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ABSTRACT: The green crab Carcinus maenas (L., 1758) is a highly invasive species that has
altered various coastal marine ecosystems worldwide. Green crabs were first found on the Argen-
tinian Patagonian coast in 2001 and were detected in Golfo Nuevo (Chubut, Argentina) in 2015.
In this study, we described a rocky intertidal food web in the Golfo Nuevo and evaluated the effect
of green crab invasion on the network. We assembled the intertidal food web from a compilation
of diet studies and compared 2 scenarios: pre-invasion (without green crab) and post-invasion
(with green crab). We calculated several structural network metrics to compare the scenarios. The
green crab was positioned as a top predator in the intertidal food web, consuming prey from dif-
ferent trophic levels and exhibiting the capacity to exert top-down control. Green crab presence
altered the structure and stability of the food web. Additionally, we evaluated the effect of poten-
tial competitive interactions between native species and the green crab on the food web. Possible
competitive interactions increased the effect the green crab had on the structure of the food web.
Our results show that green crab invasion decreased food web stability by reducing the capacity
of the food web to contain small- and long-range disturbances. These results contribute to the
assessment and monitoring of the possible effects of other factors of global change. The system is
less stable than before green crab invasion, and the drastic changes in community composition
already recorded in rocky intertidal ecosystems in Patagonia are more likely to amplify through
the food web.

KEY WORDS: Ecological networks - Invasive species - Food web stability - Modularity - Omnivory -
Quasi-sign-stability - Niche overlap

Resale or republication not permitted without written consent of the publisher

1. INTRODUCTION

Biological invasions are one of the main causes of
ecosystem change (Gallardo et al. 2016). Non-native
species establish new ecological interactions with
resident species upon arrival in colonized ecosys-
tems. The impacts of invasions on communities are

*Corresponding author: georginacordone@gmail.com

hard to predict, as direct and indirect interactions
can trigger both positive and negative effects on res-
ident species (Thomsen et al. 2011a,b, David et al.
2017). One example of a direct interaction is preda-
tion by non-native species, which typically leads to
size reductions in native populations and can ulti-
mately result in local species extinctions (e.g. Med-
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ina et al. 2011, Green et al. 2012). Indirect interac-
tions, such as exploitation and apparent competition,
may also cause native populations to decline (White
et al. 2006, Dangremond et al. 2010). Simultaneously,
non-native species may have positive effects on resi-
dent species (Rodriguez 2006), such as increasing
food availability for resident species in high trophic
positions or providing new habitats for other species
(Thomsen et al. 2010). For instance, the invasive kelp
Undaria pinnatifida (Harvey) Suringar, 1873, forms
dense seasonal forests that provide refuge for differ-
ent species of benthic macroinvertebrates in Golfo
Nuevo (Irigoyen et al. 2011a). However, these same
kelp forests interfere with the habitat of rocky reef
fishes, resulting in a decrease in the abundance of
these fishes (Irigoyen et al. 2011b). Therefore, biologi-
cal invasions are complex phenomena that involve
multiple factors and can trigger different responses in
resident species. Ecological networks provide ameans
to study complex ecosystems and their response to
changes, such as the introduction of invasive species,
by considering all species and interactions in a com-
munity (Frost et al. 2019). Ecological networks consist
of well-established mathematical models that can
capture ecological complexity, formally describe spe-
cies coexistence and interactions, and help us under-
stand community structure, stability, and ecosystem
functioning (Layman et al. 2015, Landi et al. 2018).
Ecological networks include different interactions
between species: predator-prey interactions, mutu-
alism, competition, amensalism, and commensalism
(Bersier 2007). Trophic interactions are easier to rec-
ognize than other ecological interactions due to the
presence of prey in the guts or feces of the predator
or by direct observation of the predator feeding
under field conditions. For this reason, the most ex-
tensively described and analyzed ecological net-
works are those that summarize trophic interactions,
known as food webs (Bersier 2007). Food webs are
essential descriptors for understanding ecosystem
functioning, and their study can provide insights into
almost all areas of ecology, ranging from population
dynamics to nutrient cycles (Layman et al. 2015). The
effect of an invasive species on a food web depends
on 2 factors: invasiveness and invasibility (Frost et al.
2019). Invasiveness is determined by non-native spe-
cies traits such as phenotypic plasticity, body size,
and diet breadth (Drenovsky et al. 2012, Lurgi et al.
2014), whereas invasibility is determined by commu-
nity features such as food web structure (Hui et al.
2016, Smith-Ramesh et al. 2017). Food webs with
higher biodiversity are expected to be more resistant
to invasions; however, more diverse communities

also harbor a higher richness of invaders (Kennedy et
al. 2002, Stachowicz & Byrnes 2006, Galiana et al.
2014). Knowing the food web structure and non-
native species interactions is crucial to understand-
ing how a biological invasion may affect a native eco-
system.

‘A map is not the territory' (Korzybski 1933, p. 750)
but it is useful to navigate through it. Similarly, the
flows of matter and energy and the trophic interac-
tions between species represent only the topological
structure of the food web. While network structure is
useful for many questions, it leaves out many species
characteristics that are important for description and
analysis. Species exhibit plasticity, respond to envi-
ronmental stimuli, and show a certain degree of dis-
turbance resilience (Miner et al. 2005, Canale &
Henry 2010, Hughes et al. 2012, Norin & Metcalfe
2019). If a species loses its main prey item, it will most
likely switch to an alternative prey, reducing the risk
of extinction cascades in the food web (Borrvall et al.
2000; e.g. Belleggia et al. 2017). Moreover, within the
same species, individuals can have variable diets de-
pending on their life stage, sex, and environmental
conditions such as prey availability (e.g. Koen Alonso
et al. 2002, Gulka et al. 2017, Pasti et al. 2021). None
of these factors are accounted for when analyzing the
topological structure of a food web.

