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HOW SOIL-BORNE PATHOGENS MAY AFFECT PLANT COMPETITION
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Abstract. A role for pathogens in plant competition has often been suggested, but
examples are rare and, in the case of soil pathogens, virtually absent. In this paper we
examine if and how soil-borne pathogens may play a role in plant competition. As a model,
two successional plant species from coastal sand dunes were used: Ammophila arenaria
(marram grass) and Festuca rubra ssp. arenaria (sand fescue). The root zone of A. arenaria
contains pathogens that contribute to the degeneration of their host when dunes become
stabilized. These pathogens (plant parasitic nematodes and pathogenic fungi) are relatively
harmless to the immediate successor F. rubra. We tested the hypothesis that F. rubra, when
grown in a mixed culture with A. arenaria, will be favored when A. arenaria is exposed
to soil-borne pathogens from its own root zone.

In a greenhouse, seedlings of both species were grown in replacement series in sterilized
(pathogen-free) and unsterilized (pathogen-containing) soils originating from the root zone
of natural A. arenaria. Nutrient additions, soil moisture, and the length of the experiment
were based on two pilot studies. When exposed to its soil-borne pathogens, A. arenaria
was outcompeted, especially when it constituted ,50% of the planted mixture. Nutrient
limitation enhanced the replacement of A. arenaria by F. rubra especially in unsterilized
soil. This was due to reduced plasticity of A. arenaria in responding to nutrient limitation
when exposed to its pathogens. The present results support previous suggestions that soil
pathogen-driven competition may be an important mechanism in species replacement in
coastal foredune vegetation.

Key words: allocation; Ammophila arenaria; apparent competition; clonal plants; coastal sand
dunes; Festuca rubra ssp. arenaria; fungi; host specificity; nematodes; The Netherlands; plasticity;
succession.

INTRODUCTION

Competition is generally regarded as an important
ecological factor structuring the composition and di-
versity of natural communities in space and time (Grace
and Tilman 1990). In many cases, direct competition
between two species from the same trophic level will
be affected by species from other trophic levels. Her-
bivores, mutualists, and pathogens should be taken into
account when considering competition between plants,
but the resulting effect may be difficult to predict (Clay
1990). Holt (1977, 1984) presented an example of shifts
in relative prey densities mediated by an enemy shared
by them, which could not be related to any direct effects
between the prey. This was called ‘‘apparent compe-
tition’’ (Holt 1977, Connell 1990).

Effects of pathogens have been mentioned in recent
literature on plant competition (Clay 1990, Louda et
al. 1990), although few examples are presented. This
is most likely due to a rather recent interest of ecolo-
gists in pathogens as a structuring force in natural veg-
etation (Burdon 1987). Although Clements (1928) sug-
gested pathogens were involved in changes in the com-
position of natural vegetation, most examples still orig-
inate from the last decade or two (Dobson and Crawley
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1994). The majority of these studies concern pathogens
that parasitize the aerial parts of plants (e.g., Burdon
1982, 1987, Burdon et al. 1984, De Nooij 1987, Aug-
spurger 1989, Paul 1989, Linders 1994, Castello et al.
1995, Jarosz and Davelos 1995) and refer to a variety
of habitats. Very few of these examples on above-
ground pathogens, however, concern competition with-
in (Burdon et al. 1984) or between plant species (Paul
1989).

There are fewer examples of soil-borne pathogens
in natural vegetation than of aboveground pathogens
and their effects on plant competition have not yet been
demonstrated. Studies on soil-borne pathogens in nat-
ural vegetation are mainly confined to coastal sand
dunes (Oremus and Otten 1981, Van der Putten et al.
1993, Zoon et al. 1993, De Rooij-Van der Goes et al.
1995a, b), tropical rain forests (Augspurger 1990), and
old fields (Bever 1994). The presence of specific soil
pathogens in a successional sere of plants in coastal
sand dunes (Van der Putten et al. 1993) should have
consequences for competitive interactions among the
successive plant species (Crawley 1993). In soybean
(Glycine max) the soybean cyst nematode (Heterodera
glycines) reduced the competitiveness of its host
against the weed common lambsquarters (Chenopodi-
um album) (Chen et al. 1995). This example, although
originating from agriculture, supports the hypothesis
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that soil pathogens may be involved as an indirect fac-
tor in interspecific plant competition.

The present study tested the hypothesis that specific
soil-borne pathogens affect competitive interactions
between plant species. Because effects of soil patho-
gens on plant competition were not significant in stud-
ies of Bever (1994) or in our pilot experiments, the
focus of the present work is the influence of experi-
mental conditions affecting the role of soil-borne
pathogens in plant competition.

