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The coexistence of plant species in species-rich tropical forests can be promoted by specialised enemies acting in a negatively
density-dependent manner. While survival of tropical tree seedlings is often negatively density-dependent, the causes have
rarely been identiﬁed. We tested whether insects and plant pathogens cause density-dependent seedling recruitment and
survival in ﬁve forest tree species in Belize, Central America. We manipulated densities of seeds or newly germinated seedlings in small (1 m2 or 0.25 m2) plots close to fruiting conspeciﬁc trees. Using a factorial design, we excluded enemies from
subsets of the plots with fungicides and insecticides. Seed germination (for two species) and early seedling survival (for all
species) were monitored at approximately weekly intervals for up to eight weeks, during the period when plants are likely
to be most susceptible to natural enemies. In Terminalia amazonia, seed germination was negatively density-dependent
and the proportion of seeds germinating increased when insects were excluded. However, the magnitude of the insecticide
eﬀect was independent of density. The only signiﬁcant density eﬀect for survival of young seedlings was in Acacia polyphylla;
counter to expectation, seedling survival was higher at high densities. In a few cases pesticide application had a signiﬁcant
eﬀect on seedling survival, but in only one case (Terminalia amazonia) was a signiﬁcant pesticide  density interaction
detected. Our results caution against generalising from studies conducted on a single species at a single time and place
and illustrate the challenges of experimentally testing for enemy-mediated negative density-dependence. Experimental
outcomes are likely to depend on the spatial scale at which the principal enemies disperse and respond to plant density, and
the timescales over which they act. Gathering information on these variables will improve our understanding of the natural
histories of tropical forest species and help inform the design of future experiments.

According to the Janzen–Connell hypothesis, the coexistence
of plant species in tropical forests – and the consequent high
levels of alpha diversity (Valencia et al. 1994) – is promoted
by specialised plant enemies (Janzen 1970, Connell 1971).
By killing a larger proportion of their host in areas where it
is common, host-speciﬁc enemies can create vacant sites
for other plant species to colonise – thus promoting local
diversity. Several decades after its formulation, the Janzen–
Connell hypothesis remains a leading explanation for the
high levels of plant diversity in tropical forests (Wright 2002,
Leigh et al. 2004, Carson et al. 2008, Terborgh 2012).
While enemy mediated density-dependent eﬀects can
occur at any stage of a plant’s life cycle (Schupp and Jordano
2011), seeds and young seedlings may be particularly susceptible (Clark and Clark 1985, Gilbert 2002). A substantial
proportion of mortality occurs in these early stages of the
plant life cycle (Harms et al. 2000, Hille Ris Lambers et al.

2002), and can leave a strong imprint on the distribution
and diversity in larger size classes (Wills et al. 1997, Hubbell
et al. 1999). Numerous studies on the fate of seeds and seedlings of tropical tree species have demonstrated widespread
negative density-dependence (Harms et al. 2000, Comita
et al. 2010, Metz et al. 2010, Paine et al. 2012). However, the
mechanisms driving density-dependence have received less
attention. In six tropical tree species, Mangan et al. (2010)
showed that the growth and survival of seedlings grown in
soil collected near conspeciﬁc trees was substantially lower
than in soil from near heterospeciﬁcs, suggesting that hostspeciﬁc soil biota reduce recruitment close to members of
the same species. While Mangan et al. (2010) found little
evidence of a role for aboveground enemies, these may be
an important source of mortality for other species. Given
their high degree of diet specialisation, certain groups of
herbivorous insects have been identiﬁed as particularly likely
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contributors to Janzen–Connell eﬀects (Wilson and Janzen
1972, Janzen 1980, Hammond and Brown 1998, Novotny
et al. 2010).
While many studies have assessed seed and seedling
survival under diﬀerent densities (sometimes taking a manipulative approach; Hyatt et al. 2003, Carson et al. 2008),
relatively few studies have attempted to exclude enemies to
establish the agents causing density-dependence (but see Bell
et al. 2006, Norghauer et al. 2006, Swamy and Terborgh
2010). A potentially powerful approach is to use pesticides
targeted at speciﬁc groups of enemies in combination with
manipulative density treatments (Freckleton and Lewis
2006). By applying targeted pesticides to seedlings growing under diﬀerent conspeciﬁc densities and assessing subsequent diﬀerences in seedling survival between pesticide
treated seedlings and untreated control seedlings grown
under similar densities, it is possible to assess the extent to
which enemies contribute to density-dependent seedling
mortality. At our ﬁeld site in Belize, experiments of this
kind have revealed that strong density-dependent seedling
mortality in one tree species, Pleradenophora longicuspis
(Euphorbiaceae) is driven by fungal pathogens causing rapid
mortality within the ﬁrst four weeks after seed germination
(Bell et al. 2006, Bagchi et al. 2010). However, it remains
unclear how widespread such eﬀects are for other species,
and whether other categories of plant enemy may also be
important in driving density-dependence at this critically
susceptible seedling stage.
In this paper, we describe ﬁeld experiments testing for
enemy mediated density-dependent mortality in ﬁve tree
species, extending our earlier experiments to manipulate both pathogenic fungi and – for four of the species –
insect herbivores. The aim of our study is to test whether
the survival of seeds and newly germinated seedlings varies
with conspeciﬁc density and whether any observed densitydependent eﬀects are weakened in the absence of enemies.
If insects and/or pathogens cause density-dependent seedling mortality, we predict 1) that seedling mortality should
be higher in high density plots than in low density plots in
the control treatment; 2) that seedling mortality should be
lower in pesticide-treated plots than in control plots; and 3)
that the decrease in seedling mortality following pesticide
application should be greater in the high density treatment
than in the low-density treatment (i.e. a signiﬁcant pesticide
treatment  density interaction).

