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Abstract

The Janzen–Connell (J-C) hypothesis suggests that specialised natural enemies cause distance- or
density-dependent mortality among host plants and is regarded as an important mechanism for
species coexistence. However, there remains debate about whether this phenomenon is widespread
and how variation is structured across taxa and life stages. We performed the largest meta-analy-
sis of experimental studies conducted under natural settings to date. We found little evidence of
distance-dependent or density-dependent mortality when grouping all types of manipulations. Our
analysis also reveals very large variation in response among species, with 38.5% of species even
showing positive responses to manipulations. However, we found a strong signal of distance-
dependent mortality among seedlings but not seed experiments, which we attribute to (a) seedlings
sharing susceptible tissues with adults (leaves, wood, roots), (b) seedling enemies having worse
dispersal than seed enemies and (c) seedlings having fewer physical and chemical defences than
seeds. Both density- and distance-dependent mortality showed large variation within genera and
families, suggesting that J-C effects are not strongly phylogenetically conserved. There were no
clear trends with latitude, rainfall or study duration. We conclude that J-C effects may not be as
pervasive as widely thought. Understanding the variation in J-C effects provides opportunities
for new discoveries that will refine our understanding of J-C effects and its role in species coexis-
tence.
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INTRODUCTION

An enduring challenge in community ecology is to understand
the mechanisms by which diversity is generated and main-
tained (Chesson, 2000; Vellend, 2016). Models of coexistence
emphasise the role of species in limiting their own populations
more than those of heterospecifics (termed ‘stabilising’ mecha-
nisms sensu Modern Coexistence Theory; Chesson, 2000;
Adler et al., 2007; HilleRisLambers et al., 2012). Stabilising
mechanisms promote species coexistence in communities
through conspecific negative density or distance dependent
(CNDDD) mortality, a phenomenon where a species’ popula-
tion growth rate declines as they become more abundant and
prevents any given species from dominating a community.
CNDDD may be the result of resource competition among
conspecifics, but at early life stages, seeds and seedlings have
smaller resource requirements (Adler et al., 2018). The role of
natural enemies has gained more support as a driver of

CNDDD at early life stages because the majority of seed and
seedling mortality is caused by host-specific natural enemies,
predominantly fungal pathogens and herbivorous insects (Ter-
borgh, 2012; Bagchi et al., 2014; Forrister et al., 2019; Song
and Corlett, 2020). Natural enemy populations are expected
to increase in response to the abundance of their host plants,
so abundant plant species are more likely to suffer from ene-
mies and the probability of a host-specific enemy evolving
increases with the host’s population size (Ridley, 1930; Gillett,
1962).
Janzen (1970) and Connell (1971) argued that the effects of

host-specific plant enemies can have consequences for spatial
patterns of recruitment depending on the natural history of
hosts and enemies. Conspecific offspring (seeds, seedlings or
saplings) may suffer a higher chance of being colonised by
enemies when they are closer to adult or parent plants (caus-
ing ‘distance-dependent’ mortality), or when they are aggre-
gated in close proximity to each other (causing ‘density-
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dependent’ mortality; Terborgh, 2012). This idea, widely
referred to as the Janzen–Connell (J-C) hypothesis, could be a
sufficient stabilising mechanism by which coexistence with
other species may be achieved (Mordecai, 2011; Levi et al.,
2019), and differences in J-C effects have been suggested to
explain large-scale patterns in plant diversity (Lambers et al.,
2002; Johnson et al., 2012). The J-C hypothesis is typically
tested by manipulating the densities of seeds and seedlings
(via transplanting or thinning), or their distances to adult con-
specifics, and then comparing mortality rates between treat-
ments (Carson et al., 2008). Such experimental manipulations
are important because propagule density and distance to par-
ent tree are highly correlated, so careful manipulations are
required disentangle the effects distance and density depen-
dence and they alleviate statistical biases that plague many
observational studies due to unequal sample sizes and regres-
sion dilution (Detto et al., 2019). However, for understand-
able logistical reasons, most J-C experiments only measure
offspring mortality and not the cause, and thus may conflate
the effects from enemies and other processes such as competi-
tion.
Over the past five decades, the J-C hypothesis has received

widespread favour among ecologists for a number of reasons,
including its clear logic and support in both observational and
experimental studies (Mordecai, 2011; Comita et al., 2014).
However, other theoretical studies argue that the role of J-C
effects in species coexistence may be overstated or contingent
on specific conditions that are rare in real communities, such
as if there is limited variation in fitness among species
(Chisholm and Fung, 2020; May et al., 2020). Others argue
that the apparent prevalence of CNDDD may have been sta-
tistically inflated (Detto et al., 2019). Nonetheless, a consistent
theme of multi-species studies is that the strength of the effect
varies across species (Comita et al., 2010; Song and Corlett,
2020), with some studies even showing positive effects from
increased density or proximity to adults (Dickie et al., 2012;
Johnson et al., 2012; Zhu et al., 2015; Segnitz et al., 2020).
Therefore, while J-C effects clearly operate for some species at
some life stages in some systems, there remains significant
debate over the generality and magnitude of J-C effects, espe-
cially its role in shaping macro-scale diversity patterns (Dickie
et al., 2012; Chisholm and Fung, 2018; Hülsmann and Hartig,
2018; Detto et al., 2019).

