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Understanding the relative abundance of species in plant com-
munities is an unsolved problem1–10. Mechanisms such as com-
petition, resource partitioning5, dispersal ability10 and predation
tolerance6–9 do not adequately explain relative abundance under
field conditions11,12. Recent work suggests that interactions
between plants and soil microbes is important13–21. Here I
show that such interaction explains a significant proportion of
the variance in the relative abundance of species in plant com-
munities. Rare plants exhibited a relative decrease in growth on
‘home’ soil in which pathogens had had a chance to accumulate,
whereas invasive plants benefited from interactions with mycor-
rhizal fungi. Some plant species accumulate pathogens quickly
and maintain low densities as a result of the accumulation of
species-specific pathogens, whereas others accumulate species-
specific pathogens more slowly and do not experience negative
feedback until plant densities reach high levels13,15,21. These
results indicate that plants have different abilities to influence
their abundance by changing the structure of their soil commu-
nities, and that this is an important regulator of plant community
structure.

To test for the possibility that feedback with soil organisms will
determine plant abundance, I conducted four separate and comp-
lementary experiments. In the first experiment I compared the
direction and magnitude of soil feedback in five ‘highly invasive’

plant species versus five ‘rare and endangered’ plants in Canadian
old-fields (meadows) and grasslands. I predicted that, in low-
density monocultures and under previously uninhabited soil, rare
plants will exhibit negative feedback limiting their growth and
spread over time, whereas invasive plants will accumulate pathogens
more slowly and display neutral or positive feedback. Each plant
species was grown for ten weeks from seed in a pot with soil that
either had a history of the same plant or a history of a different
species of plant (see Methods for more details). Feedback was
determined by comparing plant growth responses in their own
versus foreign soils.

The results supported the stated prediction. The five rare plant
species experienced strong negative feedback when grown in mono-

Figure 2 The feedback responses of five invasive and five rare plant species to pathogen/

saprobes, mycorrhizal fungi, and sterile soil fractions. Bars represent the mean with

^1 s.e. Asterisks represent significant differences in plant growth when grown with home

versus foreign fractions after t-test analysis.

Figure 1 The soil feedback responses of five invasive and five rare plant species. N ¼ 10

per treatment. Bars represent the mean with ^1 s.e. Asterisks represent significant

differences in plant growth when grown in home versus foreign soil after t-test analysis.
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culture (reduced growth when growing in their own soil relative to
that with soil from other plant species) whereas four of the five
invasive plant species showed net positive feedback (increased
growth in their own soil, relative to soil of other plant species)
(Fig. 1). Direct observations were done on plant roots in search for
the accumulation of species-specific fungi, but this could not be
done with confidence, as it was difficult to distinguish among fungal
taxa.

Two more experiments were set up to test for the possibility that
pathogens and mycorrhizal fungi were the agents responsible for the
observed feedback responses in the first experiment. In experiment
2, instead of using the entire soil, only specific microbial fractions
were used to re-run the original experiment. The fractions were:
(1) spores of arbuscular mycorrhizal fungi (AMF); (2) pathogenic/
saprobic microbial filtrate; and (3) sterile soil. Once again, the same

ten plant species were grown for ten weeks from seed with one of the
soil fractions. The fractions originated from soil containing either a
similar or a different plant species (as in experiment 1). Overall, rare
plants showed strong negative feedback for the pathogen/saprobe
filtrate when grown in soil with a history of the same plant species
(Fig. 2). In contrast, the origin of the pathogen/saprobe filtrate did
not significantly affect growth of the invasive plant species. Effects of
AMF, however, did not differ between invasive and rare plants. For
both groups of plants, AMF isolated from soil with a history of the
same plant species had a more positive effect on plant growth than
fungi isolated from a different plant host. There was no significant
feedback effect using the sterile soil, suggesting that the effects are
biological rather than chemical. A third experiment was conducted
to confirm that pathogenic or parasitic organisms were responsible
for the negative feedback responses. The three most commonly

