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Interaction Milieu Explains Performance of Species in Simple Food Webs

along an Environmental Gradient
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Abstract: Species interact with each other in a complex network of relationships that can be modeled as an interaction
milieu, i.e. a biotic background with which the species interacts. The interaction milieu is given by the frequency
distribution of traits that are important to a given interaction; hence this approach provides a direct link between organism
performance, abiotic environmental conditions and interspecific interactions. In this study, we investigate how
performance of component species is affected by the interaction milieu along an environmental gradient. We specifically
addressed two questions: 1) can the interaction milieu shift species performance away from the niche optimum?, and 2) do
species have a higher invasive potential if they have divergent trait values compared to the interaction milieu? We
developed a model where a target species showing a given performance response curve to an environmental gradient, i.e.,
generalist or specialist, interacts with predators and competitors. The predictions of the model were compared with
empirical findings on the abundance patterns of species along a salinity gradient in a green beach ecosystem. Green
beaches are characterized by their strong gradients and spatial variability in abiotic factors, and their relatively simple
food web consisting of Collembola species and their spider predators. First, our results showed that interaction milieu can
displace species from their fundamental niche optimum. This led to abundance patterns that cannot be predicted by
species performance response curves alone, emphasizing the importance to include ecological interactions. Second,
species failed to invade their preferred part of the gradient if predators or competitors shared the target species' preference.
Future studies should explore if the concept of interaction milieu can be generalized across trophic levels, and search for
traits that are important on deciding the outcome of ecological interactions. Furthermore, the identification of the relevant
response traits and their frequency distribution, in combination with trait plasticity of species in interaction milieus might

be a step forward to link evolutionary principles to ecological networks, and vice versa.
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INTRODUCTION

Ecological communities comprise co-occurring species
that interact with each other and with their abiotic environ-
ment. This multitude of direct and indirect interactions
greatly determines whether a species is able to establish, per-
sist and increase abundance in a given place. This complex
network of interactions poses a challenge to formulate gene-
ral mechanistic rules that shape community structure and,
thereby, provide quantitative predictions (Lawton 1999;
Simberloff 2004; Lockwood 2008). Since the formulation of
the principle of competitive exclusion (Gause 1936), the
favored approach on studying the outcome of species
interactions, using pairs of interacting species, has failed to
address such complexity. Even in relatively simple com-
munities the study of pair-wise species interactions might
fail to predict observed patterns of abundance, since interac-
tions are in most cases diffuse (Moran and Hurd 1998) and
change with environmental conditions (Johnson et al. 1997;
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Agrawal et al. 2007). Therefore, interspecific interactions
mediate the performance of individual species not only dir-
ectly but also by changing species response to environmental
changes (Davis et al. 1998; Jiang and Morin 2004). Accord-
ingly, the interaction between the biotic and abiotic context
on shaping community structure has been stressed as a
priority research topic (Agrawal ef al. 2007).

It has recently been suggested that the effect of interac-
tions on the performance of species can be better understood
as an interaction milieu, that is, a biotic background with
which the organism interacts (McGill et al. 2006). As
originally formulated, the frequency distribution of traits that
are important to a given interaction provides an operational
definition of interaction milieu. This approach has the
advantage of simplifying the network of interactions to a
manageable level although other approaches exist to cope
with network complexity (e.g., Bascompte et al. 2003, Brose
& Dunne 2009). Moreover, the use of functional traits (sensu
Violle et al. 2007) provides a direct link between organism
performance, abiotic conditions and interspecific interac-
tions. Although the use of traits can improve our inference
about the mechanisms behind the studied interactions, the
relation between traits and interactions is still rarely quanti-
fied (Falster and Westoby 2003; Eichenberger et al. 2009).
This is particularly true for food webs since the traits

2010 Bentham Open



Species Interactions along an Environmental Gradient

involved in trophic interactions are still not well established
(but see Emmerson and Raffaelli 2004; Reiss et al. 2009;
Wood et al. 2010). The adoption of a more phenomenolo-
gical approach can be a good alternative if the mechanisms
and traits involved in the studied interaction are not well
established. The overall interaction strength (e.g., competi-
tion or predation pressure) can be estimated in various ways
(Berlow et al. 2004), for example by experimentally exclud-
ing competitors or predators; or by recording the density of
competitors or predators involved in the interaction, assum-
ing that the different species present in the community have
similar impact on the target species.