As a model we used the replacement of Ammophila
arenaria by Festuca rubra ssp. arenaria, representing
one of the first successional stages in coastal sand dunes
of northwestern Europe. At sites near the beach, where
plants are regularly buried by wind-blown sand, A. ar-
enaria dominates the vegetation, as no other plant is
able to survive such extreme conditions (Ranwell
1958). More landward, where both the rate and amount
of sand accretion diminish, the vigor of A. arenaria
declines (Marshall 1965, Hope-Simpson and Jefferies
1966, Huiskes 1979, Willis 1989) and Festuca rubra
ssp. arenaria takes over dominance in the vegetation
(Anderson and Taylor 1979, Huiskes 1979). Plant-par-
asitic nematodes and pathogenic fungi in the root zone
of A. arenaria are implicated in this degeneration (Van
der Putten et al. 1988, 1990, De Rooij-Van der Goes
1995, De Rooij-Van der Goes et al. 1995a, b) and F.
rubra is relatively tolerant to the pathogens of its pre-
decessor (Van der Putten et al. 1993).

According to our hypothesis, A. arenaria will be less
competitive against F. rubra ssp. arenaria when grown
in unsterilized sand from its own root zone than in this
sand after sterilization. As a result, A. arenaria will be
relatively less productive in mixtures with F. rubra ssp.
arenaria in unsterilized than in sterilized soil from its
own root zone. The hypothesis was tested by three
greenhouse experiments. Two were pilots to study ef-
fects of nutrients and soil moisture on initial growth
conditions. The results from these experiments were
used to choose nutrient and soil moisture conditions
for the competition experiment. An unfertilized control
was included to examine whether the applied nutrient
solution masks effects of mutualists, such as mycor-
rhizal fungi.

METHODS

Sampling and treatment of the soil

At the coastal foredune of Voorne, The Netherlands,
soil samples were collected from the upper 30-cm soil
layer of a site near Haringvlietdam (518529 N, 4849 E)
covered by a monospecific stand of A. arenaria. Just
landward of this successional stage, F. rubra ssp. ar-
enaria (hereafter called F. rubra) started to invade the
vegetation. The site was subject to annual burial by
20–30 cm of wind-blown sand (Van der Putten et al.
1989), so that the collected soil contained mainly 1-yr-
old roots of A. arenaria.

For each experiment (1A, B, and 2), ø300 kg of soil
was randomly collected from an area of 200 3 10 m2.
The samples for experiment 1A were collected in the
autumn of 1991, for 1B in winter 1991–1992, and for
Experiment 2 in winter 1992–1993. The soil samples
were sieved (1-cm mesh) and coarse fractions such as
shells, rhizomes, and roots were removed. The roots
were chopped into 1-cm lengths and mixed throughout
the sand, so that for each sampling event a bulk sample
was obtained. Half of each bulk sample was sterilized
by gamma-irradiation (40 kGy). The percentage soil
moisture was analyzed by drying subsamples for 48 h
at 1058C.

Collecting, growing, and harvesting of plants

Spikes of A. arenaria and F. rubra were collected
from the outer dunes at Voorne. The spikes were dried
and threshed manually. The caryopses were stored at
48C until needed. The seeds were germinated in growth
chambers set at 308C in the light period of the pho-
tocycle (8 h) and 208C in dark (16 h).

Pots (10 cm high and 1.5 L in all experiments) were
filled with an amount of sand of a moisture content as
specified for each experiment. The pots were covered
by tinfoil to prevent the sand from desiccating. Uniform
seedlings with a shoot length of 3–5 cm were selected
and planted in the pots. The pots were placed in a
greenhouse in random arrangement (average temper-
ature 238 6 28C) and illumination (Philips HPIT 400
W) was supplied as necessary to maintain a 16:8 light:
dark photocycle. The position of the pots in the green-
house was changed twice a week by rotation to avoid
interference by possible local climatic differences. Soil
moisture content was reset at the specified percentage
by supplying demineralized water weekly or (when
plants used more water) twice a week. Hoagland nu-
trient solution (Hewitt 1966) was supplied weekly at
rates specified for each experiment. At harvest, the
plant material was dried for 48 h at 708C. In Experiment
2, the root material of the two plant species could not
be separated.

Pilot studies

Nutrient additions (Expt. 1A).—In October–Novem-
ber of 1991, the effect of nutrient supply on initial
growth of A. arenaria and F. rubra was investigated
in sterilized (pathogen-free), as well as unsterilized
(pathogen-containing) soil originating from the mono-
specific stand of A. arenaria. The pots contained 1300
g of sand on a dry mass basis and 10% soil moisture
(mass/mass). Three nutrient levels were applied: none,
low, and high. The low nutrient level was: 12 mL/pot
of strength 1 Hoagland solution in weeks 1 and 2, and
25 mL/pot in weeks 3–6. The high nutrient supply was
three times the low one. Each treatment was repeated
six times, so that the total experimental design included
2 (species) 3 2 (soil sterilization) 3 3 (nutrient supply)
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3 6 (replications) 5 72 pots. The plants were harvested
after 6 wk.

