
 

 

 University of Groningen

Thresholds and shifts
van Wesenbeeck, Bregje Karien

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2007

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van Wesenbeeck, B. K. (2007). Thresholds and shifts: consequences of habitat modification in salt-marsh
pioneer zones. [Thesis fully internal (DIV), University of Groningen]. University of Groningen and
Netherlands Institute for Ecology (NIOO-KNAW).

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/d67e208b-6454-47db-8882-280715e85339


Biomechanical warfare in ecology;
Negative interactions between species by

habitat modification

Chapter3

B.K. van Wesenbeeck, J. van de Koppel, P.M.J. Herman, J.P. Bakker &
T.J. Bouma

Oikos 116: 742-750 (2007)



Chapter 3

32

Abstract

Since the introduction of the term ecosystem engineering by Jones et al. (1997) many
studies have focused on positive, facilitative interactions caused by ecosystem engi-
neering. Much less emphasis has been placed on the role of ecosystem engineering
in causing negative interactions between species. Here, we report on negative inter-
actions between two well known ecosystem engineers occurring at the interface of
salt marsh and intertidal flat (i.e., common cordgrass Spartina anglica and lugworms
Arenicola marina), via modification of their joint habitat. A field survey indicated
that, although both species share a common habitat, they rarely co-occur on small
spatial scales (< 1 m). Experiments in the field and in mesocosms reveal that estab-
lishment of small Spartina plants is inhibited in Arenicola-dominated patches
because of low sediment stability induced by the lugworms. In turn, Arenicola estab-
lishment in Spartina-dominated patches is limited by high silt content, compactness
and dense rooting of the sediment caused by Spartina presence. Our results show
that negative interactions by modification of the environment can result in rapid
mutual exclusion, particularly if adverse effects of habitat modification are strong
and if both species exhibit positive feedbacks. This illustrates the potential for nega-
tive interactions via the environment to affect community composition.  
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Introduction

It has long been recognized that organisms can have a substantial influence on their
abiotic surroundings and that this can have large impacts on community structure
(Darwin 1881, Clements 1916). Recently, the topic regained attention when Jones et
al. (1994) launched the term ‘ecosystem engineering’ for the ability of organisms to
cause physical state changes in biotic or abiotic materials. Since then, studies on the
effects of ecosystem engineers mostly emphasize positive effects of modification of
habitats, such as increasing biodiversity and complexity (Wright et al. 2002, e.g.
Gilad et al. 2004). In particular in stressful environments, amelioration of adverse
environmental conditions is believed to result in facilitative interactions between
species (Bertness and Callaway 1994, Bertness 1998, Bruno et al. 2003).

Less attention has been paid to structuring capacities of negative interactions
between ecosystem engineers in spite of the long history of research on negative
effects of habitat modification, particularly in marine habitats (for a review see
Peterson 1980, Peterson 1991). A classical example originates from the trophic group
amensalism hypothesis, which states that deposit feeders on tidal flats negatively
affect filter feeders by making sediment more erosive which will clog filters (Rhoads
and Young 1970, Peterson 1980). Moreover, deposit feeders also limit recruitment of
larvae of filter feeders by burying them (Woodin 1976, Gray 1981, Snelgrove and
Butman 1994). Furthermore, several forms of allelopathic interactions can be consid-
ered a negative interaction via the environment (Naveh 1967, Webb et al. 1967,
Janzen 1969). Many examples of negative effects originate from research on non-
native and invasive species that out compete the native community by substantially
transforming environmental conditions (Crooks 2002, Levine et al. 2003,
Cuddington and Hastings 2004). Typically, most of the aforementioned studies focus
on effects of habitat modification by a single species on biodiversity. 

We report on an example of ecosystem engineering as a mechanism for bilateral
and negative species interactions at the interface of salt marsh and intertidal flat in
the Netherlands. In these areas a large variety of engineering species can be found,
such as bioturbating infaunal species, and sediment stabilizing grass species. Two of
the most obvious engineers that dominate the interface of the salt marsh and inter-
tidal flats are the pioneer plant Spartina anglica and the bioturbating worm
Arenicola marina. Both species are known to exhibit positive feedback loops with
environmental factors that stimulate their own growth. The cord grass Spartina
anglica is known for its ability to capture fine-grained sediment by reducing current
velocities and to increase sediment compactness or bulk density (Ranwell 1964,
Castellanos et al. 1994, Cahoon et al. 1996). Arenicola affects the environment in the
opposite way, as its bioturbation profoundly reduces the silt content and decreases
the bulk density of the sediment (Krüger 1959, Cadée 1976, Levinton 1995, Riisgard
and Banta 1998, Goni-Urriza et al. 1999, Reise 2002). 