Figure 3 The relationship between relative plant abundance in an old-field site and soil

feedback response. Squares represent means. y ¼ 114.529x 2þ 156.652xþ 44.013,

r 2 ¼ 0.575, P ¼ 0:0001. Numbers represent different plant species. 1, Carex garberi;

2, Carex aurea; 3, Carex granularis; 4, Daucus carota; 5, Agrostis gigantea; 6, Solidago

graminifolia; 7, Solidago nemoralis; 8, Aster simplex; 9, Aster vimineus; 10, Aster novae-

angliae; 11, Circium vulgare; 12, Chenopodium ambrosioides; 13, Oenothera biennis;

14, Carex flava; 15, Juncus dudleyi ; 16, Solidago canadensis; 17, Linaria vulgaris;

18, Cichorium intybus; 19, Circium arvense; 20, Solidago rugosa; 21, Geum aleppicum;

22, Satureja vulgaris; 23, Potentilla recta; 24, Coronilla varia; 25, Asclepias syriaca;

26, Achillea millefolium; 27, Apocynum cannabinum; 28, Hypericum perforatum;

29, Agrostis scabra; 30, Phleum pratense; 31, Poa compressa; 32, Echium vulgare;

33, Centaurea jacea; 34, Rudbeckia serotina; 35, Poa pratensis; 36, Dactylis glomerata;

37, Cerastium vulgatum; 38, Galium palustre; 39, Oenothera perennis; 40, Prunella

vulgaris; 41, Trifolium pratense; 42, Convolvulus arvensis; 43, Silene cucubalus;

44, Erigeron strigosus; 45, Asparagus officinalis; 46, Hieracium auranticum; 47, Erigeron

philadelphicus; 48, Veronica officinalis; 49, Plantago lanceolata; 50, Galium mollugo;

51, Hieracium pilosella; 52, Vicia cracca; 53, Hieracium pratense; 54, Medicago

lupulina; 55, Ranunculus acris; 56, Taraxacum officinale; 57, Fragaria virginiana;

58, Chrysanthemum leucanthemum; 59, Tragopogon pratensis; 60, Bromus inermis;

61, Panicum lanuginosum.

Table 1 Fungi isolated from the following invasive or rare and endangered plant species

Invasive Rare and endangered

Plant species tested Ap Ee Lsa Pc Ca Ga Pi Ag Lsp Af
...................................................................................................................................................................................................................................................................................................................................................................

Ap 7 3 23 21 3 25 1 15 29 22
Ee 7 28 210 9 9 14 5 10 26 4
Lsa 28 26 26 6 16 213 218* 214 5 28
Pc 13 5 215 2 210 4 7 6 24 10
Ca 16 9 17 12 7 215 28 22 9 24
Ga 11 26 23 16 218 254* 5 7 10 27
Pi 214 2 24 12 7 5 228* 12 27 211
Ag 9 28 27 2 219* 3 25 246* 11 216
Lsp 3 211 215 7 3 12 10 22 251* 9
Al 21 5 11 12 224* 245* 23 25 17 263*
...................................................................................................................................................................................................................................................................................................................................................................

The influence of the three most commonly isolated non-mycorrhizal fungi from the rhizosphere of each plant species on the growth of each plant species. Values represent percentage difference in growth
compared to non-inoculated control plants. Asterisks represent significant differences (P , 0:05) after t-test. Invasive plant species: Ap, Alliara; Ee, Euphorbia; Lsa, Lythrum; Pc, Polygonum, Ca, Circium.
Rare and endangered plant species: Ga, Gentiana; Pi, Polygala; Ag, Agalinis; Lsp, Liatris; Af, Aletris.
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isolated non-AMF fungi from the rhizosphere of each plant species
were tested for their effects on the growth of each plant species
(Table 1). With all five rare plants, significant reductions in growth
were observed when they were inoculated with fungi isolated from
their own root systems. The most commonly isolated fungi from
these plants were species of Verticillium, Fusarium and Cylindro-
carpon and, in all cases, they formed systemic infections in the roots
of these plants when re-inoculated. No such growth reductions were
observed for any of the invasive plants tested. With both groups of
plants, inoculations using fungi from foreign plants rarely resulted
in significant growth depressions (Table 1). Overall, these combined
results support the hypothesis that feedback between plants and soil
communities may strongly determine the ability of a plant to
establish, invade and persist in a local habitat. Most plants can
potentially experience positive feedback with AMF communities,
but this is not realized unless negative feedback with pathogens is
lacking.

