
Ecological stoichiometry (ES) could also be
integrated with NG to provide further
insights into invasive success. Both ES and
NG use the concept of homeostasis to
assess animal nutritional requirements
and fitness in response to varying diet
nutrition. However, ES emphasizes body
elemental composition and investigates
elemental transfer across trophic levels,
whereas NG highlights diet selection and
focuses on behavioral and physiological
strategies [12]. These complementary
approaches have been integrated into
the broader framework of metabolic
theory [12]. Metabolic models that inte-
grate NG and ES enable us to estimate
animal fundamental niches and predict
animal nutrition and trophic interactions in
ecosystems [12]. These integrated models
can be applied to predict animal invasive
success, and thus will expand the scale
of invader nutrition from the individual to
population, community, and ecosystem
levels, and provide a more comprehen-
sive understanding of invasive ecology.
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Do Reverse
Janzen-Connell Effects
Reduce Species
Diversity?
Shafia Zahra,1,2,*
Vojtech Novotny,1,2 and
Tom M. Fayle1

Host-specific natural enemies limit
the abundance of common species.
This can increase host community
diversity, since no single species
dominates, and is known as the
‘Janzen-Connell effect.’ Evidence
is now accumulating that host-
specific mutualists can increase
abundances of particular host
species, hence reducing commu-
nity diversity, comprising a ‘reverse
Janzen-Connell effect.’

Host-Specific Natural Enemies
Increase Community Diversity
Interactions between species in networks
can scale up to influence overall commu-
nity structure. One well-explored example
of this is the Janzen-Connell effect (see

Glossary
Allelopathy: the release of biochemicals by an
organism that has either positive or negative fitness
impacts on other nearby organisms.
Conspecific: two or more organisms or populations
that belong to the same species.
Ectomycorrhizal (EM) fungi: a symbiosis between
fungi and plants whereby the mycelia of fungi envelop
the outer part of the plant’s root and are beneficial for
nutrient uptake from the soil.
Enhancedmutualisms: when a non-native species
forms a mutualism with either a native or other
non-native species, hence accelerating its invasion
into new habitats.
Host: either the partner experiencing negative fitness
in host–parasite interactions or one of the two
partners (usually the stationary, larger partner) in a
mutualism.
Janzen-Connell effect: a mechanism by which
spillover of natural enemies from adult individuals to
nearby conspecifics reduces the likelihood of any one
species dominating a community, hence maintaining
community diversity.
Monodominant: a property of a species or group of
species that makes up amajority of the individuals in a
defined area.
Natural enemies: organisms that kill or decrease
the reproductive ability of another organism, such as
predators, parasites, parasitoids, and pathogens.
Positive density dependence: population growth
increases with population density.
Positive soil feedback: a process whereby plants
alter the biotic or abiotic composition of the soil that
then affects the ability of that plant or others to grow.
Predator satiation: a phenomenon in which
predators are satiated by higher seed densities near
to adult plants, and hence per capita seedling survival
is higher close to the parent tree.
Reverse Janzen-Connell effect: the positive
impact on fitness of nearby conspecific host
individuals, mediated via spatially constrained
influence of host-specific mutualists. This definition
does not require overall influence of conspecific hosts
to be positive, since standard Janzen-Connell effects
and other drivers of negative density dependence will
act in opposition. The overall influence of conspecific
host densities is likely to be the result of multiple
factors, both positive and negative.

Glossary) whereby host-specific natural
enemies reduce the fitness of host off-
spring close to parent host individuals.
This prevents any single host species
from dominating the community, hence
maintaining species diversity (Figure 1A)
[1]. Janzen-Connell effects have been
invoked mainly to explain the high diversity
of tropical tree communities. However, the
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Figure 1. The Mechanism by Which Standard and Reverse Janzen-Connell Effects Operate. (A) Spillover of plant natural enemies (e.g., herbivores) creates
a gap in which conspecific offspring are less likely to survive, hence promoting coexistence with other species. (B) Where spillover is of plant mutualists
[e.g., ectomycorrhizal (EM) fungi], no gap is created, and instead nearby conspecifics are more likely to survive, resulting in the focal species outcompeting others. In the
most extreme case, this may result in a pure stand of the monodominant species. (C) For standard Janzen-Connell effects, natural enemy spillover combined with
dispersal limitation leads to a unimodal recruitment curve for the focal species. (D) For reverse Janzen-Connell effects, spillover of mutualists and dispersal limitation act in
the same direction, resulting in high recruitment close to parent plants but low recruitment at greater distances. (E) The recruitment curve for the reverse Janzen-Connell
(J-C) effect is expected to show a monotonic decrease, in contrast to the unimodal recruitment curve expected for the standard Janzen-Connell effect. Source of tree
images: www.freepik.com.