The representation of a food web based on its topo-
logical structure is a way to visualize the trophic rela-
tionships among species within an ecosystem. This
approach is static and focuses on the presence or ab-
sence of species and their interactions in the food
webs (Cohen 1977, Dunne 2006). However, there are
also dynamic approaches that consider the trophic
interactions and the dynamic between species (Eben-
man et al. 2004, Riede et al. 2011). The dynamic ap-
proach can detect responses to disturbances that the
topological approach cannot (Ebenman & Jonsson
2005). Nonetheless, the dynamic approach requires
knowledge of the population dynamics of all species
in the ecosystem, which makes it challenging to scale
up for highly resolved food webs. In contrast, the
topological approach is useful for studying highly re-
solved food webs since it only requires knowledge of
food web structure (Eklof et al. 2013). Allesina & Pas-
cual (2008) demonstrated that food web topology de-
termines food web local stability and influences sta-
bility more than interaction forces do. Studies
characterizing food web topology have shown that
common structure properties exist (Montoya & Solé
2003, Vermaat et al. 2009, Marina et al. 2018). These
structural properties, such as motif presence, are re-
lated to population dynamics in ecosystem and food
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web stability (Rooney & McCann 2012, Monteiro &
Faria 2016). Therefore, studying food web topology is
crucial to understand how food webs respond to envi-
ronmental changes. For example, analyzing food web
topology can help us understand the extent of inva-
sive species effects on an ecosystem, as invasive spe-
cies can establish new trophic interactions with resi-
dent species and alter important structural food web
properties (Frost et al. 2019).

Rocky intertidal ecosystems along the Argentine
coasts exhibit differences from other intertidal ecosys-
tems worldwide. The number of predator species is
relatively low, and they are primarily small-bodied
(Palomo et al. 2019). The intertidal ecosystems on
Patagonian rocky shores are exposed to harsh physi-
cal conditions, have low consumer pressure, and com-
munity structure is mainly driven by environmental
factors (Bertness et al. 2006, Hidalgo et al. 2007). Re-
cently, the green crab Carcinus maenas (Linnaeus,
1758), which is native to northwestern Europe and
Africa, has invaded the Patagonian rocky shore at
Golfo Nuevo (Chubut, Argentina) (Torres & Gonzalez-
Pisani 2016). Green crabs are voracious predators that
may exert strong predation pressure within intertidal
ecosystems (Hidalgo et al. 2007, Rossong et al. 2012).
Green crabs have damaged various populations of
mollusks and crustaceans globally, making them one
of the non-native marine species that have caused a
significant ecological change in invaded ecosystems
(Grosholz et al. 2000, Poirier et al. 2017, Anton et al.
2019). The damages caused by C. maenas are so se-
vere that governments and countries are making
tremendous efforts to eradicate them from invaded
sites (Ens et al. 2022). Although there are 129 invasive
and 72 cryptogenic species recorded on the Argentine
coast, their impacts on invaded ecosystems are still
relatively unknown (Orensanz et al. 2002, Palomo et
al. 2019, Schwindt et al. 2020). Invasive green crabs
may have negative impacts on community structure
not only by increasing predation pressure but also by
interfering with facilitation processes and competing
with other species (e.g. McDonald et al. 2001). Green
crabs have a diverse diet, consume numerous prey,
and occupy the third trophic level (TL) in the inter-
tidal at Golfo Nuevo (Cordone et al. 2022). Non-native
predators at high TLs typically have larger negative
impacts on resident species and food web structure
(David et al. 2017). The high predation rate of green
crabs on habitat formers, such as mussels, can result
in a refuge loss for other intertidal species, which may
ultimately lead to a marked decrease in biodiversity
(Hidalgo et al. 2007). It is expected that non-native
predators will trigger adverse effects at lower TLs,

and the depletion of resident species is a common re-
sult of direct predation (David et al. 2017). The green
crab invasion poses a serious threat to Patagonian
species that live in rocky intertidal environments
since it can affect them through direct predation or in-
direct interactions such as competition.

This study aimed to reconstruct the food web of the
rocky intertidal ecosystem in Patagonia and evaluate
the impact of the introduction of a non-native spe-
cies, the green crab, on the food web at a recently in-
vaded site. Since green crabs have a diverse diet, oc-
cupy a high TL, and the intertidal Patagonian rocky
ecosystems lack analog native predators, we hypo-
thesized that green crab presence will alter food web
structure and decrease its stability. We anticipated
that food web metrics, which are positively corre-
lated with stability, would decrease when the green
crab is included in the network description. Addi-
tionally, we expected that the mean TL and the
amount of omnivory would increase with the incor-
poration of the green crab into the food web. Beyond
predation, green crabs can also establish other inter-
actions with resident species, such as competition for
food. Therefore, we expected changes in food web
structural metrics to be positively correlated with the
number of potential green crab competitors affected.

2. MATERIALS AND METHODS

2.1. Food web assembly and the inclusion
of the green crab

We conducted an exhaustive bibliographic search
of scientific publications such as published papers,
and graduate and undergraduate theses on marine
species in the Patagonian intertidal rocky shore at
Golfo Nuevo (Fig. 1). We used the search engine
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Fig. 1. (a) Location of the study site on the Argentinian coast;
red box: Golfo Nuevo. (b) Golfo Nuevo; red star: the city of
Puerto Madryn in Chubut, Argentina



100 Mar Ecol Prog Ser 713: 97-115, 2023

‘Google Scholar' and national repositories such as the
Instituto Nacional de Investigacién y Desarrollo Pes-
quero (https://marabierto.inidep.edu.ar/home) and
Consejo Nacional de Investigaciones Cientificas y
Tecnicas (https://ri.conicet.gov.ar/). We selected 37
scientific publications after the bibliographic search
to build the intertidal food web (see the Supplement
at www.int-res.com/articles/suppl/m?713p097_supp.
xlsx). The scientific publications mainly comprised
community composition and trophic ecology studies
based on gut contents, feces, and regurgitation obser-
vations. Investigations using stable isotopes or fatty
acids and studies about feeding preference under lab-
oratory conditions were not included, as they did not
provide information suitable for a qualitative and high-
resolved network description. We only considered spe-
cies associated with rocky intertidal ecosystems and
excluded species exclusively associated with sandy
intertidal ecosystems. After the first food web assembly,
we consulted local experts from different laboratories
at the Centro Nacional Patagénico (CCT CONICET-
CENPAT) for each taxonomic group: marine inverte-
brates, fishes, and birds. As a result of this expert con-
sultation, some trophic species and trophic interactions
were modified, and we added new interactions not
previously reported in the literature. Through this pro-
cedure, we obtained a highly resolved food web.

