Journal of Animal Ecology

Journal of Animal Ecology 2010, 79, 682—692 doi: 10.1111/5.1365-2656.2009.01658.x

Interaction strength, food web topology and the relative
importance of species in food webs

Eoin J. 0’Gorman'?*, Ute Jacob"*3, Tomas Jonsson* and Mark C. Emmerson?

'Environmental Research Institute, University College Cork, Lee Road, Cork, Ireland; 2Departmem‘ of Zoology, Ecology and
Plant Sciences, University College Cork, Distillery Fields, North Mall, Cork, Ireland; SAlfred Wegener Institute for Polar and
Marine Research, PO Box 120161, D - 27515 Bremerhaven, Germany; and *Ecological Modelling Group, Systems Biology
Research Centre, Skévde University, Box 408, SE-54128 Skévde, Sweden

Summary

1. We established complex marine communities, consisting of over 100 species, in large subtidal
experimental mesocosms. We measured the strength of direct interactions and the net strength of
direct and indirect interactions between the species in those communities, using a combination of
theoretical and empirical approaches.

2. Theoretical predictions of interaction strength were derived from the interaction coefficient
matrix, which was parameterised using allometric predator—prey relationships. Empirical esti-
mates of interaction strength were quantified using the In-ratio, which measures the change in bio-
mass density of species A in the presence and absence of species B.

3. We observed that highly connected species tend to have weak direct effects and net effects in
our experimental food webs, whether we calculate interaction strength theoretically or empirically.
4. We found a significant correlation between our theoretical predictions and empirical estimates
of direct effects and net effects. The net effects correlation was much stronger, indicating that our
experimental communities were dominated by a mixture of direct and indirect effects.

5. Re-calculation of the theoretical predictions of net effects after randomising predator and prey
body masses did not affect the negative relationship with connectance.

6. These results suggest that food web topology, which in this system is constrained by body mass,
is overwhelmingly important for the magnitude of direct and indirect interactions and hence spe-
cies importance in the face of biodiversity declines.
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Introduction The patterning of interaction strengths between predators

and prey in natural communities has attracted recent atten-

It is now generally accepted that biodiversity has a stabilising
effect on natural ecosystems. Diversity has been shown
experimentally to have a positive effect on the temporal sta-
bility of community biomass (Caldeira et al. 2005), decom-
position (Dang, Chauvet & Gessner 2005) and parasitism
(Tylianakis, Tscharntke & Klein 2006). An increasing num-
ber of experimental studies also show that diversity increases
the resistance (Kahmen, Perner & Buchmann 2005) and resil-
ience (Steiner et al. 2006) of certain ecosystem properties to
perturbations. Yet, ecological models based on randomly pa-
rameterised community matrices suggest that complexity
should destabilise food webs (May 1973; Pimm & Lawton
1978). This implies that real food webs persist despite being
unstable and far from equilibrium, or alternatively they have
structures and properties that confer stability, in spite of
complexity.

*Correspondence author. E-mail: e.ogorman(@mars.ucc.ie

tion. Interaction strengths estimate the magnitude of the
effect of one species on another (see Laska & Wootton (1998)
for a review of experimental and theoretical approaches to
measuring interaction strength). Studies on interaction
strength typically measure the direct interaction between two
species, but in this study we also examine the net effect of one
species on another. The net effect is the sum of the direct and
indirect effects of one species on another and can also be
taken as a measure of interaction strength. Experiments
(Paine 1992; Fagan & Hurd 1994) and theory based on
empirical data (McCann, Hastings & Huxel 1998; Neutel,
Heesterbeek & de Ruiter 2002) have shown that real food
webs are typically characterised by few strong interactions
embedded in a majority of weak links. This arrangement of
interaction strengths promotes community-level stability by
generating negative covariances, which dampen the destabil-
ising potential of strong consumer-resource interactions
(McCann 2000; O’Gorman & Emmerson 2009). Although
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the detrimental effects of keystone species loss are well docu-
mented (Paine 1966; Estes & Palmisano 1974), theoretical
studies now suggest that the loss of weak interactors can be
damaging for natural communities (Christianou & Ebenman
2005), particularly through their stabilising effects at the
landscape level (Berlow 1999; Maser, Guichard & McCann
2007).

Recent theoretical investigations of large empirical food
web data sets have also demonstrated the importance of weak
interactions in maintaining the rich biodiversity of complex
natural communities (Otto, Rall & Brose 2007). It has been
predicted that highly connected species could have weaker
net effects than poorly connected species in some complex
natural ecosystems (Montoya, Emmerson & Woodward
2005). As a result of this property, perturbations to species
with fewer links should have larger net effects on the rest of
the food web than perturbations to species with many links
(Montoya et al. 2009). This suggests that complex communi-
ties with many highly connected species will be more stable to
perturbations than simple communities. However, there is
still much doubt as to whether or not this pattern occurs in
nature, with several studies indicating that perturbations to
highly connected species may in fact destabilise communities
(Dunne, Williams & Martinez 2002; Coll, Lotze & Romanuk
2008). Consequently, there is a need to explore empirical
patterns of interaction strength and their relationship to
species connectance. This paper intends to fill the void of
such studies.