In this paper we examine negative interactions between two ecosystem-engineers
that modify the same environmental variable to their own benefit, but in opposite
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directions, and the implications of these interactions for community structure. We
present an experimental study that investigates whether reverse effects of both
species on sediment properties prevent both species to coexist on small spatial
scales within an ecosystem. We discuss the potential for mutual exclusion that
results from this type of interaction and the differences with conventional forms of
competition.

Methods
Field site
We conducted a field study at the interface of a salt marsh and the adjacent tidal flat,
at the northern part of the Krabbekreek, which is an arm of the Oosterschelde in the
SW Netherlands (N 51°36.838’ and E 004°07.440’). At this interface Arenicola marina
dominates the intertidal flat, while Spartina anglica dominates the low salt-marsh
zone, also called pioneer zone. Generally, Spartina prefers habitats without salt
water influence but there it is competitively excluded (Bertness 1988, Scholten and
Rozema 1990, Bertness and Shumway 1993, Huckle et al. 2002). Arenicola prefers
areas that are submerged with salt water most of the time (Krüger 1959, Beukema
and De Vlas 1979). Although the preferred habitat of both species is different both
species are commonly found together at the outer limits of their preferred habitat, at
the interface of salt marsh and tidal flat.

To investigate the extent to which Arenicola and Spartina co-occur, Arenicola and
Spartina densities were counted in September 2003 along a number of transects.
Each measurement along these transects consisted of counting of Arenicola heaps,
droppings deposited at the tube opening, and Spartina shoots in 0.25 m by 0.25 m
plots. Plot size is below the typical scale of patchiness in the system. Perpendicular
to the seawall three transects of 100 m were sampled. Transects were 50 m apart and
sampled 8 times every 5 m. Adjacent to this area transects through five circular tus-
socks of Spartina vegetation were surveyed. Transects varied in length between 8
and 19 m, depending on the size of the tussock and were sampled twice every 0.25
m. In total 868 plots were measured. As not all of these samples are independent,
data were analyzed by building a 2*2 table, which shows the quantity of plots where
each species is encountered alone, together, or none of the species are encountered.
This table was used to perform a Fisher exact test, which tests if Spartina and
Arenicola occurrence is independent based on their occurrence with and without
each other (Sokal and Rohlf 1995). To establish the relation between the numbers of
Arenicola heaps that are visible at the surface and the number of lugworms that are
present in the sediment, in the field we extracted the lugworms for eleven plots that
varied in the number of heaps in the same period as transects were surveyed. The
number of heaps proved to be a good predictor of the number of lugworms in the
sediment (R2 = 0.94, P < 0.05). 
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Effects of Arenicola on Spartina
To look at the potential of both species to establish in habitat dominated by the other
species, we took those life stages of either species that were thought to be able to col-
onize unoccupied area, and were encountered in the field frequently. This implies
we tested the potential of Spartina seedlings to colonize Arenicola patches and the
potential of large and mature Arenicola to invade Spartina tussocks.

The effect of Arenicola on settlement and survival of Spartina seedlings was deter-
mined both in the field and in a mesocosm experiment. In the field, 20 seedlings
were planted at least 5 cm from each other, in three patches with lugworms (con-
trols) and three patches where lugworms were excluded by a 1 m x 1 m fine-meshed
net (1 mm2 mesh) buried at 50 mm depth. The control plots were located directly
adjacent to the exclusion plots, and contained natural densities of Arenicola. To
eliminate effects of the establishment of the net, three nets were buried nine months
prior to seedling planting. The number of surviving seedlings was recorded over
time. After 40 days the experiment was finished, and the sediment in all exclosure
and control plots was searched for lugworms in a 1 m x 1 m area to a depth of 30 cm.
In the exclosures on average 7 worms per plot were found while in natural plots on
average 63 worms per plot were encountered (n = 3, ANOVA, F = 37.59, P < 0.01).
Survival trends of seedlings with and without Arenicola present were compared
using a Gehan’s Wilcoxon test. An earlier experiment was conducted using seeds
instead of seedlings. However, due to harsh conditions in the field, almost none of
the seeds germinated independent of treatment type.

