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Development of negative feedback during successive
growth cycles of black cherry
Alissa Packer* and Keith Clay
Department of Biology, Indiana University, 1001 East Third Street, Bloomington, IN 47405, USA

Negative feedback between plant and soil microbial communities can be a key determinant of vegetation
structure and dynamics. Previous research has shown that negative feedback between black cherry (Prunus
serotina) and soil pathogens is strongly distance dependent. Here, we investigate the temporal dynamics
of negative feedback. To examine short-term changes, we planted successive cycles of seedlings in the
same soil. We found that seedling mortality increased steadily with growth cycle when sterile background
soil was inoculated with living field soil but not in controls inoculated with sterilized field soil. To examine
long-term changes, we quantified negative feedback across successive growth cycles in soil inoculated with
living field soil from a mature forest system (more than 70 years old) versus a younger successional site
(ca. 25 years old). In both cases negative feedback developed similarly. Our results suggest that negative
feedback can develop very quickly in forest systems, at the spatial scale of a single seedling.
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1. INTRODUCTION

Recent studies have demonstrated the potential for the soil
microbial community to regulate plant species diversity
(Van der Heijden et al. 1998; Mills & Bever 1998; Bever
2002a) underscoring the links between aboveground and
belowground biodiversity (Van der Putten et al. 2001).
Soil micro-organisms exhibit high levels of species and
functional diversity (Torsvik & Ovreas 2002) and influ-
ence plants’ nutrient acquisition (Smith & Read 1997),
disease (Burdon 1987) and resistance to natural enemies
(Whipps 2001). Soil micro-organisms are, in turn, affec-
ted by plant species (Rovira 1965), resulting in host-plant-
specific differences in the soil microbial community in
both agricultural ( Johnson et al. 1991; Lemanceau et al.
1995) and natural (Bever et al. 1996, 1997) ecosystems.

Species-specific associations between plants and soil
microbes can result in feedback dynamics (Bever et al.
1997). Positive feedback occurs when host-specific
changes in the soil microbial community enhance host-
plant performance, and negative feedback develops when
these changes reduce host-plant performance. The annual
rotation of crops in agroecosystems is driven, in part, by
a need to reduce losses resulting from the accumulation of
host-specific pathogens in the soil, and thus from negative
feedback (Bullock 1992; Deboer et al. 1993). Similarly,
several ‘replant’ diseases in orchards result from the
accumulation of a complex of soilborne pathogens
(Traquair 1984; Mazzola 1998). The greater lifespan of
woody plant hosts could facilitate pathogen accumulation
even more than in annual systems. Replant diseases were
typically thought to develop only after many years of
association between plant and soil microbial communities
(Mai & Abawi 1981), but recent experiments demonstrate
that negative feedback can develop more rapidly
(Mazzola 1999).
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Negative feedback also occurs in natural ecosystems
(Van der Putten et al. 1993; Bever 1994; Holah & Alex-
ander 1999; Packer & Clay 2000), affecting both short-
lived herbaceous (Bever 1994) and long-lived woody plant
species (Augspurger 1983, 1984; Augspurger & Kelly
1984; Streng et al. 1989; Gilbert et al. 1994). At the com-
munity level, negative feedback may cause plant species to
be rare within a community (Klironomos 2002), promote
species coexistence (Janzen 1970; Bever et al. 1997) or
drive successional changes in vegetation (Van der Kamp
1991; Van der Putten et al. 1993; Holah et al. 1997).

These results provide evidence that feedback can occur
on short time-scales in annual systems and both short and
long time-scales in perennial systems. The effects of plant–
soil microbe interactions on individual hosts will vary
depending on the temporal development of negative feed-
back. However, relatively little is known about the rate at
which negative feedback develops between plant and soil
microbial communities (but see Van der Stoel et al. 2002).
Here, we gauge the temporal dynamics of plant-mediated
changes in soil communities by monitoring the perform-
ance of host plants that are susceptible to soil-borne
pathogens. Previous work demonstrated that, in a mature
forest, Prunus serotina (black cherry) seedlings suffered
highest mortality and lower growth rates close to conspe-
cific trees as a result of infection by soilborne fungal
pathogens (Pythium spp.; Packer & Clay 2000, 2003). In
this study, we were interested in whether similar feedback
dynamics develop at the scale of host seedlings over
shorter time frames, as well as at the scale of host trees
over successional time. Specifically, this study addressed
the following questions.

(i) Do soil pathogens accumulate quickly over short
time-scales in response to the presence of a host
plant? It is widely accepted that damping-off dis-
eases caused by soil pathogens inflict the greatest
damage on young seedlings (Hendrix & Campbell
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1973). If the soil community changes rapidly in
response to the presence of a seedling, then effects
might be evident in the growth or survival of that
particular individual. However, if negative feedback
develops slowly, initial cohorts of emerging seedlings
may escape soil pathogens, and effects might only
be evident in the growth or survival of subsequent
seedling cohorts that inhabit the same site. To test
the hypothesis that feedback between seedlings and
soil microbes develops rapidly, we planted seedlings
sequentially in the same soil through four growth
cycles (each lasting five weeks) under controlled
environmental conditions. By planting additional
cycles of seedlings into soil previously occupied by
another seedling, we were able to assess the conse-
quences of modification of the soil community on
plant survival and growth (Mazzola 1998; Bever
2002b). If repeated growth cycles have greater nega-
tive effects on seedlings in soil inoculated with living
field soil than in soil inoculated with sterilized field
soil, it would suggest that host plants drive changes
in the soil biota over short time-scales (i.e. weeks).