To understand how community composition affects per-
formance of the component species, the notion of funda-
mental and realized niche is essential and can best be studied
along an abitoic environmental gradient. The reaction norm
of a fitness parameter (performance response curve) along an
environmental gradient can be seen as a representation of
species fundamental niche. Interactions, however, can dis-
place species from the part of the gradient where they per-
form better. For instance, a bio-energetic model constructed
by Buckley and Roughgarden (2005) was able to explain
abundance patterns of Anolis lizards in elevation gradients
on one-species islands. But on islands where two species
were present, the abundance pattern diverged from the model
predictions, presumably due to competition, with one species
being more abundant at lower and the other at higher eleva-
tion than predicted. Quantification of the interaction milieu
along abiotic environmental gradients provides a general
framework explaining why species are not necessarily most
abundant at their fundamental-niche optimum (McGill e? al.
2006). This also has important consequences for understand-
ing evolutionary processes by placing interaction between
community components as an essential selective force deter-
mining genetic and phenotypic variation at the individual
level, and vice versa, traits of individuals and species as
essential to understand and predict community functioning
and composition (Johnson and Stinchcombe 2007; Berg and
Ellers 2010; Ellers 2010).

The importance of species traits on community func-
tioning can be illustrated by their effect on susceptibility to
invasion. This important community property is dependent
on the functional identity of both present and potential
invasive species (Funk and Vitousek 2007; Funk et al
2008). For instance, a network model by Romanuk and co-
workers (2009) predicted generalist predators to be more
successful invaders, although for some trophic categories of
invaders the topology of the food web was more important.
Biotic interactions and abiotic conditions can be seen as
filters that constrain the range of viable ecological strategies
in a community and, therefore, the species that are able to
invade. Environmental filters will select species with similar
functional niche traits (Grime 2006). On the other hand,
competition will displace species that exploit resources in a
similar way leading to higher trait dissimilarity of co-
occurring species (Weiher et al. 1998). The concept of
interaction milieu can potentially help to predict when a
species is likely to invade a given community, by allowing a
comparison of community functional composition with the
functional identity of the potential invasive species.
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Here, we investigate how performance of component
species is affected by the interaction milieu along an abiotic
environmental gradient. We developed a model where a
target species with a specific performance response curve for
an abiotic factor interacts with predators and competitors. In
the model, predation and competition pressure can vary with
abiotic environmental conditions, leading to predictions on
how interaction milieu changes the performance of the target
species along the gradient. We specifically addressed two
questions: 1) Can the interaction milieu shift species per-
formance away from the niche optimum?, and 2) Do species
have a higher invasive potential if they have divergent trait
values compared to the interaction milieu? We then com-
pared the model predictions with abundance patterns of
species in a soil community along a salinity gradient in a
green beach ecosystem.

MATERIALS AND METHODS
Green Beach Ecosystem

Green beach ecosystems are defined as the vegetated part
of beaches, located in the supra-tidal zone on a height
gradient between the dunes and the sea (Van Wingerden et
al. 1981; Brown and McLachlan 1990). They arise as the
result of newly formed, small dunes, about one meter in
height, which are fixed by the grass Elymus farctus. These
young dunes collect drift sand and prevent the coastal plain
that lay behind the embryonic dunes against sand blows and
the normal tide. On such a sheltered coastal plain, microbial
mats can establish that stabilize the sand. This sets-off a
succession of salt-tolerant plants that do not tolerate drift
sand. Green beaches are characterized by their strong gra-
dients and spatial variability in abiotic factors, not only in
the percentage of silt in the top soil, but also in soil humidity
and salt content (Van Wingerden et al. 1981). Green beaches
are irregularly flooded, only when spring tide occurs and
often in combination with onshore storms. Inundation
with sea water, in combination with elevation differences,
groundwater seepage, and rainfall events leads to a gradient
in the soil salt content, ranging from areas with (hyper)saline
conditions, to brackish and non-saline conditions.