To increase control on the variables influencing seedling survival, we investigated
the interaction between Arenicola and small Spartina plants in a mesocosm experi-
ment. Six tanks (0.9 m long * 1.1 m wide * 0.6 m deep) were filled with 0.4 m sedi-
ment collected in an area with a natural abundance of Arenicola. To kill all benthos,
the sediment was submerged in fresh water for one week. Before the onset of the
experiment, the sediment was thoroughly rinsed with seawater. In three tanks, 80
lugworms were added per tank, which is close to maximum densities in the field,
whereas no lugworms were added to the other three tanks. All tanks were exposed to
a tidal regime of six hours submergence in seawater, followed by six hours of emer-
gence. During emergence, the sediment was exposed to artificial illumination. Under
the sediment, a drain was present that allowed groundwater levels to drop approx.
10 cm beneath sediment surface during emergence. Lugworms established them-
selves pretty quick judging from the number of dropping heaps in the tanks. Two
weeks after the lugworms were added to half of the tanks, ten large seedlings
(approx. 10 cm), 20 intermediate seedlings (approx 5 cm) and 20 small seedlings
(approx. 1 cm) of Spartina anglica were planted in each tank, using different random
planting schemes. All plants were at least 10 cm apart. Again, due to high germina-
tion failure of Spartina we had to germinate seeds first before using them. Presence
and absence of all plants was recorded every day, specifically after every two tides.
Survival trends in tanks with and without Arenicola present were compared using a
Gehan’s Wilcoxon test for each different size of seedlings. 
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Effects of Spartina on Arenicola
To investigate the potential of Arenicola to invade sites currently occupied by
Spartina, we quantified settlement of lugworms inside and outside natural Spartina
stands. In four Spartina tussocks aboveground biomass was removed. In each
cleared patch a plastic ring of 12 cm high was pushed 5 cm into the ground.
Between 2 to 4 m from the first ring a second ring was put in sediment that was nat-
urally dominated by Arenicola and devoid of Spartina vegetation. Differences in ele-
vation between rings in tussocks and on bare mud were less than 20 cm. Lugworms
that naturally occurred in the surrounding area were dug out of the sediment and
within each ring 10 lugworms were released. All rings were covered with a net to
prevent Arenicola disappearance due to bird predation and migration during high
tide. The number of lugworms that settled in the sediment was recorded after 0.5, 2
and 28 hours, respectively. Settlement was characterized by a worm being able to
penetrate the top-layer of the sediment and a worm was considered to be settled
once it had completely disappeared into the beginning of a new burrow. The Mann-
Witney U test was used to compare burrowing success of Arenicola in Spartina
patches and in natural lugworm patches, because of low variation (Sokal and Rohlf
1995).

To test if Spartina, once it has established with high biomass, could exclude
Arenicola, a second experiment was carried out by planting 20 cm by 20 cm Spartina
tussocks (15-20 stems) inside an Arenicola dominated environment. After two years
the number of lugworms in and outside the tussock was counted to test if Spartina
excluded Arenicola from its habitat. The comparison between lugworms living in
and outside transplanted tussocks was done using a one-way Analysis of Variance.
Data was log(x+1) transformed to meet the assumption of homogeneity of variance.
This was tested using a Cochran’s C-test.

Engineering effects on abiotic parameters
To assess the influence of Spartina and Arenicola on silt content and bulk density,
we collected sediment samples of 50 ml of the upper sediment layers in Spartina
versus Arenicola dominated patches in the field. Four samples were taken in four
Spartina patches and in four Arenicola patches. To limit other factors influencing
sediment composition we collected four 50 ml samples from each of our Spartina
and Arenicola dominated mesocosms, where both species initially were placed in
the same type of well-mixed sediment without infauna. Four tanks (0.9 m long x 1.1
m wide x 0.6 m deep) were put outside in June so that light conditions were natural
and precipitation could enter the tanks. Otherwise, the set-up was as described for
the previous mesocosm experiment. At the start of the experiment the same sedi-
ment was put in all tanks. Then we planted Spartina rhizomes in two tanks, while in
the two other tanks Arenicola was added (control). After two months four soil sam-
ples were taken in all tanks. 

In the lab, the samples were weighed, freeze dried and weighed again. Bulk densi-
ty was calculated as the ratio between the dry weight and the volume (Birkeland
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1984). Silt content of these samples was determined using a Malvern Mastersizer
2000. The influence of Spartina and Arenicola on the critical erosion threshold of
the sediment was quantified using a Cohesive Strength Meter (CSM) in both the field
plots and the mesocosm tanks. For detailed information on the CSM and the process-
ing of CSM data, see Tolhurst et al. (1999, 2000), and Patterson et al. (2000). 