Soil moisture (Expt. 1B).—In February–March of
1992, the effect of soil moisture on growth of A. ar-
enaria and F. rubra was studied in sterilized (pathogen-
free) and unsterilized (pathogen-containing) soil from
the root zone of the monospecific stand of A. arenaria.
The pots were filled with 1430 g of sand (on a dry
mass basis) at three soil moisture levels: 5, 10, and
15% (mass/mass). The indicated percentages are max-
imum values, as soil moisture was reset once or (in the
second half of the experiment) twice a week. Each
treatment was repeated five times, so that the experi-
mental design involved 2 (species) 3 2 (soil sterili-
zation) 3 3 (maximum soil moisture percentages) 3 5
(replications) 5 60 pots. Nutrient solution was applied
as follows: 12 mL/pot strength 0.5 Hoagland (weeks 1
and 2), 25 mL/pot strength 1 (weeks 3–4), and 50
mL/pot strength 1 (weeks 5–6). The plants were har-
vested after 6 wk.

Replacement experiment with A. arenaria and
F. rubra (Expt. 2)

In February 1993, competition between A. arenaria
and F. rubra was examined in relation to soil-borne
pathogens of A. arenaria. A replacement series ac-
cording to De Wit (1960) was applied with 8/0, 6/2, 4/
4, 2/6, and 0/8 seedlings of A. arenaria/F. rubra per
pot in sterilized and unsterilized soils.

Based on the pilot Experiment 1B, soil moisture was
set at 10%. At the start, the pots contained 1360 g of
soil on dry mass basis and the soil moisture was reset
initially weekly but later twice per week. The nutrient
supply was 12 mL/pot during weeks 1 and 2, 25 mL/pot
during weeks 3 and 4, and 50 mL/pot during the re-
maining weeks (all of strength 1 Hoagland solution).
This supply rate, therefore, approached the low rate of
Experiment 1A. Plants were harvested after 7, 11, and
16 wk.

Each treatment was repeated five times, so that the
experiment included 5 (plant mixtures) 3 2 (soil ster-
ilization) 3 3 (harvests) 3 5 (replicates) 5 150 pots.
In Experiment 1, productivity in unsterilized soil dif-
fered significantly between the fertilized and unfertil-
ized treatments. Therefore, another 50 pots were in-
cluded (5 plant mixtures 3 2 soil sterilization treat-
ments 3 5 replications) receiving no fertilization.
These plants were harvested after 16 wk of growth.

Characterization of soil fungi and nematodes.—At
harvest, fungi were isolated from the soil in the pots
by plating soil dilutions (1022–1025) in triplicate on
malt-peptone extract agar (20 g/L malt extract (Oxoid),
3 g/L peptone (Oxoid), 15 g/L agar (Merck), 100 mg/L
validamycine (Solacol), Aagrunol (Gams and Van Laar
1982), and 50 mg/L oxytetracycline).

After incubating at 238C for 4–7 d, the fungi were
subcultured on potato dextrose agar (Oxoid) and iden-
tified according to Domsch et al. (1980), except Fu-

sarium species, which were identified according to Nel-
son et al. (1983). Nematodes from roots were extracted
by Baermann funnels (’s Jacob and Van Bezooijen
1984) and from soil by decanting whole pots (Oosten-
brink 1960). Nematodes were identified to genus level
according to Bongers (1988).

Data analysis

Data were analyzed by means of analysis of variance
(ANOVA). If necessary according to Cochran’s test (P
, 0.05), data were transformed to a logarithm, a square
root, or an arcsine of the square root in order to obtain
homogeneity of variances. Treatment means were com-
pared by Tukey’s hsd [honestly significant difference]
test with P , 0.05 (Sokal and Rohlf 1981).

Shoot biomass per plant was calculated for each spe-
cies by dividing the plant’s total shoot biomass by the
number of plants of the corresponding species in the
mixture. Root biomass ratios (RBR) were calculated as
root dry biomass divided by the total dry biomass. The
relative yield of shoots (RYS) was calculated as O/M;
O 5 productivity of a species in a mixture and M 5
production of the same species in the monoculture. The
Relative Yield Total of shoots (RYTS) was calculated
as O1/M1 1 O2/M2, where 1, 2 5 different species.
This calculation is according to the RYT-definition giv-
en by De Wit and Van den Bergh (1965). As the RYS
and RYTS are based on treatment averages, the effects
could not be tested statistically.

RESULTS

Pilot studies

Nutrient additions (Expt. 1A).—When subjected to
different nutrient additions, Ammophila arenaria in all
cases produced significantly more dry matter in ster-
ilized than in unsterilized soil (Fig. 1). Biomass pro-
duction of Festuca rubra was also significantly in-
creased by soil sterilization. However, when the bio-
mass production in unsterilized soil was related to the
sterilized soil, F. rubra showed less growth reduction
(63% when unfertilized and 40–28% when supplied
with the low and high amount of nutrients, respective-
ly) than A. arenaria (73% when unfertilized and 63–
51% when supplied with the low and high amount of
nutrients, respectively).

