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Is plant biodiversity driven by decomposition processes?
An emerging new theory on plant diversity
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Abstract. Diversity of forest trees ranges from monospecific stands to the astonishing richness of tierra firma tropical
forests. Such patterns are observed along gradients of latitude, altitude, soil fertility and rainfall. So far, the proposed
coexisting mechanisms do not provide a comprehensive and unequivocal explanation of these patterns at the community
level. We propose a new theory linking species diversity with organic matter cycle and negative plant-soil feedback
induced by litter autotoxicity. This approach focuses on resource-waste rather than resource-only dynamics. High diver-
sity does occur where litter decomposition is rapid and ecosystem nutrient cycles are closed. On the other hand, single
species dominance is found where litter decomposition is slow and/or autotoxicity is removed from the nutrient cycle
pathway. Unlike previous theoretical views, the one we present proves potentially capable of explaining differences in

species diversity both along environmental gradients and within the tropics.

Introduction

As early recognized (Darwin 1862, Hutchinson
1958), tree forest species richness shows large variations
in different biomes, ranging from either monospecific or
species poor forests at high latitude, through intermediate
diversity in temperate plant communities, to the ex-
tremely diverse tropic environments (Hubbell 2001, Wil-
lig et al. 2003). Within the tropics, tree alpha diversity can
vary from stable monospecific mangroves, through spe-
cies poor stands of gallery riparian forests (Richards
1996), to the astonishing floristic richness of low-land
tierra firma forests (Valencia et al. 1994, Givnish 1999).
This enormous variability has been both fascinating and
frustrating for plant ecologists who proposed a plethora of
species coexistence mechanisms attempting to explain
the processes underpinning such diversity patterns (Pal-
mer 1994, Willig et al. 2003). Different hypotheses in-
cluded equilibrium mechanisms through niche partition-

ing (Tilman 1994); non-equilibrium coexistence dynam-
ics (Huston 1994) related to disturbance (Connell 1978),
predation and biotic interactions (Janzen 1970, Wills et al.
1997); fluctuations of environmental conditions (Chesson
2000); and balance between immigration/speciation and
extinction (McArthur and Wilson 1967, Hubbell 2001).
So far, there is little consensus on the relative importance
of these processes in different plant communities. In any
case, none of the proposed mechanisms provides a satis-
factory explanation for all the observed tree diversity pat-
terns.

In this paper we propose a new theory that seems to
be able to explain the tree alpha diversity patterns, at both
global and local scales. This is achieved by linking the
biogeochemical organic matter cycle to the occurrences
of negative plant-soil feedback. In this note, some back-
ground processes are reviewed and then brought together
to illustrate the logical bases of a new model.
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Plant-soil negative feedback

Negative plant-soil feedback is defined as the rise of
negative conditions for plant vegetative and reproductive
performances induced in the soil by the plants themselves.
Ancient evidences of this phenomenon are well known
for agro-ecosystems, where it has been referred as ‘soil
sickness’ or “replant disease problem” (Zucconi 1996,
Miller 1996). To find any herbaceous plantations or or-
chards that do not experience the consequences of nega-
tive feedback when cultivated in monoculture and mono-
succession is a hard challenge.

Several studies have demonstrated the pervasiveness
of negative plant-soil feedback in natural plant communi-
ties. This has been reported for coastal sand dunes during
primary succession (Van der Putten et al. 1993), secon-
dary succession and temperate grasslands (Bever 1994,
Klironomos 2002, Bonanomi et al. 2005b), and temperate
(Streng et al. 1989, Packer and Clay 2000) and tropical
forests (Webb et al. 1967, Kiers et al. 2000). In a literature
survey, reported as Appendix to this paper, we found 138
experimental cases of plant-soil negative feedback on ter-
restrial ecosystems, but none for flowering plants and al-
gae in marine and freshwater environments Appendix 1).