The first three experiments indicate that soil feedback could be an
important mechanism for coexistence and the regulation of plant
biodiversity in communities. In the fourth experiment I tested the
hypothesis that the direction and degree of soil feedback can
account for a large proportion of the variation in relative abundance
among species that coexist within a plant community. To test for
this I measured soil feedback and relative abundance of each of 61
coexisting plant species within an old-field meadow community in
southern Ontario, Canada. Relative plant abundance in the field
ranged from 1–81%. Also, there was a wide range of feedback
responses, from 20.5 to 0.2. The majority of plants were found to
experience a net negative feedback, whereas net positive feedback
was found in only 18% of plant species. As predicted, there was a
strong positive relationship between soil feedback and relative
abundance in the field (Fig. 3). All plant species that were found
to have strong negative feedback were also found to have low relative
abundance. Conversely, plants with high abundance had either low
negative feedback or positive feedback. Variation in degree of
feedback accounted for a large proportion (57.5%) of the variation
in relative abundance.

The results indicate that soil organisms and their feedback effects
on plants can strongly influence the relative abundance of plant
species within a community. When introduced to previously
uncultured soil at low densities, plants that ultimately achieve
high abundance do not seem to accumulate species-specific patho-
gens at the same rate as plants that remain in low abundance.
Negative feedback responses, particularly reductions in plant
growth and spread, are pathogen-density dependent13,15,16,22, so
plants that accumulate pathogens at a slower rate can potentially
reach higher densities in nature. Plants may accumulate pathogens
at a slower rate either because of inherent plant traits22, or because
they have escaped their harmful pathogens by invading foreign
territory23. Both are likely explanations for the lack of negative
feedback in alien invasive plants in this study. Ultimately, even
abundant plants are unlikely to expand indefinitely. Plant-specific
pathogen loads are maximized under high plant densities, especially
under dense monocultures, eventually incurring negative feedback
on abundant plants13,15,21,22. Other above- and belowground organ-
isms across trophic groups can further interact with feedback
responses24, and probably explain a large proportion of the remain-
ing variance in relative plant abundance. Understanding the mech-
anisms responsible for the abundance of organisms may lead to
new approaches for the management of ecosystems, in particular,
conservation of rare and endangered species, and protection of
ecosystems from species invasions. A

Methods
Experiment 1
Soil feedback in rare versus invasive plant species (Fig. 1) was examined as follows: seeds of
rare and invasive plant species were collected from various field sites across southern

Ontario and Quebec, Canada. The rare species were: Agalinis gattingeri (Small) Small
(Gattinger’s agalinis), Aletris farinosa L. (colicroot), Gentiana alba Muhl. (white prairie
gentian), Liatris spicata (L.) Willd. (dense blazing star) and Polygala incarnata L. (pink
milkwort). The invasive species were: Alliara petiolata (Bieb.) Cavara and Grande (garlic
mustard), Cirsium arvense (L.) Scop. (Canada thistle), Euphorbia esula L. (leafy spurge),
Lythrum salicaria L. (purple loosestrife) and Polygonum cuspidatum Sieb. & Zucc.
(Japanese knotweed). The five rare species are all native to North America. They are
considered to be rare within prairie communities, and they are further threatened because
of the loss of prairie habitat due to agricultural expansion and residential development in
southern Canada. The five invasive plants were all introduced to North America over a
century ago from Eurasia. Soil was collected from the Long-Term Mycorrhizal Research
Site (LTMRS), located within the University of Guelph Arboretum, Canada. A section of
the LTMRS was used that did not contain any of the plant species tested. The experiment
had three stages, beginning with 200 pots, growing the same plant species twice in
succession (stages 1 and 2) and then dividing among ‘home’ and ‘foreign’ treatments
(stage 3). In ‘home’ treatments the five invasive and five rare plants were grown in pots
with their own respective histories (10 replicates each). In ‘foreign’ treatments they were
grown in pots with histories of the other plants (10 replicates). The ten foreign replicates
were comprised of one replicate with a history of each of the remaining nine plant species
tested, as well as one additional species (Taraxacum officinale Weber ex Wiggers). Each
experimental unit consisted of a single seedling growing in an eight-inch pot containing
field-collected loam soil (total N ¼ 83:1 mmol kgÿ1, total P ¼ 6:2 mmol kgÿ1, percentage
organic matter was 6.1), and placed in a random position on a greenhouse bench. Plants
were watered on a weekly basis but did not receive additional nutrients. Each plant was
allowed to grow for 10 weeks after which the entire plant was harvested. In the second
stage, soil from each pot from the first stage was placed into new pots, a new seedling of the
same species was grown for another 10 weeks, and then harvested. In the third stage, soil
from each pot from the second stage was placed into new pots, a new seedling was grown
for another 10 weeks (either the same or a different plant species), and then harvested. At
harvest, plant weight was determined after drying at 60 8C for 48 hours. Only plants from
the third stage were used to determine feedback with the following equation (for plant A):
biomass of plant A (grown in soil with a history of plant A) - biomass of plant A (grown in
soil with a history of other plants). For each plant species, comparisons of plant growth in
home versus foreign soil were done with Student t-tests.