Our study site comprised a salinity gradient in the green
beach found along the coastline of the island of Schier-
monnikoog, the Netherlands (N53°28°40.8” E6°09°34.5”).
The lower part of the green beach is located at the west point
of the island. Here, the salt content of the soil can reach sea
water values after inundation (45 g NaCl 1" soil solution) or
higher values when inundation is followed by evaporation.
The higher part, located at the north side of the island, is less
frequently inundated with sea water, and receives large
amounts of seepage water from the adjacent inland dunes.
This results in non-saline conditions (soil salt content 2 g
NaCl 1" soil solution). The entire gradient spans about 5 km,
and shows a gradual increase in salinity from non-saline to
saline conditions.

We have sampled the soil community of the green beach
along the salinity gradient. The dynamic nature of green
beaches was reflected in the composition of the soil food
web, which was rather simple, with only a limited number of
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numerically important species at each trophic level (Fig. 1).
Microbial mats, mixed with unicellular algae were at the
basis of the food web and provide subsequent trophic levels
with energy and nutrients (Van Wingerden et al. 1981). Of
all soil arthropods, 89% were Collembola (8 species), which
make them by far the most dominant first order consumers,
and important key species for the structure and functioning
of the ecosystem (Fig. 1). The two dominant species were
Hypogastrura viatica, with densities up to 20.000 ind. m™
(50.000 ind. m'z, in Van der Kraan 1973) and Isotoma
riparia with 18.000 ind. m™. H. viatica is a halophilous spe-
cies, usually found in shore debris along the coast, in rotting
seaweed and in sewage beds (Thibaud et al. 2004), but there
are also some scarce inland records from wet habitat
(Fjellberg 1998). H. viatica is adapted to regular flooding;
individuals can float on the water surface, on which they can
survive up to 70 days and quickly colonize emerging parts of
the green beach after flooding (Van Wingerden et al. 1981;
Witteveen 1986). The second dominant collembolan, I.
riparia, is a strictly hydrophilous species (Witteveen 1986).
It occurs in different damp sites, such as river banks, wet
meadows, in bogs, on water plants (Potapov 2001), but also
in salt marshes (personal observations). A third collembolan,
Sminthurides malmgreni, is known to occur near the sea
shore, it is particularly wide spread and common on and near
fresh water (Bretfeld 1999). We have found two subdo-
minant herbivores, the staphylinid beetle Bledius sp. and the
snail Catinella arenaria. Together, they contributed 5.5% to
the total soil fauna abundance.

Collembola
I
S 'Y

| Microbial mats & algae

Fig. (1). Simplified connectedness food web depicting the most
abundant (> 1% of the total abundance) key species or species
groups (boxes) that are found in the green beach soil community.
Vectors indicate the trophic interactions among these organisms.
Box sizes (see top right box for scale) depict differences in average
total abundance of species over the salinity gradient (in July 2009),
with the exception of the box microbial mats, which is significantly
down-sized for convenience. Together, de faunal boxes comprise
98.3% of all collected individuals. Abbreviations: G, Gastropoda;
C, Carabid beetles; Bledius, Staphylinid beetle; S Spiders; I-III,
trophic groups. For further explanation see text.

The most abundant second order consumers that live on
the green beach were linyphid spiders, followed by lycosid
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spiders, and carabid beetles playing a minor role (Van
Wingerden et al. 1981). The contribution of spiders to the
total arthropod abundance was 2.1% (Fig. 1). The density of
linyphid spiders reached a maximum of 300 ind. m>, while
the maximum density of lycosid spiders was around 100 ind.
m™. Both spider families prey mainly on Collembola, but
they seem to differ in their choice of prey species. Linyphid
spiders are small and prey mainly on H. viatica, while the
larger lycosid spiders prefer . riparia (Van Wingerden et al.
1981). Prey availability is one of the key factors that
determine spider population density on the green beach (van
Wingerden et al. 1981).

Although green beaches are rather uncommon, they are
exemplary for many other types of ecosystem with similar
environmental conditions, such as salt marshes, low eleva-
tion tundra and taiga, systems with regular dry and cold
spells, such as unproductive sub-alpine and sub-arctic grass-
lands, or ecosystems that are highly dominated by a limited
number of soil fauna species. Therefore, the green beach can
serve as a model system and the conclusions derived from
the comparison with our model predictions might be applica-
ble to other ecosystems.