Four main mechanisms have been proposed to explain
plant-soil negative feedback: soil nutrient depletion (Ber-
endse 1994, Ehrenfeld at al. 2005), the build-up of soil-
borne pathogen populations (De Rooij-van Der Goes
1995, Packer and Clay 2000), the changing composition
of soil microbial communities (Bever 1994, Klironomos
2002, Kardol et al. 2007), and the release of phytotoxic
compounds during organic matter decomposition (Webb
et al. 1967, Singh et al. 1999, Armstrong and Armstrong
2001). In our review (Appendix 1), 31.9% of the cases of
negative feedback were ascribed to litter autotoxicity.
Negative feedback escape strategies depend on life form
and propagation patterns. For instance, perennial clonal
plants can move away by vegetative growth (Van der Put-
ten 2003), while trees and shrubs can avoid the “home”
soil (sensu Bever 1994) via seed dispersion, thus produc-
ing a Janzen-Connell distribution of seedling emergence
(Packer and Clay 2000). Negative plant-soil feedback has
been demonstrated to be strongly species-specific and
mainly affecting individuals of the same species (Oremus
and Otten 1981, Van der Putten et al. 1993, Bever 1994,
Singh et al. 1999, Klironomos 2002, Bonanomi and Maz-
zoleni 2005, Kardol et al. 2007).

Phytotoxicity of decaying litter

Many studies reported on the phytotoxic effects of de-
caying plant materials (review in Rice 1984 and Blum et
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al. 1999). However, during decomposition, both the abun-
dance and the activity of phytotoxic compounds continu-
ously change over time by their sorption and polymerisa-
tion on soil organic matter and clay minerals (Makino et
al. 1996), and because of the chemical transformation by
microorganisms (Blum et al. 1999). This was explicitly
assessed by Harper (1977) in a review of allelopathy, who
pointed out that plant-produced phytotoxic compounds,
being rapidly degraded by the soil microbial activity into
non-toxic molecules, should have a limited expected im-
pact on plant population dynamics. Moreover, studies of
allelopathy in field conditions are rare and their interpret-
ability has been limited by the lack of comparative experi-
mental bioassays (Inderjit and Callaway 2003).

A renewed interest in this issue followed the work of
Bonanomi et al. (2006) showing not only a widespread
occurrence of phytotoxicity in decaying plant litter, but
also predictable dynamics in relation to both the decom-
position duration and the environmental conditions. Al-
though different levels of litter phytotoxicity were ob-
served for different plant functional groups (nitrogen fixer
> forbs = woody >> grasses—sedges), all tested species
(n=25) showed consistent patterns of phytotoxicity dy-
namics, with a rapid decrease in aerobic conditions, but
sharp increase and stabilization of toxicity in anaerobic
conditions. We are currently doing in depth experimental
investigations on the prevalence of autotoxicity compared
to generic phytotoxicity of decaying litter. Based on our
experiments so far (Bonanomi et al. 2006; unpublished
data) and evidenced by other published literature (Appen-
dix 1), we propose that autotoxicity is a general phenome-
non, and stronger than phytotoxic effects on other species,
thus largely affecting ecosystem stability, productivity
and diversity.

Despite the availability of mineralized nutrients, the
root colonization of decomposing plant litter can require
several weeks for herbaceous species (about 35 days for
many grasses; reviewed by Hodge 2004), but even
months for temperate forest trees under field conditions
(Conn and Dighton 2000). This sharply contrasts with ob-
servations of roots actively proliferating within few days
into enriched patches of mineral nutrients (Jackson and
Caldwell 1989), but it is consistent with the phytotoxicity
of decomposing litter.

An emerging theory: litter autotoxicity links
decomposition processes with species coexistence

Decomposition of plant litter is a key ecosystem proc-
ess for carbon and nutrients cycling. The factors affecting
the decomposition rates and the related dynamics of nu-
trients have been investigated in depth in relation to both
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environmental conditions and litter chemical charac-
teristics (Aerts 1997, Berg and McClaugherty 2003). We
suggest that the view of plant litter as a nutrient source,
without inclusion of the phytotoxicity concept, is limiting
because the simultaneous release of nutrients and phyto-
toxicity during decomposition can produce unavoidable
constraints to plant growth. The potential consequences
of these concepts are relevant in the context of plant com-
munity organization.

The proposed new theory is based on two interlinked
ideas:

1. decaying litter produces autotoxic effects, and

2. the impact of autotoxicity is dependent on the
litter decaying-rate.

