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The Janzen-Connell hypothesis (JC effect) has been proposed as a mechanism
for explaining high tropical tree diversity via negative conspecific density depen-
dence imposed by natural enemies. Seed masting describes the uneven invest-
ment in reproduction between years, and could be a mechanism for reducing
seed predation by means of predator satiation. JC effects select for wider
dispersal kernels, allowing species to escape enemies in space, while the
predator-satiation model of seed masting assumes escape from predators in
time. Although representing contrasting ecological dynamics, both models are
predicated on similar assumptions: that tree recruitment is limited by seed mor-
tality via natural enemies. We suggest that the individual fitness advantages of
masting and JC dynamics would be better understood by considering both
mechanisms together.

Natural enemies structure forest communities

The natural enemies of plants have been linked to two prominent ecological mechanisms struc-
turing forest communities: (i) conspecific negative density dependence (see Glossary) which
can promote tree species coexistence (the Janzen—Connell hypothesis, JC effect) [1,2], and
(ii) selection for seed masting [3]. Despite sharing a common driver and origins in the literature
[1,4], these two phenomena have been largely explored independently (with some notable excep-
tions [5,6]). Herein we suggest that not only is there a direct mechanistic link between them, but
our understanding of each would be enhanced by considering the other.

JC dynamics

The JC hypothesis describes a process by which plant natural enemies impose conspecific negative
density dependence (equivalent to the mechanism of local stabilising density dependence described
in [7]) on tree seeds or seedlings, preventing abundant species from competitively excluding others
[1,2]. The JC effect is hypothesised to be a mechanism by which the tropics supports higher tree di-
versity (reviewed in [8]). While JC effects have been widely reported [9], the agents imposing negative
density dependence are only rarely identified (but see e.g., [10,11]), and empirical evidence for a lat-
itudinal gradient in the strength of conspecific density dependence is mixed [9,12—14]. Furthermore,
theoretical models have shown that negative conspecific density dependence does not necessarily
maintain community diversity if its strength varies widely among species [13,14].

Seed masting

There are multiple putative explanations for masting, including non-adaptive explanations such as
resource availability, and various economies of scale, including pollination efficiency and seed
dispersal efficiency, whereby individuals benefit through synchronising the production of flowers
(for pollination) or seeds (dispersal) with nearby conspecifics [15-17]. However, seed masting is
often associated with another economy of scale: escape from seed predators through predator
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Highlights

Janzen—-Connell (JC) dynamics allow
species to escape enemies in space,
and results in negative density depen-
dence. Seed masting allows species to
escape enemies in time and assumes
positive density dependence.

Considering these hypotheses together
suggests that species may either mast
or experience JC effects, but not both.
However, forests may include a mix of
strategies across species.

JC effects might depress the fitness ad-
vantage of masting by selecting for
widely dispersed kernels, helping to ex-
plain why only some trees mast.

A high frequency of seed masting could
help to explain observations that the
strength of conspecific negative density
dependence is often greater in tropical
trees with lower abundance.

Joint models of masting and JC effects
would allow for a better understanding
of how natural enemies structure forest
diversity.
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Box 1. The community context of Janzen—Connell effects and masting

The interaction between trees and their natural enemies plays out in a community context. This context is implicit within the
Janzen-Connell (JC) hypothesis, and JC effects are commonly examined across multiple (co-occurring) tree species, re-
vealing evidence for greater conspecific negative density dependence in rare species (e.g., [7,13,14,67]). While these stud-
ies implicitly acknowledge a community of natural enemies, the mechanism driving conspecific density dependence
assumes that natural enemies are host-specific. However, even natural enemies classified as host specialists (monopha-
gous) frequently feed on more than one host species [68]. If most natural enemies lack strong host specificity, how can
natural enemies explain conspecific density dependence in a mixed host community (Figure 1)? One possibility is that more
specialised natural enemies impose higher host mortality [69]. Another possibility is that phylogenetic conservatism in nat-
ural enemy host range [70] in combination with a tendency for phylogenetic overdispersion of host species at local scales
[71] might mean that even generalist enemies are effectively host specialists within a tree community, as their alternative
hosts are likely to be rare or absent [72].