A one-way nested Analysis of Variance was used to examine differences in sedi-
ment characteristic in patches dominated by Arenicola and in patches dominated by
Spartina. Homogeneity of variances was tested using a Cochran’s C-test. Statistics for
the bulk density in the mesocosms experiment were calculated using a repeated
measurements Analysis of Variance. For comparing silt fraction and stability a nest-
ed one-way Analysis of Variance was used. Here, homogeneity of variances was also
tested with a Cochran’s C-test. 

Results

Transect surveys clearly demonstrated that Arenicola marina and Spartina anglica
occur spatially separated (Figure 3.1). Generating a 2*2 table of occurrence of both
species indicated that Spartina was found in 271 plots and Arenicola in 404 plots.
160 plots contained neither of both species and they co-occurred in 28 plots. Fishers’
exact test was highly significant, pointing at dependence of occurrence of both
species (df = 1, P < 0.0001). This implies that Spartina and Arenicola do not co-
occur in general. However, they border each other closely and transitions between
both habitats are sharp.
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marina (closed symbols) distribution over an intertidal flat with salt-marsh pioneer vegetation. In
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Several physical parameters were measured in both habitats. In Arenicola patches
in the field the critical erosion threshold was significantly lower than in Spartina
tussocks (Figure 3.2A, nested ANOVA, F1, 24 = 37.76, P < 0.01). The same held for
Arenicola and Spartina in mesocosms (Figure 3.2A, nested ANOVA, F1, 12 = 4718.63,
P < 0.001). Bulk density was not significantly different in Spartina tussocks com-
pared to Arenicola patches in the field (Figure 3.2B, ANOVA, F1, 24 = 3.95, P = 0.09),
but a slight difference between means can be seen. This difference was significant in
the tanks though (Figure 3.2B, Repeated measures ANOVA, F1, 12 = 17.89, P < 0.01).
For the silt content of the sediment in the field the values were significantly higher
in Spartina tussocks than in Arenicola patches (Figure 3.2C, nested ANOVA, F1, 24 =
9.17, P < 0.05). In the mesocosms no differences in silt content were observed
between Spartina and Arenicola tanks (Figure 3.2C, nested ANOVA, F1, 12 = 0.16,
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P = 0.73), which is most likely due to the closed circulation system, that does not
allow silt to be removed from the system or imported into it. This restriction does
not apply to the open flow system in the field. 

Survival analysis revealed that mortality rate over time of Spartina seedlings in
the field was higher in the Arenicola patches than in patches without Arenicola
(Gehan’s Wilcoxon test statistic = 3.84, P < 0.01). Although seedling survival in the
field was low in general, the negative effect of lugworm presence was clearly
detectable (Figure 3.3A, test statistic = 3.84, P < 0.01). Also in our mesocosms stud-
ies, the survival trends differed significantly for the Arenicola treatment and the con-
trol (Figure 3.3B (small seedlings): test statistic = -4.77, P < 0.01; Figure 3.3C (inter-
mediate seedlings): test statistic= -4.28, P < 0.01; Figure 3.3D (large seedlings): test
statistic = -2.29, P < 0.05), meaning that mortality rates were higher with lugworm
presence than without. Trends became less significant with increasing size of
Spartina seedlings. The graphs show that there was an increasing time-lag in mortal-
ity with increasing size of the Spartina plants. Mortality was mainly caused by bur-
ial of plants by the sediment that lugworms excreted or by plants sinking away or
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tumbling over because of instability of the substrate (pers. obs. Van Wesenbeeck).
This explains why larger plants took longer to die and disappear.

A clear effect was found of Spartina presence on the potential for lugworms to
penetrate the sediment. In the lugworm addition experiment in open sediment, all
lugworms penetrated the sediment and disappeared completely in plots where lug-
worms were already present. However, none of the worms managed to dig deeper
into the sediment than 0.5 cm within 28 hours in areas occupied by Spartina tus-
socks, even though aboveground vegetation had been removed (Figure 3.4: Z-score=
-2.31, P < 0.01). 

Once Spartina was transplanted with high biomass to lugworm patches it was
able to survive and even to limit Arenicola presence. Moreover, Arenicola seems to
prefer soil outside the Spartina patch rather than in it (Figure 3.5: ANOVA, F 1, 20 =
152.7, P < 0.001).