Methods
Study site and species
Field experiments were established in the vicinity of Las
Cuevas research station (16°43′53″N, 88°59′11″W) in the
Chiquibul Forest, Cayo District, Belize. The site is within
one of the largest tracts of remaining forest in Central
America and its vegetation has been classiﬁed as deciduous seasonal forest and deciduous/semi-evergreen seasonal
forest (Wright et al. 1959). Annual rainfall is approximately
1500 mm (Johnson and Chaﬀey 1973) with a wet season typically from June to January and a dry season from
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February to May. Timber has been extracted from the
forest since the 1920s through selective logging operations
(Bridgewater et al. 2006). The site lies within an area
frequently aﬀected by hurricanes; much of the current vegetation around Las Cuevas is regrowth following disturbance
caused by hurricane Hattie in 1961.
Our experiments targeted ﬁve tree species, all of which
are locally common: Acacia polyphylla (Fabaceae), Cedrela
odorata (Meliaceae), Cordia alliodora (Boraginaceae),
Cryosophila stauracantha (Arecaceae) and Terminalia amazonia
(Combretaceae). These species represent a range of plant
families, seed size and shade tolerance, and were drawn
from a larger pool of potential taxa in this community without prior information on density-dependence in seedling
survival and enemy-mediated mortality. Cordia alliodora,
T. amazonia and C. odorata all have wind-dispersed seeds
that tend to disperse over relatively large areas around the
parent tree. The seed and seedling shadows surrounding
reproducing individuals of A. polyphylla tend to be narrower.
Many of the seeds of the palm C. stauracantha fall within a
few meters of the parent tree, creating dense aggregations of
seeds and seedlings. With the exception of C. stauracantha,
which has an extended fruiting period, seeds of all study
species are dispersed towards the end of the dry season, with
germination occurring early in the wet season.
Experimental protocol
In 2007, 2008 and 2009 we conducted a set of experiments
to test for enemy-mediated negative density-dependence in
seed germination and/or in the survival of newly recruited
seedlings for our study species. The basic experimental design
was similar for all species, and followed the approach used
by Bell et al. (2006). For each of the species 6–12 blocks,
each comprising six 1-m2 plots (0.25 m2 for C. alliodora),
were established close to fruiting tree individuals. Within
each block, the plots were distributed haphazardly  1 m
apart, avoiding trees and larger saplings. Small volumes of
pesticides applied at close range to the targeted seeds and
seedlings prevented cross-contamination between plots.
Densities of seeds or seedlings were manipulated to two
levels: high and low (see species-speciﬁc details in Table 1 and
Supplementary material Appendix A1). We assessed ambient
seedling densities through preliminary surveys; for each species, one of the experimental densities represented a typical
seedling density range (except for T. amazonia, where our
density manipulation followed a slightly diﬀerent scheme;
Supplementary material Appendix A1). Within each block,
half of the plots were randomly assigned to the ‘low density’
treatment and the other half to the ‘high density’ treatment.
In each density category, pest pressure was suppressed in a
subset of the plots using fungicides or an insecticide, while
the remaining plots served as controls exposed to ambient
levels of pest activity. This resulted in a design with one plot
per density  treatment combination in each block.
To reduce the activity of fungal pathogens (true fungi
as well as oomycetes), ‘fungicide plots’ were treated weekly
with a combination of two systemic pesticides, Ridomil
Gold (active ingredient metalaxyl) and Amistar (active
ingredient azoxystrobin), which were applied according to

Table 1. Summary of experimental designs for the different study species. For comparison, we also include information for the experiment
on Pleradenophora longicuspis at the same ﬁeld site conducted by Bell et al. (2006).

Species

Blocks
Trees per tree Plot size

A. polyphylla

6

1

C. odorata

3

2

C. alliodora
C. stauracantha

4
6

3
1

P. longicuspis
T. amazonia

1
1

6
6

Ridomil  Amistar;
Engeo
1 m²
Ridomil  Amistar;
Engeo
0.25 m² Ridomil; Amistar
1 m²
Ridomil  Amistar;
Engeo
0.25 m² Ridomil
1 m²
Ridomil  Amistar;
Engeo
1 m²

Type of density
manipulation

Pesticides used

Initial difference in
density between
Length of
Duration of
low and high
census
experiment
density plots (L:H)a intervals (days)
(days)

seedlings uprooted

1:3.3 (15:49)

7–8

43

seedlings uprooted

1:8.4 (16:134)

6–9

34

seedlings uprooted
seeds added

1:8.1 (25:202)
1:41 (49:2000)

6–7
7–21

34
96

seedlings uprooted
seeds added
(high density) or
removed (low density)

1:6.1 (25:153)
1:7

7
5–8

35
34

aRelative

difference in seed or seedling density between low and high density plots at the start of the experiments. Absolute densities are
shown in brackets. For the high density treatment, an across-plot average is given. For T. amazonia, absolute seed densities were not
assessed.