Masting theories focus on the evolutionary advantage of masting for populations or species. Although few studies explore
masting patterns for co-occurring trees and their seed consumers (but see [73] for work on vertebrate consumers), the
community context is highly relevant. This is because the benefits of masting through predator satiation can emerge only
if () seed consumers are host-specific, or (i) trees within communities share seed production patterns (mast synchro-
nously) [4]. Multi-host communities present a particular challenge for the predator satiation model of seed masting as both
specialist and generalist seed predators can cause seed mortality. Further, because there is a tendency for masting to be
phylogenetically conserved [60] (but see [74]), phylogenetic overdispersion of host communities will tend to favour the co-
existence of trees with different reproductive strategies. It is possible that hyperdominance in the tropics might nonetheless
be sufficient to satiate seed predators, assuming that generalist seed predators of rare, non-synchronously masting trees
are proportionally less abundant (Figure Il). Janzen [4] alternatively suggested that predator satiation in the tropics might
occur at the scale of individual trees. In the more species-poor temperate forests, community-wide masting is seemingly
more common (e.g., [74,75]), potentially indicating evolutionary convergence towards a synchronised masting strategy
[74] that would be more easily attained in more species-poor communities. Observations for community-wide synchrony
in species-rich dipterocarp forests perhaps indicate a high prevalence of shared enemies in this ecosystem.
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Figure |. Strength of conspecific negative density dependence covaries with host community diversity and
host specificity of natural enemies imposing density dependence.
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Glossary

Conspecific negative density
dependence: a process by which
individuals of a species experience
decreased fitness (e.g., survival, growth,
or reproduction) as the number of
individuals of that species increases, often
due to competition, predation, or disease.
(Conspecific) positive density
dependence: a process by which
individuals of a species experience
increased fitness (e.g., survival, growth,
or reproduction) as the number of
individuals of that species increases, for
instance due to mate availability,
cooperative behaviour (animals),
accumulation of mutualists, and dilution
of natural enemies.

Economies of scale (in masting): a
reduced individual cost of reproduction
per surviving offspring with increasing
seed production.

Host specificity (of natural enemies):
the degree to which natural enemies
(pests or pathogens) are restricted to a
limited number of host species.
Hyperdominance: a phenomenon in
which a small number of tree species
dominate a community in terms of
abundance or biomass; frequently applied
to (but not limited to) tropical forests.
Janzen—Connell hypothesis (JC
effect): a process by which natural
enemies impose conspecific negative
density dependence on tree seeds or
seedlings, allowing for greater coexistence
among species that would otherwise be
competitively excluded from a community.
Masting: the synchronous and
episodic investment in reproduction
among Yyears, typically within a
population, but sometimes at the
community level (see also Synchrony).
Monodominance: a phenomenon
wherein a single tree species dominates
a community in terms of abundance or
biomass; frequently applied to (but not
limited to) tropical forests.

Natural enemies: predators,
parasites, parasitoids, or pathogens that
limit the population growth or survival of
a host species.

Predator satiation: reduction in
depredation as a consequence of
resource availability exceeding predator
handling rate.

Synchrony (in masting): the
simultaneous investment in reproductive
output (seed masting) among individuals
within a population (population synchrony)
or species within a community
(community-wide synchrony).
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Figure Il. Strength of conspecific positive density dependence covaries with host community diversity and
community-wide synchrony in masting.

satiation [18]. During mast years, when seeds are overabundant, predators consume a lower
proportion of seeds (due to satiation), while low seed availability in non-mast years prevents
seed predators from maintaining high abundance [4]. Seed predators are typically assumed to
be vertebrates or insects, but masting could also evolve in response to seed pathogens [19].

Contrasting ecological dynamics

Selection for masting via predator satiation, our focus here, and the JC effect are based on similar
assumptions: that seed predators are specialists (or that there is community-wide synchrony in the
case of seed masting) (Box 1) and that tree recruitment is limited by seed/seedling mortality via
natural enemies. The selective landscape that favours masting might therefore support JC effects,
and vice versa. However, masting and JC effects present contrasting ecological dynamics that
operate across the axes of space and time: the negative (spatial) density dependence of JC dynam-
ics versus the positive (temporal) density dependence of predator satiation via masting (Figure 1).