(ii) Does the soil community from a mature forest site
have greater negative impacts on seedling perform-
ance than the soil community from an early suc-
cessional site? Mature forests will be composed of
older trees, which have had more time to influence
both biotic and abiotic properties of the surrounding
soil. Earlier work on this system (Packer & Clay
2000, 2003) was conducted in a mature temperate
forest (more than 70 years old). Observations of
younger successional forest communities often
reveal aggregated distributions of black cherry, sug-
gesting that soil pathogens are at lower densities or
are less pathogenic in these environments. Environ-
mental variables favourable to damping-off patho-
gens typically increase as succession proceeds (e.g.
soil moisture is typically lower in early successional
habitats relative to mature forests with closed
canopies) and thus we predict that damping-off of
black cherry seedlings will be lower in early suc-
cessional sites. To test the hypothesis that negative
feedback increases during succession, we quantified
survival and growth of black cherry seedlings in soil
collected beneath black cherry trees from an early
successional site (ca. 25 years) and a mature forest
(more than 70 years). If sterilization improves seed-
ling survival and/or growth more in soil from a
mature forest than from a young successional site,
it would suggest that soil pathogens accumulate in
response to host plants over longer time-scales (i.e.
decades). We also examined the short-term develop-
ment of feedback in soil from forests of different
ages. Specifically, we asked whether the microbial
community develops differently in response to suc-
cessive seedling cycles in soil from an early suc-
cessional site and a mature forest. If the effect of
sterilization differs in the soil from an early versus a
mature site over repeated cycles, it would suggest
that the soil biota of different-aged sites differ in
composition and/or respond differently to host
plants over time.
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2. MATERIAL AND METHODS

(a) Study system
Prunus serotina (black cherry) is a mid-successional tree spe-

cies found throughout deciduous forests of eastern North Amer-
ica. Black cherry is considered to be relatively intolerant of shade
(Auclair & Cottam 1971). Mature trees typically produce some
seed every year and abundant seed crops at 1–5-year intervals
(Marquis 1990). Although black cherry seeds are bird dispersed,
many fruits remain uneaten and fall to the ground beneath the
maternal tree.
Pythium species are oomycetes that can live either as sapro-

phytes on dead plant and animal matter, or as parasites on plant
roots. These common soilborne pathogens, which cause
damping-off disease, can affect plants of any age, although dam-
age is greatest during germination and seedling establishment
(Martin & Loper 1999). Pythium species are found in undis-
turbed soils (Hendrix & Campbell 1973), as well as in previously
cultivated soils (Linde et al. 1994; Zhang & Yang 2000). When
infecting multiple hosts, the severity of symptoms inflicted by
the pathogen can be species specific (Westover & Bever 2001).
Pythium population sizes are affected by the species identity of
the host plant (Mills & Bever 1998), and by environmental con-
ditions, which can greatly influence the severity of the infection
(Hendrix & Campbell 1973; Martin & Loper 1999). One
Pythium species previously found to cause black cherry seedling
mortality is a newly described species, to be named Pythium
attrantheridium (A. Lévesque, personal communication; formerly
referred to as P1 (Packer & Clay 2000) and P. AP1 (aff.
intermedium) (Packer & Clay 2003)). Pythium heterothallicum,
Pythium intermedium and Pythium vexans have also been detected
in the roots of black cherry seedlings (A. Packer and A.
Lévesque, unpublished data), but we do not know whether these
species are also pathogenic to black cherry.

(b) Experimental procedures
Black cherry seeds were collected in July 2001 from approxi-

mately 10 trees throughout Bloomington, IN, USA. Seeds were
surface sterilized in a 50% solution of commercial bleach (6%
sodium hypochlorite) for 15 minutes, and rinsed in tap water
for an additional 15 minutes. In November 2001, seeds were
stratified at 4 °C for approximately three months. Seeds germi-
nated during the stratification period and were removed for use
as needed. During the experiment, plants were grown in the lab-
oratory on artificially lighted shelves (12 L : 12 D) where they
received 50 ml of water every other day.