The biggest stumbling block towards validating predic-
tions regarding the stabilising patterns of interaction
strengths in natural systems is the lack of experimental tests
of these theoretical predictions. Many theoretical studies use
empirical data to inform their predictions, but theoretical
interaction strengths are typically estimated in very different
ways to those measured in field experiments (Laska & Woot-
ton 1998; Wootton & Emmerson 2005). This introduces
uncertainty over the feasibility of theoretical predictions and
constrains their application in the real world. The lack of a
direct comparison between theoretical predictions and
empirical estimates of interaction strength is a rate limiting
step in our understanding of the consequences of biodiversity
loss using dynamic systems models.

Testing the validity of theory is essential to confirm that
the patterns predicted by community models are indeed the
same as those found in nature. Our aim here was to make the-
oretical predictions about the strength of predator—prey
interactions (PPI) in a complex marine community (based on
allometric predator—prey relationships) and to compare
those predictions to the closest empirical measure of interac-
tion strength that could be determined in a field setting. We
chose to use large subtidal exclusion cages to achieve this
goal. Exclusion cages have the potential to introduce some
experimental artefacts (Benedetti-Cecchi & Cinelli 1997), but
they also represent a balance between open and closed sys-
tems. Here, they facilitated an intricate exploration of species
interactions in a relatively controlled environment, whilst
allowing benthic community assembly and ecosystem pro-
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cesses to occur against a semi-natural backdrop. We investi-
gated the correlation between our theoretical predictions and
empirical estimates of interaction strength (for direct effects
and net effects) and searched for common patterns that might
contribute to the stability of this complex system.

Materials and methods

STUDY SYSTEM AND EXPERIMENTAL DESIGN

To measure interaction strengths, we established an in situ mesocosm
experiment in the shallow subtidal of Lough Hyne, a sheltered mar-
ine lake in Co. Cork, southwest Ireland (N 51°29°52", W 9°17°4¢").
Each mesocosm consisted of a subtidal cage, cylindrical in shape,
0-5 m tall, with a diameter of 0-76 m and a 5 mm mesh size (benthic
surface area = 0-45 m?). The mesocosms were sealed at both ends
and weighted to the benthos by clean, stony substrate, which was
spread across the bottom of each cage. This was sufficient to keep the
mesocosms in place for the duration of the experiment due to the
highly sheltered nature of Lough Hyne. This also meant that the
starting conditions for each mesocosm were the same, except for the
focal species we selected for manipulation in the experiment. We
chose ten abundant benthic species (trophic roles including verte-
brate and invertebrate predators, scavengers and grazers) from the
shallow subtidal of the Lough, for manipulation in the experiment.
The species used were fish [Gobius niger (Linnaeus), Gobius paganel-
lus (Linnaeus), Taurulus bubalis (Euphrasen), Gaidropsarus mediter-
raneus (Linnaeus) and Ctenolabrus rupestris (Linnaeus)], decapods
[Carcinus maenas (Linnaeus), Necora puber (Linnaeus) and Palaemon
serratus (Pennant)] and echinoderms [Marthasterias glacialis (Linna-
eus) and Paracentrotus lividus (Lamarck)]. All of these species are
locally common in Lough Hyne, reaching densities in the shallow
subtidal during summer months that closely approximate the densi-
ties reached in our mesocosms, i.e. 1 individual per 0-45 m* (Costello
1992; Crook, Long & Barnes 2000; Verling et al. 2003; Yvon-Dur-
ocher et al. 2008). The experiment consisted of eleven treatments: ten
treatments contained the ten manipulated consumers, with one indi-
vidual of one species in each cage; the eleventh treatment was a con-
trol cage, free of any manipulated species. Note that these were the
initial conditions. Once the treatments had been established, the
cages were sealed and placed in the shallow subtidal, where benthic
invertebrate species small enough to fit through the 5 mm mesh were
free to recruit naturally into the cages. There were three replicates of
each treatment. This corresponds to a press experiment, where the
densities of perturbed species are altered and maintained at predeter-
mined levels throughout the experiment (see Bender, Case & Gilpin
(1984) for an overview of press experiments and their application in
community ecology). We repeated the experiment in two separate
time blocks: 13th July—17th August 2006 (35 days) and 17th August—
26th September 2006 (40 days). We used the same cages in each run
of the experiment, scrubbing and washing the cages clean before the
second experiment. Our aim was to estimate the mean direct effect
and the mean net effect of all species within the mesocosm food webs:
(i) theoretically, based on allometric predator—prey relationships;
and (ii) empirically, based on changes in species biomass density in
the presence/absence of all other species in the web.

