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ABSTRACT: Food webs as representations of who
eats whom are at the core of community ecology.
Incorporation of tools from network theory enables
assessment of how complex systems respond to
natural and human-induced stressors, revealing how
harvesting may degrade the properties and resilience of food webs. We present a comprehensive,
coastal marine food web that includes 147 taxa cooccurring on shallow subtidal reefs along the highly
productive and exploited Humboldt Current System
of central Chile. This food web has connectance of
0.06, link density of 1204 and mean chain length of
4.3. The fractions of intermediate (76%), omnivorous
(49%) and cannibalistic (8%) nodes are slightly
lower than those observed in other marine food webs.
Of the 147 nodes, 34 are harvested. Links to harvested nodes represented 50 to 100% of all trophic
links of non-harvested nodes, illustrating the great
impact that fishery pressure can have on the food
web. The food web was compartmentalized into 5
sub-webs with high representation of harvested taxa.
This structure changes if the fishery node is removed.
Similarity analyses identified groups of harvested
species with non-harvested nodes, suggesting that
these tropho-equivalents could be sentinel species
for the community-wide impacts of coastal fisheries.
We conclude that fishing effects can be transmitted
throughout the food web, with no compartments
completely unaffected by harvesting. It is urgent to
establish monitoring programs for community-wide
effects of fisheries and assess whether resilience of
these highly productive subtidal food webs has already been compromised, thereby identifying essential nodes that require stronger fisheries regulation.

*Corresponding author: aperez@bio.puc.cl

Simplified food web with top/fishery (T, F; orange), intermediate (I; red, blue = invertebrates, fishes, respectively) and
basal (B; green) nodes of the subtidal rocky shores of central
Chile. Characteristic species shown include sea urchins, sea
stars, kelp and reef fishes
Image: Alejandro Pérez-Matus
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INTRODUCTION
The advent of network theory and other recent
theoretical and computational advances (Miele et al.
2012, Kéfi et al. 2015, Kéfi et al. 2016) have revitalized
food web ecology as an area of empirical and theoretical research that promises to provide a robust framework to evaluate fundamental and applied questions
through embracing, instead of simplifying or deconstructing, the inherently complex nature of ecological
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systems (Thompson et al. 2012). Indeed, a community
food web describes the feeding relationships among
all co-occurring taxa comprising a ‘local’ community.
Beyond the limitations inherent to representing species interaction strengths as simple binary links (but
see Berlow et al. 2009, Carscallen et al. 2012) and the
fact that important non-trophic interactions are not
captured in these representations (Ings et al. 2009,
Mougi & Kondoh 2012, Kéfi et al. 2015), these trophic
link webs can provide firsthand information on
species relationships within a community and how diverse stressors are expected to propagate and degrade
ecosystem resilience. Moreover, they offer a glimpse
into the processes and species (nodes) that are most
likely to push the system towards alternative states
or whole-sale extinctions (Dell et al. 2005, Lotze et
al. 2011b, Thompson et al. 2012). When combined
with traditional experimental and observational approaches, which typically focus on a small subset of
species (Martinez 1993, Bascompte & Pedro 2006),
food web analyses can be a very powerful approach to
investigate natural and anthropogenic impacts, while
allowing for nature’s complexity.
Unfortunately, assembling realistic food web representations of natural communities is not an easy task.
The classic paper by Martinez (1993) clearly shows
how incompleteness of food web depictions can alter
most food web patterns; that is, most attributes change
with species richness and the number of true links
(see also Dunne et al. 2004, Riede et al. 2010). In the
case of marine coastal ecosystems, probably the most
common approach to food webs is to focus on and represent strongly interacting subsets of species (e.g.
Menge & Sutherland 1976, Paine 1980, Bustamante &
Branch 1996, Navarrete & Menge 1996, Castilla 1999,
Fariña et al. 2008), rather than to encompass local species richness. Consequently, far fewer comprehensive
marine food webs have been reported than their terrestrial counterparts (Link 2002, Dunne et al. 2004),
and their initial representations (e.g. Cohen 1994)
were poorly resolved and grossly undersampled, generating a number of spurious patterns (Gauzens et al.
2013). Thus, completeness of food web representations is important, whether they are used to explore
the existence of regularities and scaling properties in
nature (e.g. Riede et al. 2010) or to investigate the impact of disturbances in multi-species systems (Boit et
al. 2012, Thompson et al. 2012). For instance, Dunne
et al. (2004) analyzed the attributes of 3 published
marine food webs with ‘relatively detailed species
and trophic interactions’. Their conclusions suggest
that, contrary to previous claims (Cohen 1994, Link
2002), marine food webs are not too distinct from well-