VARIATION IN JANZEN-CONNELL EFFECTS

A variety of abiotic and biotic factors potentially influence the
role that natural enemies play in plant offspring mortality,
and these mediating factors differ across species, life stages
and sites. Explaining the variation in J-C effects may shed
light on the ecological and evolutionary pressures that shape
coexistence mechanisms. First, the dominant natural enemy
guilds (fungi, insects, rodents) vary between sites and among
species and each enemy guild has unique effects on seeds and
seedlings (Fricke et al., 2014; Dylewski et al., 2020; Jia et al.,
2020). The J-C effect emphasises the role of specialist enemies
in driving CNDDD, but if generalist enemies also operate in
a distance- and density-responsive manner, the same CNDDD
patterns may arise (Paine and Beck, 2007; Jia et al., 2018).

Second, there are intrinsic differences in plant physical
defences (e.g. leaf toughness; seed coat and wood density) and
chemical defences (e.g. secondary metabolites) that partially
mediate their susceptibility to enemies (Dalling et al., 2011;
Turcotte et al., 2014; Jia et al., 2020; Descombes et al., 2020).
Abiotic conditions such as seasonality may drive fluctuations
in enemy abundance, and thus in the strength of J-C effects
through times (Janzen, 1970; Givnish, 1999; Dyer et al., 2007;
Schemske et al., 2009; Lim et al., 2015; Forister et al., 2015).
Comparatively stable tropical environment conditions could
allow longer coevolution of plants and enemies leading to
stronger interactions than in temperate areas (Comita, 2017),
where clades are often younger with fewer coevolved enemies
(Coley and Kursar, 2014; Andresen et al. 2018). Finally,
detecting J-C effects in natural settings may be obscured if
there are positive distance dependence processes, such as local
microhabitat filtering wherein offspring benefit from similar
abiotic conditions as nearby adult trees, or beneficial biotic
interactions, such as through the inoculation of ectomycor-
rhizal fungi (Xu et al., 2020). Therefore, variation in J-C
effects is expected and studies may fail to detect J-C effects if
these negative CNDDD effects are weaker than positive
effects (Zhu et al., 2015, Wu et al. 2016).

ARE JANZEN-CONNELL EFFECTS

PHYLOGENETICALLY CONSERVED?

Closely related species may experience similar CNDDD
responses if they share natural enemies (Liu et al., 2012; Paine
et al., 2012) or share traits that mediate their responses to nat-
ural enemies (Losos, 2008; Wiens et al., 2010, Lebrija-Trejos
et al., 2014). The resulting prediction is that species in patho-
gen-prone clades may experience J-C effects to a similar
degree. For example shade-tolerant plants may be more sus-
ceptible to fungal pathogens (Jia et al., 2020) and genera or
families that are predominantly shade-tolerant may thus share
a similar degree of susceptibilities to fungal pathogens. Thus,
a phylogenetic signal in J-C effects may depend on (1)
whether plant species susceptibility to enemies is phylogeneti-
cally conserved (including plant defences), and (2) whether
enemies host-specificity is phylogenetically conserved (Craw-
ford et al., 2019). The phylogenetic scale at which both these
processes operate will ultimately shape if J-C effects are con-
served at the species-, genus- or family-level (Graham, Storch
and Machac, 2017).
Alternatively, J-C effects may vary strongly even among clo-

sely related species if evolutionary feedbacks between species
and their herbivores has driven diversification within the clade
(Kursar et al., 2009). For chemical defensives, there are stud-
ies reporting significant phylogenetic conservatism (Sedio
et al., 2018) and others reporting significant differentiation
even among closely related congeners (Kursar et al., 2009,
Kariñho-Betancourt et al. 2015; Endara et al., 2017; Gripen-
berg et al., 2019). While the net effect of taxonomic relation-
ships in plant defences and susceptibility to natural enemies
appears equivocal or idiosyncratic, both field observations
(Paine et al., 2012; Pu and Jin, 2018) and manipulated experi-
ments (Liu et al., 2012) have suggested that evolutionary his-
tory may mediate the strength of J-C responses.
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JANZEN-CONNELL EFFECTS IN SEEDS VERSUS

SEEDLINGS

Distance and density dependence are shaped by intrinsic dif-
ferences in seed and seedling traits and defences, as well as
differences in the life histories of their respective enemies.
Seeds generally have greater physical and chemical defences
against enemies than seedlings, such as hard impermeable seed
coats and higher concentrations of secondary chemicals
(McCall and Fordyce, 2010; Whitehead et al., 2013; Dalling
et al., 2011; Turcotte et al., 2014; Descombes et al., 2020, but
see Beckman, 2013). The seed life stage is also shorter than
the seedling stage for most plants, so there is a smaller win-
dow of susceptibility to specialist enemies, such as fungal
pathogens in seedlings that may require longer to cause mor-
tality than vertebrate seed predators (Corlett, 2014; Song and
Corlett, 2020; but see Sarmiento et al., 2017). The seedling
stage is also vulnerable to herbivory, especially in the forest
understory where most studies are undertaken due to low
light conditions that allow for less investment of carbon into
defence traits (Boege and Marquis, 2005; Lebrija-Trejos et al.,
2016).
The aim of this study was to evaluate more nuanced aspects