Collection of Field Data

We have sampled the soil community of the green beach
at 6 sample points, with intervals of lkm along the 5 km
long salinity gradient. At each sample point (20x20m) we
have estimated the densities of soil organisms using Perspex
enclosures (30x30cm, pressed 3 cm into the soil, n=6). After
enclosures were randomly placed, soil cores samples (@
4cm, 3 cm height, n=2) were randomly taken within each
enclosure to enable to count the numbers of the two small
Collembola species H. viatica and S. malmgreni. Soil cores
were transported to the field station in sealed plastic bags,
submerged in a beaker filled with fresh water on arrival, after
which the hydrophobic Collembola were scooped from the
water surface and counted. After the soil cores were taken,
the remaining soil fauna was collected using an exhauster
until no more animals were observed in the enclosures for a
period of 5 minutes. Collembola were determined to the
species level, while the remaining species were grouped into
families. All animal counts per sample point were expressed
as the average number of individual per square meter.

The green beech salinity gradient and the corresponding
tidal mark, located at the base of the inland dunes about 20
m behind the green beach were sampled in November-
December 2008. We sampled the tidal mark a few days after
an inundation event in December, when the green beech was
fully submerged in seawater for the duration of one day. A
second sampling of the green beech community took place in
June-July 2009. Again, we sampled 6 replicates per sample
point, with the exception of the first two saline sample points
(n=18), and the following two brackish sample points (n=12)
were more samples were taken to account for the sample
point heterogeneity in vegetation composition.

Habitat Preference Experiment

The habitat preference of H. viatica was tested by their
tendencies to settle in a gradient of soil salt contents from
non-saline field conditions to saline field conditions, in
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absence of ecological interactions. In total 70 adult indivi-
duals, collected from the green beach (at brackish condi-
tions) 18 days prior to testing and acclimatized at 16°C and
70% RH in a climate room were individually released in a
circular walkway (@ 12 cm). The bottom of the walkway
was divided into 16 compartments (1.5x2.5 cm each) filled
with purified sand (see van Straalen & Verhoef 1997 for a
detailed drawing of the walkway). The salinity of the sand
was adjusted using salt stock solutions of 2, 15, 30, or 45 mg
NaCl I"'. The four salt concentrations were layout in the
circular walkway in four series, the order (randomly
determined) of the salt contents fixed within the series. After
18 hours the location of each individual was noted. For each
trial new walkways were prepared.

MODEL DESCRIPTION

To study the effect of community composition on per-
formance of component species, we formulated a model
comprising a target species whose abundance is constrained
by predation and competition along an abiotic environmental
gradient. Since including each competitor and predator
species separately would be unfeasible for more complex
communities, the model only incorporates their overall effect
on the target species.

The model was formulated to loosely fit the general cha-
racteristics of the species occurring in the green beach
community described above, but was not tailored to the
biology of a particular species. The primary consumers in
this beach system are Collembola, our target species, which
are predated upon by various spider species. Laboratory
studies on these and similar species, supplemented with
literature data provide us with a biologically relevant range
of life history variables to parameterise the model.

The target species was characterised by the following
traits: initial weight (w;), weight at maturity (w,,), individual
growth rate » and a salt response curve for growth rate. The
parameters w; and w,, were fixed for all scenario's (Table 1)
and were derived from empirical data on growth curves and
life history of Collembola, which show that individuals show
exponential growth until reaching maturity after repeated
moult cycles, after which growth rate slows down (Jansen &
Joosse 1987; Ernsting & Isaaks 1997; Driessen et al. 2007).
Salinity of the habitat varies among simulations from non-
saline to saline conditions (Sy.;9). Since only one salinity
zone is used per simulation, the model contains no spatial
structure. All salinity zones are assumed to have similar,
constant, amounts of food available for the target species. In
the model, the salt response curve describes the sensitivity of
a species exponential growth rate to the salinity of the
habitat. The salt response curve for growth rate can take
three different forms: salt specialist, generalist, salt sensitive
(Fig. 2a). Individuals with a salt specialist response curve
show the highest growth rate in saline conditions and are
unable to grow under non-saline conditions, whereas salt
sensitive individuals show the opposite performance curve.
A generalist response curve provides a constant growth rate
independent of salinity. Exponential growth determines the
body weight at time t according to wy; = w, - €, and an
individual reaches maturity if w;> w,, (Driessen et al. 2007).
A mature individual has a reproductive rate m of one
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surviving offspring per time step. Net reproductive rate is
generally low for springtails, with field-derived estimates
around 0.55 and 1.29 (Van Straalen 1985), so we choose a
reproductive rate of m=1. Each simulation lasts a fixed
length of ¢ time steps and any individuals that have not
reached maturity before the end of the season die without
leaving offspring. In the absence of predators no intrinsic
mortality is assumed, as predation is the major source of
mortality (Van Straalen 1985).