reported terrestrial, estuarine and freshwater food
webs (see also Riede et al. 2010), and that given the
short average path between species, the impact of disturbances could rapidly propagate throughout the entire ecosystem. This result is in good agreement with
the recent historical compilation of food webs reported
by Sala (2004) for the Mediterranean Sea. Therefore,
there are still comparatively few marine food web
representations that can capture a significant fraction
of the species that co-occur in local communities.
Here, we present the results of an effort to assemble
the first food web for shallow subtidal benthic habitats
of the highly productive Humboldt Current System
(HCS) (Thiel et al. 2007). This is a community-based
approach, in which we included a large fraction of all
species known to coexist and interact within a defined
geographic area and type of habitat (i.e. kelp beds) of
subtidal rocky shores of central Chile. The list of
species included in the food web encompasses, to the
best of our knowledge, the species richness commonly
found in these habitats. The web was constructed following a comprehensive literature review, interviews
with experts and direct ecological observations conducted by the authors for more than 40 yr of cumulative field research in central Chile.
Noteworthy attributes of the productive waters of
the HCS (Chavez & Messié 2009) is the economic
importance of artisanal fisheries in coastal habitats of
the inner shelf and the high diversity of targeted species, including numerous species of macroalgae,
invertebrates and fishes (Bustamante & Castilla 1987,
Defeo & Castilla 2005, Thiel et al. 2007). This is the
situation in central Chile, where most of the dive fisheries are located predominantly on rocky bottoms
within a depth of 10 to 30 m. Beyond studies documenting the effects of human harvesting on subsets
of exploited and unexploited species (e.g. Godoy et
al. 2010), there is still no synthetic knowledge about
how these impacts propagate and affect the rest of
the shallow subtidal community. The study by Sala
(2004) for the highly diverse marine food webs of the
Mediterranean Sea (>1000 species), although admittedly incomplete in link density, vividly shows how
the long history of human harvesting that led to
extinction of most megafauna may have also profoundly altered the topology and structure of those
food webs. Further simulation studies using stochastic structural and mass balance food web models
show that a number of attributes of Mediterranean
food webs evidence an advanced state of degradation in comparison to those food webs reported for
the Caribbean, Benguela and continental USA (Coll
et al. 2008) — greatly due to fisheries, but also due to
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species introductions (Lotze et al. 2011a). To what
extent the structural simplification of the Mediterranean food web, which is progressively becoming less
connected and more dominated by small-body-size
components (Lotze & Milewski 2004), is also observed in other large marine ecosystems must be
urgently investigated. Therefore, a first step is to improve our knowledge of the structural properties of
the diverse and complex system of the HCS, which
provides essential ecosystem services for humans.
The moderately diverse, shallow subtidal community of central Chile is fairly well studied in comparison to other regions of the world. Along the HCS ecosystems the bulk of the artisanal and recreational
fisheries take place, exploiting an important fraction
of the diverse benthic vertebrate, invertebrate (Castilla 2000, Thiel et al. 2007, Gelcich et al. 2010, Godoy
et al. 2010) and kelp species (Vásquez 2008). A few
trophic (Fariña et al. 2008) and energy flow models
have been published in recent years for subtidal
habitats in central and northern Chile (Ortíz & Wolff
2002, Ortíz 2008), but generally focusing on a small
subset of species (Vásquez & Buschmann 1997, Angel
& Ojeda 2001). In this complex socio-ecological system (see Gelcich et al. 2012), our primary goals are 3fold: (1) examine the level of connection between
harvested and non-harvested species in the food
web; (2) determine how a comparison of the attributes between harvested and non-harvested species
help us to understand the compartmentalization of
communities in modules; and (3) evaluate whether
the general properties of this food web differ from the
other marine food webs reported in the literature,
including the marine rocky intertidal food web reported for this same system and geographic region
(Kéfi et al. 2015).

MATERIALS AND METHODS
Data collection
A network of feeding relationships was constructed
for 147 species that commonly inhabit rocky, shallow
subtidal reefs of the open, wave-exposed coast of central Chile, between Coquimbo (30º S) and Las Cruces
(33º S). All species in our network were either previously documented or directly observed to co-occur in
kelp bed and hard-bottom wave-exposed habitats, including horizontal platforms, boulders (>1 m diameter), vertical walls and rocky outcrops within the most
common diving and fishing depth range (5 to 20 m
depth). Habitat specialists found only in protected
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waters (if any) were not considered. Similarly, sandy
and other soft-sediment habitats were not included.
Additionally, we did not include invertebrate species
such as meiofauna (interstitial organisms <1 mm) and
parasites in this food web. The species list and trophic
links were initially assembled from published records
that included qualitative, quantitative and experimental studies conducted in this region over the past
30 yr (see Supplement 1 at www.int-res.com/articles/
suppl/m567p001_supp.pdf), and then revised and
expanded by expert knowledge and unpublished
datasets through personal interviews and workshop
meetings among co-authors. We use the term ‘taxa’ to
refer to the groups of organisms identified by the original investigators as the units of analysis. We included
all taxa in the diet of each node throughout their life
span. In all, the subtidal food web assembled was
composed of 147 taxa, of which 103 were resolved to
species, 18 to genus, 4 to family, 1 to order, 3 to class
and 3 to phyla level. The less resolved nodes corresponded to groups of species pooled together by taxonomic relatedness and by trophic position within
those taxa (i.e. 11 taxa containing lumped groups of
amphipods, isopods and polychaetes) or by ‘function’
(i.e. plankton, detritus, biofilm) and humans by including the fishery node (see Supplement 1).