manufacturer’s guidelines (Ridomil: 0.25 g m2 dissolved in
50 ml of water; Amistar: 0.005 g m2 dissolved in 50 ml
of water). Both pesticides protect against true fungi as well
as oomycetes, have low toxicity to non-target organisms
and have little inhibitory direct eﬀects on arbuscular mycorrhizal root colonization in temperate grasslands (Maron
et al. 2011), crops (Diedhiou et al. 2004), and in C. alliodora
and C. odorata seedlings at our study site (Miles 2008). (The
combined application of Ridomil and Amistar will hereafter
be referred to as the ‘fungicide’ treatment.) For all species
(except C. alliodora, which did not include an insecticide
treatment) we treated ‘insecticide plots’ with Engeo (active
ingredient thiamethoxam) applied weekly according to
manufacturer’s guidelines (0.0025 ml m2 dissolved in
50 ml of water) and 50 ml of water. To account for potential
eﬀects of added moisture on seed germination and seedling
survival, control plots were sprayed with 100 ml of water.
The experimental treatments for C. alliodora focused only
on pathogens and were designed to separate the potential
eﬀects of oomycetes and true fungi. To this end, Ridomil,
which primarily targets oomycetes (through the active ingredient metalaxyl), and Amistar, a broad-spectrum fungicide
that excludes true fungi as well as oomycetes, were applied
as separate treatments. Due to practical constraints (notably, diﬃculties in locating seedling carpets for some species
and diﬀerences in the extent of the seedling carpets among
species), the number and spatial distribution of blocks, the
method for density manipulation, and the temporal extent
of the monitoring of seed and/or seedling fate diﬀered
slightly between the study species (summarised in Table 1,
details in Supplementary material Appendix A1). Since the
aim of this study was to determine the prevalence of enemymediated negative density-dependence in this community,
not to compare speciﬁc responses among plant species, the
experimental design was allowed to diﬀer among species.
Importantly, the variations in experimental methodology
and design do not preclude testing the hypothesis of enemymediated negative density-dependence in seed and seedling
survival of individual species.

Statistical analyses
Seedling survival

The mortality of newly germinated seedlings under diﬀerent density and pest regimes was analysed for all ﬁve species
using an analysis equivalent to a Cox-proportional hazard
model (Egli and Schmid 2001). Since plots were censused at
multiple points in time (to reduce the risk of newly recruited
seedlings being undetected), we used seedling mortality
between subsequent censuses as our unit of observation.
New seedlings that emerged between two censuses were not
included when deriving the response variable for the census
interval in question. Hence, our response was the proportion
of individuals detected at census t that were dead at census
t  1. For each study species we modelled the proportion
of dead individuals as a function of pesticide and density
treatment and their interaction. Census period was included
as a categorical factor to allow the overall mortality rate to
change over time without making speciﬁc assumptions about
the temporal patterns of mortality. To account for diﬀerences
in the length of census intervals, we included the logarithm
of census length as an oﬀset term. The correlation among
repeated measures of seedling mortality was accounted for
by including normally-distributed random eﬀects for blocks
and plots. Since the response was a proportion (fraction of
seedlings dying between two censuses), and since initial analyses suggested that the data were overdispersed, we assumed
a beta-binomial distribution of errors and the models
were ﬁtted with a complementary log-log link function.
All models were ﬁtted using the gamlss library in R 2.15.1
(Rigby and Stasinopoulos 2005).
The support for our three predictions regarding insect
and/or pathogen-caused density-dependent mortality
was assessed by comparing the parameter estimates for
each factor against that of low density plots sprayed with
water (control  low density). Prediction 1, that seedling
mortality should be higher in high density plots than in low
density plots in the control treatment, would be supported
by a signiﬁcant (positive) coeﬃcient value for ‘high density’.
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Signiﬁcant negative parameter estimates for ‘fungicide
treatment’ and ‘insecticide treatment’ provide support for
prediction 2, that seedling mortality should be lower in pesticide-treated plots than in control plots. Finally, signiﬁcant,
negative coeﬃcient values for the interaction terms ‘fungicide treatment  high density’ and ‘insecticide treatment 
high density’ indicate whether the eﬀects of pesticide treatment are density-dependent. If enemies cause negative
density-dependence (prediction 3), the coeﬃcient values
of the interactions must diﬀer signiﬁcantly from that of
the intercept. Diﬀerences in parameter estimates between
control  low density and other treatment combinations
were assessed based on hierarchical Wald tests and their associated p-values. To facilitate comparison with results reported
by Bell et al. (2006), we report weekly survival rather than
mortality in the ﬁgures and throughout the text.
Seed germination

For T. amazonia and C. stauracantha (for which density
manipulations were implemented at the seed stage; Table
1, Supplementary material Appendix A1), we also tested
whether the number of germinated seeds diﬀered among
the density and pesticide regimes. The number of seedling
recruits in the experimental plots was modelled as a function of pesticide treatment and density using a similar
approach as above for each species. Variation among blocks
was modelled by including an intercept term for each block
as a normally-distributed random eﬀect. In the case of
C. stauracantha, the response was the number of seeds (out
of 49 tagged seeds in each 1-m2 plot; Methods) germinating during the experiment. The models were ﬁtted using the
glmer function in R (lme4 package; Bates et al. 2012), assuming Poisson-distributed residuals as there was no evidence of
residual over-dispersion. For T. amazonia, the protocol for
density manipulation involved moving approximately 75%
of seeds from the low density to the high density treatment
(Supplementary material Appendix A1), so the expected
ratio of seedling abundance in high versus low density
plots was (1  0.75)/0.25  7, if recruitment success is