Discussion

Our results demonstrate that in intertidal communities, habitat modification can
induce negative species interactions, thereby greatly affecting community structure.
Although sharing a common habitat, we observed a striking spatial segregation
between common cord grass Spartina anglica and the lugworm Arenicola marina at
the interface of salt marsh and intertidal flat. Dense Spartina patches, several meters
in diameter, were found scattered on the intertidal flat, which is dominated by
numerous lugworms. Despite of their close proximity, the two species do not mix,
pointing at a potential negative interaction between both species. Our experiments
revealed that Spartina and Arenicola inhibit each other from invading occupied
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habitat by modifying habitat properties. Although species exclude each other from
local patches in our system, they co-occur, though spatially segregated, on ecosys-
tem scales. This might be a property that sets apart negative interactions via the
environment between two species from negative effects induced by a single ecosys-
tem engineer. In the last case, when engineering effects are strong a single engineer
can potentially exclude other species on larger ecosystem scales as well (Crooks
2002).

Habitat modification in intertidal systems
The effects of Arenicola and Spartina on silt content, bulk density and sediment sta-
bility, described in our study, concur with former studies in the literature and have
previously been shown to influence establishment of other species. In Spartina tus-
socks, higher critical erosion thresholds of the sediment surface, higher silt content
and higher bulk density were measured than in the Arenicola patches. The root sys-
tem of Spartina aerates, dries and compacts sediment, and root mats form dense and
solid structures (Angers and Caron 1998). The increased erosion threshold and bulk
density of sediment occupied by Spartina may explain the inability of Arenicola to
penetrate the soil and construct a feeding funnel. Even if Arenicola was able to con-
struct a tube, high silt contents would make it impossible for the worms to pump
water through the sediment and feed (Meysman et al. 2005). Spartina is known to
have a negative effect on soil organisms by changing soil structure (Gribsholt and
Kristensen 2002). On the West coast of the US, where Spartina is an invasive
species, cordgrass has detrimental effects on the native benthic species assemblage
of the intertidal flat (Patten 1997). Besides Spartina also eelgrass is shown to exhibit
small negative effects on infauna (Brenchley 1982). The root mat of eelgrass retards
movement of burrowing deposit feeders, but indirect mechanisms, such as increased
silt input, might play a role here as well. 

Besides Spartina, Arenicola affects the environment noticeably. In Arenicola
patches stability and bulk density are lower, because of the continuous mixing of
sediment by lugworms. This continuous stirring of the substrate results in burial of
small Spartina plants. More examples can be found in the literature that support the
idea that lugworms, and other bioturbators, inhibit recruitment and settlement of
other organisms (Flach 1992). They were thought to limit recruitment of larvae of fil-
ter feeders by consuming or burying them according to the principle of trophic
group amensalism (Rhoads and Young 1970, Woodin 1976, Gray 1981). Burying and
sediment mixing may have negative effects on small plants, seeds and seedlings as
well. Lugworms are known to restrict eelgrass presence by burying the eelgrass
leaves (Philippart 1994). Like in our study, eelgrass and lugworms seem to exclude
each other implying that they are in general not found together in the same patch
(Philippart 1994). 

In addition to Spartina and Arenicola, many other organisms living in intertidal
soft sediment habitats also have substantial influence on sediment composition and
thereby, they will affect the potential for other species to occupy these areas.
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Peterson (1980) names these interactions ‘indirect interference through alteration of
the physical environment’ while Wilson (1991) labels them ‘sediment-mediated
interactions’ and considers them common to many infaunal communities. Both refer
to the trophic group amensalism theory for good examples of indirect negative inter-
actions on intertidal flats. Summarizing, there is ample support that negative inter-
actions by habitat modification are an important force in structuring intertidal com-
munities.

Negative interactions by habitat modification in a more general perspective
Negative interactions via habitat modification may have similarities with conven-
tional forms of competition, such as competition for resources. However, when
species interact via modification of a common environmental factor, as shown in the
present paper, modification of this environmental factor by one species increases its
own growth, but decreases the growth rate of its competitor. As a consequence,
replacement will commence with increasing rate as one actor becomes more domi-
nant. Species that compete by exploiting a common resource, limit the growth
potential of the other species as well as for itself. As a consequence, competitive
exclusion typically occurs at a slow rate, determined by the difference in the break-
even levels (R*) of both species for the common resource (Tilman 1983). This
explains why we expect the potential for (mutual) exclusion to be higher in case of
negative interactions by habitat modification relative to competition for resources. 

