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The Janzen–Connell (JC) hypothesis provides a conceptual frame-
work for explaining the maintenance of tree diversity in tropical
forests. Its central tenet—that recruits experience high mortality
near conspecifics and at high densities—assumes a degree of host
specialization in interactions between plants and natural enemies.
Studies confirming JC effects have focused primarily on spatial dis-
tributions of seedlings and saplings, leaving major knowledge gaps
regarding the fate of seeds in soil and the specificity of the soilborne
fungi that are their most important antagonists. Here we use a
common garden experiment in a lowland tropical forest in Panama
to show that communities of seed-infecting fungi are structured
predominantly by plant species, with only minor influences of fac-
tors such as local soil type, forest characteristics, or time in soil (1–
12 months). Inoculation experiments confirmed that fungi affected
seed viability and germination in a host-specific manner and that
effects on seed viability preceded seedling emergence. Seeds are
critical components of reproduction for tropical trees, and the fac-
tors influencing their persistence, survival, and germination shape
the populations of seedlings and saplings on which current perspec-
tives regarding forest dynamics are based. Together these findings
bring seed dynamics to light in the context of the JC hypothesis,
implicating them directly in the processes that have emerged as
critical for diversity maintenance in species-rich tropical forests.
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Identifying mechanisms that permit species coexistence in di-
verse biotic communities is a major effort in ecology (1, 2). The

Janzen–Connell (JC) hypothesis has long been invoked to ex-
plain coexistence of large numbers of plant species in tropical
forests (3). This hypothesis posits that natural enemies selec-
tively reduce survival of plants near conspecifics and when local
densities of conspecifics are high, facilitating recruitment of
heterospecifics and ultimately increasing species richness at the
community level (3–12).
A central tenet of the JC framework is that natural enemies

exhibit sufficient host specificity to generate negative feedbacks
(13, 14). Although herbivores and seed predators can influence
plant community composition (15, 16), it is unclear whether they
exhibit sufficient specificity in associations or functional interac-
tions to influence relative recruitment in a manner consistent with
maintaining diversity (17–23). In contrast, pathogens of seedlings
and saplings have been identified as major drivers of mortality in
tropical plants, with host-specific impacts that are consistent with
JC effects (8, 13, 14, 22, 24, 25). Even polyphagous pathogens can
have host-specific effects that, by varying in impact on different
species, contribute directly to maintaining diversity (22).
To date, most studies detecting JC effects have focused on

spatial factors, either investigating the effects of natural enemies
by enumerating seedling or sapling mortality at prescribed densi-
ties or distances from conspecific crowns (7, 12) or evaluating
survival of seedlings in soils gathered beneath, or at distances from,

conspecific and heterospecific adults (8, 9, 14, 22). However, biotic
or abiotic modifications to soil under conspecific crowns, such as
microbial alteration of soil chemistry, recruitment of mutualists, or
mitigation of antagonists via pathogen suppression can alter host
susceptibility to infection (26–29). Treatments with fungicides to
assess effects of pathogens can remove mutualists, altering the
context of plant–microbe interactions (30). Plant susceptibility to
infection typically varies over time (29, 31), but the time-course of
infection is rarely evaluated, especially for propagules that may
persist for long periods of time in soil seed banks (e.g., before
periodic openings of canopy gaps, a signal of germination and
growth in many forest species; ref. 32). More generally, studies of
seedlings or saplings focus on life stages that occur after recruit-
ment, and thus provide limited insight into the fate of one of the
most important aspects of reproduction for most tropical trees: the
dispersal and survival of seeds (33).
The resulting gaps in our knowledge are profound. Seeds

represent a key component of reproduction for most tropical
trees and thus are the life phase in which factors relevant to
survival experience particularly strong, unfiltered selection (34).
Unlike plants after germination, which dynamically adjust re-
source allocation for defense, seeds defend themselves against
antagonists with limited resources that decrease over time (35).
For most tropical trees, soilborne fungi are the major cause
of seed mortality (36–39). Thus, understanding host affinity
and host-specific effects of seed-infecting fungi is critical for
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understanding the earliest and potentially most powerful stages
of species-specific mortality relevant to JC effects.
We established a common garden experiment across multiple

soil types and forest ages in a contiguous, mixed lowland tropical
forest in Panama (SI Appendix, Fig. S1). We buried seeds of nine
tropical pioneer tree species (SI Appendix, Table S1) in mesh bags
in five gardens. We evaluated viability and fungal infection of
individual seeds retrieved up to 1 y after burial to assess the im-
portance of host species, location, and time-course of infection in
shaping communities of fungi that naturally colonize seeds in the
soil. We then used inoculation experiments to verify host range
and quantify effects of focal fungi on seed germination and sur-
vival. We tested the hypotheses that (i) communities of soilborne
fungi that infect seeds will be structured predominantly by host
plant species, consistent with strong selection on this critical life
stage in plant reproduction, and (ii) that such fungi alter germi-
nation and seed viability in a species-specific manner.

