. This was achieved by refitting the model to
each species after fixing the values of all the f5; to 1 and using this model for the
simulations. We then calculated the mean total abundance, effective number of
species and dissimilarity to species composition of the seeds in each treatment using
the observed data for the 18 species. We compared these observed data to the
simulations in the low-density and NDD scenarios (main text) and the mean-
density and NDD scenarios (Extended Data Fig. 2).
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Extended Data Figure 1 | The mean abundance-weighted Morisita-Horn
dissimilarity in species composition (and 95% confidence intervals),
comparing seedlings recruiting in the control plots with seedlings in the
pesticide treatments and with seeds falling into seed traps.
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Extended Data Figure 2 | A comparison of the observed seedling The simulated values are means and 95% confidence intervals based on 1,000
communities (observed survival) with those simulated either fixing survival  simulations for effective number of species, total abundance and community
to the mean for each species in each treatment (mean density survival) or  dissimilarity to seeds falling in adjacent traps.

allowing survival to be negatively density dependent (NDD survival).
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Extended Data Table 1 | Coefficients from the model relating the
strength of NDD to treatment, log total seed abundance, and their

interaction
Term Parameter Std. Error d.f. t P
'&E‘;’c‘“’pt e 012 0.044 8 268 0010
Insecticide effect (Engeo)
(Y1, Engeo) 0.00 0.047 48 -0.02 0.982
Fungicide effect (Amistar)
(Y1, Amistar) 0.05 0.048 48 1.02 0.312
Fungicide effect (Ridomil)
(¥4, Ridomi) -0.02 0.049 48 -0.34 0.732
log No (standardised) (y2) 037 0.086 16 433 0.001
Engeo:log No (standardised)
(Y3, Engeo) 0.23 0.085 48 265 0.010
Amistar:log No
(standardised) (ys, Amistar) 0.25 0.096 48 2.60 0.012
Ridomil:log No
(standardised) (y3, Ridomi) 0.28 0.095 48 3.00 0.004
Amzong species variance 0012
(0v?)
Residual variance (0¢?) 0.469

The strength of NDD was measured as the coefficient for seed density, §, from equation (3). The log total
seed abundance was standardized across species. The model was fitted as a mixed-effects model with

the contribution of each value of  weighted by the inverse of its standard deviation.
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Extended Data Table 2 | Coefficients from the negative binomial model fitted to the shadehouse and field trials of effects of the insecticide
Engeo on seedling survival

Shadehouse Field
Coefficient SE Z P Coefficient SE Z P

Siainadania Intercept 057 0044  -12.858 <0.001 067 0128 -5.220 <0.001

EngeoTreatment 0.04 0.062 0.621 0.535 -0.05 0.181 -0.282 0.778

Cordia Intercept 043 0086 -5.053 <0.001 035  0.064 -5.495 <0.001

EngeoTreatment -0.07 0121 -0.592 0.554 -0.06 0.080 -0633 0.527

Cryosaphila Intercept 033 0036 -8.941 <0.001 0.61 0.042 -14.366 <0.001

EngeoTreatment -0.01 0.051 -0.154 0.877 0.03 0.060 -0531 0.595

Corbratui Intercept 067 0043 -15.452 <0.001 31N 0.332 -9.364 <0.001

EngeoTreatment 0.02 0.061 0.243 0.808 0.83 0.456 1.824 0.068

Terminalia Intercept 483 0289  -16.725 <0.001 £62 0743 -8.908 <0.001

EngeoTreatment 009 0417 -0.208 0.835 110 0878 1.251 0.211

y Intercept 067 0043  -15567 <0.001 112 0108  -10.360 <0.001
Forsteronia

EngeoTreatment 0.01 0.061 0.152 0.879 0.00 0.152 0.000 1.000

Note that Engeo did not have a significant effect on survival in any of the species tested (shaded rows).
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Extended Data Table 3 | Tests of pesticide effects on seedling spe-
cies diversity using different diversity indices