Litter autotoxicity

While allelopathy seems an obvious consequence of
natural selection (i.e. the capacity of killing competitors),
apparently the existence of autotoxicity poses a paradox:
why a plant species should harm it-self and its own off-
springs? Density-dependent regulation of population to
avoid overcrowding has been one of the explanations
(McNaughton 1968, Singh et al. 1999, Perry et al. 2005).
Our view is radically different.

All living organisms such as bacteria, fungi, algae and
animals produce, by their metabolisms of resources, cat-
abolites and wastes. Why higher plants should be an ex-
ception? The interesting point is that catabolic wastes that
are often toxic for the producing species can be a resource
for other species at the same time. Motile species and ses-
sile organisms that live in regularly flushed systems (e.g.
aquatic environments) avoid autotoxicity because wastes
are either placed away or removed by water. In contrast,
for terrestrial plants autotoxicity accumulates in close
proximity of the producing individual after leaf and root
litter deposition, producing in turn negative feedback on
plant growth.

An important consequence of the occurrences of auto-
toxic induced negative feedback on conspecific is the re-
duction of individual’s vigor and dominance over more
competitive species, in favor of other species, thus en-
hancing coexistence. Model studies implemented these
concepts and demonstrated how negative feedback can
affect both the spatial organization and the species diver-
sity of plant communities (Bever et al. 1997, Bonanomi et
al. 2005a).

Bertness and Leonard (1997) cleverly argued that if
the occurrence, the strength and the consequences of an
ecological process are not predictable, ecologists may be
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Figure 1. Schematic representation of the feedbacks be-
tween decomposition processes and plant growth. Litter de-
cay produces both nutrients and phytotoxic compounds.
Autotoxicity implies a negative effect limited to conspeci-
fics.

justified in ignoring it in general frameworks, and they
should treat it as a noise or just as a natural history idi-
osyncrasy. As described below, our position on negative
feedback is that its occurrence and intensity are both
measurable and predictable according to environmental
conditions, and these are crucial to infer plant diversity
patterns.

Autotoxicity, litter diversity and species coexistence

The role of litter diversity on decaying rate has been
largely investigated (review in Gartner and Cardon 2004,
Hittenschwiler et al. 2005), while few studies exist on its
effects on plant growth. Given the process of species-spe-
cific autotoxicity, a monospecific stand will build-up in
time a negative feedback. Differently, a mixed species
stand will produce a diverse litter mixture, which in turn
will reduce (dilution) autotoxicity for each species (Fig.
1). Then, despite the unavoidable detrimental effect at the
individual scale, the negative feedback can generate a
positive effect at the community level, thus sustaining the
maintenance of species diversity that overcomes the cost
of a higher inter-specific competition for resources. Inter-
estingly, under these assumptions, competitive effects oc-
cur on a short-term scale, but positive reciprocal species
interactions emerge only if all species suffer from nega-
tive feedback (Bonanomi et al. 2005a).

Relation between litter-decaying rate and autotoxicity
strength

Temperature, moisture and nutrients are the most im-
portant limiting factors of litter decomposition (Gholz et
al. 2000, Berg and McClaugherty 2003). Litter-decaying
rate increases with temperature by a Q( value (the factor
by which a 10°C increase in temperature will increase de-
composition rate) often greater than 2, although Q¢ var-
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Figure 2. Predicted relationship between litter decaying-rate
and nutrients (N) and phytotoxicity (T) released along a gra-
dient of species richness in different environments. The
height of bars is proportional to process intensity.

ies in relation to litter type (Fierer et al. 2005). Conse-
quently, litter decomposition rate widely differs among
ecosystems, and with the same litter quality and moisture
level, the decay-rate progressively decreases from tropi-
cal to temperate and boreal forest (Vitousek and Sanford
1986, Aerts 1997, Berg and McClaugherty 2003).

We suggest that litter autotoxicity decreases exponen-
tially with the litter decaying-rate (Fig. 2). According to
this assumption, at community level a negligible auto-
toxic effect can be predicted in boreal forests where de-
composition is limited by temperature, while the strongest
levels of autotoxicity should be found in tropical forests
where optimal decomposition conditions occur.