The experiment was a 4 × 2 × 2 factorial design (growth
cycle × site age × sterilization), with 125 replicates per treatment
combination. To examine the effect of the host-plant growth cycle
on the biotic soil community, we planted successive seedling
cycles (four cycles, each lasting five weeks) in the same soil and
monitored seedling survival. Survivors were harvested at the end
of the fifth week by clipping the stem at the soil surface. A new
cycle of seedlings was planted back into the same soil on the day
that plants were harvested. This was repeated for two additional
cycles. The cycles were as follows: 7 March–12 April (cycle 1),
12 April–7 May (cycle 2), 7 May–21 June (cycle 3) and 21 June–
27 July (cycle 4). At the start of cycles 2–4, seedlings were wat-
ered once with a 50 ml full-strength solution of Jack’s Pro-
fessional Fertilizer (20–20–20 NPK (nitrogen, phosphorus and
potassium); J. R. Peters, Inc.). There was no linear decline of
seedling biomass with growth cycle, indicating that nutrients
were not limiting.
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To examine the effect of site age on the soil community, we
collected soil during March 2002 from an early successional site
and a mature forest site in Bloomington, IN. The top 10–20 cm
of soil was collected 1–3 m from the base of black cherry trees
(five trees per site) located at the Indiana University Research
and Teaching Preserve (IURTP) or Winslow Woods Park
(WW). Soil was sieved (1 cm screen) and roots were cut into
1–2 cm pieces and returned to the soil. The IURTP site was
abandoned from agriculture in the 1970s and is in the early
stages of forest succession dominated by flowering dogwood
(Cornus florida), Autumn olive (Elaeagnus umbellata), red cedar
( Juniperus virginiana), tulip poplar (Liriodendron tulipifera),
staghorn sumac (Rhus typhina) and sassafras (Sassafras albidum),
as well a dense herbaceous layer. The mean diameter at breast
height (dbh) of the five black cherry trees at the IURTP site was
12.7 cm ± 5.8 s.d. The WW site is old-growth forest dominated
by sugar maple (Acer saccharum), shagbark hickory (Carya
ovata), tulip poplar, white oak (Quercus alba), red oak (Quercus
rubra) and other deciduous tree species. The mean dbh of the
five black cherry trees at the WW site was 66.2 cm ± 6.7 s.d.

To examine the effect of the sterilization (removal of the biotic
soil community), a portion of field soil collected was autoclaved
for 4 hours. Plants were grown in Super Stubby Cell Cone-tai-
ners (capacity 115 cm3; Stuewe & Sons Inc., Corvallis, OR).
The base of the cone-tainer was filled with 65 cm3 sterilized field
soil. The middle layer consisted of 30 cm3 of either the field soil
or sterilized soil, and the top layer consisted of 10 cm3 of steril-
ized greenhouse soil (see following paragraph). We refer to these
two inoculation treatments as field and sterilized soil, respect-
ively. This design ensured that most of the soil in all treatments
was sterilized, minimizing any effects of nutrient differences fol-
lowing sterilization (see Troelstra et al. 2001).

When seedlings from cycles 1–3 were harvested, root systems
were left undisturbed in the soil to serve as an inoculum source
for subsequent plantings. Leaf weight, leaf number, stem weight
and stem height were measured and the aboveground plant
biomass was determined. After the final growth cycle, in
addition to aboveground parts, roots from the surviving seed-
lings were harvested and root biomass was determined. There-
fore, the root : shoot ratio and total plant biomass were
determined for the final cycle only. In addition to the experi-
mental treatments already described, 25 seedlings were planted
into a standard greenhouse soil (composted mix of clay loam
and Indiana peat with added organic matter, and heated to ca.
90 °C in an electric soil sterilizer) for four growth cycles as
already described. This allowed us to monitor seasonal effects
or variation among seedling cohorts over the course of four
growth cycles in the absence of a microbial community at the
start of the growth cycle.

(c) Statistical analyses
A logistic regression model (Proc GENMOD, SAS Institute,

Inc. 1999) was used to test the effects of growth cycle (1, 2, 3
or 4), site age (IURTP or WW) and sterilization (field or
sterilized), as well as all interactions, on seedling survival. When
either the main effect of growth cycle or any of the interactions
were significant at p � 0.05, planned contrasts were used to test
a priori hypotheses. The aboveground biomass data were rank
transformed because the data did not meet the assumptions of
normality using traditional transformations (Conover & Iman
1981). A univariate ANOVA (SPSS 1999) was used to test the
effects of growth cycle, site age and sterilization, as well as all
interactions, on the aboveground biomass of surviving seedlings.
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Again, planned contrasts were used to compare the main effect
of growth cycle and any of the interactions that were significant
at p � 0.05. For the final growth cycle only, separate univariate
ANOVAs (SPSS 1999) were used to test for the effects of site
age, sterilization and their interaction on root biomass, total
biomass and root : shoot ratio. Root biomass and root : shoot
ratio were square-root transformed to meet assumptions of nor-
mality.

If repeated growth cycles have different effects on seedlings
in field soil from those in sterilized soil, we expect a significant
interaction between growth cycle and sterilization. If sterilization
has a different effect on seedling survival and/or growth in soil
from a mature forest than from a young successional site, we
expect a significant interaction between site age and sterilization.
If the effect of sterilization differs in the soil from an early versus
a mature site over repeated cycles, we expect a significant inter-
action between growth cycle, site age and sterilization.

Separate analyses were conducted for plants grown in steril-
ized greenhouse soil. Survival was analysed using a logistic
regression model (Proc GENMOD, SAS Institute, Inc. 1999)
that tested for the effect of growth cycle. A univariate ANOVA
(SPSS 1999) was used to test for the effects of cycle on the
aboveground biomass of surviving seedlings. If there were sea-
sonal effects on seedling growth, variation among seedling
cohorts or gradual nutrient depletion affecting seedling perform-
ance, we would expect to see a significant effect of growth cycle
in this control treatment.

3. RESULTS

(a) Do soil pathogens accumulate over short
time-scales in response to the presence of a
host plant?