We used two different sampling substrates to estimate the densities
of benthic invertebrate species in the cages: (i) settlement panels,
which consisted of 100 x 100 mm PVC squares, were used to esti-
mate the density of sessile species in the mesocosms (sponges, bryozo-
ans, calcareous polychaetes, bivalves); and (ii) nylon pot scourers (c.
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radius = 40 mm; ¢. height = 20 mm) were used to estimate the den-
sity of mobile species within the mesocosms (amphipods, isopods,
gastropods, polychaetes, etc). The pot scourers are ideal for colonisa-
tion by benthic invertebrates and simulate the form and structure of
coralline algae prevalent in the study system (O’Gorman, Enright &
Emmerson 2008). We measured the length of a linear dimension for
every individual benthic invertebrate identified from the sampling
substrates (n = 38 070). The body mass of each individual was then
calculated from length—weight relationships established during the
study (see Supporting Information Table S1).

We also noted that two small gobiid fish species [Gobiusculus flaves-
cens (Fabricius) and Pomatoschistus pictus (Malm)] were able to pass
through the small mesh size of the cages. To estimate their densities,
we carried out visual surveys on every cage in the experiment, count-
ing the number of gobies seen in each cage over a 5-min period. We
also estimated the mean body size of these two species along the south
shoreline of the Lough (n = 100 for both species). Combining all
these data provided an estimate of mean density and mean body mass
for most species in each of our 33 mesocosms, for both the August
and September experiments. Measuring the density or body mass of
resources such as algae, coarse/fine particulate organic matter, and
diatoms was problematic. Therefore, we did not take any measure-
ments for the basal resources. This does not affect the way we esti-
mate interaction strength theoretically (see “Theoretical predictions
of interaction strength’ below), but it meant we could not calculate
interaction strengths for the basal resources empirically.

QUANTIFYING FOOD WEB STRUCTURE

We used a combination of gut content analysis and intensive litera-
ture research to establish the food web structure of the benthic cages
for the August (Fig. S1) and September (Fig. S2) experiments. These
composite food webs are built around all the species identified in the
experiments (138 taxa in August; 122 taxa in September; see Support-
ing Information Table S2 for a complete list of taxa). Gut content
analysis was carried out on the larger predators in the cages, i.e.
manipulated species and the two small gobies (n = at least 30 guts
per species). The remaining links were reviewed from the literature.
Data from more than 200 publications (peer reviewed journals and
books) were standardised using the approach of Martinez (1991), i.e.
a direct feeding link was assigned to any pair of species A and B
within the benthic cages, whenever an investigator reported that A is
likely to consume B in a typical year. This criterion was maintained
throughout construction of the web and, for example, restricted the
inclusion of prey links that may have occurred by chance through
passive consumption. We calculated the number of trophic links for
each species in the webs as the number of direct links to the species of
interest, including both predators and prey (see Supporting Informa-
tion Table S2).

THEORETICAL PREDICTIONS OF INTERACTION
STRENGTH

The theoretical measures of interaction strength characterising the
mesocosm webs were calculated after Montoya et al. (2005), i.e. we
used theory based on allometric predator—prey relationships to para-
meterise a community matrix, 4, for each of the food webs resolved
in our experiments. The community matrix (or interaction coefficient
matrix) is derived from the generalised Lotka—Volterra equation and
describes the direct effect, a;;, of one individual of a species on the
population of another (unlike the Jacobian matrix, which describes
the direct effect of the entire population of a species on the total pop-

ulation of another species). The elements of the inverse community
matrix following a sign reversal give the sum of the direct and indirect
interactions between each species in the food web, i.e. the net effect
(Bender et al. 1984; Y odzis 1988; Case 2000).

To theoretically predict the direct interaction between a predator
and its prey, 7 'a;;, we used the following power function:

Mf0.25
T/1a(/ — J
Sj

where M; is the body mass of predator j, s;is the number of prey spe-
cies consumed by predator j, the intercept b is a free parameter
(changing only the magnitude of the interaction strengths) and is set
to 0-01 here, and the exponent of —0-25 is based on allometric scaling
relationships to approximate basal metabolic rate per unit biomass
(West, Brown & Enquist 1997; Brown & Gillooly 2003) (see Support-
ing Information Appendix S1 for a derivation of this equation). The
superscripted 7/ denotes that this is a theoretically predicted measure
of direct effects. Note that Tha,-, is derived from a feeding rate, Fj; = —
a;B*B*, where B/* and B;* are equilibrium population biomasses of
species i and j (see Neutel ez a/. 2002; Emmerson, Montoya & Wood-
ward 2005), so our resulting T"a,-,- effects are expressed per unit bio-
mass. To predict the direct effect of each prey on its predator, T”aﬁ,
we assumed an ecological efficiency, e, equal to 0-1 reflecting a 10%
transfer of energy between trophic levels, hence T/"a_,-,- = ¢* Tha!-,-
(Brown & Gillooly 2003). Note that the basal resources in the web
have no prey, so their only direct effects in the system are calculated
using this ecological efficiency. These values comprised the theoreti-
cally predicted elements of the community matrix. We then calcu-
lated the inverse of the community matrix, whose elements are
typically given the notation (a,_-,-)_l (Case 2000). By averaging across
the absolute values in the columns of the inverse Community matrix,
we obtained the mean absolute net effect per unit biomass of each
species in the system, T"(a!-,-)_l‘ We calculated mean absolute net
effects for both the August and September data sets. Note that the
food webs were slightly different for these 2 months (see Supporting
Information Figs S1 and S2) and average species body size also var-
ied. Consequently, the theoretical predictions of interaction strength
are not identical for the August and September experiments.