In both sterilized and unsterilized soils, the total pro-
ductivity of A. arenaria and F. rubra was significantly
higher when supplied with nutrients at the low rate than
with none (Fig. 1). Further nutrient additions did not
affect productivity significantly, although A. arenaria
showed a positive trend in unsterilized soil.

The data for the production of shoot dry matter of
both plant species were generally in accordance with
those of the total biomass, although root production
was not significantly enhanced by an increased supply
of nutrients (data not shown). The root/total biomass
ratios (RBR) of both plant species were lowest in fer-
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FIG. 1. Pilot experiments. Total dry biomass of Ammo-
phila arenaria and Festuca rubra monocultures in sterilized
and unsterilized soil from the root zone of natural A. arenaria
at three rates of nutrient supply (Expt. 1A) and three levels
of soil moisture (Expt. 1B). Different letters indicate signif-
icant differences (P , 0.05) within each plot.

TABLE 1. Root/total biomass ratios (RBR) in the pilot ex-
periments on the effects of nutrients (1A) and soil moisture
(1B) of monocultures of Ammophila arenaria and Festuca
rubra in sterilized (S) and unsterilized (NS) sand from A.
arenaria’s root zone. Within each treatment (nutrients,
moisture) and plant species, significant differences (P ,
0.05) according to Tukey’s hsd test are indicated by dif-
ferent superscript letters.

Treatments

Ammophila arenaria

NS S

Festuca rubra

NS S

1A) Nutrients
None
Medium
High

0.28b

0.22b

0.16bc

0.45a

0.13c

0.12c

0.52a

0.24b

0.29b

0.59a

0.31b

0.23b

1B) Soil moisture† (%)
5

10
15

0.40
0.27
0.25

0.34
0.28
0.20

0.41
0.43
0.36

0.40
0.43
0.42

† Differences are not significant (P . 0.05).

FIG. 2. Dry biomasses of Ammophila arenaria and Fes-
tuca rubra shoots, rhizomes, and roots when grown as mono-
cultures in sterilized (S) and unsterilized (NS) soil from the
root zone of A. arenaria at three harvest dates, i.e., after 6,
11, and 16 wk of growth (Expt. 2). Percentage growth re-
duction in unsterilized soil as compared to sterilized soil is
given above each pair of bars.

tilized soils. F. rubra changed allocation pattern in both
sterilized and unsterilized soil in response to nutrient
limitation, resulting in a higher root/total biomass ratio
(RBR) in both sterilized and unsterilized soils (Table
1). A. arenaria, however, could only change allocation
to roots effectively when grown in sterilized soil. In
unsterilized soil, the ability of A. arenaria to respond
to nutrient limitation was apparently constrained (Table
1). In the fertilized soils, F. rubra produced rhizomes,
but there were no significant differences among treat-
ments (data not shown).

Soil moisture (Expt. 1B).—Within the range of 5–
15% soil moisture, total productivity of A. arenaria
was significantly increased by soil sterilization (Fig.
1). In sterilized soil, the plants produced more total
biomass at 10% soil moisture than at 5 or 15%. In
unsterilized soil, there was a trend, although not sig-
nificant, of decreasing productivity with increasing soil
moisture. Root production tended to be reduced more
than shoot production when soil moisture increased
(data not shown), but this did not lead to significant
differences in RBR (Table 1).

Productivity of F. rubra was also stimulated by soil
sterilization, but less than A. arenaria. Significant ef-
fects appeared at 10 and 15% soil moisture (Fig. 1).
Rhizome production (data not shown) and the RBR
were not affected by soil sterilization or soil moisture
(Table 1).

Replacement experiment with A. arenaria and
F. rubra (Expt. 2)

With nutrient addition.—In sterilized and unsterili-
zed soil, the shoots of both plant species in monocul-

tures generally contributed to more than half of the
total dry matter (Fig. 2). In sterilized soil, A. arenaria
produced significantly more shoot and root dry matter
than in unsterilized soil. Root productivity of F. rubra
was also significantly higher in sterilized than in un-
sterilized soil at all harvests. However, F. rubra only
produced significantly more shoot biomass in sterilized
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FIG. 3. Average shoot biomasses per plant of Ammophila
arenaria and Festuca rubra in monocultures, as well as in
the different mixtures on sterilized and unsterilized soil from
the root zone of A. arenaria at three successive harvest dates,
i.e., after 6, 11, and 16 wk of growth (Expt. 2). Significant
differences within each plot are indicated by different letters.

than in unsterilized soil at the first harvest (P , 0.05;
results of Tukey hsd tests not shown). At the final har-
vest rhizome biomass was significantly higher in the
sterilized than in the unsterilized soil.

In the monocultures, production in nonsterilized soil
was always less than in sterilized soil. At the first har-
vest, A. arenaria growth was reduced much more than
growth of F. rubra (77% vs. 37%, Fig. 2). At the final
harvest, both plant species showed a similar growth
reduction in the unsterilized soil (35 %).