Nutrients cycle tightness, soil fertility and the impact of
litter autotoxicity

The predicted impact of autotoxicity cannot be related
only to litter decay-rate, but also to the nutrient cycling
pathway in different ecosystems. In tropical tierra firma
forests, litterfall and its decay-rate are very high, making
plant litter the most important source for plant mineral nu-
trition. In these systems, waste production and resource
uptake are tightly coupled in space and time, with a very
high expected autotoxicity impact. At the opposite ex-
treme, there are ecosystems with completely open nutri-
ent cycle, i.e., mineral nutrition of a species is decoupled
from the decaying litter of its own conspecific. Examples
of this latter case includes communities in regularly water
flushed systems such as stands of perennial species in
wetlands and marshes, floating plants and riparian forests
in fresh water, and mangrove forests, seagrass and sea-
weed beds and kelp forests in salt water. In these systems,
nutrition is primarily related to the concentration of nutri-
ents in water (and/or in newly accreted soil), consequently
the expected impact of negative feedback due to litter
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autotoxicity should be almost irrelevant. Management
strategies aimed at overcoming negative feedback in
agro-ecosystems provide an interesting parallelism with
the above described idea. Human-managed monocultures
can only be sustained by decoupling the resource acquire-
ment from autotoxic litter, which is achieved either by
crop residues removal (e.g. burning, selective removal
etc.) or mixing the residues through either crop rotation or
consociation.

The soil mineral fertility should also be taken into ac-
count to predict autotoxicity impact. In many tropical for-
ests, plants cannot rely on mineral soil nutrients. This usu-
ally occurs on highly leached oxisols with very low cation
exchange capacity and limited nutrients derived by the
weathering of parent material (Vitousek and Sanford
1986). In these conditions, trees often produce root mats
above the mineral soil directly foraging within the litter
layer (Jordan 1982, 1985). Here, the co-occurrence of nu-
trients and autotoxicity can constrain plant performances
when growing in monospecific stands. Moreover, the
high rainfall, sometimes exceeding 8000 mm year'l
(Richards 1996; Givnish 1999), will exacerbate this lim-
iting effect because, under such conditions, plants are nec-
essarily forced to take up nutrients rapidly before their
leaching. An increased autotoxic impact can be expected
in proportion to the rainfall amount in infertile, highly
weathered soils in the tropics. Differently, as soil mineral
fertility increases a progressive reduction of the impact of
negative feedback due to autotoxicity can be predicted.
The rationale behind this hypothesis is that in fertile soil
plant roots and decaying litter are spatially segregated
(roots preferably feed in the underlying rich soil), thus re-
ducing or even annulling the constraints to plant growth.

Finally, a notable exception is the nutrient poor soils
developed in waterlogged and stagnant water (e.g., some
swamp tropical forests). In these anaerobic or poorly
aerobic conditions, organic matter decomposition follows
a complete different pathway (Ponnamperuma 1972),
with permanent phytotoxicity, independent by the litter
type (Bonanomi et al. 2006). In these conditions, high lit-
ter phytotoxic stress, irrespectively of the litter diversity
level that can be expected.

Predicted species richness patterns

The patterns of species richness predicted by the litter
autotoxicity hypothesis are summarized below.

Latitudinal and altitudinal species richness patterns

According to our functional representation, the first
predicted pattern is an increase of species richness with
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the litter decaying-rate, which related to both latitude and
altitude, and changes in temperature. Interestingly, and in
sharp contrast with terrestrial plants, aquatic communities
are not predicted to show this latitudinal gradient in spe-
cies richness. Indeed, floating plants (Eichhornia cras-
sipes (Mart.) Solms., Lemna spp., Pistia spp. etc.), peren-
nial species in wetlands and marshes (Phragmites
australis (Cav.) Trin., Spartina spp., Typha spp. etc.), gal-
lery (Mora spp., Tabebuia spp. etc) and mangrove forests
(Avicennia spp., Nypa fruticans Wurmb., Rhizophora
spp. etc), seagrass (Posidonia spp., Thalassia spp., Zos-
tera spp. etc), seaweed and kelp forests (Fucus spp.,
Laminaria spp., Macrocystis pyrifera (L.) C. A. Agardh
etc), both in salt and freshwater, mostly form monospeci-
fic stands, irrespectively of the latitudinal level. While the
reasons of this pattern remain enigmatic in the light of
previous theory (Willig et al. 2003), this is highly coher-
ent with the litter autotoxicity hypothesis. In aquatic en-
vironments, the mineral nutrition is almost completely de-
coupled from decaying of conspecific litter, thus
annulling the autotoxic impact. It is noteworthy, as men-
tioned before, that not a single case of negative feedback
could be found in aquatic systems (Appendix 1). More-
over, periodical die-back due to litter autotoxicity (Arm-
strong and Armstrong 2001) has been observed in terres-
trial flushed systems, but only after changes (reductions)
in water regimes, presumably not allowing the removal of
decaying litter.