Data analyses
Food web topological attributes
The standard measures of food web topological
structure were calculated as follow: (1) links per species (L /S), which is the mean number of predator and
prey species per node; (2) connectance (C ), where
C = L/S 2, which is the fraction of all possible trophic
links that are realized in the food web. We also calculated the number of (3) top species (T ), which is the
taxa with one or more resources and no consumers,
other than possibly larger conspecifics; (4) intermediate species (I); cannibals (Can); omnivores (Omn),
defined as taxa that consume 2 or more species and
have a non-integer trophic level (i.e. the fraction of
species that feed at multiple trophic levels, Polis
1991); and (5) basal species (B) corresponding to taxa
with no resources and 1 or more consumers.
To further characterize the structure of trophic
links and how they were distributed among taxa
(nodes or species and taxa), we computed the trophic
linkage degree (hereafter degree) of each node and
then examined the frequency distribution of degrees
per trophic level. The degree was determined by
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computing the sum of incoming and outgoing links
(e.g. all prey and predators). We also calculated the
prey-averaged trophic level of each node as one plus
the mean trophic level of the node’s resources using
the matrix inversion method (Williams & Martinez
2004).

Network modularity and node similarity
Network level properties have implications for the
dynamics and stability of ecological communities
(Fortuna & Bascompte 2006, Fortuna et al. 2010, Kéfi
et al. 2015). We quantified network ‘modularity’, the
existence of groups of taxa that are highly interconnected among themselves by proximity of links, and
that are poorly connected to taxa in other modules
(Guimerà & Amaral 2005, Reichardt & Bornholdt
2006). To examine the effect of harvesting on patterns of modularity of the food web, we conducted
the following 2 modularity analyses: (1) one with all
nodes present in the food web, including the fishery
node (i.e. humans), which is linked to every harvested species; and (2) another excluding the fishery
node. To detect the modularity, over random clustering, we used the spin glass model and simulated
annealing (Kirkpatrick et al. 1983). The spin glass
model considers the links of the network as attractive
and repulsive couplings, as the magnetic spin glass
system in physics. The model searches for spins and
takes the missing links as repulsive couplings.
Densely connected nodes align in the same direction
while different, loosely interconnected groups of
spins will be oriented in different directions. It is
important to consider that even completely random
networks display intrinsic modularity and can be partitioned. To avoid this problem, we compared the calculated modularity and the expected modularity to
test if our network was truly modular, as proposed by
Reichardt & Bornholdt (2006).
To get further insight into the levels of interdependencies between prey and predators of harvested and non-harvested nodes, we compared the
average connectivity of each type of node and calculated the percentage (%) of the total, incoming
and outgoing links that non-harvested species share
with fished nodes. Furthermore, in order to identify
groups of species that are similar in terms of prey
and consumers (i.e. ‘tropho-equivalents’), we calculated similarity between nodes and conducted the
cluster analyses. The Ward hierarchical clustering
method, which is based on the classical sum-ofsquares criterion, was used to produce groups that

minimize within-group dispersion and form clusters
in multivariate Euclidean space (Murtagh & Legendre
2014). In one analysis, we examined patterns of similarity among harvested species in terms of incoming and outgoing links, whereas in a second cluster
analysis we pooled incoming and outgoing links
and examined patterns of similarity across the
entire food web (all nodes excluding the fishery
node).
All analyses were conducted using the ‘igraph’ and
‘cheddar’ packages in R (Csardi & Nepusz 2006,
Hudson et al. 2013, R Development Core Team 2015).

RESULTS
The marine subtidal food web of central Chile
The shallow subtidal benthic food web included
147 nodes, of which 31 (21%) corresponded to primary producers, 87 (59%) to invertebrates, 27 (19%)
to fishes and 2 (1%) to endothermic vertebrates (including humans as a fishery node). The proportion of
basal species (those with outgoing links), intermediate consumers (those with incoming and outgoing
links) and top predators including a fishery node
(those with only incoming links) consisted of 21, 76
and 3%, respectively. Of the 147 taxa (nodes), 34
were harvested species according to the Chilean
national fisheries service (SERNAPESCA 2015), representing 23% of all taxa. Benthic fisheries mainly
targeted 2 primary producers (kelp species), 18 invertebrates and 14 reef fishes, representing 6, 53 and
41% of the harvested nodes, respectively (Fig. 1).
We observed 1204 trophic links, resulting in a connectance of 0.06 (Fig. 1). Cannibalism was relatively
infrequent (8% of the total links), while nearly half
(~49%) of all taxa fed on multiple trophic levels
(i.e. omnivory). The most connected species were the
sunstar Heliaster helianthus, 3 benthic carnivorous
fishes Cheilodactylus variegatus, Pinguipes chilensis
and Graus nigra, and a group of mesograzer amphipods (Fig. 1, Table 1). The trophic level of nodes did
not correlate with the number of incoming and outgoing links. The least connected species were some
primary producers and sea anemones (Fig. 1).