The competition experiment lasted longer than the
pilot studies and as a result the root systems of A.
arenaria and F. rubra could not be separated during
the later harvests. The shoot/root ratio of the mono-
cultures might have been used to assess the root pro-
duction of individual species in the mixtures. However,
since this ratio has not been proven to remain constant
over a range of replacement series, only the results from
shoots are presented.

At the first harvest of species mixtures, the shoot
biomasses per plant of A. arenaria were significantly
reduced in unsterilized as compared to sterilized soil
(Fig. 3). Within sterilized or unsterilized soils, no dif-
ferences of shoot biomass per plant occurred among

the treatments with different ratios of A. arenaria/F.
rubra. Within each of the mixtures, the shoot biomass
per plant of F. rubra was not significantly affected by
soil sterilization, although there was a trend that in-
dividual shoots weighed less in pots with eight than
with two F. rubra plants (Fig. 3).

At harvests 2 and 3, in sterilized soil the shoot bio-
mass per plant of A. arenaria did not become signifi-
cantly different among the A. arenaria/F. rubra re-
placement gradient. In unsterilized soils, however, the
shoot biomass per plant was positively related to the
number of A. arenaria individuals in the mixture. At
harvest 3, in the mixtures with eight and six A. arenaria
plants, individual shoot biomasses of A. arenaria were
significantly higher than in the mixtures with two and
four A. arenaria plants. Moreover, at both harvests 2
and 3 in the mixtures dominated by A. arenaria, there
were no significant differences in individual shoot bio-
masses between plants from sterilized and unsterilized
soils (Fig. 3). In the mixtures with two or four A. ar-
enaria plants, on the other hand, the individual shoot
biomasses of A. arenaria grown in sterilized soil re-
mained to be significantly higher than in unsterilized
soil. F. rubra, on the other hand, showed a reverse
pattern. At later harvests, the lower the number of
plants of this species, the higher the shoot biomass per
plant (Fig. 3). This development occurred in both un-
sterilized and sterilized soils.

At the first harvest, soil sterilization significantly
increased total shoot production of A. arenaria in the
monoculture, as well as in the mixtures (Fig. 4A). At
the second harvest, significant effects were seen only
with eight or six plants per pot of A. arenaria (Fig.
4B). The reverse picture emerged from the third har-
vest, where the increased productivity due to sterili-
zation was only significant for the lower plant densities
(Fig. 4C). Shoot production of F. rubra was increased
by soil sterilization at the first harvest when grown as
a monoculture (Fig. 4A). Thereafter, the total shoot
production did not significantly respond to soil steril-
ization (Fig. 4B, C). At the lower contribution of F.
rubra to the planted mixture, its shoot production in
unsterilized soil tended to be even higher than in ster-
ilized soil.

During the course of the experiment, the A. arenaria/
F. rubra replacement ratio that showed equal produc-
tivity for both species, remained fairly constant at .6/2
in unsterilized soils (Fig. 4A–C). In the sterilized soils,
however, this ratio shifted from about 4/4 to almost 6/2
between the first and final harvest. Thus, if the amount
of produced biomass is indicative of the intensity of
competition, in fertilized pots F. rubra was outcom-
peting A. arenaria in both unsterilized and sterilized
soil.

When the shoot productivity values were calculated
as relative yields, the plant densities at which equal
relative productivity values were obtained were similar
for both sterilized and unsterilized soils (Fig. 4D–F).
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FIG. 4. Fertilized treatments (Expt. 2). Shoot dry biomasses and relative shoot dry biomasses of Ammophila arenaria
and Festuca rubra shoots when grown both in monocultures and in mixtures in sterilized and unsterilized soil from the root
zone of A. arenaria after three periods of growth. In parts A–C, asterisks indicate significant differences between sterilized
and unsterilized soils. In parts D–F, relative yield totals of shoots are shown as well (upper two curves).

According to the relative yields the intensity of com-
petition in both sterilized and unsterilized soils in-
creased in time as the replacement ratio showing equal
production for both species shifted from 4/4 to 6/2
plants of A. arenaria/F. rubra.

No nutrient addition.—After 16 wk, when no nutri-
ents were added, the shoot biomasses of A. arenaria
and F. rubra in both monocultures and mixtures were
in the same range as the fertilized plants after 11 wk
(cf. Fig. 5A and Fig. 4B). Without nutrient addition,
shoot productivity of F. rubra was not affected at all
by soil sterilization, whereas shoot production of A.
arenaria was always higher in the sterilized than in the
unsterilized soil (Fig. 5A; difference not significant in
the monoculture). As in the second harvest of the fer-
tilized plants (Fig. 4B), the A. arenaria/F. rubra re-
placement ratio showing equal shoot productivity was
higher for the unsterilized than for the sterilized soil
(Fig. 5A). The relative shoot yields of the unfertilized
plants 16 wk old, on the other hand, were more com-
parable to those of the fertilized plants of the same age
(cf. Fig. 5B and Fig. 4F).