Differences in species richness between communities
within the tropics. Species richness at community level
varies dramatically within the tropics, especially for tree
species. According to our theory, this variability can be
related to two variables: mineral soil fertility and rainfall
amount. We predict an inverse relationship between spe-
cies richness and soil fertility, but for the systems with
stagnant water where a low diversity and productivity is
expected due to the persistent litter phytotoxic stress. The
effect of rainfall on species richness is dependent on the
levels of soil fertility and nutrient cycle tightness, with a
progressive increase of plant diversity with rainfall in in-
fertile highly weathered soils.

Richness-productivity relationship

The litter autotoxic hypothesis also provides a new
promising interpretation key for the long debated rich-
ness-productivity relationship (Waide et al. 1999, Gill-
man and Wright 2006). Species richness will be positively
related with productivity only where nutrient cycling is
rapid and tightly coupled in space and time with litter de-
composition. On the other hand, our hypothesis predicts
very productive but monospecific stand in aquatic and
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flooded (but flushed) terrestrial systems. From this view,
ecosystem productivity (in constant environmental condi-
tions) is strictly dependent on high species richness in sys-
tems characterized by a closed and rapid nutrient cycle.
Differently, ecosystem productivity will progressively be
less dependent on species richness as the litter decaying-
rate declines and/or plant nutrition is progressively de-
coupled, either in space or time, from the litter decompo-
sition of conspecifics.

Conclusions: species richness is determined by
waste-resource dynamics, not only by resource
dynamics

The prevailing scientific consensus relates plant spe-
cies richness to resource availability in relation to distur-
bance, biotic interactions and environmental gradients.
However, these frameworks fail in predicting species
richness at community scale in relation to temperature
(i.e. latitudinal and altitudinal gradients), rainfall level,
soil fertility and, therefore, to ecosystem productivity. Fo-
cusing on resource-waste rather than resource-only dy-
namics provides a putative explanation for the high spe-
cies diversity of environments where either litter
decomposition is rapid and plant roots feed into the litter
layer, and for the high species dominance in communities
where litter decomposition is slow and/or autotoxic litter
are removed from the nutrient cycle pathway. Since the
rate of litter decomposition is related to temperature and
moisture, this mechanism provides an explanation for the
latitudinal and altitudinal (climatic) distribution of plant
richness and for the presence of stable monospecific
stands, independently of climatic conditions, in systems
where plant nutrition remains decoupled from the waste
products. The autotoxic hypothesis is the only one poten-
tially capable to explain both very high and very low spe-
cies richness within the tropics. However, we are not say-
ing that autotoxic negative feedback is the only
mechanism producing the patterns of species richness. In-
deed, its integration with other frameworks such as the in-
termediate-disturbance hypothesis (Connell 1978) and
the immigration/extinction balance theory (McArthur and
Wilson 1967), does produce an improved theoretical
background to understand biodiversity. Without the in-
clusion of the litter autotoxicity processes, species rich-
ness patterns cannot be adequately understood and pre-
dicted. Differently from most other theories, our new
model produces a frame of predictions which are scien-
tifically verifiable because it is based on processes explic-
itly functional and on their mechanistic relation with en-
vironmental factors.
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Appendix 1. List of experimental cases of plant-soil
negative feedback from different ecosystems. The elec-
tronic version can be downloaded from the web site of the
journal at www.akademiai.com.
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