Experiment 2
Soil feedback in rare versus invasive plant species was determined using AMF, pathogen/
saprobe and chemical fractions (Fig. 2). After the second round of harvests from the
previous experiment (second stage), two 10-g soil subsamples were removed from each
pot. The first soil sample was used to extract (1) AMF communities; and (2) soil pathogen/
saprobe communities. AMF spores were collected on a 45-mm mesh after wet-sieving25,
and surface sterilized with 10% sodium hypochlorite. Pathogens and other non-
mycorrhizal microbes were collected from the filtrate that passed through a 20-mm sieve.
The second soil sample was sterilized by g-irradiation, and used as a control for abiotic
effects. To determine AMF, pathogen/saprobe, and abiotic feedback, seedlings of each
plant was grown in pots containing sterilized soil and one of the three fractions (AMF,
pathogen/saprobes, sterilized soil). Plants were grown for 10 weeks as in experiment 1, and
then harvested. After harvest, plant weight was determined after drying at 60 8C for 48
hours. There were 10 replicates for each treatment. Feedback was calculated using the
following equations: (1) AMF feedback for plant A ¼ biomass of plant A (grown in soil
with AMF of plant A) 2 biomass of plant A (grown in soil with AMF of other plants); (2)
pathogen/saprobe feedback for plant A ¼ biomass of plant A (grown in soil with
pathogens/saprobes of plant A) 2 biomass of plant A (grown in soil with pathogens/
saprobes of other plants); (3) Sterile soil feedback for plant A ¼ biomass of plant A (grown
in soil with sterile soil of plant A) 2 biomass of plant A (grown in soil with sterile soil of
other plants). For each plant species, comparisons of plant growth in home versus foreign
soil fraction were done with Student t-tests.

Experiment 3
Growth responses of plants to fungi cultured from home versus foreign rhizospheres
(Table 1) were determined as follows. At final harvest of experiment 1, twenty 0.5-cm root
fragments were plated on a 2% malt-extract agar medium containing Rose Bengal26. Root
fragments were obtained from each experimental unit in the ‘home’ treatment and were
surface sterilized with 0.1% mercuric chloride before plating. Plates were incubated for
three weeks at 20 8C, and then all resulting fungal colonies were subcultured and
identified27. A new experiment was set up to test the influence of fungi isolated from each
of 10 plant species on the growth of each of 10 plant species. Each experimental unit
consisted of a single plant seedling growing in an eight-inch pot containing sterilized silica
sand and fungal inoculum originating from one of the ten plant species. There were 10
replicates per 100 plant/fungal combinations, as well as ten non-inoculated controls for
each plant species, resulting in 1,100 experimental units. Plant seeds were originally
germinated on moist sterile filter paper. Before being planted in the pots, the roots of one-
week-old seedlings were dipped in spore suspensions of the cultured fungi. Spore
suspensions were comprised of 1 £ 106 spores of each of the three most common fungal
species isolated from the respective plant species. Experimental units were placed in a
random position on a greenhouse bench. Plants were watered as needed, and fertilized on
a weekly basis with half-strength Hoagland’s solution. Plants were grown for 10 weeks as in
experiment 1, and then harvested. At harvest, plant weight was determined after drying at
60 8C for 48 hours. Subsamples of roots were stained with Chlorazol Black E, and inspected
with differential-interference contrast and incandescent light microscopy for
confirmation of fungal infection. Plant biomass in inoculated versus non-inoculated
plants were compared using Student t-tests.