The interaction between cycle and sterilization had a
significant effect on seedling mortality as expected if soil
pathogens accumulate in the field, but not sterilized, soil
(table 1, figure 1). In the sterilized soil, mortality only
increased from 44% to 50% between the first and final
cycle, while it increased from 25% to 82% in the field soil.
There was no significant effect of cycle on mortality in
sterilized greenhouse soil (X2 = 5.02, p = 0.17, d.f. = 3).
While overall seedling mortality was relatively high, it was
consistent with what has been found in previous studies
with this species (Packer & Clay 2000). There was also
a significant effect of the interaction between cycle and
sterilization on the aboveground biomass of seedlings.
This resulted from the significant differences between the
aboveground biomass in sterilized soil and field soil in the
second growth cycle (table 1, figure 2). The aboveground
biomass in that cycle was significantly higher in sterilized
soil than field soil (sterilized: 0.162 g ± 0.005, n = 169;
field: 0.132 g ± 0.004, n = 156 (means ± s.e. shown)). By
comparison, the aboveground biomass did not change
with cycle in the controls (sterilized greenhouse soil)
(F3,51 = 0.71, p = 0.55).

(b) Does the soil community from a mature forest
site have greater negative impacts on seedling
performance than the soil community from an
early successional site?

The interaction between site age and sterilization did
not significantly affect seedling survival or the above-
ground biomass as would be expected if the soil
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Table 1. Results of (a) a logistic regression analysis examining the effects of site, sterilization and cycle, and their interactions,
on seedling survival, and (b) an ANOVA examining the effects of site, sterilization and cycle, and their interactions, on the
aboveground biomass of surviving seedlings (r2 = 0.19).

(a) survival (b) aboveground biomass

source d.f. X2 p-value F p-value

site 1 9.22 0.002 7.75 0.006
sterilization 1 8.79 0.003 5.87 0.016
cycle 3 145.76 � 0.0001 63.69 � 0.0001
site × sterilization 1 0.53 0.468 2.82 0.530
site × cycle 3 6.37 0.095 0.74 0.094
sterilization × cycle 3 78.53 � 0.0001 5.78 � 0.001
site × sterilization × cycle 3 8.10 0.044 1.88 0.131
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Figure 1. Change in effect of sterilization on seedling
mortality between initial and final growth cycle (significant
sterilization × cycle interaction; cycle 1, X2 = 20.47,
p � 0.0001, d.f. = 1; cycle 4, X2 = 62.87, p � 0.0001,
d.f. = 1). Hatched bars indicate sterile soil and grey bars
indicate field soil.
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Figure 2. Effect of soil sterilization on aboveground biomass
of seedlings varies over consecutive growth cycles (significant
sterilization × cycle interaction; cycle 2, F = 26.24,
p � 0.0001, d.f. = 1). Dotted lines represent sterile field soil
and solid lines represent natural field soil.
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community exerts a greater negative impact in mature for-
ests (table 1).

(c) Does the microbial community develop
differently in response to the host plant in soil
from an early successional site and a mature
forest?

If the effect of sterilization differs in the soil from a
young versus a mature site over repeated cycles, it would
suggest that the soil biota of different-aged sites vary in
their composition and/or their response to host plants over
time. The three-way interaction between cycle, site age
and sterilization was significant (table 1). In soil from both
IURTP and WW, mortality in the first growth cycle was
greater in sterilized soil than field soil (IURTP:
X2 = 13.52, p = 0.002, d.f. = 1; WW: X2 = 7.52, p = 0.006,
d.f. = 1), whereas seedling mortality in the final cycle was
greater in field soil than sterilized soil (IURTP:
X2 = 22.97, p � 0.0001, d.f. = 1; WW: X2 = 42.54,
p � 0.0001, d.f. = 1). However, the patterns of seedling
mortality in the second and third growth cycles differed
in soil from the two sites (figure 3), with a more linear
increase in mortality at the WW site and a curvilinear pat-
tern (escalating mortality toward the final cycle) at
IURTP. The three-way interaction was non-significant for
the aboveground biomass.

(d) What are the independent effects of growth
cycle, site age and sterilization on seedling
survival and biomass?

Growth cycle, site age and sterilization all significantly
affected seedling mortality (table 1). On average, mortality
was higher in later growth cycles than initial growth cycles
(34%, 34%, 47% and 66% for cycles 1, 2, 3 and 4,
respectively), and higher in soil from the young IURTP
site than the old-growth WW site (48% and 42%,
respectively). Overall, plants grown in field soil experi-
enced higher mortality relative to those grown in sterilized
soil (48% and 42%, respectively). The effects of cycle, site
age and sterilization on the aboveground biomass, while
significant, were smaller than effects on survival (table 1).
There was a 49% difference in mortality between the
initial and the final cycle but only a 10% difference in the
aboveground biomass between these cycles. The above-
ground biomass was 9% higher in sterilized soil than in
field soil (sterilized: 0.140 g ± 0.002, n = 570; field:
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Figure 3. Effects of sterilization on seedling mortality varies
over consecutive growth cycles in soil from (a) IURTP and
(b) WW (significant site × sterilization × cycle interaction;
∗p � 0.05 for sterilized versus field soil comparison). Dotted
lines represent field soil and solid lines represent sterile soil.