Table 1. Parameterization of the Model

Factor Parameter Value Interpretation
Habitat Non-saline to saline
- s 0-10 ..
salinity conditions
Initial weight Wi 50 Hatchling size in pg
WelghF at Wi 600 Adult size in pg
maturity
Growth rate r 0-2 Exponential growth rate
Popqlatlon » 1000 Number of 1nd1V1.duals in
size one simulation
Season .
length T 10 Length of growing season
Reproductive m 1 Number of contributed
rate offspring to next generation
Competition Weak to strong impact on
c 0.05-1
strength growth rate
Attack rate 4 0.06 - Low to high prgbablhty of
0.5 predation

Competitors and predators are also characterised by salt
response curves, albeit for different traits, and we assume
that the strength of their effect on the target species depends
on salinity of the habitat. For competitors, the salt response
curve reflects competition strength c,, which negatively
affects the growth rate 7 of the target species following r - (1-
¢) (Fig. 2b). The strength of competition can be thought of as
a cumulative effect of the abundance and performance of all
competitors. In its preferred habitat, competitors are assumed
to be better able to obtain resources and hence reduce the
growth efficiency of the target species through interference
or scramble competition. For predators, the salt response
curve reflects the attack rate a (Fig. 2¢), which reduces survi-
val probability / of the target species to 1-a. The magnitude
of the attack rate can be thought of as a cumulative effect of
the abundance of all predators, and their performance given
the salinity. Predators are assumed to be more active and
hence catch more prey in their preferred habitat, resulting in
an increased mortality risk for the target species. Predation
probability is the only element of stochasticity in the model.
For simplicity of the model, we assume competition strength
and attack rate to be constant over time, and hence do not
explicitly include independent population dynamics of
competitors and predators.

For question 1, the model calculated two key perform-
ance traits for each salinity zone: the proportion of the target
population that was able to survive to maturity and the
average time to maturity.
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Fig. (2). Salt response curves for salt specialist (blue diamonds),
generalist (brown squares), and salt sensitive (green triangles)
species for, a) growth rate  of the target species (salt specialist » =
0.2-s, generalist » = 1, salt sensitive » = 0.2-(10-s)); b) competition
strength ¢ of the competitors (salt specialist ¢ = ¢, generalist
¢ = 0.4, salt sensitive ¢ = ¢**); ¢) attack rate of the predators (salt
specialist @ = 0.5-¢"21%9 generalist « = 0.2, salt sensitive a =
0.5-¢%%),

For question 2, pair-wise invasibility plots were produced
that identify the interaction milieu under which successful
invasion of the target species can occur. Successful invasion
requires population growth rate of the invading species to be
above unity. Therefore, population growth rate of the target
species was calculated as the expected contribution of a sin-
gle individual to the next generation. The expected contribu-
tion follows Y/-m, for x = 1 to t. Changing the rate of
reproduction m would affect our conclusion quantitatively,
but not qualitatively, as long as m is the same for all salt
performance curves. We calculated interaction milieu as the
cumulative salt performance curves of predators and com-
petitors. For this purpose we coded salt specialists as -1,
generalists as 0, and salt sensitive species as 1, leading to
five interaction milieu values ranging from -2 to 2. For ins-
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tance, if both predators and competitors were salt sensitive,
the interaction milieu was 2. Note that some values of the
interaction milieu could be achieved with different combina-
tions of predators and competitors performance curves; at
these interaction milieu values the population growth rate
was averaged across combinations.

RESULTS

Can the Interaction Milieu Shift Species Performance
Away from the Niche Optimum?

We start by considering the case where there is no
environmental dependence of biotic interactions. In this case,
the predator and competitor are generalists; hence attack rate
and competition strength are the same in all salinity con-
ditions. Fig. (3a) shows the survival of the target species for
three strategies across different salt conditions. There is a
close correspondence between the salt response curve of the
target species (its fundamental niche) and its performance in
the community (its realised niche), which means that each
strategy has the highest survival under the conditions at
which its maximum growth rate is observed. The close
match between growth rate and survival is a consequence of
the fact that in the model the growth season is limited and
individuals have to reach a size threshold to be able to
survive to maturity.