Compartmentalization of the subtidal food web
The shallow subtidal benthic food web showed a
modularity of 0.24 for the 147 nodes, an average
degree of 16.38 (incoming and outgoing links), which

Fig. 1. Trophic connectance for the subtidal food web network of trophic interactions, including 147 nodes of the Chilean subtidal ecosystem connected through incoming and outgoing links. The vertical position corresponds to trophic level (producer and basal species at the bottom). The number of total links (degree) for each node is
represented by the size of the circle, the size of label, and the vertical and horizontal position within each level (low degree at bottom left and high degree at top right).
The curvature of lines between the nodes indicates directionality of influence, with lines arcing counterclockwise from source to target species. Black labels represent
non-harvested species and blue labels represent harvested species
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Table 1. Ranking of the first 30 most connected (incoming
and outgoing links) taxa, including harvested resources and
taxa with no commercial value, of the subtidal food web
from Chile
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Taxa

Group

Harvested

Heliaster helianthus
Sea star
Cheilodactylus variegatus
Fish
Pinguipes chilensis
Fish
Graus nigra
Fish
Amphipoda
Peracarids
Polychaeta
Worms
Aplodactylus punctatus
Fish
Chiton cumingsii
Chiton
Plankton
Zooplankton/
Phytoplankton
Fisheries
Human
Sicyases sanguineus
Fish
Fissurella costata
Limpet
Tetrapygus niger
Sea urchin
Semicossyphus darwini
Fish
Scartichthys viridis
Fish
Detritus
Detritus
Meyenaster gelatinosus
Sea star
Calliclinus geniguttatus
Fish
Concholepas concholepas
Snail
Fissurella latimarginata
Limpet
Romaleon polyodon
Crab
Helcogrammoides
Fish
cunninghami
Girella laevifrons
Fish
Taliepus dentatus
Crab
Stichaster striatus
Sea star
Gobiesox marmoratus
Fish
Loxechinus albus
Sea urchin
Biofilm
Biofilm
Balanus spp.
Barnacle
Prisogaster niger
Snail

No
Yes
Yes
Yes
No
No
Yes
No
No
No
Yes
Yes
No
Yes
No
No
No
No
Yes
Yes
Yes
No
Yes
No
No
No
Yes
No
No
No

was slightly higher than the expected modularity of a
randomly assembled community (0.23) with the same
average degree (Reichardt & Bornholdt 2006). A total
of 5 different compartments were identified, with a
diverse core group and 5 smaller compartments that
formed modules (Fig. 2). Either predatory invertebrates or top and intermediate reef fish predators
were present in every compartment, so taxonomic
identity did not clearly separate these compartments.
One of the small compartments (Module a) was composed of 14 top predator species, including humans,
otters Lutra felina, conger eels Genypterus chilensis,
predatory crabs Romaleon polyodon and Homalaspis
plana, and a few reef fishes such as flounder Paralichthys microps and sea bass Paralabrax humeralis
and Hemilutjanus macrophthalmos. The second module (Module b) was composed of 9 species, predominantly amphipods (grazers and omnivores), as
well as 2 cryptic reef fishes Labrisomus philippi and

Gobiesox marmoratus, 2 omnivore reef fishes Girella
laevifrons and Isacia conceptionis, and the seastar
Stichaster striatus. Module c was composed of 11
species including euryphagic reef fishes such as C.
variegatus, the carnivore Pinguipes chilensis and the
herbivore fish Aplodactylus punctatus, along with
the black sea urchin Tetrapygus niger, as well as
other omnivore and herbivore species. The fourth
module (Module d) was composed of 11 species and
dominated by the sunstar Heliaster helianthus, with
other benthic carnivorous predators such as the
wrasse Semicossyphus darwini and the muricid gastropod Concholepas concholepas, all of which share
similar prey. This module was also shared by several
of their most common fissurellid limpet prey. Intermediate carnivores (Module e) dominated the species in the last module of 11 different nodes including
herbivorous crabs (e.g. Taliepus spp.) inhabiting
shallow portions of the rocky subtidal environment,
as well as their predators such as the reef fish Graus
nigra, the sea star Meyenaster gelatinosus and the
octopus Robsonella fontaniana (Fig. 2). When the
fishery node was removed, the structure changed
and was composed of 4 different compartments,
including 1 big core group (see Fig. S1 in Supplement 2 at www.int-res.com/articles/suppl/m567p001_
supp.pdf). Also, modules were represented by several nodes and many of the species that previously
comprised the top predator module (see Module a in
Fig. 2) were re-distributed across all of these 4 compartments in the absence of the fishery node. For
example, top predators (e.g. L. felina, G. chilensis
and Paralichthys adpersus) were represented in different modules with several intermediate predators
such as amphipods and small non-harvested crustaceans. A second module (Module b in Fig. S1) was
composed of 14 species with several representatives
of Modules b and c from Fig. 2 (i.e. modularity with
fishery node). Predatory reef fishes and sea urchins
comprised the third module (Module c in Fig. S1).
The last module (Module d in Fig. S1) was formed by
only 8 nodes, characterized by the large predatory
reef fish G. nigra and herbivorous crabs (see Fig. S1).