Food webs are composed of nodes representing
trophic species and links representing trophic inter-
actions (i.e. flow of matter and energy from re-
sources to consumers), where S represents the num-
ber of trophic species and L represents the number of
trophic interactions. Trophic species can correspond
to biological species (e.g. macroalgae: Ulva lactuca
Linnaeus, 1753; mollusks: Trophon geversianus (Pal-
las, 1774); fish: Patagonotothen guntheri (Norman,
1937)), groups of organisms that share the same set of
predators and prey (e.g. hyperids, copepods, phyto-
plankton), and non-living compartments of matter
and energy such as detritus. Hereafter, the term 'spe-
cies' will be used as a synonym for ‘trophic species’
(Briand & Cohen 1984). All food webs are associated
with an adjacency matrix, which is a binary square
matrix with the species list in columns and rows.
Trophic interactions are represented by ‘a; = 1" in the
adjacency matrix, whereby the species in column (j)
consume the species in row (i).

The information generated from previous work on
the diet of the green crab in the study area was used
to incorporate the species into the food web descrip-
tion (Cordone et al. 2022). We identified 30 prey spe-
cies of the green crab and added those interactions
into the intertidal food web description. We also

added one interaction between the green crab and
the kelp gull Larus dominicanus Lichtenstein, 1823,
as it was recently observed that kelp gulls eat green
crabs (Yorio et al. 2020). In this way, the intertidal food
web was constructed using information from the liter-
ature, expert consultation, and Cordone et al. (2022).

2.2. Evaluation of direct effects of the green crab
on the food web

We analyzed food web structure and stability
based on the following network metrics widely used
in food web studies (Pimm 1982, Cohen et al. 1990,
Pascual & Dunne 2006, Bascompte 2009): character-
istic path length (CPL), clustering coefficient (CC),
mean TL (meanTL), omnivory (Om), modularity (Mod),
and quasi-sign-stability (QSS).

TL indicates a species’ position in the food web
(Eq. Al in the Appendix). It summarizes a species’
distance from the source of matter and energy, where
basal species such as autotrophs have a TL of 1 (Lin-
deman 1942, Odum & Heald 1975). Food webs with
low meanTL exhibit efficient energy transfer (Bor-
relli & Ginzburg 2014). CC measures the likelihood
that 2 connected species are connected to a third one
(Eq. A2). CPL represents the average distance be-
tween each pair of species in the network, as meas-
ured by the link number that joins each species pair.
CPL has a complex relationship with stability (Kaun-
zinger & Morin 1998, Albert & Barabdasi 2002)
(Eq. A3). Low CPL values are associated with high
network stability; however, short chains can con-
tribute to rapid disturbance propagation (Newman
2003, Borrelli & Ginzburg 2014). QSS measures the
probability that a network will return to its equilib-
rium point after a small perturbation. This metric
ranges from 0 to 1, with QSS values close to 1 indica-
ting high stability (Allesina & Pascual 2008). Om rep-
resents the species fraction that feeds at different TLs
(McCann & Hastings 1997, Kuijper et al. 2003). High
Om values are generally destabilizing, but interme-
diate levels promote stability when weak interactions
predominate (Gellner & McCann 2012, Wootton
2017). Mod reflects how strongly species subgroups
interact with species in other subgroups (Krause et
al. 2003, Newman & Girvan 2004) (Eq. A4). High
Mod values promote stability by containing distur-
bances within the subgroup where they occur and
preventing their transfer to the rest of the network
(Stouffer & Bascompte 2011, Grilli et al. 2016).

To assess the direct impacts of the green crab on the
intertidal food web, we compared 2 food-web scenar-
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ios: one simulating the pre-invasion state without the
green crab and the other including the green crab as a
node to simulate the post-invasion state. We used the
curve-ball algorithm to generate 1000 simulated food
webs per scenario. The curve-ball algorithm gener-
ates simulated networks that maintain the degree (D)
of the species, i.e. the number of incoming and out-
coming links per node (Strona et al. 2014). These sim-
ulated food webs preserve key structural properties,
such as the distribution of top, intermediate, and basal
species, while varying in other properties, such as CC
or CPL. The curve-ball algorithm simulates ecologi-
cally meaningful food webs that can be used for com-
parisons (Strona et al. 2014, Kortsch et al. 2019). Re-
cently, this approach has been successfully applied
when comparing food webs across different ecosys-
tems (Cordone et al. 2020, Rodriguez et al. 2022,
Funes et al. 2022).

After generating the simulated food webs, we cal-
culated the CPL, CC, meanTL, O, Mod, and QSS for
both food web scenarios. To compare these metrics,
we calculated effect size as quantile shift (Q) follow-
ing Wilcox's (2018) magnitude criterion: undetectable
(Q < 0.5), small (Q > 0.55), medium (Q > 0.65), and
large (Q >0.7).

2.3. Evaluation of indirect effects of the green crab
on the food web

Green crabs can affect other species in the food
web not only directly, but also by establishing other
types of ecological interactions. One type of interac-
tion that invasive species can establish with resident
species is competition (McDonald et al. 2001, Ciancio
et al. 2008, Layman & Allgeier 2012). Probable com-
petitive interactions can be identified through sec-
ondary graphs (Lundgren 1989). All food webs are
associated with 2 secondary graphs: the common
enemies graph and the niche overlap graph. The first
is built by linking prey that share at least one preda-
tor, and the second is built by linking predators with
at least one prey species in common (Bersier 2007).
These graphs are useful since they explicitly show
the indirect interactions between predators and prey
in an ecosystem and can serve to elucidate indirect
mechanisms between species, such as apparent com-
petition (Holt & Lawton 1994).

We constructed the niche overlap graph to establish
possible competitive interactions (Fig. Al in the Ap-
pendix). We define species susceptible to competition
as those species that shared more than 75% of their
prey with the green crab in the niche overlap graph.