of the J-C hypothesis – specifically, how does distance and
density dependence vary across life stages? Based on the diet
and dispersal of seedling enemies, we hypothesise that seed-
lings would suffer the strongest J-C effect from distance
manipulations because parents act as important enemy reser-
voirs. Seedlings share similar tissues with adult conspecifics
(e.g., leaves, wood, roots), and are thus likely to share more
enemies that specialise their feeding on those tissues (Forister
et al., 2015; Forrister et al., 2019; Gripenberg et al. 2019b).
Likewise, leaf, wood and root enemies likely persist in adults
between seasons, providing long-term reservoirs of enemies
for easy dispersal to nearby seedlings (Basset et al., 2019).
Seedlings may also suffer more negative effect from compara-
tively more dispersal-limited enemies than seeds such as soil
pathogens, which rarely actively disperse large distances
(>1 m) and affect seedlings more than seeds (Pu and Jin,
2018, but see Sarmiento et al., 2017). Finally, distance depen-
dence could be stronger for seedlings of trees than non-tree
taxa if larger and longer-lived tree parents accumulate more
enemies with which to infect nearby seedlings.
For seeds, we predicted that the well-developed dispersal

mechanisms of specialised insect enemies to find this tempo-
rally and spatially patchy resource would cause seeds to suffer
little distance-dependence but strong density-dependence (Bas-
set et al., 2019). Seed predators may rely on distinctive visual
and olfactory cues, which are more likely to be successful in
finding clumps of seeds that provide stronger signals (Boege
and Marquis, 2005; Lebrija-Trejos et al., 2016), and this could
induce density-dependence. Mammal-dispersed fruits often
have strong higher olfactory cues and bird-dispersed fruit
often have strong visual cues, both of which could be used by
specialist insect enemies (Lu et al., 2015). Wind dispersed spe-
cies with fewer obvious cues may suffer weaker J-C effects
than animal dispersal species. On the contrary, seedlings
visual and olfactory cues may be more general, and thus
higher density may have limited effect enhancing the initial

colonisation of insect folivore species at a patch of con-
specifics, although higher density could still facilitate transmis-
sion among nearby individuals after a patch is colonised. A
second reason distance-dependence may be less important for
seeds is because adult plants may not act as effective seed
enemy reservoirs. Seeds are rarely available year-round, so
specialist seed predators are unlikely to persist in adults
between reproductive periods (Sedio and Ostling, 2013;
Gripenberg et al. 2019). However, insect seed specialists may
not forage outside of the fruiting season but may reside in the
reproductive individuals until the next fruiting season, some-
times in the nearby soil (Gripenberg, 2018).

HYPOTHESES

Here, we evaluate the importance of J-C effects by collating
an up-to-date data set of experimental seed and seedling
manipulations collected worldwide, adding six years of data
from J-C related studies since Comita and colleagues’ seminal
review in 2014. We expand on previous J-C syntheses in three
new directions. First, we evaluate the degree to which shared
evolutionary history may explain patterns in density- or dis-
tance-dependent mortality across plant species. If closely
related plant species share similar traits and defences, they
may respond more similarly to shared natural enemies com-
pared to more distantly related species (phylogenetic conser-
vatism; Losos, 2008; Wiens et al., 2010; Liu et al., 2012; Sedio
et al., 2018). J-C effects would thus be similar for species
within the same genera and families. Alternatively, since many
enemies are host-specific (specialised to one species) and
because congeners may be evolutionarily differentiating them-
selves in chemical defence traits (Kursar et al., 2009, Kariñho-
Betancourt et al. 2015), J-C effects may vary greatly even
among closely related species. Therefore, we build on the
methods employed by Comita et al. by testing for phyloge-
netic signals and controlling for taxonomic pseudoreplication
(treatment of multiple studies of the same species as indepen-
dent observations; Chamberlain et al., 2012; Liu et al., 2012;
Paine et al., 2012). Second, we test our key hypotheses that
(a) seedling would suffer larger J-C effects overall because
they are less defended and susceptible for longer, (b) only
seedlings would suffer distance-dependence because they share
susceptible tissues with adults, (c) that distance-dependence
effects would only be present for larger and longer-lived trees
because they may act as larger reservoirs of natural enemies
than smaller or more ephemeral other lifeforms and, (d) that
only seeds would suffer density-dependence because seed ene-
mies have better dispersal and would be attracted to stronger
signals from clumps. Finally, we evaluate if abiotic drivers
explain differences in density- or distance-dependent effects
among studies (e.g. rainfall and latitude) and the effects of
experimental duration and treatment intensity on outcomes.

METHODS

Data collection and preparation

We collated a data set of experimental field studies testing
distance- and density-dependence based on the previous meta-
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analysis (hereafter C2014) and added newer studies published
between April 2013 and July 2019. To ensure we included the
same studies as the original C2014 study, we used the same
search conditions used in C2014, summarised here. Three sep-
arate searches using Web of Knowledge were performed, with
the following criteria: (1) articles citing Janzen, 1970, (2) the
title, abstract or keywords contained “plant-soil feedback*”,
or (3) the title, abstract or keywords contained ‘density
depend*’ or “density-depend*” or “distance-depend*” or “dis-
tance depend*” AND plant* or tree* or grass* or herb* or
forest* or forb* or prairie* or tundra* AND herbivore* or
pathogen*. Articles from all three searches must include the
term “experiment*” in the title, abstract or keywords. From
the studies returned, we included those that were written in
English, performed a manipulation of native plant density or
distance from adult and included the number of initial and
surviving seeds/stems in each treatment. Field studies in
which enemies were manipulated (e.g. exclosures, fungicide,
insecticide, etc) are important to understanding the impact
of each type of enemy on specific plants and have been
addressed elsewhere (Song and Corlett, 2020) and thus out-
side the scope of our study. However, data for control treat-
ments for such enemy manipulations were included in our
data set if the study plants could be accessed by all enemies.
We calculated the effect size for each study using the log
odds ratio, ln(OR):