0.127 g ± 0.002, n = 509), while mortality was 13% higher
in field soil compared to sterilized soil. Cycle and site age
both significantly affected the aboveground biomass.
Overall, the aboveground biomass was higher in the inter-
mediate growth cycles than in the initial and final cycles
(cycle 1, 0.111 g ± 0.003, n = 336; cycle 2, 0.148 g ± 0.003,
n = 277; cycle 3, 0.151 g ± 0.003; and cycle 4, 0.123 g
± 0.004, n = 185; except for cycles 2 and 3, all cycles differ
significantly from each other (p � 0.0001)), and higher in
the soil from WW than IURTP (WW: 0.137 g ± 0.002,
n = 570; IURTP: 0.130 g ± 0.003, n = 509). There was no
effect of site age, sterilization or their interaction
(p � 0.05; data not shown) on any measures that included
belowground biomass (i.e. root : shoot ratio, root biomass
or total plant biomass), which were measured only for the
final cycle.

4. DISCUSSION

We investigated the temporal dynamics of negative
feedback over short periods of time in response to host
seedlings and over longer periods of successional time in
response to host trees. Our results suggest that soil patho-
gens build up rapidly in response to black cherry seedlings
and reduce survival. Although survival in the initial growth
cycle was higher in field soil than in sterilized soil, this
pattern was reversed in subsequent growth cycles. Average
mortality increased from 25% to 82% over four growth
cycles in field soil, but increased only from 44% to 50%
in sterilized soil. By contrast, we did not detect differences
in negative feedback over successional time, as seedling
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performance was similar in soil from both the mature for-
est and early successional sites.

The most likely explanation for the increase in seedling
mortality over successive growth cycles is that the biotic
soil community changed in response to the host plant.
Potentially confounding effects of soil sterilization (see
Rovira & Bowen 1966; Troelstra et al. 2001) were minim-
ized in our experiment because the field soil treatment
consisted primarily of sterilized soil inoculated with field
soil, and fertilizer was added at the beginning of each
growth cycle to both soil types. Higher mortality in steril-
ized soil relative to field soil during the first growth cycle
may indicate that the effects of eliminating microbial mut-
ualists (such as mycorrhizal fungi) initially outweighed the
effects of eliminating pathogens. Although the temporal
response to sterilization differed between the early suc-
cessional and mature forest sites (significant site ×
sterilization × cycle interaction), examination of figure 2
indicates that the primary source of this difference was the
response of seedlings to sterilized soil, and not to field soil.
Overall, mortality increased with repeated growth cycles
in field soil from both sites. P. attrantheridium was patho-
genic to black cherry seedlings in soil from another site
(isolate P1 in Packer & Clay 2000), and it has since been
isolated from the old-growth WW site where the soil for
this study was collected (A. Packer and A. Lévesque,
unpublished data). These results demonstrate that the bal-
ance of positive and negative feedback, as measured by
the net effect of sterilization on plant performance, can
shift very quickly.

Our results are consistent with prior experiments show-
ing that the presence of a plant can lead to rapid changes
in the soil microbial community. For example, in an agri-
cultural system, Mazzola (1999) found that the biomass
of apple seedlings decreased when five successive eight-
week growth cycles of seedlings were planted into the
same soil. In a greenhouse experiment with old-field
plant–soil communities, decreased plant biomass in soil
previously associated with conspecific plants relative to
heterospecific plants (Bever 1994) resulted from differen-
tiation of a homogeneous soil community subjected to
only 15 months of growth with different host plants. In a
dune ecosystem, marram grass (Ammophila arenaria)
growth reduction was correlated with colonization by
endoparasitic nematodes that developed within one month
of root expansion (Van der Stoel et al. 2002). In contrast
to our study, however, these experiments found that the
microbial soil community mainly affected plant growth
(but see results for potato dwarf dandelion (Krigia
dandelion) in Bever (1994)), making the ultimate fitness
consequences less clear. Survival responses were much
stronger than growth responses in our experiment, con-
sistent with previous results from black cherry (Packer &
Clay 2000, 2003).

These experimental results raise obvious questions con-
cerning the underlying mechanism(s) causing increased
mortality in field soil over time. We suggest three possible
mechanisms, which are not mutually exclusive. First,
increased mortality of black cherry seedlings in later
growth cycles could have resulted from increased patho-
gen inoculum density. Mitchell & Deacon (1986) demon-
strated that Pythium spp. specialized on grasses showed
3.2 times more encystment on grass roots than roots of
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non-host plants 10 minutes after roots were placed in a
spore suspension. They suggested that this initial differ-
ence, multiplied over 12 seasons or successive cycles
within a season, would result in a 1.1 × 106-fold difference
because pathogen accumulation in each successive plant-
ing is dependent on the previous season or cycle. Second,
the virulence of the pathogen may have increased over
time. As with serial passage experiments showing
microbial evolution (reviewed by Ebert 1998), one or
more species of pathogenic fungi in the final growth cycle
may have become more virulent than in the first growth
cycle. If pathogen virulence is evolving, then seedlings
should have reduced performance when inoculated with
the isolate from the final cycle relative to the isolate from
the initial cycle. For example, after serial passage, the bac-
teria Azotobacter chroococcum, isolated from barley seed
and used to inoculate barley seedlings, showed improved
growth on barley roots when returned to competition with
other soil micro-organisms (Vancura 1959, cited in Rovira
1965). A third possible mechanism is that the composition
of the microbial community changed over time. The
decreased growth of apple seedlings with successive plant-
ing cycles corresponded to shifts in microbial community
composition (Mazzola 1999). Fungi in the genera Phy-
tophthora, Pythium and Rhizoctonia were more frequently
isolated in later cycles, and Trichoderma spp. were isolated
less frequently in later cycles. Trichoderma can be a patho-
gen antagonist and therefore changes in their population
size may reflect shifts in the balance between pathogens
and their antagonists over time.