Negative interactions by habitat modification may in some aspects resemble com-
petition for space or interference competition. At small spatial scales, modification
of the environment by the founding species strongly decreases the potential for other
species to invade. Hence, as in competition for space, it leads to priority effects, in
which the first organism to arrive dominates the locality. However, as space can be
considered a resource (e.g. Yodzis 1978, Paine 1984), depletion of space leads to
decreased population growth of both species, when viewed at larger spatial scales. In
a similar way, interference competition, where one species negatively affects the
growth of another species for instance via aggressive interactions (Crombie 1947,
Brian 1956), poses a cost on the aggressor and the receiver, and hence depresses the
growth of both species. As explained before, negative interactions via habitat modifi-
cation do not entail any costs, and hence replacement rates are expected to be high-
er. To fully understand the implications of these distinct types of interactions for
community structure, it is important for future research to formalize the conceptual
differences between negative interactions by habitat modification and various forms
of competitive interactions.

The realization that negative interactions via the environment can function as a
mechanism for exclusion bears important consequences for community ecology. In
stressful habitats, physical factors and facilitation are considered to be the main
structuring forces (Menge 1976, Bertness and Callaway 1994, Bertness and Leonard
1997, Hacker and Gaines 1997, Bruno et al. 2003). However, negative interactions by
means of modifying the environment, as presented in this paper, might in particular
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apply to communities in stressful habitats where engineering is thought to be of
main importance (Jones et al. 1997). Although competition for resources was regard-
ed of smaller importance in these habitats, negative interactions via habitat modifi-
cation might take its place as the dominant negative interaction, as is observed in
our study system. Elucidating the relative importance of different competition mech-
anisms in relation to environmental conditions will be a major challenge for future
research on the structure of ecological communities. 

43

Acknowledgements
The authors like to thank the following persons and institutions: Bas Koutstaal and Jos van
Soelen, Bert Sinke and Ko Verschuure, Gert Westraete and Ko van Sprundel, Sander Bouwens,
Stichting het Zeeuws Landschap, and all the people participating in the Coastal Ecology
Expedition 2003 of the University of Groningen. We also like to thank Mark Bertness, Caitlin
Crain and two anonymous reviewers for their valuable comments on an earlier version of this
manuscript. This is publication 3988 of the NIOO-KNAW Netherlands Institute of Ecology..



Appendix chapter 3

Appendix 3
A general model of species interactions via habitat modification

Although ecosystem engineering was a recurring topic in ecological studies from the
last decade, not much theoretical studies set out to model implications of ecosystem
engineering (Hastings et al. 2007). Nevertheless, development of ecosystem engi-
neering models will allow us to distinguish generalities between implications of
ecosystem engineering, and point out differences between ecosystem engineering
and direct biotic interactions. So, additional to the large body of literature pointing
out examples of ecosystem engineers in a wide variety of ecosystems, there is a
strong need for multi-species modeling of ecosystem engineering (Hastings et al.
2007).

Previous research reveals that ecosystem engineering can function as a mechanism
to inhibit invasion by other organisms or by other ecosystem engineers (van
Wesenbeeck et al. 2007). This might explain observed patchiness in systems with two
strong ecosystem engineers that modify environmental variables in opposite ways
(Eppinga et al. 2007, van Wesenbeeck et al. 2007). To examine how negative interac-
tions via modification of a common habitat can, in principle, influence the dynamics
of a two-species interaction, we formulated a conceptual model. First, we derive a
general, mathematical framework in which negative interactions via modification of
a joint habitat are defined. This framework is based on the commonly used Lotka-
Volterra competition model. Next, we analyze this model to investigate whether and
when this type of interaction leads to coexistence or competitive exclusion.

In the commonly-used Lotka-Volterra model for competition between two species,
interspecific effects are included as a direct, linear negative effect of one species on
the other. Here, we adopt this model as a framework, replacing the inter-specific
interaction terms by functions determining the effects of the environment on net
population growth: 

dA
= rA 1 –  

A
– fA(E)  A (1)

dt                  KA

dB
= rB 1 –  

B
– fB(E)  B 2)

dt                  KB

Here, A and B are the biomasses of the two interacting species, rA and rB are the
intrinsic growth rates of species A and B, and KA and KB are the maximum biomass
of both species. The functions fA(E) and fB(E) represent the effects of environmental
variables on the biomass change of both species, and can either be positive or nega-
tive.