Harvested species in the food web
Harvested species occupied all trophic levels of the
food web and were among the most connected taxa
(Fig. 1). Of all harvested taxa, 70% had more than 25
trophic links and were also represented in each of
the 5 modules identified by the spin glass compartmentalization analysis (Fig. 2). Specifically, in 2 mod-
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Fig. 2. Representation of the subtidal rocky shore food web partitioned using the spin glass method for module detection. The
communities are represented by the 5 small circles orbiting the large one. Black labels represent non-harvested species and
red labels represent harvested species. The relative size of nodes and labels indicate the number of trophic links

ules, harvested nodes represented more than 75% of
the species in the module (a and d in Fig. 2).
There were strong inter-dependencies among harvested species, as well as between harvested and
non-harvested nodes. Many harvested species shared
more than 20% of prey species (incoming links,
Fig. 3a) and more than 50% of their predators
(Fig. 3b). Importantly, 88% of the non-harvested
nodes shared trophic links (incoming and outgoing)
with one or more of the 34 harvested taxa. Of the

incoming links (prey), 30% of all taxa (fished and
non-fished) consumed harvested nodes (80% invertebrates, 10% reef fishes) and 20% of non-harvested
taxa consumed harvested taxa (Fig. 3a). In some
cases, 50 to 100% of the recognized prey of non-harvested species were targeted by artisanal fisheries
(Fig. 3a). In terms of outgoing links (predators), 86%
of all taxa had predators that are harvested by
humans. In this case, a large fraction of species had
over 50% of all their predators being targeted by the

Fig. 3. Fisheries influence on trophic links of a temperate subtidal rocky reef community food web. (a) Percentage of resources (prey) shared with fishery node; for each
node, this means 100 × [1 − (incoming links with no harvested species / incoming links with all species)]. (b) Percentage of consumers (predators) shared with fishery
node; for each node this means 100 × [1 − (outgoing links with no harvested species / outgoing links with all species)]. Left and right panels represent the harvested and
non-harvested species, respectively. The color and shape indicate producers and basal species (green triangles), invertebrates (red circles), ectotherm vertebrates
(purple squares) and endotherm vertebrates (orange cross)
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artisanal fisheries (Fig. 3b). Only 17 of 113 (15%) of
non-harvested taxa had all their predators composed
of species not targeted by fisheries. Half of all taxa
in the food web had 50% of their consumers categorized as harvested species. Therefore, removal of
harvested taxa by the fishery node affected half of
the species in the food web (Fig. 3b).

9

Similarity analyses showed that the 146 taxa
(excluding the fishery node) present in this food
web formed 13 different clusters, showing a high
degree of overlap in incoming and outgoing links.
One of these groups was composed of only harvested
species, the fissurellids, which have no ‘trophoequivalents’ in the food web (Fig. 4). Another 6

Fig. 4. Ward’s cluster similarity analysis based on all incoming and outgoing links, including all but the fishery node in the
Chilean subtidal food web. Blue lines and fonts represents non-harvested species while red lines and fonts represents species
that are harvested by artisanal and/or recreational fishery
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groups were composed of only non-harvested species (some algal groups, biofilm, small herbivores,
herbivorous crabs, mussels and gastropods, polychaetes, and amphipods; Fig. 4). The remaining 8
clusters were composed of both harvested and nonharvested species. The cluster with the highest similarity among its members was composed of several
harvested reef fish predators (such as Semicossyphus darwini and Cheilodactylus variegatus) and
the top predator mustelid Lutra felina, currently
protected from hunting. Another cluster was characterized by the muricid gastropod Concholepas concholepas, together with non-harvested predatory
seastars and herbivorous gastropods (Tegula spp).
The 2 harvested kelp species Lessonia trabeculata
and Macrocystis pyrifera shared another cluster
with several understory algal species such as turf
and small gastropods (Fig. 4).
Similarity and cluster analysis of the 34 harvested
species showed the existence of 7 clusters, most of
them composed of more than 4 species (Fig. S2 in
Supplement 2), i.e. these are expected to be tightly
connected fisheries. Clusters did not order neatly
according to trophic level. High overlap can be
observed in most reef fish species and some fissurellid gastropods. Another cluster included a herbivore
fish with 2 carnivore reef fish species, and another
cluster included a predatory crab with benthic reef
fish feeders (see Fig. S2).

DISCUSSION
Our results show what can be gained by a comprehensive representation of the trophic links that
connect species within local communities. These are
patterns that cannot be appreciated by separating a
few species or individual guilds within the community. For instance, despite the apparently complex
network of interactions, the Chilean subtidal food
web exhibits moderate levels of connectivity (e.g.
link density, connectance) compared with other
reported marine food webs, including the intertidal
community of the same geographic region. The
majority of the taxa occupy intermediate trophic
positions, with a small fraction of species at the
basal level and an even smaller fraction of top consumers, those species with unknown predators
within the local community. The trophic links were
non-randomly distributed across taxa, structuring 5
sub-webs or compartments, which were composed
of predators and prey, and with no clear taxonomic
bias within such compartments.