Results
Seedling survival
Weekly seedling survival for untreated seedlings in the low
density treatment ranged from 63% for Cordia alliodora to
97% for Cryosophila stauracantha. The density treatment had
little eﬀect on seedling survival (Fig. 1, Table 2a) and the
only statistically signiﬁcant eﬀects were found in Terminalia
amazonia and Acacia polyphylla. In Acacia polyphylla, contrary to our predictions, survival was higher in high density plots. In the case of T. amazonia, survival was lower in
the high density treatment although the signiﬁcant interaction between density and pesticide treatment in this species
(Table 2a) suggests that this eﬀect was only observed in the
fungicide treated plots. Likewise, pesticide treatment did not
generally have a dramatic eﬀect on seedling survival (Fig. 1,
Table 2a). In A. polyphylla, both insecticide and fungicide
application caused a statistically signiﬁcant increase in
seedling survival, however the magnitude of the eﬀect of
pesticides was rather small: weekly seedling survival rates
were 7 and 4% higher in the fungicide and insecticide treatments, respectively, compared to the control treatment. In
C. stauracantha, fungicide did not signiﬁcantly aﬀect survival, and while insecticide application signiﬁcantly increased
survival it did so only by 1%. In C. alliodora, application of
both fungicides (Ridomil and Amistar) increased seedling

Cedrela odorata

1.0
0.9
0.8
0.7
0.6
0.5

Low density
High density

Cryosophila stauracantha

Terminalia amazonia

Cordia alliodora

Ridomil

Amistar

Control

Insecticide

Fungicide

Control

Insecticide

Fungicide

1.0
0.9
0.8
0.7
0.6
0.5
Control

Seedling survival (wk−1)

Acacia polyphylla

unrelated to local seed densities and/or natural enemies. To
test whether the number of seeds germinating in the different density treatments deviated from the expected 1:7
relationship we included the expected number of seedlings
(under no density-dependence) as an oﬀset term in the models. Initial models of T. amazonia seed germination assuming a Poisson distribution for the errors showed evidence
of residual overdispersion. Therefore, the model was ﬁtted
assuming a negative binomial distribution of residuals using
the gamlss library.

Pesticide treatment

Figure 1. Model-adjusted weekly seedling survival rates in each treatment combination for each studied species.
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Table 2. Results from species-speciﬁc generalised linear mixed-effects models of (a) seedling mortality and (b) germination (for exact model
structure, see methods). The Wald-statistic was used to test for signiﬁcance of the individual coefﬁcients in the model. The ‘Control  low
density’ treatment combination was set as the baseline (intercept) against which other parameters were compared. A negative value of the
Wald-statistic indicates decreased mortality (increased survival) in the corresponding treatment. The standard deviations of the random
effects for block and subplot are also provided.
(a)
A. polyphylla
Effect
Intercept
Fungicide
Insecticide
Amistar
Ridomil
Density_High
Fungicide  Density_High
Insecticide  Density_High
Amistar  Density_High
Ridomil  Density_High
Block
Subplot

C. odorata

C. alliodora

C. stauracantha

T. amazonia

Wald

p

Wald

p

Wald

p

Wald

p

Wald

p

27.62
3.60
2.18
–
–
2.08
1.40
1.25
–
–

 0.001
 0.001
0.030
–
–
0.039
0.163
0.212
–
–

25.45
1.78
0.02
–
–
1.64
0.01
1.05
–
–

 0.001
0.076
0.986
–
–
0.103
0.991
0.295
–
–

13.62
–
–
7.34
10.64
1.51
–
–
1.84
1.27

0.001
–
–
0.001
0.001
0.128
–
–
0.067
0.206

27.39
0.91
2.49
–
–
0.08
0.70
0.64
–
–

 0.001
0.363
0.013
–
–
0.935
0.487
0.524
–
–

29.3
3.21
2.34
–
–
2.86
2.30
0.82
–
–

 0.001
0.002
0.021
–
–
0.005
0.002
0.411
–
–

Sigma

Sigma

Sigma

Sigma

1.35
1.34

2.08
2.06

2.60
2.57

3.65
3.65

Sigma
1.53
1.52

(b)
C. stauracantha
Wald

p

48.13
0.41
1.39
0.71
0.04
0.06

 0.001
0.683
0.164
0.478
0.969
0.955

25.53
0.01
6.10
7.67
0.24
0.16

 0.001
0.995
 0.001
 0.001
0.813
0.872

Sigma

Sigma

 0.001

1.05

40
35

60
40
20
0
Insecticide

45

Terminalia amazonia
80

Fungicide

Cryosophila stauracantha
50

Control

In C. stauracantha, the experimental treatments had no
signiﬁcant eﬀect on seed germination (Fig. 2, Table 2b). In
T. amazonia, the relative number of seedling recruits was
higher in low density plots than in high density plots, implying that the probability of seeds germinating is higher under
low seed densities. In this species, the relative number of
seedling recruits was also higher when insects were excluded.
Since the eﬀect of insecticide application was similar under
both density regimes (Fig. 2, Table 2b), there was no evidence
for insects causing the observed negative density-dependence
in seed germination success.

Despite experimental manipulations resulting in up to
40-fold diﬀerences in seedling densities between high and
low density plots (Table 1), the survival of young seedlings
typically diﬀered little between density treatments for the ﬁve
species in our study (for a qualitative summary of the results,

Relative no. seedlings

Seed germination

Discussion

Insecticide

survival, making Ridomil treated seedlings 42% more likely
and Amistar treated seedlings 32% more likely to survive
than seedlings in the control plot. There was a negative,
although non-signiﬁcant, trend in the interaction between
fungicide and density, with Amistar treatment decreasing mortality of C. alliodora seedlings in the high density
treatment slightly more than in the low density treatment
(Table 2). In T. amazonia, there was a signiﬁcant fungicide
 density interaction (Fig. 1). Under fungicide treatment,
seedling survival decreased in high density plots while seedling survival in low density plots remained similar to that in
control plots.