The literature on JC effects has focused almost exclusively on how natural enemies operate
across spatial gradients. Conspecific negative density-dependent JC dynamics, imposed by
specialist consumers at high densities, can be avoided by increasing dispersal distances,
allowing species to escape predation in space [20]. Seedlings that establish far from the mother
tree are more likely to find predator/pathogen-free space (the ‘escape hypothesis’ described
in [21]). There is no explicit temporal component to the JC hypothesis as originally formulated,
although strength of conspecific density dependence has been shown to vary over time [22].
The predator satiation model of masting provides an advantage to seeds at high conspecific
densities — (conspecific) positive density dependence — and selects for population-wide
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Figure 1. Variation in strength and sign of conspecific density dependence (CDD) (y-axis) across space (x-
axis), where Janzen—-Connell (JC) effects are assumed to operate, and time (z-axis), which is the focus of
masting theories. Economy of scale in the predator-satiation model of seed masting generates positive CDD (low CDD
mortality) that is strongest (red) immediately following (and during) a masting event and weakens over time. The negative
density dependence predicted by JC effects (high CDD mortality) is stronger (blue) closer to the parent tree, where seed-
fall is greatest, and declines with distance.

temporal synchrony in seed production. Masting has a spatial dimension reflected in the patch-
iness and synchrony of masting trees. However, the dynamics that explain predator escape can
operate over various spatial scales, and the underlying theory that masting satiates predators
does not have an explicit spatial scale.

The following discussion is predicated on the following assumptions: (i) that masting is a distinct
feature of reproductive investment, (i) that masting can increase seed/seedling success via pred-
ator satiation, and (iii) that seed/seedling natural enemies impose conspecific negative density de-
pendence. We recognise that these assumptions are the subject of considerable debate. For
example, interannual variation in seed production might be better understood as a continuum
[23], and there are many potential explanations for both masting [17] and conspecific negative
density dependence [24]. Our hope is that by considering the relative fitness advantages of
masting and JC effects jointly we can help advance these debates and potentially offer new ave-
nues to explore the contribution of natural enemies in structuring forest communities.

Latitudinal gradients in JC effects, seed masting, and species richness
JC effects have been suggested as contributing to latitudinal gradients in species richness, with
greater host specificity of ‘natural enemies’, including seed predators — a requirement for JC
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conspecific negative density dependence — in tropical communities [1]. Masting was traditionally
viewed as a more characteristic feature of low-diversity temperate forests where one or a few tree
species often dominate the community [4]. Early observations on the frequency of masting across
latitudes and more recent work on correlations with seed dispersal mechanism [25] provide some
support for a lower prevalence of masting at lower latitudes [26].

Preconceptions that JC dynamics are stronger and masting less frequent in the tropics have,
however, been challenged. Empirical support for a latitudinal gradient in biotic interaction
strengths is mixed [27], and evidence for greater ecological specialisation at lower latitudes is in-
consistent in both effect size and direction [28]. Quantitative analysis of the strength of stabilising
conspecific negative density dependence across latitudes also indicates no difference between
tropical and temperate sites [14]. Further, hyperdominance appears to be a common feature
of some tropical forest trees (e.g., [29,30]), indicating that at least some species are able to over-
come the density dependence imposed by JC dynamics. Although fewer tests of latitudinal gra-
dients in masting exist, Norden et al. [31] suggest that masting may be much more frequent in the
tropics than previously assumed, with 23% of species in the forests of Central French Guiana
demonstrating a masting tendency. Pearse et al. [32] detected a hump-shaped relationship be-
tween masting and latitude that peaked at mid northern temperate latitudes. However, further
work is needed to differentiate among the mechanisms selecting for masting. For example, es-
cape from seed predators might generate very different gradients in the prevalence of masting
across latitude than pollination efficiency in wind-pollinated trees [32].

If JC effects do not display an obvious latitudinal gradient, then JC dynamics alone are insufficient
to explain tropical forest diversity. JC dynamics are, of course, just one of many putative mecha-
nisms for the latitudinal diversity gradient [33]). It is possible that a high frequency of masting might
help maintain species coexistence via storage effect dynamics [31], although this requires some
degree of asynchrony in masting events among species (Box 1).