The importance of food web completeness
It is hard to determine to what extent the comparatively low levels of connectedness of the subtidal
Chilean food web are a distinctive attribute, or simply the result of this web being more resolved than
most other marine food webs previously reported
(i.e. higher resolution of the web leads to lower link
density; Dunne et al. 2002). Indeed, most marine food
webs are typically highly aggregated or lack the
guild of mesograzers (e.g. amphipods). In this sense,
high connectedness of other food webs might be
inflated due to low resolution. However, the intertidal food web for the same geographic region, which
is also highly resolved and has several species in
common with the subtidal web reported here (Kéfi et
al. 2015), also has a higher trophic linkage degree
and higher connectance than the subtidal web,
which is an indication that the subtidal food web is
indeed moderately connected. A potential mechanism leading to moderate levels of connectedness
was recently suggested by van der Zee et al. (2016).
That study found that habitat-forming species (such
as kelp) facilitate diversity among all trophic levels,
increasing the number of trophic interactions per
species while reducing connectance, as the number
of all possible links within the food web increases
more rapidly than those actually realized (van der
Zee et al. 2016). Thus, comparatively low levels of
connectance and link density in the Chilean subtidal
and intertidal food webs could be attributed to the
importance of habitat-forming species (kelps, mussel
beds), which dominate the rocky shores of Chile. At
the same time, this proposition highlights the importance of integrating the effects of non-trophic interactions (i.e. facilitation) into trophic interactions in
order to understand complex natural systems (Kéfi et
al. 2015, Kéfi et al. 2016, van der Zee et al. 2016).
Completeness and resolution of trophic representations are important issues when it comes to comparison of food webs. We think that the compilation
of species included in our study is a representative
view of a ‘real’ subtidal community of central Chile,
in which a moderate, but realistic, number of species
co-occur. Nevertheless, as for most efforts to describe
the diversity of life, this food web must be viewed
as ‘work in progress’, open to improvement as new
information and new techniques to study consumption and other forms of interaction are developed. For
instance, despite our efforts, 24 nodes were not resolved to species or genus level. Owing to a lack of
taxonomic expertise, we grouped several of these
nodes into higher trophic levels (i.e. herbivorous
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amphipods, carnivorous polychaetes). As opposed to
intertidal environments (Kéfi et al. 2015), these
groups are important components of kelp bed systems as they provide links from basal nodes (i.e. kelp)
to higher trophic level nodes (fishes). Grouping this
fauna reduces our understanding of important ecological processes such as herbivory and resource
competition (Winkler et al. 2016). In fact, for the same
study system, Winkler et al. (2016) detected partitioning and differential use of kelp host in 30 different
species of amphipods, isopods and polychaetes. Similarly, another important coarse grouping is ‘detritus’.
Although this group has not been resolved in any
other food web, its importance as a resource subsidy
through enhancing secondary productivity far
from its origin (Krumhansl & Scheibling 2012) is still
poorly understood. Zooplankton, phytoplankton and
suspended particulate organic matter (POM) were
treated as a single node (‘plankton’). While some
nodes are considered phytoplanktivores, in terms of
feeding links, many of these also contain autotrophic
and heterotrophic plankters in their diets, as well as
POM (or this cannot be discarded from the information we have), so future quantitative analysis of their
diets or the use of stable isotope analysis may neatly
separate phyto- and zooplanktivore groups. Most
suspension and filter feeders that feed primarily on
zooplankton also ingest diatoms and other macroand micro-phytoplankton species. This consumption
may be ‘accidental’, but in terms of binary links,
groups cannot be easily separated. Moreover, as Kéfi
et al. (2015) have already noted for the intertidal
network in the same study system, we do not see any
way in which differential feeding on phyto- or zooplankton could alter plankton composition/abundance to the extent that could feed back into the subtidal trophic web. A more important constraint of our
categorization may be the fact that large fractions of
invertebrate species at all trophic levels of the web
have pelagic larval stages that can feed on phytoand/or zooplankton. It is well known that food availability can influence larval performance, and therefore these feeding links are important and are part of
the basic life history of these species. However, we
are still far from being able to adequately represent
larva−plankton links in representations of marine
benthic food webs.
Despite these limitations, we should note that all
other known marine food webs have a strong taxonomic bias towards fishes, which can represent more
than 50% of the taxa in most reported food webs
(Opitz 1996, Yodzis 1998, Sala 2004) and, in some
cases, more than 80% of all reported taxa (i.e. Carib-
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bean reefs, see Opitz 1996), leading to severe underrepresentation of other taxa in empirical food webs
(Link 2002). In the Chilean subtidal food web, assembled by experts from different fields, fish species represent less than 30% of the total number of nodes,
while invertebrates represent more than 65% of
taxa, in agreement with previous studies that highlight the comparatively low reef fish richness of the
southeastern Pacific (Pérez-Matus et al. 2007, StuartSmith et al. 2013) and the relatively high importance
of invertebrates in temperate kelp forest habitats
(Fariña et al. 2008).