Fungicide

Block

p

Control

Intercept
Fungicide
Insecticide
Density_High
Fungicide  Density_High
Insecticide  Density_High

T. amazonia

Wald

No. seedlings

Effect

Pesticide treatment
Low Density

High Density

Figure 2. Model-adjusted absolute or (in the case of Terminalia
amazonia) relative number of seedlings in diﬀerent density and
pesticide treatment combinations.
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Table 3. Qualitative summary of results on (a) seedling survival and (b) germination. The information in the brackets indicates the direction
of the effect on seedling survival or seed germination.
(a)
Species
Acacia polyphylla
Cedrela odorata
Cordia alliodora
Cryosophila stauracantha
Terminalia amazonica

Density effects in
control treatment
yes ()
no
no
no
no

Effect of insecticide
on seedling survival

Effect of fungicide on
seedling survival

yes ()
no
not tested
yes ()
no

yes ()
no
yes (); both fungicides
no
no

Pesticide  Density interaction
no
no
no
no
yes (high density,
fungicide-treated seedlings
survive better than untreated
control seedlings)

(b)
Species
Cryosophila stauracantha
Terminalia amazonica

Density effects in
control treatment

Effect of insecticide
on germination

Effect of fungicide on
germination

Pesticide  Density interactions

no
yes (—)

no
yes ()

no
no

no
no

see Table 3). Similarly, the eﬀects of enemy exclusion on
seedling survival were either absent or small, and in none
of the studied species did we ﬁnd support for enemymediated negative density dependence in the survival of young
seedlings. Enemy mediated negative density-dependence is
thought to be important in promoting the coexistence of
tropical plant species (Janzen 1970, Connell 1971), and
we have repeatedly documented this mechanism at a small
spatial scale for another tree species at our study site (Bell
et al. 2006, Bagchi et al. 2010). Below we discuss speciﬁc
results and methodological implications of our study.
Species-speciﬁc responses to density and
pesticide treatments
Acacia polyphylla was the only species for which we detected a
signiﬁcant eﬀect of seedling density on survival and, contrary
to our predictions, untreated seedlings survived better when
growing at high densities. In some cases, apparent positive density-dependence in seedling survival could result from higher
seedling numbers in favourable microhabitats, for example if
these habitats promote high seed germination success (Grubb
1977, Bagchi et al. 2009). However, this is not likely to be the
case in our experiment since density treatments were randomly
allocated to plots. Another potential explanation for positive density-dependence is enemy satiation (Crawley 1992).
While enemies do seem to play a role in seedling survival in
this species, with positive eﬀects on seedling survival observed
for both fungicide and insecticide treatments, these were
independent of density suggesting that the strength of insect
and fungal pathogen interactions was not strong enough to
cause negative density-dependent recruitment patterns for
A. polyphylla. It is also possible that positive density-dependence was caused by satiation of enemies not aﬀected by our
experimental treatments, such as non-insect herbivores. Alternatively, positive density-dependence may arise from a mechanism unrelated to plant enemies, for example through positive
density-dependence in the action of plant mutualists such
as mycorrhizae. These possibilities cannot be resolved using
the current data. The only other case where density had a
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signiﬁcant eﬀect (seed germination in Terminalia amazonia)
was consistent with our prediction: a substantially larger
proportion of seeds germinated in the low density plots.
Pathogen exclusion signiﬁcantly increased seedling
survival in two species (Cordia alliodora and A. polyphylla),
with weekly survival increased by 40% and 7% respectively.
These results suggest that pathogens play a role in early seedling mortality in these species. In C. alliodora, two types of
fungicides that target diﬀerent taxa were applied as separate
treatments. In both treatments, we recorded a signiﬁcant
diﬀerence in seedling survival between fungicide treated
plots and water-sprayed control plots. According to manufacturer guidelines, Ridomil is primarily eﬀective against
oomycete Phytophthora spp. and a small subset (three
genera: Alternaria, Peronospora and Septoria) of the many
fungal and oomycete genera targeted by Amistar. These
genera all contain signiﬁcant plant pathogens as well as species that are parasites of other fungi (e.g. Cladosporium),
endophytes of asymptomatic leaf tissue (e.g. Colletotrichum),
saptrotrophs, moulds, and other life histories. Therefore it
is important to consider that fungicides not only protect
plants against pathogens, but may also change fungal species
abundances and interactions both within plants and in the
soil community. Given these complex interactions, conclusions about the relative importance of fungi or oomycetes
as pathogens in this system must be made with great caution. In line with our predictions of density-dependence,
there was a trend for Amistar application to have a stronger
impact on seedling survival in the high density plots than
in the low-density plots. A similar trend was not found in
the Ridomil treatment. Using similar experimental manipulations, including Ridomil application to seedlings in the
ﬁeld, Liu et al. (2012), found Fusarium oxysporum to be an
important fungal pathogen of their focal species but not in a
negatively-density dependent manner. Together, these results
highlight the importance of diseases in forest systems while
demonstrating that the nature of these interactions may not
always be density-dependent.
Insecticide application had an eﬀect on seedling survival
in A. polyphylla and Cryosophila stauracantha and on seed