Results
Detectable fungal infections were five times more common in
seeds that were buried in gardens than in fresh seeds (SI Ap-
pendix, Table S1; Wilcoxon signed-rank, P = 0.004), confirming
that buried seeds were colonized naturally by soilborne fungi.
After burial, detectable fungal infections in seeds differed in
frequency among plant species and as a function of burial du-
ration, but not as a function of burial location. We detected fungi
more frequently in inviable seeds than in viable seeds (SI Ap-
pendix, Fig. S2 and Table S2).
Typically, one fungal strain emerged from each infected seed

in culture. Overall 1,460 fungal isolates were obtained, including
1,377 from buried seeds (SI Appendix, Table S1). Species accu-
mulation curves show that our sampling adequately represents

the richness of these fungal communities (SI Appendix, Figs.
S3 and S4). Diversity of fungi associated with buried seeds dif-
fered among plant species, but not as a function of burial du-
ration, location, or seed viability [SI Appendix, Fig. S5 and Table
S3; generalized linear model (GLM): plant species, P < 0.001;
duration, P = 0.115; location, P = 0.600; viability, P = 0.183].
Given variation in the abundance of detectable fungi among

plant species, we focused analyses on four plant species that to-
gether accounted for 77.8% of sequenced isolates. Complemen-
tary analyses consistently revealed the importance of plant species
in defining fungal communities, with additional but minor con-
tributions from burial duration, garden location, and seed viability
(Figs. 1 and 2 and SI Appendix, Table S4). Pairwise comparisons
showed that community similarity was greater among conspecific
seeds than heterospecific seeds and between seeds of the same vs.
different viability classes (Fig. 1 C and D and SI Appendix, Table
S6). When all host species were considered, fungal communities
still reflected plant species, location, and viability, but not burial
duration (SI Appendix, Fig. S6 C and D and Tables S6 and S7).
Plant species explained the majority of the variance in fungal
community structure that could be explained in our experiment
(Fig. 2 and SI Appendix, Fig. S7 and Table S8).
Although communities of seed-associated fungi showed host

affinity, these fungi were not strictly host-specific; instead, many
fungal strains were polyphagous (Figs. 1 and 3). Polyphagy may
provide the context for effective specialization (40), whereby
natural enemies associate with multiple host taxa but elicit host-
specific effects. Effective specialization was evaluated in two ways.
First, we found that in 70% of cases, OTU associated with viable
or inviable seeds of one plant species were associated with the
opposite viability class in other species (Fig. 3). Second, in vitro
experiments verified polyphagy and quantified species-specific
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Fig. 1. Hierarchical cluster analyses and pairwise similarities of seed-associated fungal communities reveal strong effects of plant species and seed viability on
fungal community structure. Dendrograms represent Morisita–Horn (A) and Jaccard (B) similarities among communities of fungi. Tips of dendrograms represent
fungal communities defined as the sequenced fungal strains isolated from seeds of a given plant species (AS, Annona spraguei; CV, Cochlospermum vitifolium; FI,
Ficus insipida; and TB, Trema micrantha “black”), a specific burial duration (1, 3, 6, or 12 mo), a specific burial location (A, Armour; D, Drayton; H, 25 ha; P,
Pearson; and Z, Zetek), and a specific viability class (viable or inviable seeds). Sequence data were obtained from 992 isolates from buried seeds (72%; mean ± SE,
110.2 ± 38.4 isolates per plant species; SI Appendix, Table S5). Together these represent 209 operational taxonomic units (OTU) based on 99% sequence similarity
(Fisher’s alpha = 80.8). Overall, 107 OTU were represented by only one isolate (51.2%). Panels on the right summarize pairwise comparisons of fungal community
similarity from the cluster diagrams based on abundance (C) and presence–absence data (D). Analysis of the entire dataset (nine plant species) also highlights the
strong effect of plant species (SI Appendix, Fig. S6 and Tables S6 and S7). Error bars represent SE. **P < 0.001, *P < 0.05.
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effects of representative fungi on seed germination and sur-
vival. We successfully inoculated fresh seeds of all tested species,
reisolated each fungal strain from inoculated seeds, and detected
no fungal infections in controls before the experiment (SI Ap-
pendix, Table S9). Fungi differed in their effects on germination
and viability within and across plant species (Fig. 4 and SI Ap-
pendix, Table S10). Fungi that reduced germination in some
plant species had weak negative effects or strong positive effects
on others (Fig. 4). Those that had no effect on seed viability in
some plant species decreased viability in others (Fig. 4). By
decoupling germination and viability measures we confirmed
that fungi affected seeds before seedling emergence (Fig. 4).