Comparisons among known marine food webs
Comparisons of food web attributes across different regions and ecosystems are quite difficult because of differences in the level of completeness and
taxonomic resolution of the different webs (see discussion below), and due to the criteria used to decide
which species are included in the local community of
co-occurring species (Dunne et al. 2002, Riede et al.
2010). Despite these limitations, the Chilean subtidal
food web does not look too different from other published marine food webs. Direct comparisons of the
Chilean subtidal food web properties can be made
with (1) 1 marine intertidal food web for the same
geographic locality (central Chile); (2) 3 estuarine
food webs (Chesapeake Bay, USA; St. Mark’s, Florida, USA; and Ythan estuary, Scotland); and (3) 4 subtidal food webs (Caribbean reef, northeastern coastal
shelf of the USA, Mediterranean subtidal and the
Weddell Sea shelf) (see Fig. 5). We also included the
Benguela ecosystem subtidal food web, which considers pelagic rather than benthic species. The distribution of nodes among trophic levels was roughly
similar across subtidal food webs, with the largest
fraction belonging to intermediate trophic levels, followed by basal, while top predator species were least
represented. However, the distribution across trophic
levels was quite different from that reported in estuaries and rocky intertidal shores, which had a much
higher representation of top and basal species (Fig. 5a).
These intertidal and estuarine food webs had a
higher frequency of top predators compared with
subtidal webs, where they were either absent (3 of 10
webs) or infrequently observed (4 to 7%, 10 webs;
Fig. 5a). Basal nodes were also less frequent in subtidal webs (<10% in 5 of 10 food webs) than in estuarine and intertidal habitats. The levels of omnivory
were high (> 50%) and relatively invariable across all
subtidal, estuarine and intertidal food webs, with the
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Fig. 5. Comparisons of reported structural food web properties. (a) Distribution of nodes (%) of top (T ), intermediate (I) and
basal (B) species. (b) Degree (%) of cannibalistic (Can) and omnivorous (Omn) species. (c) Links per species (L/S). (d) Connectance (C; bars) and numbers of taxa from the food web (dots). Marine food web from the subtidal (SUB: subtidal Chile, this
study; BEN: Benguela, Yodzis 1998; CA1 and CA2: Caribbean reef large and, small, respectively, Opitz 1996; NES: northeastern US shelf, Link 2002; MED: Mediterranean Sea, Sala 2004; WED: Weddell Sea shelf, Jacob 2005), estuarine (CHE: Chesapeake Bay, Baird & Ulanowicz 1989; STM: St. Mark’s, Christian & Luczkovich 1999; YTH: Ythan, Hall & Raffaelli 1991) and
intertidal (INT, Kéfi et al. 2015) zones

Chilean subtidal food web ranking at the lower end
of them (Fig. 5b). Cannibalism was variable but present in all the webs reported here, with some subtidal
webs having much higher levels than all the rest
(Caribbean reef small, northeastern US shelf, Fig. 5b).
In terms of number of links per species (linkage density) and connectance, the Chilean subtidal food web
ranked at the lower end of the subtidal webs and
lower than the Chilean intertidal food web (Fig. 5c,d),
but similar to (connectance) or higher than (link density) all estuarine webs.
One of the main differences from other marine subtidal and pelagic food webs was in the relative importance of basal and top consumer nodes, which were
comparatively higher in the Chilean food web. We
reported that the percentage of basal species is 2 to
3 times higher than in all other marine subtidal and
pelagic food webs. Yet, the contribution of basal and