EMPIRICALESTIMATES OF INTERACTION STRENGTH

We determined the strength of species interactions empirically from
our series of press experiments, comparing species changes in the
presence/absence of each predator. Since our theoretical predictions
of interaction strength deal with effects per unit biomass, we also
quantified the empirical measures of interaction strength in units of
biomass, calculated as B = XM, where X is the density of a given
species (m™2) and M is its body mass (mg). We used the dynamic
index (Wootton 1997) to empirically measure the direct effect, E'"a,-,-,
between the manipulated species and each species in the mesocosm
food webs:

g, (55
1

a4 = ——p "
where B; "/ and B;” are the biomass density of species i in the presence
and absence of a predator j, B; is the biomass density of the corre-
sponding predator and ¢ is the duration of the experiment in days
(similar to Brose, Berlow & Martinez 2005). The superscripted Em
denotes that this is an empirically estimated measure of direct effects.
Note that the change in biomass density was only considered for spe-
cies pairs where a direct PPI takes place. Ideally, direct interaction
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strengths should be measured as the instantaneous growth rate of the
focal species, but this is not possible in an experimental setting. Con-
sequently, we divide through by time to obtain the growth rate of the
focal species per unit of target species. These E’”a!-,- terms are directly
comparable to the terms of the Community matrix, "a; defined
above. Similar to the community matrix, the dynamic index is
derived from the generalised Lotka—Volterra equation (the discrete
time version) (Laska & Wootton 1998). An assumption of the
dynamic index is that all target species have the same initial densities.
This assumption is met, as all mesocosms had the same starting con-
ditions, i.e. empty, apart from the presence or absence of the focal
(i.e. manipulated) species.

Measuring direct interaction strength is difficult. The duration of
our experiments makes it unclear whether the response of species will
be dominated by direct effects, indirect effects or a mixture of the
two. At the outset of the experiment, the response of each species will
be dominated by direct effects. Over longer timescales indirect effects
can feed back in a complex network of interacting species and hence
differentiating between direct and indirect effects becomes problem-
atic (Wootton & Emmerson 2005). In our study system, the two
experiments lasted for 35 and 40 days. This is insufficient time for
entire generations of most species present to occur, but still long
enough for indirect effects to become manifest, i.e. the density of a
given species was not just affected directly through predation, but
also indirectly through trophic (density-mediated) and non-trophic
(trait-mediated) interactions (Werner & Peacor 2003; O’Gorman
et al. 2008). This is illustrated by the presence of positive as well as
negative effects of predators on their prey when we calculate E"’a,/.
We also noted changes in the biomass density of species pairs that do
not have a direct predator—prey link.

Given the highly reticulate nature of the mesocosm food webs (see
Supporting Information Figs S1 and S2), a perturbation to just one
species will have knock-on effects for virtually every species in the
web. Consequently, we alter our use of the dynamic index to estimate
the mean net effect (considering direct and indirect interactions) of
each species in the community. First, we consider all species pairs,
even if a direct PPI does not take place. Also, we no longer divide
through by time. This estimates the long-term change in abundance
and is not a growth rate, thus it provides a measure of the net effect
of each species, “(a;)™", combining direct and indirect effects (see
Laska & Wootton 1998). As such, these “"/(a;)™" effects are compara-
ble to the terms of the negative inverse of the community matrix,
™(a,)™" (Bender et al. 1984; Yodzis 1988; Schmitz 1997). It is impor-
tant to note that in the empirical estimates of interaction strength,
species j can have an indirect effect on species 7, even if they are not
linked along a food chain, because we are accounting for non-trophic
interactions (e.g. interference competition, behavioural reactions).
This is subtly different from the inverse community matrix, which
only takes account of trophic interactions (i.e. direct interactions and
density-mediated indirect interactions). As such, we can expect to see
some differences in our comparison of theoretical predictions and
empirical estimates of interaction strength. If our experiment is domi-
nated by direct effects, the correlation between our theoretical predic-
tions and empirical estimates of direct effects (“"a; and “"ay,
respectively) should be strongest. If our experiment is dominated by
net effects, the correlation between our theoretical predictions and
empirical estimates of net effects [T"(a,;,)’l and E’”(a[,)’l, respectively]
should be strongest.