Discussion
The JC hypothesis provides a powerful framework for explaining
the maintenance of tree diversity in tropical forests (3). Seeds are
a critical component of reproduction for most tropical trees, such
that understanding the scope of JC effects requires an un-
derstanding of the fate of seeds in soil. Horizontally transmitted,
soilborne fungi are the major agents of mortality for seeds in
tropical forests (37, 39), but little is known regarding their host
affinity or their host-specific effects.
Through a common garden experiment in a lowland tropical

forest we showed that communities of fungi that infect seeds in
soil were structured predominantly by plant species, and to a far
lesser degree by forest characteristics (together represented by
location, which in turn comprised distinctive soil types, forest
ages, and canopy species composition) or burial duration (i.e.,
time in soil, here 1–12 mo). The most common fungi associ-
ated with viable or inviable seeds in a given tree species were
consistently associated with the opposite viability class in other
species. Inoculation experiments revealed host-specific effects of

fungi on seed germination and survival and verified that fungi
impact seed survival before germination. Thus, this study brings
seeds of tropical trees to light in the context of the JC hypothesis,
implicating them directly in the processes that are critical for
diversity maintenance in species-rich tropical forests.
The central tenet of the JC hypothesis requires host speciali-

zation in interactions between plants and natural enemies. Such
specialization manifests as plant mortality at high conspecific
densities and/or in proximity to conspecific trees (3). Often it is
estimated in terms of host range of natural enemies (e.g., ref. 25).
However, the capacity to associate with multiple hosts does not
translate necessarily to similar effects across those host species
(22, 40). Previous studies have failed to find negative effects of
conspecific density or proximity in seeds, but most have used seed
removal as a proxy of seed mortality (3). Coupling natural in-
fection by fungi with inoculation experiments provides a basis for
assessing two major components of ecological specificity in inter-
actions between seeds and fungi in tropical forests: acquisition of
particular fungi from soil and host-specific impacts of focal fungi
on seed fate.
Fungi that were commonly recruited to seeds were polyphagous,

often occurring in seeds of multiple plant species. However, com-
munities as a whole were structured by plant species. Such structure
may reflect specific and differential allocation to suites of seed-
defensive traits, including chemical (41) and physical defenses
(42) relevant to exclusion of pathogens and recruitment of mu-
tualists (34, 37). Importantly, even closely related species in this
study harbored distinguishable fungal communities in seeds (e.g.,
T. micrantha “black” and T. micrantha “brown”; SI Appendix, Table
S12). Overall, mean similarities for fungal communities associ-
ated with seeds were similar to those observed in culture-based
studies of foliar endophytes at the same sites, suggesting that fungal
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communities undergo host-driven filtering in other plant tissues
and at multiple plant life stages (43) (SI Appendix, Table S13). More
generally, this study highlights the tractability of using seeds for
evaluating the host preference and functional effects of soilborne
fungi, setting the stage for future work across diverse plant guilds.
Although we focused on seeds of pioneer trees, which persist

in the soil and thus comprise the soil seed bank, the species used
in this study belong to six plant families and thus are phyloge-
netically diverse. Despite differences in primary dispersal and
seed dormancy among species (SI Appendix, Table S1), we ob-
served strong host affinity of fungal communities across all taxa
regardless of their phylogenetic placement. Given the diversity of
hosts evaluated here, we anticipate that similar processes will
occur for seeds of shade-tolerant species, particularly those with
seed dormancy (44).
The common gardens used in this study were established in

areas within a contiguous forest that differ in edaphic character-
istics, local canopy composition, and forest ages (SI Appendix, Fig.
S1). Even though soil microbial communities can be strongly

influenced by edaphic properties (45–48) and may exhibit spatial
structure (49, 50), cultivable communities of seed-associated fungi
were strikingly consistent across gardens. Importantly, this study
was designed to avoid conspecific crowns, thus providing seeds
with diverse neighborhoods of co-occurring species. Most seeds of
tropical trees are dispersed naturally near maternal crowns (32,
33), such that the host affinity demonstrated here should be even
more pronounced when seeds fall near conspecific trees.
Although gardens were established at the same time, seeds of