Integrating the JC hypothesis and masting theories enhances our understanding
of both

Given the opposing assumptions of positive density dependence in time (masting) and negative
density dependence in space (JC effects) it is possible that species either mast or experience
JC effects, but not both. For example, if seed masting releases species from JC density depen-
dence by reducing the burden from natural enemies, masting species might be able to achieve
higher local abundances. Indeed, seed masting has been proposed as a mechanism to explain
the commonness of some forest trees [34]. By extension, we might then predict that common
species would generally exhibit weaker conspecific negative density dependence than rarer spe-
cies as the risk of pest and pathogen spillover between conspecifics is reduced. This could help
explain observations that the per capita strength of conspecific negative density dependence is
stronger in tropical trees with lower abundance [14] (see also [13,35]). In addition, where masting
is common, as in dipterocarp-dominated Southeast Asian forests, we would predict JC effects to
be concomitantly weaker, as suggested by Comita et al. [9].

By intersecting theory on masting and JC dynamics, we are thus able to better understand
how trees such as Dicymbe corymbosa, sometimes known as the blackbead tree, and the
monkey pod tree, Mora gonggrijpii — both masting neotropical trees within the Fabaceae —
can achieve local monodominance [34,36-38]. More broadly, we suggest that masting
could be one of several processes, in addition to specialist mutualisms and plant-soil feed-
backs [39], that can result in positive conspecific density dependence, by which trees can
attain hyperdominance.
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Another interesting possibility is a potential trade-off between strategies to reduce the burden
from natural enemies. Why some trees mast and others do not remains a puzzle, but it is clear
that there is a fithess cost to masting which includes delayed reproduction [40], a reallocation
of resources in mature trees from growth and defence to seed production in mast years
[15,16,41], and of course, conspecific density-dependent mortality [3]. If species exposed
to strong JC effects experience selection for wider dispersal kernels, allowing them to escape
natural enemies in space, it could violate the implicit assumption in the predator-satiation
model of masting that seeds are aggregated in space. If this were the case, we would expect
seed masting to be more prevalent in trees with narrower dispersal kernels, and rarer in trees
with wider dispersal kernels. Such a trend is consistent with observations for lower interan-
nual variation in seed production for animal-dispersed species [25]. We can thus conceive
a simple fitness landscape where masting plus local dispersal satiates predators and more
distant dispersal allows predator escape in space [41], obviating selection for masting
(Figure 2).

There are, of course, additional traits and life-history strategies that might mediate the relative
benefits of masting and strength of JC effects, and the exact functional form of these relationships
will vary among species [14] (Figure 2). Shorter generation times make the cost of a missed repro-
ductive event higher (which could be why woody shrubs are less able to forfeit a reproductive
season [42]), investment in physical or chemical defences can reduce seed depredation [43],
and mycorrhizal associations can modify susceptibility to plant fungal pathogens [44], while
plant—soil feedbacks can generate positive conspecific density dependence [7]. In some cases,
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Figure 2. Recruitment success under models of masting and Janzen—-Connell (JC) effects. In the absence of
masting, conspecific negative density dependence dominates, and recruitment is higher for species with wider dispersal
kernels which reduces seed densities. However, masting can relieve the effects of conspecific negative density
dependence, favouring trees with narrower dispersal kernels which benefit from the greater likelihood of experiencing
good environments for establishment and growth by falling close to the mother tree, but with recruitment declining in non-
mast years when seed-fall is low. The functional form of the relationships describing the how JC effects and masting
shape seed density and recruitment dynamics vary among species (faint lines), reflecting additional trade-offs with species
functional traits and life-history characteristics.
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seed predators (such as scatter hoarders), might also act as important seed dispersers [3,45].
Such interactions mediate the strength of conspecific density dependence, and generate
trade-offs between density-dependent mortality and growth rate [46], and plant functional traits
such as seed mass [47].

Long-distance dispersal that might allow escape from JC effects also incurs potential fithess
costs: seeds dispersed far from the mother tree are less certain of landing on a substrate optimal
for germination and growth, whereas seeds close to the mother tree benefit from those same
conditions that supported her through to reproduction [48]. This and other fundamental life-
history trade-offs, such as the relative allocation of resources to growth versus reproduction, con-
tribute to the more topologically complex fithess landscape of plant reproductive strategies. It
also remains possible that some species experience both negative density dependence in
space and positive density dependence in time. New models are required to explore how such
dynamics might influence species coexistence and community structure.