With salinity-dependent variation in the interaction
milieu, a precise match is no longer observed. The maximum
growth rate is no longer a good predictor of survival because
the interaction milieu modifies the performance of the target
species. Fig. (3b) considers a community of a generalist pre-
dator and a salt-sensitive competitor, which has its maximum
competition strength at low salinity. The presence of a spe-
cialist strategy in the community prevents high survival rates
of the target species under non-saline conditions yet at the
same time facilitates survival rates under salt conditions. As
a result, for a generalist target species the highest survival is
observed under saline conditions, erroneously suggesting
that this is its preferred habitat like it is for a salt specialist
(Fig. 3b).

Similarly, a salt-sensitive target species, with its maxi-
mum growth rate in non-saline habitats, now shows its peak
in survival under intermediate salt conditions, because its
growth rate is severely reduced under non-saline conditions
by the high competition strength of the competitor species.
This is also reflected in the salt-dependence of time to
maturity of the target species. Maturity is reached twice as
fast at intermediate salinities compared to the more extreme
habitats, despite the fact that its salt response curve predicts
it to perform best in fresh habitats.

An analogous result can be seen in a food web where the
specialist strategy is adopted by the predator. Fig. (3c)
considers a community of a generalist competitor and a salt-
sensitive predator, which has its maximum attack rate at low
salinity. Again, survival of target species is much reduced at
low salinities because predator attack rate is highest under
these conditions. The target species shows the strongest shift
from the fundamental niche if both predator and competitor
are specialized at low salinities (Fig. 3d). Hence, it is not the
identity or trophic position of the interacting species in the
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food web that determines selection on a target species, but
rather the cumulative total of effect traits and strategies
present in the community.

Field observations on the green beach ecosystem indi-
cate that the interaction milieu can indeed shift species away
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from their fundamental niche. The abundance pattern along
the salinity gradient showed that S. malmgreni was found
only at the non-saline part of the gradient, /. riparia occurred
along the whole gradient with a peak at intermediate salt
conditions, and H. viatica had its highest abundance under
saline conditions (Fig. 4a). The distribution data suggest that
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Fig. (3). Survival of the target species with different salt response curves when the interaction milieu consists of a) generalist predators and
competitors; b) generalist predators and salt-sensitive competitors; ¢) salt-sensitive predators and generalist competitors; d) salt sensitive
predators and competitors. The three lines represent three different salt strategies of the target species: salt specialist (blue diamonds),

generalist (brown squares), salt-sensitive (green triangles).
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Fig. (4). Abundance (ind. m? + SE, n=6-18) of three species of Collembola (a) and two spider families (b) over a salinity gradient on the
green beach of Schiermonnikoog, in July 2009. The abundance of Isotoma riparia was multiplied by 5 to help graphical interpretation.
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S. malmgreni is salt sensitive, I. riparia is a generalist, and
H. viatica is a salt specialist. However, when H. viatica was
tested for its settling preference in absence of an interaction
milieu it significantly preferred non-saline conditions,
conforming a salt-sensitive species (Fig. 5). Hence, the
abundance pattern of H. viatica under field conditions (Fig.
4a) showed a shift from its fundamental niche, probably due
to the interaction milieu. According to our model, such a
strong shift from the niche optimum is most likely to occur
when the interaction milieu consists of salt-sensitive
predators, and generalist (Fig. 3¢) or salt-sensitive (Fig. 3d)
competitors.
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Fig. (5). The observed frequency distribution of the number of
individuals of Hypogastrura viatica in a gradient of soil salt
contents from non-saline to saline field conditions. The observed
distribution deviates from the expected distribution in the absence
of a preference (solid line) (y*-test df =3, P <0.12 10).
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Is there any evidence that H. viatica experiences such an
interaction milieu on the green beach? Indeed, competition
with the salt sensitive S. malmgreni and the generalist 1.
riparia may have resulted in the low abundance of H. viatica
under non-saline conditions. Moreover, we observed the
highest densities of linyphid and lycosid spiders under non-
saline conditions, although linyphids occurred along the
entire salinity gradient.