ln ORð Þ ¼ ln ScMtð Þ= StMcð �½ �,
where Sc = the survivors in the far or low treatment, Mc = the
deaths in the far or low treatment, St = the survivors in the
near or high treatment and Mt = the deaths in the near or
high treatment. An ln(OR) of zero indicates no difference in
survival rates between the denser/closer treatment, while nega-
tive values indicate lower survival in the denser/closer treat-
ments. A standardised effect size, ln(OR), of −1 means that
individuals in denser/closer treatment suffered 63.2% lower
survival compared to the less dense/further treatment. The
standardised effect sizes and the variance for each species
from each experiment were calculated using the escalc() func-
tion in the metafor package in R version 3.2.0. When mortal-
ity at multiple timepoints was measured in a study, we only
included data for the last timepoint. In addition, we also
recorded the treatment intensity for each experiment by taking
the log-transformed difference between the density / distance
manipulations and the control treatment. Treatment intensity
for distance manipulations was based on the distance from a
conspecific’s crown, whereas treatment intensity for density
manipulations was based on the number of individuals per m2

(box-cox transformed to a normal distribution).
C2014 located 46 studies, with 120 distance manipulations

and 34 density manipulations. Our search enabled the inclu-
sion of 78 (+69.6%) studies with 140 distance manipulations
and 75 density manipulations, representing 47 (+2%) families
and 143 (+31.2%) species. The final data set had a broad glo-
bal representation (Fig. 1). The effect sizes and variance for
all studies are shown in Appendix Fig. S1. We assigned each
species to a family and genera using the R package ‘plantlist’
(Zhang, 2017) and provide a phylogeny of species included in
Fig. S2 (Jin and Qian, 2019).

Testing for taxonomically-conserved Janzen–Connell effects

Phylogenetic co-variance may inflate effect sizes in compara-
tive studies, especially when estimating community-level
effects (Chamberlain et al., 2012; Nakagawa and Santos,
2012; Maddison and FitzJohn, 2015). As plant chemical and
physical defences may be strongly shaped by evolutionary
history (Cavender-Bares et al., 2009; Sedio and Ostling, 2013;
Coley and Kursar, 2014; Turcotte et al., 2014), closely related
species or independent measures of the same species do not
represent independent data points. In the most comprehensive
meta-analysis of J-C effects at the time, C2014 found strong
support for both negative distance and density dependence
when combing all species and both seed and seedling experi-
ments and concluded that J-C effects are pervasive. We re-
evaluate the overall magnitude of distance- and density-depen-
dent effects without including taxonomic random effects, to
remain consistent with the C2014 study, and compare this to
models including taxonomic random effects to control for
potential taxonomic pseudoreplication.

Meta-analysis

To evaluate the magnitude of distance and density dependence
effects across studies, we conducted a meta-analysis using the
rma.mv() function of the metafor package version 2.1-0
(Viechtbauer et al. 2010; Viechtbauer 2019). For all of our
meta-analysis regressions (meta-regressions), we included the
experiment effect size as the response variable and we present
the effect sizes from meta-regression models that weight
results by the sampling variance. First, we evaluated if the
variation in distance and density dependence was taxonomi-
cally conserved by including these species, genus and family
as random effects and assessing model fit using model selec-
tion, wherein smaller Akaike Information Criterion (AIC) val-
ues indicate improved model fit. We then selected the model
with random effect structure with the lowest AIC (Table 1)
for all other mixed-model analyses. We also present standard-
ised effect sizes for each family by including family as a fixed-
effect categorical variable. Second, to estimate distance- and
density-dependence, we ran meta-regressions without taxo-
nomic random effect (following C2014) and then we compare
this to mixed-models that accounted for shared responses
among related species by including taxonomic random effects.
The mixed-model random effects were included to account for
the influence of ‘taxonomic bias’, or overrepresentation of
data from a few related species, and pseudoreplication, or
sample size inflation due to considering related multiple stud-
ies of the same species as independent. Third, we assessed if
distance and density dependence varied between the four cate-
gories of manipulations (seed versus seedlings and density ver-
sus distance – hereafter these four categories are called
treatment or manipulation ‘categories’) using model selection.
Since there was strong support for evaluating distance and
density dependence separately among four treatment cate-
gories (Table S1), we subsetted the data accordingly and pre-
sent results for each category. We also tested if distance and
density dependence varied within each treatment category for
trees vs non-trees, and temperate vs tropical trees. Finally, we
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assessed support for adding four covariates previously pre-
dicted to mediate J-C effects and distance- and density-depen-
dence (study duration, latitude and rainfall), as well as the
treatment intensity of each study (i.e. the factor by which den-
sity/closeness to adult was increased relative to controls).

RESULTS

Taxonomic effects

First, we tested if conspecific negative distance or density
dependence (CNDDD) were conserved within phylogenetic
family, genus or species. Relative to a null model without tax-
onomic random effects, including family, genus and species as
random effects significantly improved fits by ΔAIC of
−1209.4, −1923.2 and −2140.3 respectively (lower AIC
denotes better model fit). A species random effect had the best
fit but including nested random effects with species and higher
taxonomic levels gave rise to larger AIC values, suggesting
that most of the variation in CNDDD occurred between

species and was not explained by higher taxonomic ranks
(Table 1). Mean effect sizes within each family were highly
variable and did not suggest that density or distance depen-
dence are more common than positive or neutral effects
(Fig. 2). When analysing all types of manipulations combined,
where a significant negative coefficient implies a CNDDD
effect, 16 families showed positive responses (P < 0.05 for
three families) contrary to expectations of CNDDD, whereas
22 showed negative effects consistent with CNDDD (two with
P < 0.05). When grouping all types of manipulations and tak-
ing the mean standardised effect size per species, 38.5% of
species showed positive responses to being higher densities/
closer to parents (Fig. 3).