We chose a threshold of 75 % because in other marine
food webs, a true collapse in the system is only de-
tected once this threshold is reached (Cordone et al.
2018). In addition, we chose a high threshold because
we lack information on prey proportions in predators’
diets, so we selected a conservative threshold to avoid
overestimating indirect green crab effects on the food
web. Detritivorous species were not considered as
possible competitors. The green crab is an active car-
nivore that feeds especially on mollusks and crus-
taceans (Grosholz & Ruiz 1996, Chen et al. 2004). Our
previous work on green crab diet showed that green
crabs at Golfo Nuevo display a high TL and mainly
consume bivalves (Cordone et al. 2022). Therefore,
green crab consumption pressure over debris is prob-
ably low at the study site. Furthermore, there are
large amounts of organic matter originating from an-
other invasive species in Golfo Nuevo waters, the
brown algae U. pinnatifida. U. pinnatifida has had a
great impact on the ecosystem since it increased the
amount of debris available considerably at the inter-
tidal zone (Bunicontro et al. 2019). In fact, biomass
values recorded in 2019-2020 were much higher than
previous records obtained at the same site before the
green crab invasion (Lozada et al. 2022). We identified
2 types of possible competitors: (1) mobile species and
(2) sessile or sedentary species (Table 1). Mobile spe-
cies correspond to organisms that can consume prey
outside the intertidal zone (birds and fish with action
range wider than the rocky intertidal), while sessile or
sedentary species are benthic species with smaller ac-
tion ranges that feed only in the intertidal zone. The
effect that the green crab has on possible competitors
differs depending on the species’ movement capacity.
The effect expected on mobile species is a range shift
to areas with less competitive pressure (lower abun-

Table 1. Classification of potential competitors of green crab ac-
cording to their ability of movement: mobile, sessile, or seden-
tary species. Potential competitors are those species that share

more than 75 % of their prey with the green crab

Classification Susceptible species

Mobile Calidris alba (Pallas, 1764)

Charadrius falklandicus Latham, 1790
Ribeiroclinus eigenmanni (Jordan, 1888)

P. sima (Richardson, 1845)
Anthothoe chilensis (Lesson, 1830)
Diadumene lineata (Verrill, 1869)
Serolis sp. Leach, 1818

Trophon geversianus (Pallas, 1774)

Sessile or
sedentary

Helcogrammoides cunninghami (Smitt, 1898)

Patagonotothen cornucola (Richardson, 1844)
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dance of green crabs), while the effect expected on
sessile and sedentary species is local extinction at
those sites with greater competitive pressure (greater
number of crabs). Both events can occur at the same
time. However, a range shift will probably happen
sooner since it implies a behavioral change in the or-
ganisms in the area. Meanwhile, local extinctions in-
volve population processes of low recruitment and
high mortality.

Based on this information, we proposed 3 scenar-
ios: (1) the removal of mobile species, (2) the removal
of sessile or sedentary species, and (3) the joint re-
moval of mobile, sessile, and sedentary species. These
3 scenarios represent the indirect effects caused by
the green crab on the rocky intertidal food web and
were named Case A, Case B, and Case C, respectively.
We calculated and compared CPL, CC, meanTL, Om,
Mod, and QSS for the 3 scenarios as described in
Section 2.2.

All network metrics were calculated with the R
package 'multiweb’ (Saravia 2019), and effect sizes
were calculated using the "WRS2' package (Mair &
Wilcox 2020). The database containing the intertidal
food web is provided in the Supplement.

3. RESULTS

3.1. Food web assembly and inclusion
of the green crab

The intertidal food web without the green crab, in
the pre-invasion scenario, was composed of 87 tro-
phic species and 454 trophic interactions. In the post-
invasion scenario, 31 trophic interactions and one
node corresponding to the invasive species were
added to the intertidal food web, resulting in a food
web with 88 species and 485 trophic interactions. The
green crab was positioned at one of the highest TLs
(TL = 3.21), preying on 35 % of the species inhabiting
the intertidal area (Fig. 2). The top predators in the
intertidal food web were 2 bird species, Larus domi-
nicanus (TL = 3.37) and Haematopus ater Vieillot &
Oudart, 1825 (TL = 3.38), a cephalopod species Octo-
pus tehuelchus d'Orbigny [in Férussac & d'Orbigny],
1834 (TL = 3.44), and a gastropod species Epitonium
fabrizioi Pastorino & Penchaszadeh, 1998 (TL = 4.15).
In addition, the green crab was found to be among the
most connected species, with a high degree (D =
31), being surpassed only by detritus (Dgeitus = 36)-

Fig. 2. Representation of the rocky intertidal food web of Puerto Madryn (Golfo Nuevo, Argentina). Each node represents a

species and each arrow represents a trophic interaction, which indicates the flow of matter and energy from resources to con-

sumers. The size of each node is relative to the species degree (sensu Strona et al. 2014), while the vertical scale represents the

trophic level. The ID is indicated within the nodes (see Table A1l in the Appendix). The green crab Carcinus maenasis represented
as a green node, and its trophic interactions are highlighted in green
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3.2. Direct effects of the green crab
on the food web

We observed changes between the pre- and post-
invasion scenarios in 4 out of the 6 analyzed metrics
(Fig. 3, Table 2). As expected, CC and meanTL in-
creased in the post-invasion scenario. The meanTL
increased because green crabs have a high TL in the
intertidal food web (fifth out of 87 species). The effect
size magnitude for meanTL comparisons between
the pre- and post-invasion scenarios was one of the 3
largest (0.88). An increase in meanTL implies a less
efficient network in transporting energy. The in-
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crab in the network, the probability that 2 species
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food web increased with the largest effect size (0.96).
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nario comparisons (0.91). Mod decreased because
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Fig. 3. Network metrics for the pre- and post-invasion scenarios in the Patagonian rocky intertidal: (a) characteristic path
length (CPL), (b) clustering coefficient (CC), (c) mean trophic level (meanTL), (d) omnivory (Om), (e) modularity (Mod), and
(f) quasi-sign-stability (QSS). Dotted lines: empirical values; bars: curve-ball simulations
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Table 2. Effect size estimates by quantile shift (Q) for net-
work metrics for the pre- and post-invasion scenarios in the
Patagonian rocky intertidal. Effect undetectable (Q < 0.5),
*small (Q > 0.55), **medium (Q > 0.65), ***large (Q > 0.7)

Network metric Effect size (Q)

Characteristic path length
Clustering coefficient
Mean trophic level
Omnivory

Modularity
Quasi-sign-stability

0.02 (0.00, 0.08)
0.96 (0.95, 0.97)***
0.88 (0.85, 0.90)***
0.26 (0.18, 0.32)

0.91 (0.89, 0.93)***
0.76 (0.72, 0.80)***

with a magnitude of effect size of 0.76. Mod and QSS
are indicators of the capacity of the food web to con-
tain disturbances. In this sense, the food web in the
post-invasion scenario was less stable than in the
pre-invasion scenario. On the other hand, CPL and
Om did not show differences between pre- and post-
invasion and had undetectable effect size magni-
tudes (0.02 and 0.26, respectively).