top consumers to the total number of nodes in the
Chilean or any other subtidal web pales in comparison to estuarine and intertidal systems. Indeed, in the
intertidal food web of the same geographic region,
half of the nodes are basal species and over 15% are
top carnivores with no known predators within the
system (Kéfi et al. 2015). In the estuarine food webs,
basal nodes and especially top carnivores are also
much more common than in all reported subtidal
webs, suggesting the existence of a general pattern
of difference between ecosystems. Unfortunately, the
disproportionately low percentage of basal species in
other subtidal webs could result from poor resolution
of primary consumers and consumers that predate
over them (Dunne et al. 2004), with more highly
resolved food webs being necessary before reaching
conclusions about habitat-wide differences in food
web attributes.
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Human impact across the food web
We also showed that, with a few exceptions, the 34
species exploited by the artisanal and recreational
fisheries presented extensive connections with other
fished and non-fished taxa, highlighting the great difficulties faced by single-species management strategies. Clusters of harvested species were not simply organized by trophic level. Instead, most of the clusters
included what can be considered ‘herbivores’ with
‘carnivores’ or ‘top predators’ with intermediate consumers (see Fig. S2 in Supplement 2). This probably
reflects the fact that most grazers regularly incorporate
heterotrophs in their diet (see Pérez-Matus et al. 2012,
Camus et. al. 2013). In any case, these patterns of fisheries clusters should inform future multi-specific management strategies. When considering the entire food
web, we identified several clusters composed of both
harvested and non-harvested species. Most of these
nodes also belong to the same food web compartment.
These ‘tropho-equivalents’ of harvested species are
expected to be severely impacted by the heavy reduction of biomass of those cluster members that are
heavily harvested. In this manner, these non-harvested
species provide a target to implement monitoring programs for the community-wide effects of fisheries,
where ‘fisheries-sentinel’ species could first respond
to the far-reaching ramifications of fisheries through
the ecological network.
Our analyses also revealed that a large fraction
(25 to 100%) of all prey consumed by non-harvested
species are taxa intensively fished by humans.
An even larger fraction of the predators of nonharvested taxa are species targeted by the artisanal
fisheries. Therefore, it is likely that local fisheries
heavily modulate the structural and dynamic properties of the entire Chilean subtidal community,
including the many non-commercial species. A
number of studies illustrate the far-reaching effects
that humans have had on coastal and pelagic marine ecosystems through the massive exploitation of
species (regulated or unregulated by management)
since the ‘Anthropocene’, and their ramifications on
the entire community via propagation of indirect
effects through the ecological network (Jackson et
al. 2001, Pauly et al. 2002, Bascompte et al. 2005,
Reynolds et al. 2005, Duffy & Stachowicz 2006,
Barausse et al. 2009, Coll et al. 2009a,b, Ferretti et
al. 2010). The non-lethal effects of fishing on a large
number of species have also been demonstrated
(Witman & Sebens 1992). Moreover, there is now
abundant evidence suggesting that fishery-impacted
ecosystems are more sensitive to other multiple
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anthropogenic and climatic stressors (Halpern et al.
2012, Somero 2012).
That the subtidal food web of central Chile is
strongly altered by the artisanal fisheries in coastal
zones is not surprising (Gelcich et al. 2012). What is
remarkable from our analysis, however, is how
extensively many non-harvested species are linked
to harvested species, and that these harvested nodes
are distributed across all compartments and clusters
of the food web. Since artisanal fisheries exploit 34
species across all trophic levels, over 101 of the food
web nodes have direct links with harvested nodes.
Of these, 12 species have between 25 and 100% of
their prey species exploited by the fisheries, which
will undoubtedly generate strong resource competition with humans who are depleting their prey
stocks. At the same time, 91 species have 25 to 100%
of their predators fished by humans, which could
certainly benefit population abundance of these nonharvested species. Without information on interaction strength of the incoming and outgoing links, and
a dynamic model that allows for propagation of
effects through the web (e.g. Yodzis 2000, 2001), it
is nearly impossible to predict in which direction
the abundance of these non-harvested species will
change. Besides constructing dynamic models based,
for instance, on the energy conversion approach (Rall
et al. 2008, Stouffer & Bascompte 2011, Kéfi et al.
2016), and performing experiments to estimate interaction strength (e.g. Navarrete & Castilla 2003), a
glimpse into this difficult problem can be gained by
comparing abundances of species in harvested, open
access areas against marine protected areas, where
some or all species are protected from harvesting
(Gelcich et al. 2008, Gelcich et al. 2010). Unfortunately, because of logistical constraints, most assessments of the impact of marine protected areas focus
on the abundance and biomass of a few target
species (e.g. Gelcich et al. 2008, Edgar et al. 2011,
Gelcich et al. 2012), via modeling of their population attributes (see Ortíz 2008, Ortíz et al. 2013), or
presence/absence data to evaluate impacts on species richness. A combination of field assessments of
entire communities under contrasting management
regimes, together with the food web patterns described here, could provide a framework to examine
the impact and long-term consequences of artisanal
fisheries on non-harvested species.
The continuing and ever increasing exploitation of
top predators, intermediate consumers, mega-grazers
and structural kelps since the opening of international markets to Chilean products in the 1980s (Bustamante & Castilla 1987, Castilla 1999, 2000, Fernán-
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dez & Castilla 2005) may have already transformed
and simplified the Chilean food web, potentially
reducing its resilience to other environmental impacts, such as climate fluctuations, as seen in other
marine food webs (Lotze et al. 2011a,b). So far,
accounts of increased abundance of common species
(Ory et al. 2012) are consistent with removal of large
predatory fishes (Godoy et al. 2010), benthic invertebrates (Defeo & Castilla 2005) and kelps (Vásquez
2008). Although impacts of the removal of habitatforming species and benthic predators on the community (i.e. community shifts and/or trophic cascades)
are scarce in this study region (A. Pérez-Matus et al.
unpubl. data), several studies report that overexploitation leads to simplification of ecological communities (see Ortíz et al. 2011). It is therefore urgent
to begin assessing food webs associated with different management regimes and marine reserves as a
way to understand the consequences of human impact and opportunities for ecosystem restoration (e.g.
Ortiz et al. 2013). It is also critical to move from the
descriptive framework provided in this study to
dynamic studies of entire communities that allow the
evaluation of the impact of fisheries and other largescale disturbances on the resilience of these systems.
In conclusion, this study represents a first approach
to understanding the major players of a trophic subtidal community of rocky shores of central Chile. We
identified the structure and topology of the food web
and how this compares with other reported food
webs. With a binary representation of their trophic
links, we established several interdependencies between fished and unfished populations. We found
that the majority of the species within the studied
community shared prey and/or predators. The interaction of this with the intensity of fisheries could impact the entire food web, regardless of the economic
importance of the species or current level of exploitation by the fishery. This study establishes a first step
to further exploring species-specific interactions, potential positive and negative non-trophic interactions,
and/or ecosystem approaches that can help to understand (and avoid) future degradation via overfishing
together with improving future management scenarios in complex temperate subtidal ecosystems.
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