Combining studies of masting and JC effects

Combining experiments and observations with models that capture both masting dynamics and
JC effects can improve our understanding of both. While JC effects are commonly quantified at
the seedling stage [49], the predator-satiation model of masting has focused on seed survival,
and studies on the evolutionary ecology of masting rarely include a longitudinal component that
tracks individual seeds or seedlings (e.g., [50]). For example, empirical studies supporting the
predator satiation model of seed masting have reported evidence for greater seed survival in
mast versus non-mast years (e.g., in the English oak, Quercus robur [51], European beech,
Fagus sylvatica [52], and Ponderosa pine, Pinus ponderosa [53]) (see meta-analysis by Zwolak
et al. [18] for further examples). However, few of these studies have simultaneously considered
the costs of masting from elevated conspecific density dependence following masting events
[64-56]. Critically, there are potential trade-offs in survival and recruitment success that might
be missed by a narrow focus on any one event or life history stage. For instance, Huang et al.
[55] report that masting in Castanopsis fargesii, an evergreen tree from the wet tropics, allowed
a greater number of seeds to escape vertebrate seed predators but decreased seed germination
success rate. Unified models of masting and JC effects should thus consider how both costs and
benefits of masting/dispersal accrue at each life history stage and the transitions between life
stages, such as the seed—-seedling—sapling transition [55,57-60].

Joint models of masting and JC effects that capture information across space and time could
allow for tests of whether forests where masting is common operate under alternative density-de-
pendent dynamics, or whether they operate under negative density-dependent (JC) dynamics in
some years but that these effects are swamped by positive density dependence in high seed
crop years [61]. While data bridging across such scales can be difficult to collect, it is possible
to parameterise models leveraging data from multiple sources. Observational and experimental
studies of seed and seedling dynamics where seed density and predation rates are manipulated
provide robust estimates of density dependence and seed-to-seedling transition success. Such
data are already widely used to test for JC dynamics [49,62,63]. Long-term ecological research
networks can provide time-series data on reproductive investment across species [64], and
growth rates could be estimated from tree cores retrospectively to evaluate evidence for resource
switching [65]. Information on seed dispersal can be inferred using trait proxies and literature da-
tabases [66]. Integrating these data streams would allow us to more fully quantify the selective
benefits of seed masting and alternative dispersal strategies, a necessary step for generating pre-
dictions of when seed masting would be favoured as an evolutionary strategy and where JC ef-
fects might contribute to explaining species coexistence.
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Concluding remarks

We highlight the conceptual and mechanistic links between theory on JC dynamics — conspecific
negative density dependence that has been suggested to promote high tropical species richness —
and the predator-satiation model of seed masting, an economy of scale by which seed escape
from predation at high seed density selects for episodic investment in reproduction among years.
We suggest that our understanding of the evolutionary ecology of both processes can be enhanced
by considering them together. By doing so, we can better understand how some trees maintain
hyperdominance in the species-rich tropics, help explain observations that the per capita strength
of conspecific negative density dependence is weaker in trees which are more abundant, and assess
when and where uneven reproductive investment among years — masting — provides a selective
advantage (see Outstanding questions).

Outstanding questions

What are the evolutionary origins of
masting? Evolutionary hypotheses for
masting can explain its maintenance,
but less easily explains its advantage
when rare. We speculate that trees
with strongly seasonally structured
phenologies might have physiologies
that are pre-adapted to pulsed repro-
duction events.

Are natural enemies more specialised
in the tropics? The JC model links trop-
ical tree diversity to greater ecological
specialisation at lower latitudes. The
predator satiation model of masting re-
quires either tight host specificity of
seed predators or community-wide
synchrony in seed production. If pests
at lower latitudes have narrower host
ranges, we predict stronger JC effects
and weaker community-wide syn-

Unified joint models that capture potential trade-offs between positive and negative density de-
pendence will require considering ecological dynamics operating over multiple life stages across
time and space. Extending such models to a community-wide context (Box 1) might help explain
species coexistence and gradients in tree diversity, but will need to be informed by data on plant
life-history strategies and relative investment in growth, reproduction, and defence, host specific-
ity of natural enemies, and how all of these are mediated by the environment (see Outstanding

questions).
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