3.3. Indirect effects of the green crab
on the food web

We observed changes between the pre- and post-
invasion scenarios in most of the analyzed metrics
when considering indirect effects (Fig. 4, Table 3).
The meanTL, Mod, and QSS decreased in the post-
invasion scenario, whereas CC increased. Om de-
creased only in Case C, when all possible competi-
tors were lost, and QSS did not change in this case.
The magnitude of the effect size was large for CC
(0.96 for Case A; 0.97 for Cases B and C), the meanTL
(0.96 for Cases A and B; 0.94 for Case C), and Mod
(0.98 across all 3 cases). CPL exhibited a large effect
size for Case C (0.78), medium for Case A (0.69), and
undetectable for Case B (0.09). Om exhibited a large
effect size for Case C (0.89) and was undetectable for
Cases A and B (0.45 and 0.23, respectively). QSS
showed median effect sizes for Cases A and B (0.57
and 0.56, respectively) and was undetectable for
Case C (0.07). It is worth noting that the effect of the
green crab on network metrics had larger effect sizes
when considering indirect interactions than only
considering direct interactions (Section 3.2). This
happened for all network metrics except QSS.
Indeed, we detected changes in the 2 network met-
rics with previously undetectable effect sizes, Om
and CPL, when we considered all the possible com-
petitive interactions (Case C).

4. DISCUSSION

To our knowledge, this study constitutes the first
published reconstruction of a rocky intertidal food web
in Patagonia, Argentina. We confirmed our general
hypothesis, that the presence of green crabs alters food
web structure and stability, by detecting changes in
the network metrics with high effect sizes. The changes
triggered by green crab presence decreased food web
stability, as we expected. We also identified 10 potential
competitors to green crabs and observed that pertur-
bations in these potential competitors enhanced alter-
ations in most of the analyzed network metrics.

4.1. Food web assembly and inclusion
of the green crab

Samplings conducted by the Census of Marine Life
(CoML) using the Natural Geography in Shore Areas
(NaGISA) protocol in the rocky intertidal of Punta
Este (Puerto Madryn, Golfo Nuevo) recorded a total
of 34 species of benthic invertebrates and 29 macro-
algae (Rechimont et al. 2013). We reconstructed the
rocky intertidal food web, considering a large num-
ber of these species (87 trophic species) and with
high resolution (more than 400 interactions). Net-
work metrics, such as the distribution of basal/
intermediate/top species, Om, CPL, and mean TL,
coincided with other rocky intertidal food webs
(Mendonca et al. 2018). Additionally, debris was the
highest degree node, as in other intertidal food webs
(McMeans et al. 2013). The green crab plays a key
role in the intertidal food web by directly preying on
a large number of species and occupying a high TL.
It was the most connected consumer, preying on 30
species and displaying a TL of 3.21. The maximum
TL was 4.15 in the rocky intertidal food web at our
study site. Our estimation of the TL of the green crab,
obtained through food web reconstruction, was simi-
lar to the value of 3.10 obtained by stable isotope
analysis of the same population (Cordone et al. 2022).
Intertidal food webs are usually short, with maximum
TLs between 3 and 4 (Schaal et al. 2010, McMeans et
al. 2013, Vinagre et al. 2015, 2018). The maximum TL
of the Patagonian intertidal rocky food web was
within this range and was occupied by a specialist
gastropod species that feeds on anemone, Epitonium
fabrizioi. It is worth noting that invertebrate species,
such as sea stars, act as top predators in benthic habi-
tats (Amiraux et al. 2023). However, the Patagonian
rocky intertidal ecosystems lack large invertebrates
acting as top predators. In this sense, green crabs,
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Fig. 4. Network metrics for the pre-and post-invasion scenarios in the Patagonian rocky intertidal considering indirect effects.
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stability (abbreviations as in Fig. 3). Horizontal lines: median; lower and upper hinges: first and third quartiles (25" and 75®

percentiles); individual points: outliers (data > 1.5 x IQR). The 4 analyzed cases are the pre-invasion scenario (without green

crabs), the removal of mobile species (Case A), the removal of sessile or sedentary species (Case B), and the joint removal of
mobile, sessile, and sedentary species (Case C)

with high TLs, are occupying a new role in the inter-
tidal ecosystem and can trigger cascading top-down
effects (Moran et al. 1996, Alvarez et al. 2013, Papa-
costas & Freestone 2019). Trophic cascades are indi-
rect species interactions that originate with predators
and spread downward through food webs via top-
down forcing (Ripple et al. 2016). Green crabs feed-
ing on intermediate consumers allowed non-native
basal and non-native low-TL species to become more
abundant in estuarine communities (Locke et al.

2007, Papacostas & Freestone 2019). Grosholz et al.
(2000) observed that green crabs exerted strong top-
down control, significantly reducing the abundances
of several invertebrate species in central California.
Similarly, green crabs in Patagonia could exert top-
down control, reduce intermediate consumer abun-
dances, and favor the proliferation of non-native
basal species. For example, green crabs could benefit
some algae species by preying on herbivores, as
observed in other sites (Trussell et al. 2017).
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Table 3. Effect size estimates by quantile shift (Q) for network metrics for the pre- and post-invasion scenarios in the Patagon-
ian rocky intertidal considering indirect effects. Effect undetectable (Q < 0.5), *small (Q > 0.55), **medium (Q > 0.65),
***large (Q >0.7)

Network metric

Effect size (Q)

Case A

Case B Case C

Characteristic path length
Clustering coefficient
Mean trophic level
Omnivory

Modularity
Quasi-sign-stability

0.69 (0.65, 0.73)**
0.96 (0.96, 0.97)***
0.96 (0.95, 0.97)***
0.45 (0.38, 0.57)
0.98 (0.97, 0.99)
0.57 (0.51, 0.61)