However, in the unfertilized treatment there was a
larger difference between unsterilized and sterilized
soils for the plant densities at which equal shoot pro-
duction was obtained than in the case of plants supplied
with nutrients (Fig. 5B vs. 4F). In the sterilized soil,
the plant densities leading to equal productivity were

close to mixtures with four plants of each species,
which implies a near absence of interspecific compe-
tition.

The allocation of biomass to roots (RBR) of mono-
cultures of both A. arenaria and F. rubra depended on
a combination of nutrient supply and soil sterilization
(Table 2). When nutrients were supplied, the RBRs of
both species were significantly lower in unsterilized
than in sterilized soil. Nutrient limitation stimulated
the allocation of biomass to roots. For unfertilized F.
rubra, the RBRs in sterilized and unsterilized soils
were not different. The RBR of unfertilized A. aren-
aria, however, was significantly lower in unsterilized
than in sterilized soil.

The root biomasses of monocultures of both species
were also affected by a combination of soil sterilization
and nutrient supply (Table 2). In sterilized soil, A. ar-
enaria and F. rubra produced more root biomass with
nutrient supply than without, whereas in unsterilized
soil no significant difference appeared. Thus far, the
plant species reacted similarly, however, specific dif-
ferences emerged when the root biomasses were related
to each other. When supplied with nutrients, F. rubra
produced 1.5 times as much root biomass as A. arenaria
when grown in sterilized soil and 2 times as much when
unsterilized. However, without supply of nutrients the
relative differences between both species in sterilized
and unsterilized soils were considerably larger. In ster-
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FIG. 5. Unfertilized treatments (Expt. 2). Shoot dry bio-
masses and relative shoot dry biomasses of Ammophila ar-
enaria and Festuca rubra shoots when grown both in mono-
cultures and in mixtures in sterilized and unsterilized soil
from the root zone of A. arenaria after three periods of
growth. In part A, asterisks indicate significant differences
between sterilized and unsterilized soils.

TABLE 2. Root biomasses, root/total dry biomass ratios (RBR), and the corresponding F values
after ANOVA of Ammophila arenaria and Festuca rubra monocultures in sterilized (1) and
unsterilized (2) soil, both fertilized (1 nutrients) and unfertilized (2 nutrients), at harvest
3 of Expt. 2. Within columns, different superscript letters following the ratios identify sig-
nificant differences (P , 0.05).

Data summary
Treatment

Nutrients
Sterili-
zation

A. arenaria

Root
biomass RBR

F. rubra

Root
biomass RBR

1
1

1
2

2.66a

0.77c
0.21b

0.13c
4.15a

1.55b
0.48a

0.30b

2
2

1
2

1.65b

0.53c
0.42a

0.30b
2.11b

1.54b
0.57a

0.57a

ANOVA table

Treatment df

F values

A. arenaria

Root
biomass RBR

F. rubra

Root
biomass RBR

Nutrients (N)
Sterilization (S)
N 3 S
Error (mean squares)

1
1
1

13

24.3***
143***

9.7**
0.079

129***
142***

11.3**
0.0018

15.6**
37.3***
15.1**

0.336

40.9***
10.7**
10.7**

0.053

** P , 0.01; *** P , 0.001.

ilized soil, F. rubra produced 1.3 times as much, and
in unsterilized soil, 3 times as much root biomass as
A. arenaria. These findings confirm the observations
in the pilot study and show that soil-borne pathogens
reduce the plasticity of the response of A. arenaria to
nutrient limitation.

Characterization of soil fungi and nematodes.—
Characterization of the nematode and fungal commu-
nity in the pots with fertilized monocultures of A. ar-
enaria and F. rubra was carried out to elucidate the
possible origin of the specific growth reduction of A.
arenaria in soil collected from its own root zone. Nem-
atode species that could be recovered from roots of A.
arenaria, but not from F. rubra, were: the endoparasitic
Pratylenchus sp. and Rotylenchus sp., as well as the
sedentary endoparasites Meloidogyne sp. (larvae), and
Heterodera sp. (both cysts and males) (Table 3). The
ectoparasitic Telotylenchus ventralis only occurred in
soil from pots with monocultures of A. arenaria,
whereas Tylenchus sp. was found in roots of F. rubra
but not in roots of A. arenaria. The remaining nema-
todes (though all identified to the genus level) occurred
in either soil or soil and roots of monocultures of both
plant species. Specificity of plant parasitic nematodes,
therefore, was correlated mainly to endoparasitic or
sedentary endoparasitic nematodes or the ectoparasitic
Telotylenchus ventralis (recently renamed as Tylen-
chorhynchus ventralis).

Soil fungi specific for monocultures of A. arenaria
were Apiospora montagne, Alternaria alternata, Chry-
sosporium pannorum, Cylindrocarpon dydimum, and
Fusarium equisetum. Soil fungi specific for monocul-
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TABLE 3. Densities of nematodes (inds./100 g soil [mean 6 1 SD]; N 5 5) present in soil
used for Experiment 2, prior to planting. Overall recoveries during harvests 1 and 2 are
presented as 1 (recovered) and 2 (not recovered) for both soil and roots of Ammophila
arenaria and Festuca rubra monocultures; 11 5 densities .100 inds./100 g soil; nd 5 not
determined.