The design of the experiment facilitated a comparison of the bio-
mass density of benthic invertebrate species in the presence and
absence of the ten manipulated species (by comparing each of the
cages containing manipulated species to the mean of the control
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cages). However, it was also possible to obtain estimates of the
direct/net effect of each benthic invertebrate species on every other
species in the mesocosms. Since most benthic invertebrate species
were absent from at least some of the cages, we were able to average
across the biomass densities of every species in cages where a given
benthic invertebrate species was present (B; /) and compare this to
the average of every species in cages where the same benthic inverte-
brate species was absent (B;7). In this way, we were able to quantify
the effects in each mesocosm attributable to a particular species and
thus obtain estimates of the mean absolute direct/net effect of almost
all species in the mesocosm webs (some species were present in all
treatments and so we could not obtain a comparison with their
absence).

EXPLORATION OF BODY MASS PATTERNS

To investigate the relative importance of interaction strength (deter-
mined by body mass) vs. food web topology, we randomised the
empirical pattern of body masses within the food webs (n = 1000
permutations). We calculated per unit biomass effects, using allomet-
ric predator—prey relationships to parameterise the community
matrix A of theoretically predicted direct effects (as above). We then
calculated the predicted mean absolute net effect of each species
(averaging across the 1000 permutations) in the inverse community
matrix 4~'. We also investigated the relationship between body size
and number of trophic links, given that we know these food webs to
be highly size structured, i.e. big species typically eat smaller species
and so they are more likely to be highly connected.

Results

THEORETICAL PREDICTIONS OF INTERACTION
STRENGTH

To test for patterns in the theoretically predicted net effects
data, we first plotted the frequency distribution of absolute
net effects. This reveals a clear skew towards weak effects,
with relatively few strong interactions for both the August
and September data sets (see Fig. 1a,b). The frequency distri-
bution of direct effects is similarly skewed towards weak
effects, but this pattern is not shown. We also plotted the the-
oretical predictions of the mean absolute direct effect and net
effect for each species (a measure of species impact in the sys-
tem) as a function of the number of trophic links for that spe-
cies. As number of trophic links increased, the mean direct
effect (""a;) of each species in the web decreased, and this
relationship was highly significant for both August (Expo-
nential regression: Fy 13 = 467-32, P < 0-001, Fig. 2a) and
September  (Exponential  regression:  Fj 159 = 419-76,
P < 0001, Fig. 2b). It should be noted that while the rela-
tionships in Fig. 2a,b seem to be largely driven by some of
the manipulated species (cloud of points in the lower right
hand corner of the figure), significant negative relationships
remain even if they are removed from the analysis for both
August (Exponential regression: Fj 6 = 26760, P <
0-001) and September (Exponential regression: Fj o =
27509, P < 0-001). As number of trophic links increased,
the mean net effect [Th(a!-,-)_l] of each species in the web also
decreased, and this relationship was highly significant for
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allometric predator—prey relationships and
. (¢, d) experimentally, as growth rates of
-7 . . . ] " " " ' predators for the two experimental time
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both August (Exponential Fy 136 = 17015,
P < 0001, Fig. 3a) and September (Exponential regression:
Fii20 = 17564, P < 0-001, Fig. 3b). Again, highly signifi-
cant negative relationships remain after the manipulated spe-
cies are removed from the analysis for both August
(Exponential regression: Fj o6 = 4174, P < 0-001) and
September (Exponential regression: Fj 19 = 5559, P <
0-001).

regression:

periods. Values are plotted on a log-log scale
with an exponential line of best fit.

EMPIRICALESTIMATES OF INTERACTION STRENGTH

We also plotted the frequency distribution of empirically
measured net effects. Similar to the theoretical predictions,
these are clearly skewed towards weak net effects for both the
August and September experiments (see Fig. 1c.d). Again,
the frequency distribution of direct effects is similarly skewed
towards weak effects, but this pattern is not shown. The
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empirical estimates of mean absolute direct effect (*"'a;) were
considered as a function of the number of trophic links for
each species. There was a significant negative relationship for
both the August (Exponential regression: Fjg; = 2618,
P < 0-001, Fig. 2¢) and September (Exponential regression:
Fy 79 = 2620, P < 0-001, Fig. 2d) experiments. Note that
the residual degrees of freedom vary in the empirical relation-
ships because direct effects could not be calculated for all spe-
cies (see Methods). If we remove the manipulated species
from the analysis, the August relationship breaks down
(Exponential regression: F7; = 248, P = 0-119), while a
significant negative relationship remains for September
(Exponential regression: Fjgq = 631, P = 0-014). The
empirical estimates of mean absolute net effect [E’"(a!-,-)_l]
were also considered as a function of the number of trophic
links for each species. There was a highly significant negative
relationship for both the August (Exponential regression:
Fy 119 = 9674, P < 0-001, Fig. 3c) and September (Expo-
nential regression: Fj o3 = 7943, P < 0-001, Fig. 3d) exper-
iments. Here, highly significant negative relationships remain
even if the manipulated species are removed from the analysis
for both August (Exponential regression: Fj 90 = 41-89,
P < 0-001) and September (Exponential regression: F} gg =
41-26, P < 0-001).