Similarly, the peak in abundance of /. riparia under
brackish conditions can be explained by the high density of
predators under non-saline conditions, and competition with
the highly abundant H. viatica under saline conditions.
Experiments on the fundamental niche of 1. riparia are nece-
ssary to establish if this species’ distribution can also be exp-
lained by shifted species performance. The above example
clearly demonstrates that omission of the interaction milieu
from models that aim to predict future changes in com-
munity composition solely based on species performance
response curves to an abiotic environmental gradient can
lead to erroneous conclusions.

Do Species with Divergent Trait Values Compared to the
Interaction Milieu, have Higher Invasive Potential?

The resident species community can be an important
factor in constraining the ability of invasive species to
establish. However, it may not be the number of species per
se that is important but rather the trait space that is covered.
Species that possess divergent trait values that enlarge the

Ellers et al.

dissimilarity in the community are predicted to be at an
advantage to invade. Fig. (6) shows that this prediction is
generally confirmed by the model. For example, at low
salinities, invasion of a salt-sensitive target species is only
successful if the interaction milieu consists of salt tolerant
species, with or without a generalist. Despite the fact that its
maximum performance is at low salinity, a salt sensitive
species cannot invade if a salt sensitive predator or
competitor (or both) is present in the interaction milieu.
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Fig. (6). Pair-wise invasibility plots of target species and interaction
milieu for five different salinity conditions. The target species has
different salt response curves: salt specialist (Sspe), generalist (G)
or salt sensitive (Ssen). The interaction milieu reflects the
cumulative salt response curves of predators and competitors, coded
as salt specialist: -1, generalist: 0, and salt sensitive: 1, leading to
five interaction milieu values ranging from -2 to 2. White regions
denote regions that are not invasible to the target species, as growth
rate is below one, blue regions denote regions that are invasible as
population growth rate is above one (isoclines indicate 1 unit
increase of growth rate). When model predictions were not uniform
for a combination of interaction milieu and target species, the
growth rate was set to one.
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Moreover, there is an interaction effect with the salinity
of the habitat. As can be expected, non-saline environments
are such unsuitable habitat for salt specialist species that
invasion is prevented, independent of the salt strategies pre-
sent interaction milieu (Fig. 6). Also under non-saline condi-
tions, the presence of two salt-sensitive species in the inter-
action milieu increases the competition and predation
pressure to the extent that all salt performance strategies fail
to invade. Vice versa, at intermediate salinity, competition
and predation pressure is relatively low, and all salt perform-
ance strategies can invade each interaction milieu. In this
case, it is difficult to predict which strategy will eventually
invade since this may depend on stochastic factors or on
other niche dimensions that have not been explicitly
considered in the model.

Model predictions on invasibility as a function of the trait
space of invasive species were supported by our field
observations. An inundation event in the autumn of 2008
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strongly modified the interaction milieu of the green beach,
especially at the non-saline part of the salinity gradient. The
diversity of collembolans was reduced to two species only,
due to loss of species under non-saline conditions, while the
abundance of generalist and salt-tolerant species was reduced
by approximately 80% (Fig. 7a). Also, we observed a strong
decline in the abundance of linyphid spiders under non-
saline conditions (Fig. 7b). The model predicts that under
these circumstances salt-sensitive target species may invade,
because the changes in interaction milieu make niche space
available at low salinity. The tidal mark, which is bordering
the green beach, is the main source of species invasions.
Sminthurus malmgreni was the dominant salt-sensitive
species in the tidal mark (Fig. 7¢), and half a year after the
inundation event this target species had invaded the non-
saline part of the green beach (Fig. 4a). This species not only
differs in salt tolerance compared to /. riparia and H. viatica,
but is also dissimilar in other traits, such as body size
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Fig. (7). Abundance (ind. m™ +- SE, n=6) of Collembola (a) and spiders (b) at the green beach ecosystem, and Collembola in the tidal mark
(c). a) Collembola densities were rather low, as specimens were washed out from the green beach. Compare this figure with Fig. (4a). b)
Spiders were not washed out from the green beach, with the exception of linyphid spiders. Their density was significantly reduced under
non-saline conditions. Compare the densities in this figure with Fig. (4b). ¢) Collembola densities were high in the tidal mark. The tidal mark
may serve as a source for colonisation after inundation events. Note the similarity in the distribution pattern in Fig. (4a) and in the tidal mark.
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(small), body form (globular), drought and heat tolerance
(summer diapause), and diet choice (predominantly a
herbivore), which might have facilitated its invasion.