Most environmental conditions (e.g. pH, oxygen content, silt content) are deter-
mined by concentrations of physical or chemical species, and are hence controlled
by source-sink dynamics. Their local state is determined by input and output rates,
referred to as I and O. In principle, both I and e are functions of the local environ-
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mental conditions, and can be influenced by the local biota (e.g. A and B). Hence,
the dynamics of some environment parameter E can be described in general terms
as:

dE
= I (E,A,B) – O (E,A,B)E (3)

dt

In principle, the functions fA(E), fB(E), I(E,A,B) and O(E,A,B) can have many shapes.
We are, however, only interested in negative interactions via habitat modification,
which allows us to further specify the constraints on the above set of functions with-
out losing generality. The effects of species A and B on the environment are defined
to be opposite (∂E(A,B)/∂A and ∂E(A,B)/∂B are of opposite sign, where E(A,B) is
defined as I(E,A,B)/O(E,A,B) (assuming E(A,B) to be near equilibrium); one species
has a positive effect on the environment, whereas the other affects it negatively. The
effect that a species has on the environment is beneficial to its own growth, but neg-
atively affects the growth of the competitor (both dfA(E)/dE and ∂E(A,B)/∂A, and
dfB(E)/dE and ∂E(A,B)/∂B have the same sign). These constraints define negative
interactions between two species via habitat modification in general terms. Below,
we analyze a specific example of this system, reflecting interactions between two
ecosystem engineers on the interface of salt marshes and intertidal flats (van
Wesenbeeck et al. 2007). 

On the interface of salt marshes and intertidal flats benthic species that inhabit
the intertidal flat and vascular plants that induce salt-marsh formation meet. The
most common plant species found there is Spartina anglica, or common cordgrass
that forms patchy tussocks in a matrix of bare sediment. One of the characteristic
species inhabiting this sediment is the lugworm Arenicola marina. Both species are
strong ecosystem engineers and affect several environmental parameters once they
are present. A review of the literature on both species (Chater and Jones 1957,
Krüger 1959, Ranwell 1964, Reise 1985, Castellanos et al. 1994, Levinton 1995,
Angers and Caron 1998, Reise 2002, van Wesenbeeck et al. 2007) identifies sediment
composition (i.e. bulk density and erosion threshold in our experiments), sediment
movement and sediment stability as important environmental parameters that are on
the one hand highly influential to the dynamics of both species and, on the other
hand, strongly influenced by the dynamics of both species. Sediment composition in
turn, consists of several components such as grain size (silt content), porosity, bulk
density and permeability (potential for water to penetrate the soil). Moreover, these
components are correlated in various ways. As silt content rises, for example, soil
permeability decreases and bulk densities increases. To provide a conceptualized
view on the interaction between Arenicola and Spartina, we choose silt content as a
proxy for the effects of both species on the environment. Arenicola prefers soils with
2-12% silt content. Higher silt contents reduce permeability (Beukema and De Vlas
1979), which results in high sediment resistance and low oxygen supply, in turn
inhibiting the pumping capacity of Arenicola (Meysman et al. 2005). Spartina, on the
other hand, shows higher growth rates and shoot densities at high silt contents,
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because rhizomes penetrate easier in muddy soils (Chater and Jones 1957, Scholten
and Rozema 1990) or possibly because higher silt contents coincide with higher
nutrient levels. Note, however, that this is a simplified, conceptualized view on the
effects of both species on their environment.

Sediment silt content is influenced by both species in opposite directions (van
Wesenbeeck et al. 2007). Arenicola decreases the silt fraction of the sediment by
excreting silt on top of the sediment where it is more vulnerable to being flushed
away once the intertidal flat is submerged (Levinton 1995, Goni-Urriza et al. 1999,
Reise 2002). Spartina, on the other hand, increases silt fraction by protecting the
sediment from erosion and increasing precipitation of silty particles from the water
column by reducing current velocities inside the vegetation (Ranwell 1964,
Castellanos et al. 1994, Cahoon et al. 1996). To limit model complexity, we chose to
incorporate the effect of vegetation on sedimentation but we did not include the
effects of vegetation on sediment retention. These specifications lead to a more
explicit version of equation 3:

dE
= I (1 + gBB) – [O0(1 + gAA)]E (4)

dt

Here E represents silt content, I is the inflow of silt from the overlying water during
submergence, which is enhanced by Spartina presence, Oe0 is the rate of sediment
erosion when both A and B are zero, gA represents the effect of Arenicola on the ero-
sion and gB expresses the effect of Spartina biomass on silt input. 