The mechanisms underlying host-plant-mediated
changes in the soil microbial community are not fully
understood, but they may frequently derive from the
release of species- or genotype-specific plant exudates into
the rhizosphere (Chen et al. 1988; Deacon & Donaldson
1993). Regardless of the mechanism of differentiation, in
the absence of soil mutualists, we expect negative feedback
to increase with plant age as older plants have had more
time to influence their microbial soil communities. For
example, apple seedling growth was similar in non-culti-
vated soil and soil from an orchard in cultivation for
1 year, but declined in field soil (but not in sterilized soil)
collected beneath apple trees in 2, 3, 4 and 5-year-old
orchards (Mazzola 1999). In natural communities,
maximum tree age generally increases with succession.
Consistent with this idea, birch seedlings regenerate
poorly in mature birch forests (Tansley 1965 cited in Gib-
son et al. 1988). Microwave treatment of soil from two
young birch stands increased the aboveground biomass of
birch seedlings 1.9–2.9-fold, while microwave treatment
of soil from two old birch stands increased the above-
ground biomass 8–11.4-fold (Gibson et al. 1988).

One of our initial goals was to determine whether soil
pathogens more strongly regulate the spatial distribution
of black cherry trees in mature versus successional forest
sites. Because environmental variables typically vary with
succession (Mallik & Rice 1966) and the epidemiology of
Pythium is largely mediated by abiotic environmental fac-
tors (Martin & Loper 1999 and references cited therein),
we predicted that damping-off should increase with suc-
cession because soil moisture and light levels should
become more favourable for Pythium. Environmental
conditions in early successional habitats may affect the
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plant–pathogen interactions by inhibiting pathogen
growth and/or by increasing the tolerance of seedlings to
infection. Alternatively, pathogen propagules may require
time to disperse to disturbed sites, making them more
common in later successional stages.

In this experiment, we did not observe greater negative
feedback in soil collected beneath black cherry trees at the
mature WW site relative to the younger IURTP site.
Further exploration of a broader range of successional
stages could prove interesting. If soil pathogens were
absent in soil at younger sites, we would not have expected
a positive effect of sterilization on seedling survival. Fur-
thermore, we would not have expected an increasingly
negative effect of the soil community with repeated growth
cycles. By contrast, if soil pathogens were present in early
successional sites but ineffective in the field owing to
environmental conditions (i.e. higher soil temperatures,
lower soil moisture), we would have expected similar seed-
ling responses to soil biota from both early and mature
successional sites when grown under uniform environ-
mental conditions. Our results support the hypothesis that
soil pathogens were already present in a younger suc-
cessional community, where the canopy was relatively
open and black cherry trees were ca. 5–10 cm dbh. We
do not know how soon during the course of succession
pathogens colonize black cherry trees, or whether this
depends on the previous history of the site.

The results presented here provide evidence that just a
single seedling can rapidly modify the soil microbial com-
munity, potentially reducing the fitness of seedlings germi-
nating nearby either within a single growing season or
across multiple growing seasons. In early successional
communities, the local build-up of soil pathogens in the
root zones of host trees is likely to be on a much smaller
spatial scale owing to the smaller size of host plants. Thus,
seedlings may survive closer to trees at young sites than
mature sites. Even if a far higher density of seedlings
occurred at younger sites, their area of influence on the
soil community is likely to be more restricted owing to
their smaller root systems. As a result, there would be
many more ‘safe sites’ for seedling establishment in
younger successional sites and these sites would be in
closer proximity to established seedlings and saplings. By
contrast, in older sites with mature black cherry trees,
individual root zones are more extensive and should exert
greater influence on the soil community over larger spatial
scales. There would be far fewer pathogen-free safe sites
for seedling establishment and safe sites would be more
distant from already established trees. An important ques-
tion for the future is whether the results with black cherry
apply to other temperate forest trees.

The authors thank J. Bever, J. Klironomos, J. Rudgers and W.
Van der Putten for critically reviewing the manuscript, and A.
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National Science Foundation (grant no. DEB-0090056).

REFERENCES

Auclair, A. N. & Cottam, G. 1971 Dynamics of black cherry
(Prunus serotina Erhr.) in southern Wisconsin oak forests.
Ecol. Monogr. 41, 153–177.



Negative feedback and black cherry growth cycles A. Packer and K. Clay 03pb0507.7

Augspurger, C. K. 1983 Seed dispersal of the tropical tree, Pla-
typodium elegans, and the escape of its seedlings from fungal
pathogens. J. Ecol. 71, 759–771.

Augspurger, C. K. 1984 Seedling survival of tropical tree spec-
ies: interaction of dispersal distance, light-gaps, and patho-
gens. Ecology 65, 1705–1712.