CNDDD without controlling for taxonomic pseudoreplication

To mirror previous meta-analyses (Hyatt et al., 2003; Comita
et al., 2014) using our updated data set, we first tested for
CNDDD without including species-level random effects. We
evaluated if there was an overall global signal of CNDDD

Figure 1 Geographical distribution of studies testing density-dependent and distance-dependent J-C effects included in this meta-analysis. [Correction added

on 20 January 2021, after first online publication: legend has been modified.]

© 2020 John Wiley & Sons Ltd.
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and if this varied for density versus distance experiments or
seed versus seedling experiments. Without taxonomic random
effects, there was a strong overall J-C effect (standardised
effect size on mortality, measured in log odds ratios and here-
after called ‘z’ = −0.417; P < 0.001), in line with the results of
C2014, and when density and distance manipulations were
analysed separately (zdensity = −0.370, P < 0.001; zdistance =
−0.432, P < 0.001). Likewise, there were significant CNDDD
when seed and seedling experiments were analysed separately
(zseed = −0.326, p < 0.001; zseedling −0.821, P < 0.001). We
found no publication bias using funnel plot analysis (Ken-
dall’s rank correlation test of asymmetry: tau = −0.023,
P = 0.603; Fig. S4).

J-C effects while controlling for pseudoreplication using species-

level random effects

Next, we used mixed-models to control for taxonomic pseu-
doreplication or bias by including a random effect to account
for shared responses among studies of the same species (the
data set contained 60 species with multiple observations out
of the 143 species total). Compared to the base model without
species random effects, there was no longer a statistically sig-
nificant overall CNDDD effect (z = −0.194, P = 0.055) nor
among density (z = −0.190, P = 0.074) or distance
(z = −0.268, P = 0.074) experiments (Fig. 4). Pooling density
and distance experiments, there was only a significant effect
for seedlings (zseedling = −0.549, P < 0.001) and not among
seed experiments (zseed = −0. 113, P = 0.424; Fig. 4). The
model including "treatment" as a dependent variable (contain-
ing the four treatment categories: seed distance, seed density,
seedling distance and seedling density) showed markedly
improved model fit (ΔAIC = −322.7) suggesting effect sizes
strongly differ among experimental categories. When analys-
ing density and distance-dependent mortality in seed and seed-
ling experiments separately, seeds showed density-dependent
mortality (z = −0.273, N = 36, P = 0.023) but not distance-
dependent mortality(z = −0.058, N = 78, P = 0.762). Seedling
experiments showed strong support for distance-dependent

(z = −0.940, N = 53; P < 0.001) but not density-dependent
(z = −0.113, N = 38, P = 0.484) effects on mortality (Fig. 4).
Using the mixed-model with species identity as a random

effect, we found large differences between studies experiment-
ing with trees (N = 236) versus all other lifeforms: shrubs
(N = 8), palms (N = 6), and herbaceous taxa (N = 10). Seeds
of tree species experience strong distance-dependent mortality
(z = −0.999, N = 51, P < 0.001) and this held true when trop-
ical and temperate trees were analysed separately (Fig. 5). In
contrast, for non-trees, only seed density manipulations had a
significant effect (z = −1.744, N = 4, P = 0.031) but sample
sizes are low. There were no significant differences between
temperate and tropical studies for any experimental categories
presented in (Fig. 5).

Mediating covariates (study duration, treatment intensity, latitude

and rainfall)

We hypothesised that longer studies and those applying stron-
ger experimental treatment intensities (i.e. closer to parent
trees, higher offspring densities) would yield stronger
CNDDD results and including the covariates would improve
model fit, but this effect was small (Table S2). Longer studies
generally show stronger CNDDD (standardised coefficient =
−0.858, P < 0.001). When treatment types were tested sepa-
rately, seed density (standardised coefficient = −0.561,
P < 0.001) and seed distance (standardised coefficient =
−0.595, P = 0.011) manipulations showed stronger effects
with experimental duration. Seedling density showed a posi-
tive relationship with duration (standardised coefficient =
0.705, P = 0.024) and seedling distance was not significantly
mediated by duration (Fig. S5). Treatment intensity also had
a significant negative effect when grouping all four manipula-
tion categories (standardised coefficient = −0.365, P < 0.001).
However, when each type of manipulation was tested sepa-
rately, treatment intensity did not have a significant mediating
effect, suggesting that – given there was higher mortality in
treatments than controls – the effect size was not related to
the degree to which treatments increased offspring densities or
the distances offspring were moved parents (Fig. S6). The
exception was that treatment intensity actually reduced seed-
ling distance dependence (standardised coefficient = 0.366,
P = 0.034; Fig. S6). This means that further treatment dis-
tances experienced less distance-dependent mortality than clo-
ser treatments (but still more than controls).
The inclusion of latitude and rainfall as additive or interac-

tion with treatment category did not improve model fit
(Table S1) and neither latitude nor rainfall were correlated
with effect size (latitude coefficient = −0.002, P = 0.650; rain-
fall coefficient = 0.016, P = 0.966). When the effect of latitude
was tested for each treatment category separately, the results
were idiosyncratic with no significant relationship for seed
density (P = 0.688), seed distance (P = 0.295), or seedling dis-
tance (P = 0.870) and seedling density had a positive relation-
ship (P = 0.007; Fig. S7). However, we note that the seedling
density result was skewed by having only 7 of 38 data points
coming from tropics, and the effect of latitude on seedling
density within the temperate region (31 data points) was not
significant (coefficient = 0.049, P = 0.109). When the effect of