letters to nature

NATURE | VOL 417 | 2 MAY 2002 | www.nature.com 69© 2002 Macmillan Magazines Ltd



Experiment 4
Soil feedback and relative abundance of plants in the field (Fig. 3) was measured. The
abundance of each plant species was measured at 100 different locations within the
LTMRS. Locations were randomly chosen, and the presence of all plant species within a
1-m2 quadrat was recorded at each location. Relative abundance for each species was
calculated as the percentage of locations containing that species. This was performed in the
summers of 1998 and 2000, and results were pooled. Seeds were collected from each of 61
plant species, and feedback response was determined using similar methods as described
above in experiment 1. Regression analysis was used to determine the relationship between
plant abundance and soil feedback.
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Body size and temperature are the two most important variables
affecting nearly all biological rates and times1–7. The relationship
of size and temperature to development is of particular interest,
because during ontogeny size changes and temperature often
varies8–12. Here we derive a general model, based on first
principles of allometry and biochemical kinetics, that predicts
the time of ontogenetic development as a function of body mass
and temperature. The model fits embryonic development times
spanning a wide range of egg sizes and incubation temperatures
for birds and aquatic ectotherms (fish, amphibians, aquatic
insects and zooplankton). The model also describes nearly 75%
of the variation in post-embryonic development among a diverse
sample of zooplankton. The remaining variation is partially
explained by stoichiometry, specifically the whole-body carbon
to phosphorus ratio. Development in other animals at other
life stages is also described by this model. These results suggest
a general definition of biological time that is approximately
invariant and common to all organisms.

The effects of body size and temperature on biological rates and
times, including development time, have traditionally been studied
separately. There is a rich literature on biological allometry that
spans nearly a century1–3. The relationships of various attributes of
organisms such as metabolic rate, development time and lifespan, to
body mass, m, are well approximated by power laws. In endother-
mic birds and mammals, where body temperature is nearly con-
stant, biological rates and times (t) vary with body size as t /m1=4

(refs 4 and 5). An equally rich literature on physiology relates many

Box 1
Relationship of equation (3) to Q10

As most biological processes occur in the temperature range

Tc ¼ 0–40 8C, the term (1þ (Tc/T0)) in equation (3) differs from unity

by at most 40=273 < 0:15. So equation (3) can be well

approximated by:

aðTcÞ ¼ aðT0Þe
ð �E=kT2

0
ÞðTcÞ

Thus, mass-corrected development time (t/m1/4, equation (5)) is

inversely proportional to exp[(Ē/kT2
0)(Tc)] which becomes a Q10

when Tc ¼ 10 8C. We then note that, because T0 and k are fixed,

Q10 depends only on Ē, the activation energy. Taking an average

value of �E ¼ 0:6 eV gives Q10 < e0:9 < 2:5. This can also be

expressed in terms of the slope of the fitted lines of Fig. 1a–d, which

range from a ¼ 2ð0:11–0:14Þ per 8C. Thus, Q10 can be

approximated by exp(210a). Perhaps of greater importance is to

recognize that the conventional Q10 factor is only an

approximation. The exact expression includes further temperature

dependence beyond the purely exponential dependence on Tc.

Indeed, if Fig. 1a–d were replotted without the factor (1þ Tc/T0) in

the exponent, the slopes would be 10–15% shallower, leading to a

10–15% error when using Q10 to obtain values of a.
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