EEEY
*x

0.09 (0.02, 0.16)
0.97 (0.97, 0.98)***

( 0.78 (0.74, 0.82)***
(
0.96 (0.95, 0.97)***
(
(
(

)

0.97 (0.97, 0.98)***

0.94 (0.94, 0.95)***
0.23 (0.17, 0.29) )
0.98 (0.97, 0.99)*** )
0.56 (0.50, 0.60)** )

0.89 (0.73, 0.94)***
0.98 (0.97, 0.99)***
0.07 (0.02, 0.13

4.2. Direct eifect of the green crab on the food web

The presence of the green crab modified the
structure and stability of the intertidal food web
by altering network metrics such as CC, Mod,
QSS, and meanTL. We confirmed our predictions
of changes in Mod, QSS, and meanTL, but we did
not observe changes in Om. The inclusion of new
species or interactions into a food web does not
necessarily result in substantial changes in net-
work metrics. For instance, a comparison of other
marine food webs with larger differences in species
number and interactions (AS = 5 and AL = 72) does
not show differences in their Mod values (Q =
0.13) (Cordone 2022). However, a smaller differ-
ence, the inclusion of the green crab (AS = 1 and
AL = 31) had a high effect on Mod (Q = 0.91). In
this sense, the effects triggered on a food web
by species addition do not depend strictly on the
number of species or interactions added but on
species-level network characteristics and previous
food web structure (Lurgi et al. 2014, Frost et. al
2019).

Mod and the QSS are metrics related to distur-
bance propagation (Allesina & Pascual 2008, Stouffer
& Bascompte 2011, Grilli et al. 2016). In this sense,
incorporation of the green crab into the intertidal
food web affected the ability of the food web to both
contain small disturbances (i.e. QSS) and propagate
disturbances to a greater range (i.e. Mod). This find-
ing is particularly relevant given the recent drastic
changes in the rocky intertidal ecosystem at Golfo
Nuevo. At our study site, Mendez et al. (2021) ob-
served dramatic mass mortality events of foundation
species, Perumytilus purpuratus (Lamarck, 1819) and
Brachidontes rodriguezii (d'Orbigny, 1842). The dis-
turbances caused by these mass mortality events
may propagate more extensively or at a faster pace in
the intertidals of the Golfo Nuevo after the invasion
of green crabs than before it. Therefore, the presence

of green crabs has a significant impact on food web
stability and may contribute to further amplifying
future changes in the intertidal community composi-
tion. Mussels are one of the main prey items of green
crabs in Golfo Nuevo (Cordone et al. 2022). Although
the mussel mass mortality events were not related to
green crab presence, green crabs could have af-
fected the recovery of the mussels by preying on
them. Dare & Edwards (1976) observed high mortal-
ity of mussel beds due to green crab predation on
smaller individuals in North Wales. Similarly, green
crab predation pressure on mussels could be one of
the reasons why the mussel beds have not yet recov-
ered in the Golfo Nuevo. In the Northwestern Atlan-
tic, green crabs have damaged bivalves, cumaceans,
amphipods, and other crab populations (Grosholz &
Ruiz 1995, 1996, Grosholz et al. 2000). It is expected
that green crabs would also harm species of bivalves,
amphipods, and other invertebrates — especially those
that are their favorite prey —in Patagonia. The dras-
tic changes registered in the ecosystem coincide with
this presumption.

Mussel losses could simultaneously trigger changes
in the green crab diet. We described the green
crab diet before the mussel mass mortality events
happened (Cordone et al. 2022). It is well known
that green crabs can adapt their diet to prey avail-
ability. For example, green crabs altered their diet
from bivalves to consuming more algae in the pres-
ence of a competitor species in the northwestern
Atlantic (Griffen et al. 2008). However, in Golfo
Nuevo, after mussel populations declined, the num-
ber of Buccinastrum deforme shells with signs of
predation by green crabs increased (G. Bigatti pers.
comm.), and artisanal fishermen reported substantial
decreases in catches of this snail (D. Galvan pers.
obs.). An algae-based diet or increased consump-
tion of a scavenger such as B. deforme could impact
food web stability differently than a bivalve-based
diet, as studied here.
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4.3. Indirect effects of the green crab
on the food web

4.3.1. Competitive interactions for food

We observed changes in most network metrics
when assessing the indirect effects caused by the
competitive interactions between the green crab and
intertidal species. The meanTL, Om, Mod, and QSS
decreased for the 3 cases evaluated. The only metric
that showed an increase was CC. This response is
consistent with the results obtained when consider-
ing the direct effect on the food web (Section 4.2).
The incorporation of an omnivorous consumer of a
high TL such as the green crab had such a great in-
fluence on network structure that even after re-
moving several species, it continued to influence the
CC. Although the patterns were similar for mobile
species (Case A) and for sessile or sedentary species
(Case B), we observed differences in the responses.
CPL was not affected when sessile or sedentary spe-
cies were disturbed, but it was when mobile species
were disturbed. We expected the magnitude of the
changes to be greater when disturbing both sessile
and mobile species (Case C). This occurred for all
metrics except QSS. QSS did not show differences
when all susceptible species were disturbed to-
gether. This result highlights the non-linear nature of
food webs since, given the sum of disturbances, net-
work response is not necessarily equal to the sum of
individual responses. Non-linearity is considered an
essential feature of complexity where the principle of
superposition (the sum of responses) does not apply
(Ladyman et al. 2013).

We observed a decrease in food web Om when dis-
turbing both sessile and mobile species (Case C). Om
has a complex relationship with stability (McCann
& Hastings 1997, Kuijper et al. 2003, Gellner &
McCann 2012, Wootton 2017). A decrease in Om val-
ues in a network where weak interactions predomi-
nate can cause a decrease in network stability. It is
necessary to estimate interaction strengths to deter-
mine the effect of the reduction in Om on intertidal
food web stability. Predation pressure in the Pata-
gonian rocky intertidal is low (Bertness et al. 2006,
Hidalgo et al. 2007). Thus, if most trophic interactions
in the intertidal food web are weak, the decrease in
Om will result in a loss of stability. The alterations ob-
served in the network metrics, when considering the
indirect interactions resulting from competition for
food, imply that the impact of green crabs on the
structure and stability of the food web is greater than
that caused by predation alone (Section 4.2). Hence,

green crab presence increases the likelihood of
recent and potential future changes being magnified
in the intertidal ecosystem.