Table 1 Model fit of meta-analytic models with nested taxonomic random

effects. The Akaike Information Criterion (AIC) provides a means of

model selection, with lower numbers indicating better models. The top

row in the table shows the base model without any phylogenetic random

effects, and the subsequent lines show models with different types of phy-

logenetic random effects. There were 47 families and 66.0% of families

had multiple observations. There were 114 genera and 45.6% had multiple

observations. There were 143 species and 42.0% had multiple observa-

tions. [Correction added on 20 January 2021, after first online publication:

table 1 has been modified.]

Random effects df AIC

~ no random effects~ 1 4049.5

~ 1 | Species 2 1909.1

~ 1 | Genus / Species 3 1910.1

~ 1 | Family / Species 3 1910.6

~ 1 | Family / Genus / Species 4 1912.1

~ 1 | Genus 2 2126.2

~ 1 | Family / Genus 3 2128.2

~ 1 | Family 2 2840.1

© 2020 John Wiley & Sons Ltd.

6 X. Song et al. Review and Synthesis



rainfall was tested for each treatment category separately, the
results were again idiosyncratic with no significant relation-
ship for seed density (P = 0.681), negative relationships for
seed distance (P = 0.071) and a negative relationship for seed-
ling density (P = 0.011) and a weak positive relationship for
seedling distance (P = 0.067; Fig. S8).

DISCUSSION

CNDDD in seeds and seedlings

Our meta-analysis revealed conspecific negative density or dis-
tance dependence (CNDDD) was 45% smaller than previ-
ously reported [ln(OR) of mortality was −0.43 in Comita
et al. (2014) versus −0.19 in this study] and only marginally
significant (P = 0.055) because prior syntheses did not control
for a species random effect. Furthermore, our results highlight
that while many species do suffer strong CNDDD, and this is
supported by notable work isolating the effects on enemies on
CNDDD (e.g. Dyer et al., 2007; Bagchi et al., 2014, Coley
and Kursar, 2014; Forrister et al., 2019), the overall ‘global’

effects appear weak because there is so much species-level
variation in CNDDD (e.g. Fig. 4). The high species-level vari-
ation we observed - even among congeners - is consistent with
the hypothesis that adaptations to escape host-specific enemies
may drive diversification within genera (Terborgh, 2012;
Gripenberg et al. 2019). The fact that CNDDD was fairly
weak overall and was highly variable among species suggests
its generality and importance for plant recruitment may have
been overstated.
The implications of weaker CNDDD overall and non-signif-

icant effects for many species are profound since there is a sig-
nificant and growing body of work on plant coexistence being
motivated by CNDDD during plant recruitment and J-C
effects specifically (e.g. Stump & Chesson 2017; Levi et al.,
2019; Chisholm and Fung, 2020; May et al., 2020). These
findings also have important implications for a growing body
of applied work on how dispersal limitation could affect tree
demography and carbon storage (e.g. in hunted forests; Peres
et al. 2016, Osuri et al. 2016; Cordonnier et al., 2018), which
often relies on the assumptions of strong CNDDD. While our
results show that CNDDD is weaker than previously

Figure 2 Family-level density dependence (a) and distance dependence (b) in plant mortality. Effect sizes (points) were estimated using mixed effect models

with a species random effect. Error bars represent 95% confidence intervals. Negative values (red) indicate higher mortality in ‘more dense’ or ‘nearer’

treatments relative to the control (i.e. negative density / distance dependent mortality), whereas positive values (blue) indicate higher mortality of seeds or

seedlings in ‘less dense’ or ‘far’ treatments from parent trees relative to the control (i.e. positive density / distance-dependent mortality). Sizes of points are

proportional to the number of studies available for that family. Sample sizes per treatment category presented in Fig. S3.

© 2020 John Wiley & Sons Ltd.
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appreciated, J-C effects may still shape tree composition
because a cohort of undispersed seeds can face weak seed den-
sity dependence and strong seedling distance-dependence.

While changes to CNDDD may influence coexistence, Stump
and Chesson (2015) suggest dispersal-limited specialist preda-
tors have a weaker effect on coexistence relative to highly dis-
persed specialists that impose community-level density
dependence.

Variation in distance and density effects not phylogenetically

structured

Species-level differences in CNDDD were not strongly struc-
tured within higher taxonomic groupings such as at the genus
and family (Table 1). In fact, species-level variation in
CNDDD within families appears just as great as the variation
between families. High intrafamilial variation may explain
why such few families showed consistent positive or negative
effect sizes (Fig. 4). For example only two of 44 families
tested showed significantly reduced survival in treatments with
higher density or closer distance to parent trees.