Nematode species Initial numbers

Recovery at first and second harvests

Ammophila arenaria

Soil Roots

Festuca rubra

Soil Roots

Pratylenchus sp.
Rotylenchus sp.
Tylenchus sp.
Telotylenchus ventralis
Heterodera sp. (larvae)
Heterodera sp. (cysts)
Meloidogyne sp. (larvae)
Heteroderidae (males)
Criconematidae
Aphelenchus sp.
Dorylamidae
Saprobiotic species

0.07 6 0.15
2 6 4.29

2.7 6 0.58
1.1 6 0.55
2.1 6 1.79

nd
3.6 6 2.53

0.67 6 0.24
0

1.6 6 0.8
18.7 6 0.99
95.2 6 20.9

2
1
1
1
1
nd
1
1
1
1

11
11

1
1
2
2
1
1
1
1
2
2
1
1

2
1
1
2
1
nd
1
1
2
1

11
11

2
2
1
2
1
2
2
2
2
2
1
1

tures of F. rubra were Acremonium fusidoides, A. stric-
tum, Chaetomium fimeti, and Plectosphaerella cuccu-
mensis. More than 10 species were found in soil from
both plant species (species names not listed).

DISCUSSION

The replacement experiment in sterilized and un-
sterilized soils from a natural A. arenaria root zone
demonstrated that soil-borne pathogens of A. arenaria
may affect the competitive characteristics of their host
when grown in a mixed culture with the immediate
successor F. rubra. These results support our hypoth-
esis and suggestions of Van der Putten et al. (1993)
and Crawley (1993) that the specific soil-borne plant
pathogens occurring in coastal foredunes may affect
plant competition. The effects of competition were
found to depend on the length of the experiment and
on the supply of nutrients.

The replacement design is not appropriate for dis-
criminating inter- and intraspecific effects because of
its inability to determine density-dependent interac-
tions (Inouye and Schaffer 1981, Firbank and Watkin-
son 1985, Snaydon 1994). In the present experiment,
there may have been two density-dependent effects.
One is that the effect of soil pathogen pressure per A.
arenaria plant may have been inversely related to the
number of A. arenaria plants in the mixtures. However,
in the early phase of the replacement experiment, soil-
borne pathogens were the only cause of reduced growth
of A. arenaria. When after 6 wk individual shoot bio-
masses were compared among the various mixtures of
the replacement series, no differences could be found
between plants from pots with 100% or 25% A. ar-
enaria. As at that moment average shoot yields per
plant were not different among mixtures in either ster-
ilized or sterilized soil, therefore not suggesting any
effect of competition, a density-dependent effect of the

soil-borne pathogens on their host plant A. arenaria
did not seem to occur.

When the experiment proceeded, the significance of
biomass differences between average shoot biomasses
from sterilized and unsterilized soil disappeared when
the pots contained 100% or 75% A. arenaria. The re-
covery of A. arenaria at the end of the growth period
has been observed under similar conditions by Van der
Putten et al. (1988). However, it did not occur when
the plants were grown outdoors in larger experimental
units with sterilized and unsterilized root zone soil (Van
der Putten et al. 1988, Van der Putten and Troelstra
1990). Nevertheless, in the present experiment in
mixtures with 50% or 25% A. arenaria, the growth
reduction of this species in unsterilized soil remained
significant and the relative difference with sterilized
soil increased as compared to the monoculture or the
mixture with 75% A. arenaria. Therefore, it is clear
that the soil-borne pathogens influenced plant com-
petition, although additive studies are needed to dis-
tinguish inter and intraspecific effects from each other.

Growth reduction of A. arenaria in unsterilized soil
when contributing 25% or 50% to the planted mixture
occurred in both fertilized and unfertilized pots. How-
ever, the difference between species densities in ster-
ilized and unsterilized soil at which equal relative shoot
yields occurred was in the latter. Therefore, competi-
tion seemed to be enhanced when the plants were ex-
posed to both soil-borne pathogens and nutrient limi-
tation. This was found to be due to the reduction of
plasticity of allocation to roots by A. arenaria caused
by the soil pathogens. As a result, F. rubra produced
relatively more root biomass than A. arenaria, which
may have enhanced its ability to compete.

Generally, nutrient limitation may often occur during
the early stages of primary succession (Tilman 1982),
so that soil pathogens, where they occur, may be ex-
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pected to have a large impact in early primary succes-
sions. In coastal foredunes, competition for light is gen-
erally supposed to start when shrubs, such as Hippo-
phaë rhamnoides invade derelict stands of A. arenaria
(Olff et al. 1993). In the present experiments, light was
not expected to be limiting, as both plant species pro-
duced sparse shoots, A. arenaria being taller than F.
rubra.