Treatment Parameter Std.Error o t P
Log Inverse Simpson's
Diversity Index (1/D)
Intercept (Water) 1.30 0.059 105 22.04 0.000
Insecticide (Engeo) -0.06 0.077 105 -0.83 0.410
Fungicide (Amistar) -0.18 0.072 105 -2.45 0.016
Fungicide (Ridomil) -0.08 0.072 105 -1.10 0.274
Log Shannon's Diversity
Index (H)
Intercept (Water) 1.56 0.053 105 29.30 0.000
Insecticide (Engeo) 0.03 0.063 105 0.54 0.591
Fungicide (Amistar) 0.15 0.067 105 -2.29 0.024
Fungicide (Ridomil) -0.07 0.067 105 -1.05 0.298
Log Fisher's alpha (a)
Intercept (Waterl) 1.33 0.084 104 15.92 0.000
Insecticide (Engeo) -0.13 0.086 104 -1.57 0.120
Fungicide (Amistar) -0.18 0.095 104 -1.88 0.063
Fungicide (Ridomil) -0.04 0.126 104 -0.33 0.744
Rarefied Species
Richness
Intercept (Waterl) 1.16 0.033 105 35.38 0.000
Insecticide (Engeo) -0.06 0.037 105 -1.56 0.122
Fungicide (Amistar) 0.1 0.043 105 -2.55 0.012
Fungicide (Ridomil) -0.03 0.041 105 -0.77 0.446

The indices were calculated using the vegan v2.0833 package in R v3.0.134. Rarefaction was based on
samples of five individuals. The table presents parameters of linear mixed-effects models fitted to these
metrics as functions of treatment. The first parameter (intercept) represents mean diversity in the

control treatment and the following parameters represent the difference between the control treatment

and the three pesticide treatments.
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Extended Data Table 4 | Tests of pesticide effects on dissimilarity in
species composition, comparing assemblages of seedlings germin-
ating in plots to those of seeds falling in adjacent seed traps

Treatment Parameter Std.Error d. f. t P
Logit Morisita-
Horn Dissimilarity

Index

Intercept (Water) 1.72 0.240 105 7.18 0.000
Insecticide (Engeo) -1.91 0.243 105 -7.86 0.000
Fungicide (Amistar) -0.03 0.270 105 -0.12 0.904
Fungicide (Ridomil) 0.12 0.272 105 0.44 0.664
Binomial

Dissimilarity

Index

Intercept (Water) 8.251 0.205 105 40.208 0.000
Insecticide (Engeo) -0.965 0.183 105 -5.278 0.000
Fungicide (Amistar) 0.070 0.205 105 0.342 0.733
Fungicide (Ridomil) 0.013 0.203 105 0.063 0.950

Logit Bray-Curtis

Dissimilarity

Index

Intercept (Water) 123 0.175 105 17.896 0.000
Insecticide (Engeo) -1.412 0.110 105 -12.889 0.000
Fungicide (Amistar) -0.144 0.110 105 -1.312 0.192
Fungicide (Ridomil) -0.008 0.110 105 -0.075 0.940

Logit Jaccard

Dissimilarity

Index

Intercept (Water) 3.814 0.175 105 21.757 0.000
Insecticide (Engeo) -1.417 0.110 105 -12.847 0.000
Fungicide (Amistar) -0.148 0.110 105 -1.344 0.182
Fungicide (Ridomil) -0.008 0.110 105 -0.075 0.940

Four alternative metrics of dissimilarity were calculated using the vegan 2.08 package in R v3.0.1
(ref. 33). The table presents the fixed-effects parameters of linear mixed-effects models used to
describe these metrics as functions of treatment. The intercept represents the mean dissimilarity
between seed and control plot assemblages, and the other three parameters indicate the difference
between seed-control plot dissimilarity and seed—pesticide plot dissimilarity.
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