Strong distance-dependent seedling mortality

A key objective of our synthesis was unravelling how
CNDDD varies between seeds and seedlings. Distance had a
strong effect on seedling mortality (but not seed mortality)
supporting our hypothesis that parents serve as persistent
reservoirs for enemies that focus on vegetative tissues (leaves,
wood and roots) that are usually available in both young and
mature plants. Distance-responsive seedling enemies may
include fungal pathogens, sap-feeding insects, or generalised
invertebrate herbivores (e.g. chewers; Forrister et al., 2019),
but the relative importance of different causal agents in dis-
tance-dependent mortality remains unclear (e.g. Mangan et al.
2010 and Gripenberg 2014). A recent meta-analysis has specif-
ically assessed the contribution of fungi, insects and

Figure 3 Histogram summarising CNDDD responses for 143 species, with

each species value averaged among all studies and all manipulation types.

The red line shows overall standardised effect size from the meta-analysis

controlling for phylogenetics with a species-level random effect [ln(OR) or

‘z’ = −0.194, P = 0.055]. The were 61.5% of species showing negative

values that would provide support for J-C effects operating, although

fewer of these species-level results were significant (Fig. S1).

Figure 4 Conspecific distance- and density-dependent

effects on seed and seedling mortality. Negative

coefficients indicate negative density and/or distance-

dependent mortality, assessed using a mixed-models

with a species random effect. Separate models were fit

to estimate each effect, error bars represent 95%

confidence intervals and solid points indicate

statistically significant effects (95% confidence

interval does not overlap zero). Sample sizes for each

model are indicated along the y-axis.

© 2020 John Wiley & Sons Ltd.
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vertebrates enemies (Song and Corlett, 2020) found soil
pathogens were a major cause of both distance- and density-
dependent mortality at the seedling stage, and soil pathogens
are often poorly dispersed (Pu and Jin, 2018, Lu et al. 2020).
As dispersal distance increases, there may be a trade-off
between the positive effects of potentially lower enemy loads
and the negative effects from being further from the beneficial
microhabitat conditions where the parent plant was located
(e.g. soil, hydrology, ectomycorrhizal fungi; Comita and Hub-
bell, 2009, Johnson et al., 2017, Segnitz et al., 2020, Xu et al.,
2020). Thus, the net strength of distance-dependence in tree
seedlings suggests that the effect of distance responsive ene-
mies probably outweighs the benefits of settling close to the
parent plant during these vulnerable years.

Weak density-dependent seed mortality

The strong support we observed for distance-dependent mor-
tality among seedlings – but not seeds – suggests parent trees
are rarely important reservoirs of seed enemies. Furthermore,
we only found weak support for density-dependent mortality
among seeds and not seedlings, suggesting some mobile seed
enemies are attracted to aggregations of seeds. Poorly dis-
persed seeds are often clustered below their parent plants or
aggregated in wildlife nesting or roosting sites where many
seeds are defecated or regurgitated (‘contagious seed disper-
sal’; Schupp et al., 2002; Wright et al. 2016). Such seed
clumps may be easy targets because they attract both special-
ist and generalist seed predators, inducing density-dependence
(Hulme, 1998). The J-C hypothesis has traditionally focused
on host-specific invertebrate seed predators that are more

specialised than other feeding guilds (Janzen 1980, Ctvrtecka
et al. 2014, but see Sam et al. 2017). However, generalist
invertebrate or vertebrate seed predators are also attracted to
dense fruit or seed crops, whether those be monocultures or
mixed species clumps, and whether they are clumped nearby
the parent plant or further away (Hulme, 1998). The high
mobility of these density-responsive specialists and generalist
vertebrate and invertebrate seed enemies may also explain
why distance from parent tree was not consequential for seeds
in our study.
There are some caveats with regards to weak CNDDD

effects in seeds, such as significance being driven by few out-
liers within in the palms. The methods used to quantify sur-
vival may also suffer bias against detecting J-C effects. For
instance, survival rate may be overestimated in studies count-
ing the number of seeds that persisted if they did not wait to
measure germination rates since remaining seeds could still be
affected by cryptic insects or fungus. We were also unable to
assess if smaller seeds suffered weaker CNDDD effects than
larger seeds, which could be the case if small seeds are better
defended than large seeds (Paine and Beck, 2007; Fricke and
Wright, 2016; Lebrija-Trejos et al., 2016).

Idiosyncratic effects among mediating covariates

Identifying the characteristics of studies and species that show
strong CNDDD may yield important breakthroughs, although
our assessment did not provide clear relationships. An intu-
itive expectation is that any J-C effects would increase with
longer study duration and/or treatment intensity because it
provides more time for deaths to occur and increase the

Figure 5 Density- and distance-dependent seed

and seedling mortality for different life forms

and tropical versus temperate trees. Effect sizes

were estimated using meta-regression models

with a ‘species’ taxonomic random effect. Points

show standardized effect size across studies for

different treatment types and error bars indicate

95% confidence intervals. Significant effects

(P < 0.05) are shown as filled-in points. Size of

points are scaled to sample size (shown as

numbers on the left of each panel). Negative

effect sizes indicate that mortality was higher in

the denser / closer experimental treatment,

consistent with J-C hypotheses. Within each of

the four treatment categories, there were no

significant differences between trees and non-

trees, or between tropical versus temperate tree

studies. Non-tree results for temperate versus

tropical studies are not shown because most

sample sizes were too small (N < 5) to provide

meaningful tests.
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underlying treatment effect respectively. We only found larger
J-C effects when grouping all duration and/or treatment inten-
sity treatment categories, and we did not observe a consistent
patterns within each treatment category (Fig. S5 & S6). In
fact, some categories even showed positive relationships with
duration and/or treatment intensity suggesting less J-C effects
in shorter studies or less extreme treatments). High variation
in species responses and context-specificity may have masked
the effects of duration and treatment. Distance manipulations
may have failed to detect an effect of the treatment intensity
because J-C effects rely on the relative dispersal distances of
seeds versus their natural enemies (Adler & Muller-Landau
et al., 2005; Beckman et al., 2012), which varies across species
(e.g. a 50-m distance treatment may be important for plants
with poorly dispersed enemies but not plants with highly
mobile enemies).
Our meta-analysis also found no overall latitudinal effect in