Augspurger, C. K. & Kelly, C. K. 1984 Pathogen mortality of
tropical tree seedlings: experimental studies of the effects of
dispersal distance, seedling density, and light conditions.
Oecologia 61, 211–217.

Bever, J. D. 1994 Feedback between plants and their soil com-
munities in an old field community. Ecology 75, 1965–1977.

Bever, J. D. 2002a Host-specificity of AM fungal population
growth rates can generate feedback on plant growth. Pl. Soil
244, 281–290.

Bever, J. D. 2002b Negative feedback within a mutualism:
host-specific growth of mycorrhizal fungi reduces plant
benefit. Proc. R. Soc. Lond. B 269, 2595–2601. (DOI
10.1098/rspb.2002.2162.)

Bever, J. D., Morton, J. B., Antonovics, J. & Schultz, P. A.
1996 Host-dependent sporulation and species diversity of
arbuscular mycorrhizal fungi in a mown grassland. J. Ecol.
84, 71–82.

Bever, J. D., Westover, K. M. & Antonovics, J. 1997 Incorpor-
ating the soil community into plant population dynamics:
the utility of the feedback approach. J. Ecol. 85, 561–573.

Bullock, D. G. 1992 Crop rotation. Crit. Rev. Pl. Sci. 11,
309–326.

Burdon, J. J. 1987 Diseases and plant population biology. New
York: Cambridge University Press.

Chen, W., Hoitink, H. A. J., Schmitthenner, A. F. & Tuov-
inen, O. H. 1988 The role of microbial activity in sup-
pression of damping-off caused by Pythium ultimum.
Phytopathology 78, 314–322.

Conover, W. J. & Iman, R. L. 1981 Rank transformations as
a bridge between parametric and nonparametric statistics.
Am. Statist. 35, 124–133.

Deacon, J. W. & Donaldson, S. P. 1993 Molecular recognition
in the homing responses of zoosporic fungi, with special ref-
erence to Pythium and Phytophthora. Mycol. Res. 97, 1153–
1171.

Deboer, R. F., Steed, G. R., Kollmorgen, J. F. & Macauley,
B. J. 1993 Effects of rotation, stubble retention and culti-
vation on take-all and eyespot of wheat in northeastern Vic-
toria, Australia. Soil Tillage Res. 25, 263–280.

Ebert, D. 1998 Evolution: experimental evolution of parasites.
Science 282, 1432–1435.

Gibson, F., Fox, F. M. & Deacon, J. W. 1988 Effects of micro-
wave treatment of soil on growth of birch (Betula pendula)
seedlings and infection of them by ectomycorrhizal fungi.
New Phytol. 108, 189–204.

Gilbert, G. S., Hubbell, S. P. & Foster, R. B. 1994 Density
and distance-to-adult effects of a canker disease of trees in
a moist tropical forest. Oecologia 98, 100–108.

Hendrix Jr, F. F. & Campbell, W. A. 1973 Pythiums as plant
pathogens. A. Rev. Phytopathol. 11, 77–98.

Holah, J. C. & Alexander, H. M. 1999 Soil pathogenic fungi
have the potential to affect the co-existence of two tallgrass
prairie species. J. Ecol. 87, 598–608.

Holah, J. C., Wilson, M. V. & Hansen, E. M. 1997 Impacts of
a native root-rotting pathogen on successional development
of old-growth Douglas fir forests. Oecologia 111, 429–433.

Janzen, D. H. 1970 Herbivores and the number of tree species
in tropical forests. Am. Nat. 104, 501–528.

Johnson, N. C., Pfleger, F. L., Crookston, R. K., Simmons,
S. R. & Copeland, P. J. 1991 Vesicular arbuscular
mycorrhizas respond to corn and soybean cropping history.
New Phytol. 117, 657–663.

Proc. R. Soc. Lond. B

Klironomos, J. N. 2002 Feedback with soil biota contributes
to plant rarity and invasiveness in communities. Nature 417,
67–70.

Lemanceau, P., Corberand, T., Gardan, L., Latour, X.,
Laguerre, G., Boeufgras, J. M. & Alabouvette, C. 1995
Effect of 2 plant species, flax (Linum usitatissinum L.) and
tomato (Lycopersicon esculentumMill), on the diversity of soil-
borne populations of fluorescent Pseudomonads. Appl.
Environ. Microbiol. 61, 1004–1012.

Linde, C., Kemp, G. H. J. & Wingfield, M. J. 1994 Pythium
irregulare associated with Pinus seedling death on previously
cultivated lands. Pl. Dis. 78, 1002–1005.

Mai, W. F. & Abawi, G. S. 1981 Controlling replant diseases
of pome and stone fruits in northeastern United States by
preplant fumigation. Pl. Dis. 65, 859–864.

Mallik, M. A. B. & Rice, E. L. 1966 Relation between soil
fungi and seed plants in three successional forest communi-
ties in Oklahoma. Bot. Gaz. 127, 120–127.

Marquis, D. A. 1990 Prunus serotina Ehrh. Black cherry. In
Silvics of North America, vol. 2. Hardwoods (ed. R. M.
Burns & B. H Honkala), pp. 594–604. Washington, DC: US
Department of Agriculture, Forest Service.