same mechanism also operates in com-
munities of temperate trees, grassland,
and coral reefs. European grasses attain
higher biomass if sowed on soil where
conspecific plants are absent, which indi-
cates the importance of specialized soil
pathogens in mediating Janzen-Connell
effects [2]. Furthermore, due to host-
specific microbial pathogens, the mortality
of coral larvae and polyps in the Caribbean

is higher in water that has been in contact
with conspecifics than in water that has
been sterilized or never in contact with
conspecifics [3].

Can Host-Specific Mutualists
Decrease Community Diversity?
There is now increasing interest in the im-
pacts of mutualists on overall community

structure. If host-specific natural enemies
increase diversity, then we would expect
host-specific mutualists to decrease diver-
sity via a reverse Janzen-Connell effect
in which the fitness of nearby conspecific
host individuals is increased due to spatially
constrained influence of host-specific
mutualists [4] (Figure 1B). We include in
this definition positive density or distance
dependence that is mediated indirectly
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by mutualists, such as via positive abiotic
soil feedback. However, we exclude other
abiotic drivers that weaken standard
Janzen-Connell effects, such as increased
insolation in more open areas due to
treefalls, which can negatively affect host
natural enemies. Reverse Janzen-Connell
effects were first proposed as an explana-
tion for low diversity of trees in some

tropical forests, with some species being
monodominant [5].

It is illustrative to contrast the predic-
tions made by the reverse Janzen-
Connell hypothesis with those expected
from the standard effect (Figure 1C,D).
Assuming that dispersal kernels of
hosts are similar, then recruitment for
standard Janzen-Connell effects is ex-
pected to be greatest at an intermediate
distance from the parent individual,
where natural enemies have less effect
but offspring can still disperse. In con-
trast, if host mutualists mediate reverse
Janzen-Connell effects, then recruit-
ment should be greatest close to parent
individuals (Figure 1E), although in most
cases this will be limited at the shortest
distances by conspecific competition.
Interestingly, this indicates that
the potential for conspecific competition
will be greater in systems dominated by
reverse Janzen-Connell effects than in
those dominated by standard Janzen-
Connell effects. In this context, evolution
of host-specific mutualisms is a mecha-
nism for increasing tolerance of conspe-
cific competition. In terms of expected
spatial patterns, the standard Janzen-
Connell hypothesis predicts low conspe-
cific spatial clustering, since conspecific
pairwise distances are limited by host-spe-
cific natural enemies. The reverse Janzen-
Connell hypothesis predicts greater con-
specific clustering, since offspring close to
adult hosts have greater fitness. Variation
in the dispersal abilities of hosts, natural en-
emies, andmutualists will also influence the
dynamic distribution of the host species.
Consequent weakening of conspecific
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Figure 2. Ecosystems in Which Reverse Janzen-Connell Effects Are Potentially Important. (A) Duroia
hirsuta host nests of the ant Myrmelachista schumanni that protect the plants, resulting in pure stands of the
plants [11]. (B) Coral reef ecosystems experience standard Janzen-Connell effects and are based on mutualistic
interactions between corals and photosynthetic dinoflagellates [3]. Hence, there is the potential for reverse Janzen-
Connell effects. (C) Plant–pollinator systems are another potential system that should be explored, since both
plants and their pollinators can be spatially constrained. (D) Aphids can associate with bacterial symbionts that
allow escape from natural enemies such as parasitoids or fungal pathogens, where the symbiont is transmitted
through plants that are fed upon by the insects. (E) The presence of ectomycorrhizal fungi is associated with the
monodominance of particular plant species [9]. Sources: (A) http://www.farelli.info/; (B,C) pexels.com;
(D) Wikimedia Commons, CC BY 2.0 license; (E) https://funguys.co.za/.

negative density dependence is pre-
dicted to reduce overall community di-
versity. However, the degree to which
this occurs depends on the relative
strength of the Janzen-Connell and re-
verse Janzen-Connell effects on overall
host density dependence, making the
reverse effects harder to detect. Hence,
there is a need to put reverse Janzen-
Connell effects into the context of the
multiple other drivers of conspecific
density dependence.