different species were buried at different times of year depending
on seed availability. Thus, dates of burial paralleled natural timing
of seed production and dispersal. In this context, the effects of
burial duration on seed-associated fungal communities were de-
tectable but relatively small. Soil microbial communities can be
shaped by environmental factors such as soil water content (51),
which change seasonally in this forest (52). More than 50% of
OTU were found only once, suggesting variation in time or space
among the diverse fungi that share the capacity to infect seeds.
However, we found no evidence of an interaction of tree species
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and burial duration in the diversity of fungi in seeds, implying that
the most prevalent seed-associated fungi may remain relatively
abundant in these soils over time. Several common genotypes of
Fusarium observed here were found among seed-associated fungi
at the same site ∼10 y earlier (ref. 38; see also ref. 53). Lasiodi-
plodia and Trichoderma/Hypocrea also were detected previously as
seed-associated fungi at this site (38, 54). Continued prevalence in
local soils is consistent with the potential for evolution of specificity
in fungal–seed interactions (see ref. 34), even in the context of
highly diverse communities. More generally, studies of microbial
communities consistently report a high prevalence of rare taxa. We
focused on fungi that were sufficiently abundant to be accessible
for ecological analyses: by restricting analyses to the most common
OTU, we worked with a thoroughly sampled community, focused
on genera that are important components of seed-associated fungal
communities, and identified strains of interest for inoculation trials.
In most cases considered here, fungi associated with viable or

inviable seeds of one species were associated with the opposite
viability class in other species. This suggests the potential for
strains associated with mortality in some host species to have
neutral or positive effects on other host species. Inoculation
experiments confirmed that the outcomes of seed–fungal inter-
actions were partner-dependent: fungi differed in their effects on
seed germination and survival for individual plant species.
Partner-dependent outcomes also are common in interactions
between fungi or fungus-like organisms and seedlings of tropical
trees (22, 55). Together, such partner-specific interactions are
consistent with one parameter of effective specialization (sensu
ref. 40), whereby polyphagous natural enemies contribute to
processes relevant to plant diversity through host-specific effects
relevant to survival. Such interactions might be expected to
evolve readily if, as suggested by our experiment, associations
between focal species are relatively consistent over ecological
time and space.
Overall, the broad framework of effective specialization, central

to integrating polyphagous natural enemies into the JC hypothesis,
can be applied across multiple life stages and plant strategies to
encompass the diverse fungi with which plant propagules and
juvenile plants interact. Together these perspectives provide in-
sight into the powerful effects of fungi in shaping forest dynamics
in the tropics, thus defining the structure and composition of
Earth’s most diverse plant communities.

Methods
We established five common garden plots (each 9 × 15 m) in a lowland
tropical forest at Barro Colorado Island, Panama (for soil types and site de-
scriptions, see refs. 56 and 57). Gardens were located under closed-canopy
forest in multiple forest and soil types with different slope and aspect, and
averaged 800 m apart (SI Appendix, Fig. S1). No adults of the study species
occurred within 20 m of the garden edges.

We used seeds of nine species of pioneer trees that remain viable for ex-
tended time in the soil seed bank (Annona spraguei, Apeiba membranacea,
Cecropia insignis, Cochlospermum vitifolium, Ficus insipida, Luehea seemannii,
Ochroma pyramidale, Trema micrantha “black,” and Trema micrantha
“brown”; SI Appendix, Table S1). From February 2012 to September 2013, we
collected fresh, mature fruits from tree canopies or freshly fallen seeds from at
least three trees (i.e., maternal sources) per species at Barro Colorado Nature
Monument and Soberanía National Park (∼9.2°N, 79.8°W; 120–160 m above
sea level). Seed processing is described in SI Appendix, SI Methods. Conspecific
seeds from 3 to 12 maternal sources were pooled, mixed thoroughly, and
partitioned into sets of 45 seeds. Each set was mixed with 10 g of sterile forest
soil (autoclaved at 121 °C for 2 h) and enclosed in a nylon mesh bag (pore
size = 0.2 mm). Each nylon bag was enclosed in aluminum mesh (mesh size =
2 mm) to exclude seed predators. Sixteen bags per plant species were dis-
tributed among four subplots per garden, where they were buried 2 cm be-
neath the soil surface and 40 cm apart. A total of 720 seed bags were retrieved
after 1, 3, 6, and 12 mo of burial (i.e., four replicates per species, nine plant
species, four burial durations, and five common gardens).