germination success in T. amazonia. In A. polyphylla and
Cryosophila stauracantha, weekly seedling survival was 4%
(A. polyphylla) and 1% (C. stauracantha) higher in insecticide treated plots than in control plots, and in T. amazonia,
the relative number of seedling recruits was 150% higher in
insecticide plots than in control plots, suggesting that insects
do indeed play a role in the early survival of these species.
In all the above-mentioned cases, pesticide eﬀects were
independent of density and so our key prediction of enemymediated negative density-dependence was not supported by
our data. The only signiﬁcant pesticide  density eﬀect that
we recorded was unexpected: seedling survival in the highdensity treatment of T. amazonia was signiﬁcantly lower
following fungicide application. There are several potential
reasons for this. In principle, seedlings could die as a result of
phytotoxic eﬀects of the fungicides or due to unintentional
side eﬀects of fungicides on associated organisms such as beneﬁcial soil organisms and foliar endophytes. Phytotoxicity is
unlikely to have occurred from the weekly foliar applications
used in our ﬁeld experiments, which should also have had
limited impact on non-target and soil organisms. Furthermore, since the exclusion of beneﬁcial organisms should also
aﬀect fungicide-treated seedlings in the low-density plots,
some other explanation seems more likely. One possibility
is a shift in the strength of other mortality factors following enemy exclusion. If the exclusion of pathogens results
in higher seedling survival, intraspeciﬁc competition for
resources could become strong enough to increase mortality in the high density plot. Since there is little evidence for
strong inter- and intraspeciﬁc competition among seedlings
(Paine et al. 2008, Svenning et al. 2008), the likely mechanism driving the signiﬁcant negative fungicide  density
interaction in T. amazonia remains unknown.
Methodological insights on the potential
importance of scale
Little is known about the spatial and temporal scales at which
diﬀerent groups of enemies respond to the densities of their
hosts (Lewis and Gripenberg 2008), and it may be that density manipulations carried out at the scale of 1-m2 plots have
little eﬀect on the behaviour of certain enemies. Two studies
(Harms et al. 2000, Bagchi et al. unpubl.) detecting negative
density-dependence at the seed-to-seedling transition stage
(a period which comprises both seed germination and survival at the early seedling stages) in a large number of species
used plots of similar size to ours. However, these studies did
not manipulate conspeciﬁc densities and utilised natural variation in density over relatively large spatial scales (1 to 50 ha)
instead. Because local (1 m2) seedling densities may covary
with densities at larger spatial scales, correlations between
small-scale seedling density and mortality in the studies by
Harms et al. (2000) and Bagchi et al. (unpubl.) may therefore reﬂect enemy responses to adult, seed, or seedling host
densities in the wider landscape rather than to ﬁne-scale seed
or seedling densities. Furthermore, if enemies attacking seeds
or seedlings aggregate on conspeciﬁc adults (as suggested by
Janzen 1970), or enemy abundance is more strongly determined by the roots, litter, or canopy of the adult tree than by
ephemeral increases in seed or seedling densities, small-scale

manipulations of seed or seedling densities are unlikely to
aﬀect mortality greatly.
Our experiments also diﬀer from the studies by Harms
et al. (2000) and Bagchi et al. (unpubl.) in terms of their
temporal scale. The experiments reported here were relatively
short-term (experimental treatments maintained for up to
eight weeks, compared to durations of months or years) and
tracked germinating seeds and seedlings that were only weeks
to months old. We concentrated on the earliest stage in plant
establishment because of evidence from earlier experiments
at our ﬁeld site that suggested that pathogen induced mortality in one species, Pleradenophora longicuspis, predominantly
occurred in the ﬁrst weeks after germination (Bell et al. 2006,
Bagchi et al. 2010). However, longer sampling allows more
time for enemy eﬀects to accumulate, potentially making it
more likely that enemy-mediated eﬀects on seedling mortality will be detected. Furthermore, longer experiments are
more likely to overlap with transient conditions suitable for
pathogen or herbivore outbreaks that could have important
eﬀects on seedling survival. For example, germinating seeds
of ten Cecropia species showed no survival beneﬁt from eight
weeks of fungicide application, even though fungal pathogens caused signiﬁcant mortality during four months of seed
bank incubations (Gallery et al. 2010). While vertebrate seed
predators and herbivores can drive rapid negative densitydependence (Paine and Beck 2007, Bagchi et al. 2011), our
short-term results suggest that insect and pathogen-mediated
mortality of very young seedlings is low for the majority of
our studied species, but it could prove to be important over
longer time scales.
While the spatial and temporal scales of our density
manipulations and survival monitoring may have been too
restricted to ﬁnd any enemy-mediated density eﬀects on
seedling survival in our ﬁve studied species, the studies by
Bell et al. (2006) and Bagchi et al. (2010) in even smaller
experimental plots (0.25 m2) demonstrated marked eﬀects
of density on pathogen induced mortality in Pleradenophora
longicuspis seedlings on similarly short time-scales. This
serves to illustrate the system-speciﬁc aspects of experimental outcomes. In the case of P. longicuspis, the newly
germinated seedlings are attacked by fungal pathogens that
are very eﬀective in killing hosts growing in dense aggregations. These pathogens are primarily spread through physical contact between neighbouring seedlings and through
rain splash (Swinﬁeld et al. 2012). In such cases, thinning of
seedling carpets may have dramatic impacts on the success
of the spread of the pathogen, even at small spatial scales.
On the other hand, if seedling survival is aﬀected by
pathogens already present in the soil, environmental factors
triggering outbreaks would have stronger eﬀects than density-manipulations of contemporary seedling densities.
A more eﬃcient though challenging route for manipulative ﬁeld experiments of the type described here might
therefore be a dual approach, where the ﬁrst step involves
identifying the likely identities of the enemies aﬀecting the
plant species in question (Alvarez-Loayza and Terborgh
2011), the ontogenetic stages that the enemies attack,
and the temporal window across which substantial enemymediated mortality occurs (e.g. through pesticide applications in a density-independent context). Only when this
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information is available would factorial experiments testing
for a pesticide  density interaction be carried out. The lack
of information on the relevant spatial scales and magnitudes
across which diﬀerent types of enemies respond to variation in host densities remains, but it seems likely that more
mobile enemies (e.g. insects, vertebrates) require larger scale
experiments than most soil-borne pathogens. In cases where
enemies attack multiple ontogenetic stages of the plant (for
example herbivores feeding on seedlings and adult foliage),
it may also be necessary to allow experimental plots to vary
in their range of conspeciﬁc densities in the neighbourhood. Ideally, experiments could be nested within mapped
vegetation plots (to allow assessment of the spatial scale
across which enemies respond). Where this is not possible,
establishing plots both near and far from adult trees – as
done by Swamy and Terborgh (2010) for seedling enemies,
and Gallery et al. (2007) for fungal seed pathogens – is an
alternative.
Summary and conclusions
Adopting a protocol almost identical to the one used by
Bell et al. (2006) to detect strong pathogen-caused negative density-dependence in the tree P. longicuspis, we failed
to detect any enemy-mediated negative density-dependence
in the survival of young seedlings of ﬁve other, haphazardly
selected tree species in the same community. This suggests
that small-scale insect and/or pathogen-mediated negative
density-dependent mortality of newly germinated seedlings
is a far from ubiquitous phenomenon and cautions against
generalising the results of a species-speciﬁc study. Our study
illustrates some of the challenges of conducting manipulative
experiments testing for enemy-mediated negative densitydependence in seedling survival. Decisions must be made
about the spatial scale, type (seed addition, seedling thinning)
and magnitude of the density manipulation, which enemies
are targeted and what methods are used to exclude them,
and the time period over which the experimental treatments
are maintained. Each of these decisions can potentially have
an impact on the experimental outcome. Nevertheless, continued manipulative ﬁeld-based experiments are required to
reveal the processes behind negative density-dependence patterns such as those reported by Harms et al. (2000), Comita
et al. (2010), and Paine et al. (2012).
Acknowledgements – SG and RB are joint ﬁrst authors. We thank
the late Nicodemus Bol, Matthew Bol, Jimmy Boucher, Ed Miles
and Claire Addis for help with ﬁeldwork and Timothy Paine for
helpful comments on a previous version of the manuscript. The
study was supported by NERC grant NE/D010721/1 to Owen
Lewis and Robert Freckleton. Soﬁa Gripenberg was supported by
the Academy of Finland (grant no. 126296 and 138299).