Martin, F. N. & Loper, J. E. 1999 Soilborne plant diseases
caused by Pythium spp: ecology, epidemiology, and pros-
pects for biological control. Crit. Rev. Pl. Sci. 18, 111–181.

Mazzola, M. 1998 Elucidation of the microbial complex having
a causal role in the development of apple replant disease in
Washington. Phytopathology 88, 930–938.

Mazzola, M. 1999 Transformation of soil microbial com-
munity structure and Rhizoctonia-suppressive potential in
response to apple roots. Phytopathology 89, 920–927.

Mills, K. E. & Bever, J. D. 1998 Maintenance of diversity
within plant communities: soil pathogens as agents of nega-
tive feedback. Ecology 79, 1595–1601.

Mitchell, R. T. & Deacon, J. W. 1986 Differential (host-
specific) accumulation of zoospores of Pythium on roots of
graminaceous and non-graminaceous plants. New Phytol.
102, 113–122.

Packer, A. & Clay, K. 2000 Soil pathogens and spatial patterns
of seedling mortality in a temperate tree. Nature 404, 278–
281.

Packer, A. & Clay, K. 2003 Soil pathogens and Prunus serotina
seedling and sapling growth near conspecific trees. Ecology
84, 108–119.

Rovira, A. D. 1965 Interactions between plant roots and soil
microorganisms. A. Rev. Microbiol. 19, 241–266.

Rovira, A. D. & Bowen, G. D. 1966 The effects of micro-
organisms upon plant growth II. Detoxification of heat-steri-
lized soil by fungi and bacteria. Pl. Soil 25, 129–142.

SAS Institute, Inc. 1999 SAS v. 8.0. Cary, NC, USA: SPSS
Inc.

Smith, S. E. & Read, D. J. 1997 Mycorrhizal symbiosis, 2nd
edn. San Diego, CA: Academic.

SPSS 1999 SPSS v. 10.0.0. Chicago, IL, USA: SPSS Inc.
Streng, D. R., Glitzenstein, J. S. & Harcombe, P. A. 1989

Woody seedling dynamics in an East Texas floodplain forest.
Ecol. Monogr. 59, 177–204.

Torsvik, V. & Ovreas, L. 2002 Microbial diversity and function
in soil: from genes to ecosystems. Curr. Opin. Microbiol. 5,
240–245.

Traquair, J. A. 1984 Etiology and control of orchard replant
problems: a review. Can. J. Pl. Pathol. 6, 54–62.

Troelstra, S. R., Wagenaar, R., Smant, W. & Peters, B. A. M.
2001 Interpretation of bioassays in the study of interactions
between soil organisms and plants: involvement of nutrient
factors. New Phytol. 150, 697–706.

Van der Heijden, M. G. A., Klironomos, J. N., Ursic, M.,
Moutoglis, P., Streitwolf-Engel, R., Boller, T., Wiemken,
A. & Sanders, I. R. 1998 Mycorrhizal fungal diversity



03pb0507.8 A. Packer and K. Clay Negative feedback and black cherry growth cycles

determines plant biodiversity, ecosystem variability and pro-
ductivity. Nature 396, 69–72.

Van der Kamp, B. J. 1991 Pathogens as agents of diversity in
forested landscapes. Forestry Chronicle 67, 353–354.

Van der Putten, W., Van Dijk, C. & Peters, B. 1993 Plant-
specific soil-borne diseases contribute to succession in fore-
dune vegetation. Nature 362, 53–56.

Van der Putten, W. H., Vet, L. E. M., Harvey, J. A. & Wack-
ers, F. L. 2001 Linking above- and belowground multi-
trophic interactions of plants, herbivores, pathogens, and
their antagonists. Trends Ecol. Evol. 16, 547–554.

Van der Stoel, C. D., Van der Putten, W. H. & Duyts, H. 2002
Development of a negative plant-soil feedback in the expan-
sion zone of the clonal grass Ammophila arenaria following

Proc. R. Soc. Lond. B

root formation and nematode colonization. J. Ecol. 90,
978–988.

Westover, K. M. & Bever, J. D. 2001 Mechanisms of plant
species coexistence: roles of rhizosphere bacteria and root
fungal pathogens. Ecology 82, 3285–3294.

Whipps, J. M. 2001 Microbial interactions and biocontrol in
the rhizosphere. J. Exp. Bot. 52, 487–511.

Zhang, B. Q. & Yang, X. B. 2000 Pathogenicity of Pythium
populations from corn-soybean rotation fields. Pl. Dis. 84,
94–99.

As this paper exceeds the maximum length normally permitted, the
authors have agreed to contribute to production costs.


	Development of negative feedback during successive growth cycles of black cherry
	INTRODUCTION
	MATERIAL AND METHODS
	Study system
	Experimental procedures
	Statistical analyses

	RESULTS
	Do soil pathogens accumulate over short time-scales in response to the presence of a host plant?
	Does the soil community from a mature forest site have greater negative impacts on seedling performance than the soil community from an early successional site?
	Does the microbial community develop differently in response to the host plant in soil from an early successional site and a mature forest?
	What are the independent effects of growth cycle, site age and sterilization on seedling survival and biomass?

	DISCUSSION
	Acknowledgements

	REFERENCES