EXPLORATIONOFBODY MASS PATTERNS AND
CORRELATIONS

We found a significant correlation between average species
body size and number of trophic links for both the August
(Pearson’s r = 0-550, P < 0-001) and September (Pearson’s

r = 0573, P < 0-:001) food webs. We also found a signifi-
cant correlation between the theoretical predictions and
empirical estimates of mean absolute direct effects for both
August (Pearson’s r = 0-622, P < 0-001; Fig. 4a) and Sep-
tember (Pearson’s r = 0669, P < 0-001; Fig. 4b). There
was a significant, but weaker correlation between total abso-
lute direct effects for both August (Pearson’s r = 0-328,
P = 0002) and September (Pearson’s r = 0400, P <
0-001). We found an even stronger correlation between the
theoretical predictions and empirical estimates of mean abso-
lute net effects for both August (Pearson’s r = 0-877,
P < 0-001; Fig. 4c) and September (Pearson’s r = 0-886,
P < 0:001; Fig. 4d). Again, there was a significant, but
weaker correlation between total absolute net effects for both
August (Pearson’s r = 0661, P < 0-001) and September
(Pearson’s r = 0:735, P < 0-001). Lastly, when we com-
pared the interaction strengths from our two experiments, we
found significant correlations between the August and
September theoretical predictions of T”a!-,- (Pearson’s
r = 0984, P < 0:001) and "(a;)”" (Pearson’s r = 0962,
P < 0-001), as well as for the August and September empiri-
cal estimates of E"’aij (Pearson’s r = 0-760, P < 0-001) and
Ema;)™" (Pearson’s r = 0906, P < 0-001) (see Supporting
Information Fig. S3 for these correlations). Note that all
data were log( transformed to meet the assumptions of nor-
mality for these correlations.

After randomising the pattern of body masses within each
food web (n = 1000) and re-calculating predicted net effects,
we found a significant negative relationship between the
theoretically predicted mean absolute net effect of each
species and the number of trophic links for both the August
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(a) August-direct effects (b)

September-direct effects
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(Exponential regression: Fy 136 = 8575, P < 0-001, Fig. 5a)
and September (Exponential regression: [ i, = 100-74,

P < 0001, Fig. 5b) food webs.

Discussion

Our study confirms many of the interaction strength patterns
found in other systems. Our theoretical predictions and
empirical estimates of net effects show a remarkably similar
distribution of interaction strengths, which is highly skewed
towards weak effects (see Fig. 1). This arrangement of inter-
action strengths appears to be a fundamental blueprint for
the stability of complex communities (McCann et al. 1998;
Neutel ez al. 2002), dampening the destabilising potential of
strong consumer-resource interactions (McCann 2000). We
also see a clear pattern of lower mean interaction strength
(direct effects and net effects) for the more highly connected
species, using both empirical estimates and theoretical pre-

dictions (see Figs 2 and 3). Such effects manifest in theoreti-
cal explorations of other complex food webs, such as the
Ythan Estuary and Broadstone Stream (Montoya et al.
2005), but have never been demonstrated empirically. This
pattern appears to ensure that complex communities with
many highly connected species will be more resilient to per-
turbations than simple communities with fewer links (Mon-
toya et al. 2009), most likely due to an increasing number of
pathways for species to dampen impacts of population fluc-
tuations (MacArthur 1955). Dunne et al. (2002) and Coll
et al. (2008) have demonstrated that perturbations to highly
connected species have the largest effect on the robustness of
model food webs. Although this initially appears to contra-
dict our findings, it should be noted that the perturbation in
these studies was extinction of highly connected species. If
highly connected species tend to have weaker effects (as we
have shown), then removal of these species should increase
the mean interaction strength of the community, limiting the
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coexistence of many species (Kokkoris ez al. 2002) and mak-
ing the food web more sensitive to species removal (Dunne
et al. 2002).

The pattern appears to be largely driven by the highly size-
structured nature of the communities and the fact that body
size is correlated to number of trophic links. Here, highly
connected species tend to be large and so have small direct/
net effects per unit biomass in the community. As such, we
argue that the general pattern demonstrated within the
Lough Hyne system will be applicable to a wide range of size-
structured communities, particularly marine and freshwater
systems (Jennings et al. 2001; Jonsson, Cohen & Carpenter
2005). We caution that the relationship is less likely to be
found in poorly size-structured communities, such as terres-
trial food webs, where the direct/net effect per unit biomass
of each species is likely to be consistent, irrespective of its
connectedness. We demonstrate however, that the relation-
ship between number of trophic links and interaction
strength remains even after removing the ten largest species
from the current analysis. Here, we obtain two clouds of data
in all the panels in Figs 2 and 3 as we are missing information
on the direct/net effect of organisms with body sizes interme-
diate to the large manipulated species and the small benthic
invertebrates that assembled through the small mesh size of
the cages. Two exceptions are the two small gobies, which
do bridge the gap in our regression lines in Figs 2 and 3. With
more information on intermediate-sized species, it is likely
that the relationships (and
stronger.