While a decrease in abundance or biomass of resi-
dent species is an early sign of the effects of an inva-
sion, it cannot be detected through our approach
(Ebenman & Jonsson 2005). The topological approach
is only capable of reproducing the complete loss of
one species as a local extinction or a range shift. It is
highly probable that before a species is lost, green
crab invasion leads to a decrease in the abundance
and biomass of native competitors. Interspecific com-
petition between green crabs and resident species is
difficult to document in the field, but under laboratory
conditions green crabs can out-compete other species
such as the lobster Homarus americanus H. Milne Ed-
wards, 1837 or the grapsid crab Hemigrapsus orego-
nensis (Dana, 1851) (Jensen et al. 2002, Williams et al.
2006, Young & Elliott 2019). Although it is impossible
to replicate the decrease in abundance or biomass
with the topological approach, it is useful to know
how perturbations in focal species modify the struc-
ture and stability of the global network by simulating
focal species loss in the food web (Albert et al. 2000,
Dunne et al. 2004). In this sense, our results showed
that potential competitive interactions between the
green crab and resident species alter food web struc-
ture and may trigger negative consequences for food
web stability.

4.3.2. Other indirect interactions

Beyond the effects that green crabs can cause as a
result of competition for food, they can also establish
other types of ecological interactions in invaded sites
(Fig. 5). One of these possible interactions is the
spread of parasites to native species. Green crabs are
infected by more microparasites than native crabs in
Golfo Nuevo (Frizzera et al. 2021). In this sense,
green crabs could potentially transmit parasites to
birds and carcinophagus fish in the invaded sites in
the Patagonia rocky shores (Cordone et al. 2022). In
the Dutch Wadden Sea, mass mortalities of birds
have been related to the transmission of parasites by
green crabs (Camphuysen et al. 2002). Additionally,
green crabs altered snail feeding behavior and trig-
gered changes in the abundance of barnacles and fu-
coid algae in rocky intertidal shores in New England
(Trussell et al. 2002, 2003, 2017). Species of native
snails at Golfo Nuevo may undergo similar effects
and trigger analogous changes in the local commu-
nity. Another possible competition interaction is for
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Fig. 5. Scheme of the confirmed and potential ecological interactions between the invasive green crab Carcinus maenas and
resident species at the Atlantic Patagonian intertidal food webs. Solid lines: confirmed ecological interactions; dotted lines: po-
tential interactions that are not yet confirmed. Solid red lines represent a direct negative relationship, which indicates preda-
tion on resident species. The width of the solid red line represents the food preference of the green crab. Dotted red lines: in-
direct negative relationship to resident species, which indicates competition for food or shelter and potential parasite transfer.
Solid green line: a direct positive relationship to bird species through food facilitation. The dotted green line represents a pos-
sible positive relationship to carcinophagus fish by food facilitation. F: phytoplankton; M: macroalgae; D: detritus; Z: zoo-
plankton; H: herbivores; C: native crabs such as Cyrtograptus angulatus or C. altimanus; B: bivalves; T: Trophon geversianus;
L: Larus dominicanus; P: fishes. Photo credits: Antonela Leiva and Georgina Cordone

refuge. Green crabs compete with other crab species
for refuge beneath rocks, shells, and other covers
(Jensen et al. 2002). We observed that since green
crabs arrived in Golfo Nuevo, other species of native
crabs, e.g. Cyrtograpsus spp. Dana, 1851, are more
difficult to find (G. Cordone pers. obs.). We hypothe-
size that green crabs compete with Cyrtograpsus
spp. for shelter since refuges at the rocky intertidal
are now largely occupied by green crabs (Fig. 5).

Green crabs can also harm native competitors by
feeding on them. At our study site, the potential com-
petitors detected by our selection criteria that were
also prey for green crabs were fish. Fish were found in
low frequency of occurrence in green crab guts
(<2 %) and could not be identified to the genus or spe-
cies level (Cordone et al. 2022). The predation pres-
sure exerted by green crabs on fish is probably low.
However, prey items that are shared between fish and
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green crabs are the main prey of the green crabs, in-
cluding amphipods, polychaetes, and bivalves. In this
sense, the indirect effects of green crabs on fish spe-
cies due to competitive interactions are probably
more important to fish populations than the direct ef-
fect caused by green crab predation (Fig. 5).

4.4. Study limitations

One limitation of our work is the lack of information
about interaction strengths. Estimating interaction
strengths is not a simple task since several pieces of
data on species’ biology and ecology are required,
such as intrinsic growth rates, carrying capacities,
and predator attack rates, among others (Binzer et al.
2016). There are methods that propose that interac-
tion strengths can be estimated from a few parame-
ters, such as species biomass and metabolic rates
(Barnes et al. 2018). We suggest that further studies
be conducted to estimate the interaction strengths in
the Patagonian intertidal food web based on these
few-parameter methods. Interaction strengths would
allow us to calculate weighted quantitative metrics
and might yield new insights into the effects of green
crab invasion that may go unnoticed with unweighted
qualitative metrics (Bersier et al. 2002). Additionally,
it would allow us to explore how changes in inter-
action strength may impact food web stability. As
mentioned earlier, food webs with high O and weak
interaction domination are more stable than those
with high O and strong interaction domination. We
observed that perturbations in all potential green
crab competitors decreased O in the food web. If
weak interactions dominate the food web with green
crabs, then a reduction in O implies a loss of stability.
On the other hand, if strong interactions dominate,
then a decrease in O implies a gain in stability.
Therefore, it is necessary to know the interaction
strengths in the food web of the Patagonian rocky in-
tertidal to clarify this issue.