References
Alvarez-Loayza, P. and Terborg, J. 2011. Fates of seedling carpets
in an Amazonian ﬂooplain forest: intra-cohort competition or
attack by enemies. – J. Ecol. 99: 1045–1054.
Bagchi, R. et al. 2009. Evolutionary history and distancedependence control survival of dipterocarp seedlings. – Ecol.
Lett. 12: 1–9.

192

Bagchi, R. et al. 2010. Testing the Janzen–Connell mechanism:
pathogens cause overcompensating density dependence in a
tropical tree. – Ecol. Lett. 13: 1262–1269.
Bagchi, R. et al. 2011. Impacts of logging on density-dependent
predation of dipterocarp seeds in a Southeast Asian rainforest.
– Phil. Trans. R. Soc. B 366: 3246–3255.
Bates, D. et al. 2012. lme4: Linear mixed-eﬀects models using
Eigen and S4. R package ver. 0.99999911-0/r1788. http://
R-Forge.R-project.org/projects/lme4/
Bell, T. et al. 2006. Plant pathogens drive density-dependent mortality in a tropical tree. – Ecol. Lett. 9: 569–574.
Bridgewater, S. G. et al. 2006. A preliminary checklist of the
vascular plants of the Chiquibul Forest, Belize. – Edinburgh
J. Bot. 63: 269–321.
Carson, W. P. et al. 2008. Challenges associated with testing and
falsifying the Janzen–Connell hypothesis: a review and
critique. – In: Carson, W. P. and Schnitzer, S. A. (eds),
Tropical forest community ecology. Blackwell, pp. 210–241.
Clark, D. B. and Clark, D. A. 1985. Seedling dynamics of a
tropical rain forest tree: impacts of herbivory and apical
meristem damage. – Ecology 66: 1884–1892.
Comita, L. S. et al. 2010. Asymmetric density dependence shapes
species abundance in a tropical tree community. – Science
329: 330–332.
Crawley, M. J. 1992. Population dynamics of natural enemies and
their prey. – In: Crawley, M. J. (ed.), Natural enemies:
the population biology of predators, parasites and diseases.
Blackwell, pp. 40–89.
Connell, J. H. 1971. On the role of natural enemies in preventing
competitive exclusion in some marine animals and in rain
forest trees. – In: den Boer, P. J. and Gradwell, G. R.
(eds), Dynamics of populations. PUDOC, Wageningen,
pp. 298–312.
Diedhiou, P. M. et al. 2004. Eﬀects of the strobilurin fungicides
azoxystrobin and kresoximmethyl on arbuscular mycorrhiza.
– J. Plant Dis. Protect 111: 545–556.
Egli, P. and Schmid, B. 2001. The analysis of complex leaf survival
data. – Basic Appl. Ecol. 2: 223–231.
Freckleton, R. P. and Lewis, O. T. 2006. Pathogens, density
dependence and the coexistence of tropical trees. – Proc. R.
Soc. B 273: 2909–2916.
Gallery, R. E. et al. 2007. The inﬂuence of seed source, habitat,
and fungi on Cecropia seed survival in two neotropical forests.
– In: Dennis, A. J. et al. (eds), Seed dispersal: theory and its
application in a changing world. CAB Intl. Press, UK.
Gallery, R. E. et al. 2010. Variation in susceptibility, tolerance, and
timing of infection by seed pathogens in the neotropical tree
genus, Cecropia. – J. Ecol. 98: 147–155.
Grubb, P. J. 1977. The maintenance of species-richness in plant
communities: the importance of the regeneration niche.
– Biol. Rev. 52: 107–145.
Gilbert, G. S. 2002. Evolutionary ecology of plant diseases
in natural ecosystems. – Annu. Rev. Phytopathol. 40:
13–43.
Hammond, D. S. and Brown, V. K. 1998. Disturbance, phenology
and life-history characteristics: factors inﬂuencing distance/
density-dependent attack on tropical seeds and seedlings. – In:
Newbery, D. M. et al. (eds), Dynamics of tropical communities. Blackwell, pp. 51–78.
Harms, K. E. et al. 2000. Pervasive density-dependent recruitment
enhances seedling diversity in a tropical forest. – Nature, 404:
493–495.
Hille Ris Lambers, J. et al. 2002. Density-dependent mortality and
the latitudinal gradient in species diversity. – Nature 417:
732–735.
Hubbell, S. P. et al. 1999. Light-gap disturbances, recruitment
limitation, and tree diversity in a neotropical forest. – Science
283: 554–557.