The functions fA(E) and fB(E) that represent the effects of silt on the biomass
change of  both species, are defined as follows:

fA(E) = αA
E

(5)
E + nA

fB(E) = αB
nB (6)

E + nB

Here, αA and αB represent the maximal limiting effect of environmental factors on
the growth of the species, nA and nB are those environmental conditions where limi-
tation is half of its maximal value. If α = 0, species growth is not affected by the
environment. For 0 < α ≤ 1, the species has only a limited sensitivity to environ-
mental stress; the maximal negative effects of the environment are insufficient to sig-
nificantly reduce growth of both species, independent of their effects on the environ-
ment. However, for α > 1, severe environmental conditions can completely block
growth when the density of the involved species is low. Here, the interaction
between species and their environment can be crucial in determining survival under
these conditions.

To simplify model analyses, we have applied a quasi steady-state assumption: we
assume that the environment is near equilibrium when analyzing the dynamics of
the interacting species (Edelstein-Keshet 1988). This quasi-steady-state assumption
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reduces the number of equations to two, which allows us to use the standard phase-
plane approach that is commonly used to analyze Lotka-Volterra-class competition
models (Yodzis 1989). The zero-growth isoclines of both Spartina and Arenicola are
plotted in a Spartina vs. Arenicola density plane (Figure 1). On both isoclines, the
rate of change of the involved species equals zero. If the isoclines intersect at posi-
tive values, an internal equilibrium exists. Two boundary equilibria occur at the
intersection of an isocline with the axis of the species for which the isocline depicts
zero growth.  

We investigated the potential dynamics of this model for different parameter val-
ues. To focus on those parameter settings essential to the model’s behavior, we have
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Figure A3.1. Density planes for the model where both species interact via the environment and
effects of the environment on species growth potential for three different α-values that represent
no effects of environment on species growth (A), small negative effect of environment on species
growth (B) and strong suppression of species growth by environment (C). Open circles indicate
unstable equilibria and closed circles indicate stable equilibria.
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reduced the parameter complexity of system 1. We redefine species biomass relative
to their own maximal biomass (e.g., KA = KB = 1). As the isoclines are defined as
(1 – X – fX(E)) = 0, where X labels either species, the value of species growth rate rX

is inconsequential to our graphical analysis. Hence, we adopt rA = rB = 1. In the first
analysis (figure 1A), we assume that the effects of the environment on the growth of
both species is negligible (e.g., aA and aB are zero). In this setting, the species do not
interact. Consequently, we observe that both isoclines are straight lines intersecting
at A, B = 1, 1. Both species can invade when the other is dominant, and they will
reach the equilibrium A, B = 1, 1 for any initial condition. Once effects of the envi-
ronment on both species are moderate (e.g., αA and αB = 0.5), we observe that the
isoclines slightly bend inwards: each species slightly limits the growth of the other
(figure 1B). Again, both species can invade at all times, and a single stable equilibri-
um is found at the intersection of both isoclines. When the effects of the environ-
ment on each species are severe (e.g., αA and αB = 1.5), both isoclines severely bend
inwards, and intersect with both axes (figure 1C). The boundary equilibria are stable
now, which implies that species A can not invade once species B is present and vice
versa. So, our model predicts that strong interactions of a species with their environ-
ment lead to mutual exclusion, and domination depending on initial conditions. For
a limited range of parameter settings, the isoclines intersect in multiple places. This
leads to a situation where for instance both boundary equilibria and the internal
equilibrium are stable. 

We analyzed a conceptual, mathematical model for negative species interaction
via habitat modification. This model shows that when species affect environmental
conditions in opposite ways to benefit their own growth, there is a high potential for
mutual exclusion especially when engineering effects are strong. This is in agree-
ment with our experimental results. Moreover, our model provides a conceptual def-
inition of negative interactions through habitat modification that allows this interac-
tion to be investigated and experimentally tested in a wide range of ecosystems. 

For most of the parameter space in our model, growth of one species results in
rapid exclusion of the other. This property sets apart negative interactions by modi-
fying the environment, as discussed in this paper, from resource competition, which
does not allow mutual exclusion based on a single resource. This can be understood
as follows: when species compete by exploiting a common resource, each species
limits the growth potential of the other species as well as for itself. As a conse-
quence, competitive exclusion typically occurs at a slow rate, determined by the dif-
ference in the break-even levels (R*) of both species for the common resource
(Tilman 1983). However, when species interact via modification of a common envi-
ronmental factor, as discussed in this article, modification of this environmental fac-
tor by one species increases its own growth, but decreases the growth rate of its com-
petitor. This explains why the potential for (mutual) exclusion is much higher in
case of negative interactions by habitat modification relative to competition for
resources. 
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