The weakest patterns are shown for the empirically esti-
mated direct effects. Less than 25% of the variability in num-
ber of trophic links is explained by our empirically estimated
direct effects. The relationship is weakest for the experiment
ending in August, where the negative relationship breaks
down with the removal of the ten largest species from the
analysis. This suggests that other factors are diluting our esti-
mation of the direct interaction between a predator and its
prey, accentuated by the tightly fitting relationship between

values) would be much

theoretically predicted direct effects and number of trophic
links (see Fig. 2). This is further illustrated by the consider-
ably lower correlation between our theoretical predictions
and empirical estimates of direct effects, compared to net
effects (see Fig. 4). These results indicate that the duration of
our experiments was indeed sufficient for indirect effects to
become manifest and that the experimental food webs are
dominated by a mixture of direct and indirect effects. Conse-
quently, our empirical measures of net effects offer a clearer
insight into the interactions taking place in the system.

It is recognised that biodiversity-ecosystem functioning
(BEF) research needs to evolve from a largely confirmatory
science to a more predictive discipline (Naeem & Wright
2003). Central to that dictum is the need for unifying patterns
in natural systems that can be identified, measured and pre-
dicted within the logistical constraints of the natural world.
Such an approach will require the integration of sub-disci-
plines (Ives, Cardinale & Snyder 2005), including BEF
research and investigations of PPI, which ultimately describe
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food webs. A concerted research effort has demonstrated
that the patterning of interaction strengths between preda-
tors and their prey is a vital ingredient in the successful func-
tioning of complex ecosystems (McCann et al. 1998; Neutel
et al. 2002; Emmerson & Raffaelli 2004; Montoya et al.
2005; O’Gorman & Emmerson 2009). Like so much of BEF
research however, there is a large disparity between these
studies in the methods used for calculating interaction
strength, both within and between theoretical and empirical
investigations. To promote an integration of BEF and PPI
research as a predictive science, we need to concentrate our
efforts on standardising methodologies in all aspects of the
discipline.

In this study, we show the predictive power of the commu-
nity matrix for estimating the strength of species interactions
in real food webs. With information on the body size and diet
of all the species in our webs, we were able to predict the
strength of the interactions (direct and indirect) between all
species. The interaction strengths predicted using this model-
ling approach are correlated to empirical measurements of
interaction strength taken in the field over two separate time
periods (particularly for the net effects). Importantly, the
method we used for predicting interaction strengths theoreti-
cally is closely matched to our empirical measurement of
interaction strengths (although they do differ in several
assumptions, which are discussed below). Schmitz (1997)
demonstrated that the inverse community matrix could be
used to predict the outcome of field press experiments. Those
results, in conjunction with our study, highlight the potential
importance of the inverse community matrix in predicting
knock-on effects of perturbations in natural food webs,
through complex chains of trophic interactions.

Although our study shows the large manipulated species to
have the weakest effects per unit biomass in the system, it is
also interesting to examine the taxa with the strongest effects.
Perhaps surprisingly, predatory polychaetes (particularly the
Syllidae and Nereidae), some amphipods (Corophiidae and
Dexaminidae), cyclopoid copepods and micro-gastropods
had the strongest mean interaction strength per unit biomass.
Nereid polychaetes have previously been shown to play an
important role in structuring soft-bottom communities
(Commito 1982). Deposit feeding amphipods are known to
have dramatic effects on the abundance of important basal
resources (Gerdol & Hughes 1994). Copepods serve as major
grazers of phytoplankton (Turner 2004) and as an important
link between microbial and pelagic food webs (Roff ez al.
1995). Small gastropods can be extremely abundant in shal-
low marine benthic communities and are likely to have large
impacts on the system through deposit feeding and grazing.
Little is known about their importance in an overall food
web context and their role as strong interactors in the experi-
mental food webs described here highlights the need for
detailed study of such species.