Despite the aforementioned limitation, the ap-
proach used here was successful in detecting
changes in the intertidal food web. Recently, green
crab specimens were found in other Patagonian loca-
tions north of our study site (Miiller Baigorria et al.
2022). Hidalgo et al. (2005) predicted that green
crabs could colonize the eastern coast of South Amer-
ica from the mouth of the Magellan Strait (52°5S)
to southern Brazil (29°S) based on surface sea-
water temperature. More recently, Malvé et al. (pre-
print doi:10.1101/2020.11.04.368761) detected green
crab presence at Puerto Lobos (42°S) and, using

oceanographic variables and occurrence data, pre-
dicted a hotspot of invasibility around 40-33°S. One
main limitation to green crab expansion is tempera-
ture; larvae can only develop at 10-22.5°C (de Rivera
et al. 2007). Although adult green crabs can tolerate
a wide range of temperatures, larvae physiological
restriction may explain why green crabs were more
successful in expanding towards lower latitudes than
higher latitudes from the first detection point (Young
& Elliott 2019, Malvé et al. preprint doi:10.1101/2020.
11.04.368761). Global warming could promote the
expansion of the green crab to higher latitudes.
Higher temperatures increase invasion success in
food webs (Sentis et al. 2021). Changes in fish assem-
bly in Patagonia have already occurred; species from
warmer waters are expanding into northern and cen-
tral Patagonia, and alien species are advancing into
central and southern Patagonia (Galvan et al. 2022).
Analogously, green crabs may expand south as a
result of the temperature rise in Patagonia. Our re-
sults showed that their presence may alter the matter
and energy flows of the Atlantic Patagonian inter-
tidal assemblages by modifying food web structure
and stability, particularly the capacity of the food
web to recover after a disturbance. Green crabs
established negative interactions with their prey and
could potentially compete for food or refuge with
other species, such as other crabs (Fig. 5). In addition,
green crabs can become prey to species of higher
TLs, birds or fishes, and potentially transmit parasites
to their predators (Fig. 5). For this reason, it is of cru-
cial importance to study and monitor rocky intertidal
communities as this species continues to expand.
Network studies like this allow the detection of poten-
tial resident species that are being increasingly threat-
ened by non-native species. Species that have the
potential to compete for food with green crabs at our
study site could also be engaging in competition with
green crabs in other Atlantic Patagonian ecosystems.
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Appendix. Equations

Trophic level (TL)

TL,=1+)_) NTDC, (A1)

NT; represents prey trophic level and DCj; is the fraction of
prey (j) in the diet of consumer (i). Basal species have a
trophic level of 1.

Clustering coeificient (CC)

CC. =2 _5 (A2)
! k(k-1)

The CC reflects the probability that 2 nodes connected to a
third node are also connected to each other. The k; repre-
sents the degree of the focal node (i) and E; is the actual
number of neighbors of node (i) (i.e. the number of inter-
actions). In the case of a directed graph, such as a food
web, the maximum number of connections in a completely
connected neighborhood is the denominator k; (k; — 1).
When all nodes are neighbors, CC = 1.

Characteristic path length (CPL)

2 e .
CPL -1 ;;CPLM(L J) (A3)
CPL is a measure of efficiency in transporting information
through a network. CPL;, (i,j) is the shortest path be-
tween nodes (i) and (j), and Sis the total number of trophic

species.

Modularity (Mod)
I d
Mod= Y = - —= Ad
© ZL 2L (Ad)

s
Here, sis the number of modules or compartments, I is the
number of interactions between species in module s, d; is
the sum of degrees for all species in module s, and L is the
total number of interactions.

Fig. Al. Representation of the niche overlap graph. Each node represents a trophic species, and each arrow represents an in-

direct interaction between species. The arrow points out 2 species that share at least one prey. Arrow width is proportional to

the number of shared prey; ID is indicated within the nodes (see Table A1). The green crab Carcinus maenas is represented as
a green node, and its indirect interactions are highlighted in red
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Table Al. Trophic species with their associated ID in the rocky intertidal food web of Puerto Madryn (Golfo Nuevo, Argentina)

Trophic species ID Trophic species 1D
Biofilm 1 Family Syllidae 45
Ampithoe sp. 2 Nematoda 46
Ceramium sp. 3 Polysiphonia sp. 47
Cladophora sp. 4 Diadumene lineata 48
Codium sp. 5 Eleginops maclovinus 49
Corallina officinalis 6 Family Polynoidae 50
Dictyota sp. 7 Family Terebellidae 51
Porphyra sp. 8 Patagonotothen cornucola/sima 52
Ulva prolifera 9 Parabunodactis imperfecta 53
Ulva spp. 10 Epitonium fabrizio 54
Anthothoe chilensis 11 Family Chaetopteridae 55
Idotea sp. 12 Heteronemertea 56
Mitilidae 13 Family Glyceridae 57
Sphaeroma/Exosphaeroma/Pseudosphaeroma 14 Family Hesionidae 58
Tanais dulongii 15 Family Spionidae 59
Arbacia dufresnii 16 Family Lumbrineridae 60
Balanus glandula 17 Necromass 61
Bryozoa 18 Chironomidae larvae 62
Diatoms 19 Family Sabellidae 63
Monocorophium sp. 20 Family Spirorbinae 64
Orchestia sp. 21 Fissurella sp. 65
Serolis sp. 22 Tegula patagonica 66
Undaria pinnatifida 23 Haematopus ater 67
Detritus 24 Nacella magellanica 68
Ascidiacea 25 Halicarcinus planatus 69
Phytoplankton 26 Haplotaxida 70
Particulate Organic Matter 27 Helcogrammoides cunninghami 71
Zooplankton 28 Hydrozoa 72
Calidris alba 29 Larus dominicanus 73
Calidris canutus rufa 30 Leucippa pentagona 74
Calidris fuscicollis 31 Pachycheles chubutensis 75
Cyrtograpsus spp. 32 Plaxiphora aurata 76
Family Eunicidae 33 Pseudechinus magellanicus 77
Family Nereididae 34 Trophon geversianus 78
Family Phyllodocidae 35 Gracilaria gracilis 79
Chaetomorpha sp. 36 Lasaea adansoni 80
Chaetopleura isabellei 37 Ectocarpus sp. 81
Cyanophyta 38 Sphacelariales 82
Demospongiae 39 Nudibranchia 83
Charadrius falklandicus 40 Octopus tehuelchus 84
Copepoda 41 Siphonaria lessoni 85
Cumacea 42 Ribeiroclinus eigenmanni 86
Family Capitellidae 43 Ralfsia sp. 87
Family Cirratulidae 44 Carcinus maenas 88
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