Seeds were removed from bags within 2 h of collection and surface-sterilized
as described in ref. 38. Half of each seed was placed on 2% malt extract agar
(MEA) in an individual 1.5-mL microcentrifuge tube for fungal isolation (38),
with emergent cultures characterized by molecular analysis and vouchered as

living strains (SI Appendix, SI Methods). The other half was used for viability
assessment via tetrazolium staining, such that infection and viability were
scored for each seed (ref. 58 and SI Appendix, SI Methods). We used the same
approach to process 200 fresh seeds (i.e., seeds that were not buried) per spe-
cies. In total, 8,335 seeds were examined, of which 6,535 were retrieved after
burial. Representative seed halves that produced no evident fungal growth
after >1 y were verified as lacking uncultivable fungi (SI Appendix, SI Methods).

Operational taxonomic units (OTU) were defined by 99% similarity in the
Sanger clustering workflow of the Mobyle SNAP Workbench (ref. 59 and
snap.hpc.ncsu.edu/cgi-bin/mobyle/portal.py#welcome) based on previously
published methods for clustering ITS-LSUrDNA sequence data (60). This OTU
definition is consistent with conservative phylogenetic delimitation of seed-
associated Ascomycota from Panama (61). Diversity was measured as Fisher’s
alpha (FA), which is robust to variation in sample size and is appropriate
given the relative abundance of OTU (ref. 62; see also ref. 38).

Communities were defined as sequenced fungal strains obtained from
seeds of a given plant species, burial duration, garden, and viability classi-
fication, pooling seeds from all four replicates together. Given differences in
isolation frequency, we analyzed both the entire dataset (nine plant species)
and the four plant species represented by the largest sample of isolates. After
singleton OTU were removed, hierarchical cluster analysis was performed for
each dataset using the Morisita–Horn dissimilarity index (based on abun-
dance data) and the Jaccard dissimilarity index (presence–absence data). We
used a multivariate GLM to test the extent to which each factor (i.e., plant
species, burial duration, burial location, or seed viability) was relevant to
fungal community structure. This approach addresses limitations of distance-
based approaches such as PERMANOVA, which do not account for the
mean–variance relationship (63). We used a negative-binomial GLM based
on sequence count data and a binomial GLM based on presence–absence
data, performed with the R package mvabund (64, 65). These analyses fo-
cused only on OTU for which at least nine isolates (full dataset) or four
isolates (four-species dataset) were obtained, as rarer OTU could not, by
definition, be present in all plant species. Interactions between plant species
and fungal OTU were visualized using the R package bipartite (66) and
NMDS (three dimensions, Morisita–Horn index), and variation-partitioning
analyses were performed using the R package vegan (67). These analyses
were complemented by examination of similarity indices (Morisita–Horn and
Jaccard), which were calculated using nonsingleton OTU in Estimates v. 9.0
(68), logit-transformed, and compared using linear models.

We determined whether OTU associated with a given viability class in one
specieswere associatedwith seeds of the opposite viability class in other species
in two steps. First, we performed aGLMwith quasibinomial errors to determine
differences in viability associated with plant species and fungal OTU. We fo-
cused on the four best-sampled plant species and the 15 most common OTU.
Plant specieswas treated asa randomeffect, such that significant effects ofOTU
corresponded to variation in viability in different species. Second, we evaluated
13 of the 15 most common OTU, which each occurred in ≥2 host species. For
each OTU we selected one host species at random and scored the prevalence
of isolates from viable vs. inviable seeds. We then evaluated whether the same
OTU in the other host species followed the same or opposite pattern (score =
1 or 0, respectively). This yielded 23 scores, of which 69.6% were scored as
zero. A one-tailed test was used to compare the mean of all scores against the
null (mean = 1). The overall mean (0.30, 95% CI = 0.10–0.51) differed signifi-
cantly from the null (P < 0.001).

For each OTU we used host range (i.e., the number of plant species from
which the OTU was isolated) and potential virulence (i.e., proportion of seeds
fromwhich the OTUwas isolated that were inviable; SI Appendix, Table S12) to
select four fungal strains with contrasting characteristics for inoculation ex-
periments (SI Appendix, SI Methods). Effects on seed germination and viability
were tested using a generalized linear mixed-effects model (GLMM) fit by
maximum likelihood (Laplace Approximation) with a binomial error family,
using the R package lme4 (69). Plant species, fungal isolate, and treatment
(surface-sterilized or not) were coded as fixed effects and replicates as random
effects. In some cases the number of treated seeds that germinated exceeded
the number of control seeds that germinated. Therefore, the response variable
was defined as the proportion of germinated seeds normalized by the maxi-
mum value of the proportion of seeds that germinated in the controls. Surface
sterilization of seeds after inoculation and incubation did not affect germi-
nation or viability (SI Appendix, Table S10; χ2 = 0.01, P = 0.938; and χ2 = 0.12,
P = 0.732, respectively).
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