The results obtained from the pot trials may, of
course, not be directly extrapolated to the field situa-
tion, but they provide an insight into the possible in-
teractions between two successional plants, their soil
biota and abiotic soil factors. A possible disadvantage
of the black box approach caused by complete soil
sterilization is that, besides pathogens and parasites,
the free-living soil organisms and plant mutualists have
been eliminated.

It has been discussed previously that N-fixing mi-
crobes are not supposed to contribute substantially to
growth of A. arenaria (Van der Putten et al. 1988).
However, arbuscular mycorrhizal fungi (AMF), which
may affect both the nutrient supply as well as the plant–
pathogen interactions (Dehne 1982, Ernst et al. 1984,
Little and Maun 1996) should be considered as an es-
sential component of the soil biota (Koske and Hal-
vorson 1981). Soil sterilization may cause a nutrient
flush (De Nooij et al. 1986), and although this effect
is quite moderate for poor dune soils, we usually supply
nutrients to compensate for the potential difference in
nutrients. This fertilization might have prevented AMF
from becoming established; however, even when un-
fertilized, A. arenaria performed worse in unsterilized
than in sterilized soil. Thus, even when considering
that the effects measured will be the result of pathogens
and mutualists, the net effect of the pathogens appar-
ently dominated within the temporal limitations of this
experiment. This might not necessarily be the case with
an undisturbed arbucular mycorrhizal hyphed network.

The experiments were started by planting 2-wk-old
seedlings. Under field conditions, A. arenaria and F.
rubra seldom occur as seedlings, more usually ex-
panding vegetatively (Huiskes 1977). As in other clonal
plants, e.g., Carex arenaria (Noble et al. 1979, Tietema
1981), A. arenaria shows distinct phases of develop-
ment, generally described as colonization, optimal
growth, postoptimal growth, and degeneration (Huis-
kes 1979). In the field, F. rubra invades A. arenaria
where the annual sand deposition is ,20 cm/yr, and
the vigor of A. arenaria has become post-optimal (An-
derson and Taylor 1979, Huiskes 1979). As degener-
ation of A. arenaria occurs in both the presence and
absence of natural successors, interspecific competition
will not be the immediate cause of degeneration (Hope-
Simpson and Jefferies 1966). A combination of reduced
physiological activity (Yuan et al. 1993, Seliskar 1994)
and intensified exposure to soil-borne pathogens (Van
der Putten et al. 1988, De Rooij-Van der Goes et al.
1995b, Little and Maun 1996) is the most probable

explanation of degeneration of both European and
American Ammophila sp. Species replacement, how-
ever, may be enhanced by interspecific competition,
especially when the predecessors’ fitness is reduced by
specific pathogens. As in the present study the seed-
lings were first faced with growth reduction due to soil
pathogens and then with competing plant species, the
order of events in the field and greenhouse appears to
be the same. In further studies the gap between green-
house and field may be bridged, e.g., by excluding soil
organisms by biocides as was done by Brown and Gan-
ge (1989, 1992) for soil insects and by Gange et al.
(1993) and Newsham et al. (1994) for AMF.

An important prerequisite for the involvement of
pathogens in plant competition will be their specificity.
The specificity of soil pathosystems from successional
foredune plants, although demonstrated by bioassays
(Van der Putten et al. 1993) has not yet been elucidated.
In both H. rhamnoides and A. arenaria, a number of
plant parasitic nematodes and plant pathogenic fungi
may be involved (Zoon et al. 1993, De Rooij-Van der
Goes et al. 1995a). The competition experiments
showed that sedentary endoparasitic nematodes (Het-
erodera avenae group) may contribute to the specificity
of the pathosystem, as they formed cysts on roots of
A. arenaria, but not on F. rubra. Data on fungi col-
lected from the soil showed that some species were
specific for either A. arenaria or F. rubra. However,
as root-inhabiting fungi were not included in the pres-
ent survey, the picture may be incomplete as far as the
fungi are concerned.

According to our knowledge, this is the first example
where soil-borne pathogens in natural vegetation have
been shown to reduce the competitive ability of their
host, therefore benefiting successional plant species.
Data on the occurrence of soil-borne diseases in other
ecosystems are still scarce. In old fields, Bever (1994)
could not demonstrate an effect of host-specific soil-
borne pathogens on interspecific plant competition.
Further studies are therefore needed to investigate
whether the results from coastal foredunes also apply
to other ecosystems.

If soil-borne pathocomplexes occur more generally
than has been assumed thus far, they may be involved
in affecting both composition and diversity of species
in natural vegetation, as was shown for other adverse
soil organisms, such as insects (Brown and Gange
1989, 1990, 1992). Taking into account that interac-
tions between plant species may be caused indirectly,
via other plant species (Miller 1994), soil-borne patho-
gens may either enhance or reduce indirect competitive
interactions. Further elucidation of the role of soil-
borne pathogens in the regulation of intra- and inter-
specific processes and considering their interactions
with other (soil) biota will, therefore, be a challenge
for ecological studies.
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