Hyatt, L. A. et al. 2003. The distance dependence prediction of the
Janzen–Connell hypothesis: a meta-analysis. – Oikos 103:
590–602.
Janzen, D. H. 1970. Herbivores and number of tree species in
tropical forests. – Am. Nat. 104: 501–528.
Janzen, D. H. 1980. Speciﬁcity of seed-attacking beetles in a Costa
Rican deciduous forest. – J. Ecol. 68: 929–952.
Johnson, M. S. and Chaﬀey, D. R. 1973. An inventory of the
Chiquibul Forest Reserve, Belize. Land Resource Study No.
14. – Foreign and Commonwealth Oﬃce, Overseas Development Administration.
Leigh, E. G. et al. 2004. Why do some tropical forests have so
many species of trees? – Biotropica 36: 447–473.
Lewis, O. T. and Gripenberg, S. 2008. Insect seed predators
and environmental change. – J. Appl. Ecol. 45:
1593–1599.
Liu, Y. et al. 2012. Analysis of a negative plant–soil feedback in a
subtropical monsoon forest. – J. Ecol. 100: 1019–1028.
Maron, J. L. et al. 2011. Soil fungal pathogens and the relationship between plant diversity and productivity. – Ecol. Lett.
14: 36–41.
Mangan, S. A. et al. 2010. Negative plant–soil feedback predicts
relative species abundance in a tropical forest. – Nature 466:
752–756.
Metz, M. R. et al. 2010. Community-wide, density-dependent
seedling mortality promotes species coexistence in a
highly diverse Amazonian rainforest. – Ecology 91:
375–385.
Miles, E. 2008. The eﬀects of fungicides on mycorrhizae colonization of tropical tree seedlings. – BSc thesis, The Scottish
Agricultural College, Univ. of Glasgow, UK.
Norghauer, J. M. et al. 2006. An experimental test of density- and
distant-dependent recruitment of mahogany (Swietenia
macrophylla) in southeastern Amazonia. – Oecologia 162:
405–412.
Novotny, V. et al. 2010. Guild-speciﬁc patterns of species richness
and host specialization in plant herbivore food webs from a
tropical forest. – J. Anim. Ecol. 79: 1193–1203.

Paine, C. E. T. and Beck, H. 2007. Seed predation by neo-tropical
rain forest mammals increases diversity in seedling recruitment. – Ecology 88: 3076–3087.
Paine, C. E. T. et al. 2008. Weak competition among tropical tree
seedlings: implications for species coexistence. – Biotropica
40: 432–440.
Paine, C. E. T. et al. 2012. Phylogenetic density dependence and
environmental ﬁltering predict seedling mortality in a tropical
forest. – Ecol. Lett. 15: 34–41.
Rigby, R. A. and Stasinopoulos, D. M. 2005. Generalized
additive models for location, scale and shape. – Appl. Statist.
54: 507–554.
Schupp, E. W. and Jordano, P. 2011.The full path of Janzen–
Connell eﬀects: genetic tracking of seeds to adult plant recruitment. – Mol. Ecol. 20: 3953–3955.
Svenning, J. -C. et al. 2008. Seedling interactions in a tropical
forest in Panama. – Oecologia 155: 143–15.
Swamy, V. and Terborgh, J. 2010. Distance-responsive natural
enemies strongly inﬂuence seedling establishment patterns of
multiple species in an Amazonian rainforest. – J. Ecol. 98:
1096–1107.
Swinﬁeld, T. et al. 2012. Consequences of changing rainfall for
fungal pathogen-induced mortality in tropical tree seedlings.
– Ecol. Evol. 2: 1408–1413.
Terborgh, J. 2012. Enemies maintain hyperdiverse tropical forests.
– Am Nat. 179: 303–314.
Valencia, R. et al. 1994. High tree alpha diversity in Amazonian
Ecuador. – Biodivers. Conserv. 3: 21–28.
Wills, C. et al. 1997. Strong density- and diversity-related eﬀects
help to maintain tree species diversity in a neotropical forest.
– Proc. Natl Acad. Sci. USA 94: 1252–1257.
Wilson, D. E. and Janzen, D. H. 1972. Predation on Scheelea palm
seeds by Bruchid beetles: Seed density and distance from the
parent palm. – Ecology 53: 954–959.
Wright, A. C. S. et al. 1959. Land in British Honduras. – H. M.
Stationery Oﬃce, London.
Wright, S. J. 2002. Plant diversity in tropical forests: a review of
mechanisms of species coexistence. – Oecologia 130: 1–14.

Supplementary material (avaiable online as Appendix oik00835 at  www.oikosoﬃce.lu.se/appendix ). Appendix A1.

193