Interestingly, during our field surveys we have observed
seven target species that are potentially able to invade under
non-saline conditions, while on average only two salt-
sensitive species occurred at low soil salt contents. This
observation agrees with our model prediction that presence
of two or more salt-sensitive species in the interaction milieu
can increase the level of competition to the extent that other
species, independent of their salt performance strategies fail
to invade.

DISCUSSION

How to Incorporate Genetic Diversity into Models of
Species Interactions

There is a growing consensus that considering genetic
variation in traits of individuals and species is essential to
understand and predict community dynamics (Agrawal ef al.
2007; Johnson and Stinchcombe 2007; Ellers 2010). Several
theoretical and empirical studies have shown evolutionary
processes to determine community structure and composition
(Bell 2007; Becks et al. 2010). Equally important but less
recognized, is the role of community composition as a
selective force shaping genetic and phenotypic variation at
the individual level. Most evolutionary studies perform
experiments with single species in isolation, or only in direct
interaction with another species. Including interaction milieu
as an ecological context for evolution may increase our
understanding of the maintenance of genotypic diversity in
the field. For example in our model we could assume the
three salt response curves to exist as genotypic variation
within the target species and test how a generalist or
specialist interaction milieu affects genotypic diversity of
target species along the salinity gradient. However, empirical
data to validate such predictions are hardly available. Future
field studies can alleviate this need by quantifying genetic
variation in target species in different community com-
positions.

How to Extend the Concept of Interaction Milieu to
More Complex Communities?

We showed that the concept of interaction milieu
provides a general framework to understand how interaction
between the biotic and abiotic contexts affect community
assembly and shapes community structure due to shifts in
species performances. The use of species traits will also help
to place community composition as an essential component
of the selective forces determining genetic and phenotypic
variation at the individual level (Ellers 2010). However, the
study system that we have used to validate model predictions
represents a relatively simple example of a food web, with a
limited number of interactions and, for a soil system, rather
short food chains. Thus, the applicability of the interaction
milieu concept should also be validated in more complex
ecosystems. More complex food webs (e.g., with strong
intraguild predation) and indirect interactions (e.g., apparent
competition) can lead to unexpected effects on performance
of component species (Bondavalli and Ulanowicz 1999;
Wootton 2002). Moreover, food webs also differ greatly in
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how long food chains extend. Species interactions have been
reported for up to five trophic levels (Harvey et al. 2009;
OIff et al. 2009), with no evidence that the strength of the
interaction wanes at higher trophic levels (Harvey et al
2008). The interaction milieu concept simplifies the assem-
blage of competitors or predators within a community by
concatenating all of those negative effects into an overall
effect. The key to being able to utilize this approach in a
complex system is the ability to: i) identify relevant response
traits to environment, predation and competition (e.g, salt
tolerance, body size, consumption rate, walking speed), ii)
measure these traits and produce community weighted ave-
rages, iii) predict if a new species with a specific set of traits
or with divergent trait values should be able to colonize,
given the community weighted average and range for these
traits, iv) test it with introduction experiments, and V)
determine how all of the above influence direct and indirect
effects (e.g. trophic cascades). Future theoretical and experi-
mental studies should explore if the concept of interaction
milieu can be generalized across trophic levels, and search
for trophic and non-trophic traits that are important on
deciding the outcome of ecological interactions. Further-
more, the identification of the relevant response traits and
their frequency distribution, in combination with trait plasti-
city of species in interaction milieus might be a step forward
to link evolutionary principles to ecological networks, and
visa versa.

CONCLUDING REMARKS

Our model yielded testable and ecologically relevant
predictions that were confirmed by field observations on the
green beach ecosystem. First, we showed that interaction
milieu can displace species from their fundamental-niche
optimum. This led to abundance patterns that cannot be
predicted by species performance response curves alone,
showing the importance to include ecological interactions
when modelling species distributions and responses to
environmental changes (Berg et al. 2010). Second, the possi-
bility of a given species to invade the community strongly
depended on the interaction milieu. Species failed to invade
their preferred part of the gradient if predators or competitors
shared the same preference. This prediction of our model is
substantiated by studies showing that successful invaders
often have different attributes compared to resident species
(Funk et al. 2008), or that higher trait plasticity enables inva-
ders to adjust to a large range of environmental conditions
(Berg & Ellers 2010).
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