J-C effects and no trend within three of the four manipulation
categories (Fig. S7), which is in line with other recent empiri-
cal syntheses (Comita et al., 2014; Chisholm and Fung, 2018;
Hülsmann and Hartig, 2018; Detto et al., 2019). It has been
suggested that desiccation-intolerant natural enemies, such as
fungi and insects, which are thought to drive J-C effects (Ter-
borgh, 2012), have higher pathogenic effects in moist environ-
ments (Liu and He, 2019). The resulting prediction is stronger
J-C effects in more humid sites (e.g. the tropical lowlands)
and sites with higher rainfall (Givnish, 1999; Milici et al.,
2020). However, for herbivore natural enemies, there were no
clear latitudinal patterns (Adams and Zhang, 2009; Moles
et al., 2011; Kozlov et al., 2015; Lim et al., 2015; Zhang et al.,
2016). Any latitudinal gradients in herbivory may also be dri-
ven by generalists (Salazar and Marquis, 2012), which may
not contribute to the J-C effects. Comita et al. (2014) found a
small and marginally significant support for rainfall was posi-
tively correlated with J-C effects (P = 0.054) while we found
no evidence that rainfall mediates J-C effects overall
(P = 0.884). Furthermore, as with other the mediating covari-
ates, the effect direction for rainfall varied among the four
treatment categories, and this inconsistency undermines our
confidence in interpretations, since differences in enemy loads
should produce consistent changes J-C effects for all treat-
ment categories.

Far from settled

There is a notable gap in community-level analyses that aim
to determine the traits of seeds and seedlings that make them
susceptible to J-C effects. Another issue is that rare species
are often missing in experimental studies due to difficulties
obtaining sufficient sample sizes, so inferences presented here
are generally limited to relatively common species. If rarer
species have stronger CNDDD than common species, as sug-
gested by some authors (Comita et al., 2010, Marden et al.,
2017, Stump et al. 2020; but see Detto et al., 2019), and rare
species have been avoided in CNDDD experiments, then our
synthesis may underestimate the global-importance of J-C
effects. There is also less work on the J-C effects at the pre-
dispersal seed stage, where bruchid, curculionid and scolytid
beetles, hemipterans, lepidopteran and dipteran larvae may be

important, and this constrains our inference about J-C effects
throughout the seed period (Gripenberg, 2018; Basset et al.,
2019). Finally, there are few experiments that can differentiate
mortality from specialist versus generalist enemies (Song &
Corlett 2000) or differentiate mortality from enemies versus
competition (Adler et al., 2018) or other sources (Rosin et al.,
2017). These gaps suggest current experimental work on the J-
C hypothesis, although more robust than observational stud-
ies (Detto et al., 2019), remains inadequate for drawing robust
conclusions about the role of enemies on plant populations.
Future work should strive to narrowly define hypotheses
about specific host-enemy relationships, place more emphasis
on the plant species chosen in experiments (including rare spe-
cies), carefully consider the study plants’ traits, and the ecolo-
gies of their enemies (including dispersal abilities), try to
attribute mortality to specific enemies, and control the experi-
mental context including abiotic conditions and soils (Craw-
ford et al., 2019; Jia et al., 2020; Xu et al., 2020).
Despite the J-C hypothesis turning 50 years old this year,

the state of science is far from settled, and there remains
plenty of room for important works to contribute to this field.
In the meantime, our findings suggest J-C effects may not be
as large or pervasive as widely thought and not generalisable
across life stages. Nonetheless, there are strong effects of seed-
ling distance-dependence in trees and this may contribute to
forest spatial dynamics, local diversity and coexistence.
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(2016) Interspecific associations in seed arrival and seedling recruitment

in a Neotropical forest. Ecology, 97(10), 2780–2790.
Xu, H., Detto, M., Fang, S., Chazdon, R.L., Li, Y., Hau, B.C. et al.

(2020). Soil nitrogen concentration mediates the relationship between

leguminous trees and neighbor diversity in tropical forests. Commun.

Biol., 3, 1–8.
Zhang, J.L. (2017). plantlist: looking up the status of plant scientific

names based on the plant list database. R package version0.3.0. https://
github.com/helixcn/plantlist/.

Zhang, S., Zhang, Y. & Ma, K. (2016). Latitudinal variation in

herbivory: hemispheric asymmetries and the role of climatic drivers. J.

Ecol., 104, 1089–1095.
Zhu, K., Woodall, C.W., Monteiro, J.V.D. & Clark, J.S. (2015).

Prevalence and strength of density-dependent tree recruitment. Ecology,

96, 2319–2327.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Editor, Lauren Shoemaker
Manuscript received 6 July 2020
First decision made 18 August 2020
Second decision made 12 November 2020
Manuscript accepted 25 November 2020

© 2020 John Wiley & Sons Ltd.

Review and Synthesis J-C effects vary between seeds and seedlings 13

https://doi.org/10.1086/710486