It should be noted that there are sources of error involved
in the estimation of both the theoretical and empirical effects.
For the theoretical predictions, we assumed a 10% transfer
of energy between trophic levels to estimate the direct effect
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of each prey on its predator. This assumption is based on the
second law of thermodynamics, which implies a low effi-
ciency of energy transfer between trophic levels (Brown &
Gillooly 2003). Empirical measurements of the transfer effi-
ciency of energy between trophic levels often range from 5%
to 15% (Lindeman 1942; Slobodkin 1962). In the absence of
more detailed data for individual predator-prey pairs, a 10%
transfer of energy is a reasonable approximation. The value
of the intercept in the power function is a free parameter. This
will not change the qualitative nature of the negative relation-
ship between the net effects and number of trophic links, but
it can affect the magnitude of the interaction strengths.
Although our theoretical predictions and empirical estimates
of direct effects were of the same order of magnitude, our the-
oretical predictions of net effects tended to be an order of
magnitude lower than our empirical estimates of net effects.
Changing the value of the intercept would correct this differ-
ence. We also accept that the use of a metabolic scaling expo-
nent of —0-25 (derived from M°7° divided through by mass,
to express effects in units of biomass; see Supporting Infor-
mation Appendix S1) can be contentious (Kozlowski & Kon-
arzewski 2004) and works best when spanning body sizes
from whales to microbes (West et al. 1997). But we contend
that the body sizes of organisms in our study still span over
10 orders of magnitude. This is comparable to Tuesday Lake,
one of the best defined food webs in the literature, which finds
body mass-abundance relationships that agree with a meta-
bolic scaling of 0-75 (or —0-25 per unit biomass) (Jonsson
et al.2005).

In the empirical estimates of direct effects, the units of time
used in the dynamic index are undefined. We chose to mea-
sure the duration of the experiment in days, but the magni-
tude of the empirical direct effects would be different if we
had chosen weeks or hours. Again, this does not alter the
qualitative, only the quantitative nature of the results. The
empirical estimates of net effects also incorporate non-tro-
phic, as well as trophic, interactions. This is different from
the theoretical predictions of net effects, which do not take
account of non-trophic interactions in the food webs. It is
compelling that we find the same patterns and indeed a
strong correlation between the theoretical predictions and
empirical estimates of interaction strength, over two separate
time periods, in spite of these issues (see Fig. 4). This also
suggests that the presence of non-trophic interactions in the
empirical measures of interaction strength is not sufficiently
important to overwhelm the patterns shown in the theoretical
predictions, in spite of previous evidence highlighting the
importance of (non-trophic) trait-mediated indirect interac-
tions (Werner & Peacor 2003; Preisser, Bolnick & Benard
2005; O’Gorman et al. 2008).

Lastly, it should be noted that net effects measure the com-
bined contribution of every species present in a system on a
particular species, in response to a manipulation of another
species. Thus, each net effect is uniquely associated with the
species composition of the community in which it is mea-
sured. We also acknowledge that stochastic processes associ-
ated with these complex natural communities will lead to

variation in species composition, which is impossible to con-
trol for experimentally. This can lead to misinterpretation of
the empirical net effects and probably accounts for much of
the unexplained variability in the relationships with the num-
ber of trophic links. In addition, our experimental design
necessitated that each sub-community began with a different
manipulated species in isolation. The extent to which the net
effects would change for the aggregate communities shown in
Figs S1 and S2 (Supporting Information) is unknown and
beyond the scope of the present study. Future studies could
examine the extent to which a species’ mean net effect in the
community changes with the addition or removal of highly
connected species.

Interestingly, we find that the pattern of decreasing mean
net effect with increasing number of trophic links still holds
when we randomise the body sizes used to theoretically pre-
dict interaction strength (see Fig. 5). Given two predators of
equal size, we would expect the more highly connected preda-
tor to have weaker net effects because of s; in our equation
for T”a[,-. By randomising body size, however, we would
expect some cases where highly connected predators are very
small and so possess weak net effects. This implies that the
strength of direct trophic interactions (and hence the empiri-
cal pattern of body mass) is not the factor driving the magni-
tude of the net effects (Yodzis 1988). Rather, the pattern of
net effects seems to be intrinsically linked to the topology of
the food web. The definitive test of this would be to rando-
mise topology and see if the pattern between net effects and
number of trophic links is destroyed. To randomise topology
is to completely change the interacting species and the struc-
ture of the food webs under investigation however, and this is
no longer a viable comparison with our other estimates of
species net effects.

Many studies have quantified the importance of structured
hierarchies for the determination of food web topology (Wil-
liams & Martinez 2000; Petchey et al. 2008). In this context,
food web structure reflects the topological arrangement of
interaction strengths, which are also known to be size struc-
tured. Whilst, the arrangement of direct effects, determined
by the empirical pattern of predator and prey body mass, has
been shown to affect food web stability (Emmerson & Raffa-
elli 2004; Brose et al. 2005; Otto et al. 2007), here the identity
of the predators and their prey and their respective body
masses also contribute to food web topology. This suggests a
deficit in our understanding of food web structure and func-
tion and implies that there is a need to integrate dynamic and
topological approaches for predicting the behaviour of com-
plex systems, which is currently missing (although see Pet-
chey et al. 2008). The approach presented here provides a
way of identifying the relative importance of species in a food
web context. We have been able to show that there is a strong
relationship between empirical and theoretical patterns in the
same complex natural food web, which is worthy of further
exploration in a wider range of experimental systems. Such a
multi-system approach to predicting changes in species
importance and the magnitude of species interactions would
be an extremely useful tool in conservation biology.
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