Evidence for Reverse
Janzen-Connell Effects
Most evidence for reverse Janzen-Connell
effects comes from plant–fungus mutual-
isms. Plants associated with mutualistic
ectomycorrhizal (EM) fungi grow better
when they are surrounded by closely related
individuals [6]. This positive effect of EM

fungi correlates with increased species
abundance [7] explained by positive soil
feedback [8]. EM fungi are also host spe-
cific [7], making them potentially strong
drivers of reverse Janzen-Connell effects.
Such effects can even work interspecifically,
potentially explaining high dominance of
entire clades, such as the Dipterocarpaceae
in Southeast Asian rainforests [8], and
hence could impact geographic distribu-
tion of plant species [9].

There is also some evidence for reverse
Janzen-Connell effects in other sys-
tems. The mutualistic symbiotic ants
(Myrmelachista schumanni) that allow for-
mation of single-species stands (Devil’s
gardens) of the plant Duroia hirsuta repre-
sent one of the best-studied examples.
The ants protect the trees and nearby con-
specific plants from herbivory and kill any
plant competitors, resulting in almost pure
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stands ofD. hirsuta [10]. Mutualists can also
potentially increase dominance of ant spe-
cies. The invasion by non-native yellow
crazy ants (Anoplolepis gracilipes) is facili-
tated by mutualisms with non-native scale
insects [11]. Since ant workers from any
one colony are spatially constrained, scale
insect offspring that are close to parent
individuals are presumably more likely to re-
ceive benefits from ants, although this has
not yet been explored in a spatially explicit
manner. Reverse Janzen-Connell effects
seem likely to play important roles in the for-
mation of such enhanced mutualisms
[12] in non-native habitats more broadly,
although only for species in which potential
benefits to partners are spatially structured
and where there is some degree of speci-
ficity in the interaction. Further potential
evidence comes from work on coral reefs,
where acquisition of specific mutualistic
zooxanthella symbionts is strongly corre-
lated with early-stage survival [13], and
hence might explain positive density
dependence in this system [14]. In terres-
trial ecosystems, some aphids can acquire
mutualistic bacterial symbionts transmitted
via plants that allow them to escape natural
enemies [15], with positive density depen-
dence then being expected at the scale of
the individual plant. Although the current
evidence is patchy, we speculate that
reverse Janzen-Connell effectsmay operate
broadly because mutualistic interactions
are extremely widespread geographically.
Hence, this effect potentially constitutes
a widespread but unquantified counterbal-
ance to standard Janzen-Connell effects.

Future Research Directions
Future studies could fruitfully explore the wider
impact of reverse Janzen-Connell effects in
other systems (Figure 2). Critically, such work
needs to distinguish reverse Janzen-Connell
effects from other drivers of positive density
dependence, such as predator satiation,

or negative allelopathy. This work should
draw inspiration from successful experi-
mental explorations of standard Janzen-
Connell effects. Some models even sug-
gest that Janzen-Connell effects can oper-
ate when natural enemies are not spatially
constrained, as long as they are host spe-
cific [16], potentially broadening the scope
of both standard and reverse Janzen-
Connell effects substantially. Conse-
quently, it is vital to understand how
host specificity and strength of spatial
structuring influence the strength of re-
verse Janzen-Connell effects.

Understanding both standard and reverse
Janzen-Connell effects has potential appli-
cations in agriculture, such as optimizing
spacing of plants to prevent natural
enemy spillover, but to maximize spillover
of mutualists. Furthermore, exploration of
reverse Janzen-Connell effects as potential
drivers of invasion via enhanced mutualism
would allow better management strategies
to reduce negative impacts of non-native
species. Finally, horizontal but spatially
limited sharing of mutualists could be the
first evolutionary step along the path to ver-
tical transmission of mutualistic symbionts.
Hence, exploration of the phylogenetic pat-
terns of reverse Janzen-Connell effects and
vertical mutualistic symbiont transmission
in the context of mutualistic interactions
more generally could be rewarding.

Concluding Remarks
Although reverse Janzen-Connell effects will
not always drive single species or clades
to entirely dominate a community, they are
nonetheless potentially widespread and
important drivers of community structure.
Hence, quantifying these effects in the con-
text of other drivers of density dependence
will allow a better overall understanding of
the maintenance of diversity in biological
communities.
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