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This work examined diet data from studies of top pelagic predators from three large regions of the equa-
torial and South Pacific Ocean. Food webs of each of these three systems were found to have relatively
high species diversity, but in contrast to other marine systems, relatively low connectance. Food webs
were examined using graph-theoretic methods, which included aggregating species based on food-web
relationships and identification of potentially influential species. Species aggregations were used to con-
struct simplified qualitative models from each region’s food web. Models from each region were then
analyzed to make predictions of response to climate change for six commercially important species: mahi
mahi, skipjack tuna, albacore tuna, yellowfin tuna, bigeye tuna, and swordfish. We found little common-
ality in the structure of the three food webs, although the two regions in the equatorial Pacific had food
webs composed of four predation tiers, as defined by network levels of predation, whereas the south-
western region had only three predation tiers. We also found no consistent pattern in the predicted out-
comes of the perturbations, which underlines the need for detailed trophic databases to adequately
describe regional pelagic ecosystems. This work demonstrates that food-web structure will be central
to understanding and predicting how top pelagic predators, and the ecosystems in which they are
embedded, will respond to climate change.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Open waters of the Pacific Ocean support major fisheries for tu-
nas and billfishes, the impacts of which have been an important
and ongoing focus of research (Sibert et al., 2006). However, given
the IPCC (2007) projections for future ocean warming, environ-
mental change may become equally important in determining
the status of these and other top pelagic predators. Ocean warming
could impact top pelagic predators in a number of ways. One is
through direct physiological responses of predators to increasing
water temperature (Sharp and Dizon, 1978; Boyce et al., 2008).
Tuna species (see common names in Table 1) that are more toler-
ant of warmer temperatures (e.g., Katsuwonus pelamis and Thunnus
albacares) could expand their range, whereas the ranges of tunas
that prefer colder temperature (e.g., T. thynnus and T. maccoyii)
would likely contract (Hobday, this issue). Also, an increase in
ll rights reserved.
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ocean temperature will likely have an important impact on the
growth and reproduction of prey species that have rapid rates of
turnover. In particular, cephalopods are projected to increase in
population abundance in warmer ocean environments (Jackson,
2004; Jackson and Domeier, 2004). Alternatively, shifts in the dis-
tribution of prey and predator species in response to ocean warm-
ing (Pearcy and Schoener, 1987; Pearcy, 2002) can change the basic
structure of the food web itself.

Considering the indirect effects of fishing mediated through the
food web is a key component of ecosystem-based fisheries man-
agement (Link, 1999, 2002a). Ecosystem models based on trophic
flows can be a powerful tool to assess and predict the conse-
quences of impacts, such as fishery harvest or climate change
(Walters et al., 1997; Christensen and Walters, 2004; Ulanowicz,
2004), and to identify species that are highly influential to the sys-
tem’s dynamics (Libralato et al., 2006). Construction of such mod-
els, however, requires the measurement (or estimation) of scores
of model parameters and variables, a task which is especially diffi-
cult for pelagic ecosystems. Additionally, constructing models of
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Table 1
Common and scientific names referenced in the text.

Common name Scientific name

Albacore tuna Thunnus alalunga
Bigeye tuna Thunnus obesus
Black marlin Istiompax indica
Blue marlin Makaira nigricans
Bullet tuna Auxis rochei rochei
Frigate tuna Auxis thazard thazard
Great barracuda Sphyraena barracuda
Jack mackerel Trachurus declivis
Longnose lancetfish Alepisaurus ferox
Mahi mahi Coryphaena hippurus
Northern bluefin tuna Thunnus thynnus
Opah Lampris guttatus
Pomfrets Brama spp.
Rainbow runner Elagatis bipinnulata
Scalloped hammerhead shark Sphyrna lewini
Shortbill spearfish Tetrapturus angustirostris
Shortfin mako shark Isurus oxyrinchus
Silky shark Carcharhinus falciformis
Skipjack tuna Katsuwonus pelamis
Snake mackerel Gempylus serpens
Spotted dolphin Stenella attenuata
Striped marlin Tetrapturus audax
Southern bluefin tuna Thunnus maccoyii
Swordfish Xiphias gladius
Tripletail Lobotes pacificus
Wahoo Acanthocybium solandri
Yellowfin tuna Thunnus albacares
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communities with many species requires that the system be sim-
plified, so that a representative model has a smaller, more manage-
able, number of variables. The consequences of this simplification
are far reaching. For instance, alternative models of the same sys-
tem, based on different species aggregations, can result in opposing
model dynamics (Metcalf et al., 2008).

In this work, we address these challenges through a graph-the-
oretic approach to analyze the structure of pelagic marine food
webs, to aggregate species for the purpose of building simplified
models of these systems, and to assess and make predictions about
the qualitative dynamics of the models. Central to our approach is
the concept of community (or network) structure, which, within
the context of a food web, can be defined graphically as the pred-
ator and prey species (nodes) and their interactions (links). The
network properties of a food web provide the essential means to
address a number of graph-theory problems common to disci-
plines other than ecology. For instance, identifying highly influen-
tial nodes in a social network (Borgatti, 2006) has relevance to
ecological systems through the concept of keystone species (Paine,
1966, 1969; Mills et al., 1993; Power et al., 1996; Jordán et al.,
2006) or wasp–waist species (Rice, 1995). Furthermore, while the
problem of identifying equivalent roles of species in a food web
was first elucidated in ecology (Elton, 1927), it has been addressed
most rigorously through social-network theory (Merton, 1949;
Boyd, 2002; Everett and Borgatti, 2002; Luczkovich et al., 2003). Fi-
nally, the problem of predicting how an ecosystem will respond to
a perturbation was first posed in control theory through the anal-
ysis of signal-flow graphs (Mason, 1953, 1956). Levins (1974) built
upon and extended this work in developing qualitative modelling
as a means to explore the role of network structure in determining
ecosystem dynamics.

Qualitative modelling allows one to address how a model’s
structure affects its dynamics. Quantitative models, in contrast,
tend to focus on obtaining precise estimates of model parameters
(Levins, 1998), and typically do not consider parametric uncer-
tainty separate from model-structure uncertainty (Ferson, 1996;
Regan et al., 2002). Nevertheless, model structure can exert an
over-riding effect on modelling results (Dambacher et al., 2002),
exceeding even the influence of parameter values (Pascual et al.,
1997). There is, however, much relevant information that can be
gained from a qualitative analysis of system structure, and such
analyses can provide an important basis for understanding system
dynamics, and act as a complement to quantitative models (Levins,
1966).

Working from diet studies of top pelagic predators from three
regions of the Pacific Ocean, we use tools from social-network the-
ory to identify influential species in each food web, and to aggre-
gate species with equivalent roles. These species aggregations are
then used to develop qualitative models for each region. By per-
turbing an influential species that could be directly affected by
ocean warming, we trace the effects to commercially important
species, and examine commonalities and differences in predictions
of how each of these systems will respond.
2. Materials and methods

2.1. Diet data

Datasets of predator diets were collected from the south-wes-
tern Pacific Ocean (Young et al., 2009), and two equatorial regions,
which we identify as the central-western (Allain, 2005) and cen-
tral-eastern (IATTC, 2008) Pacific Ocean (Fig. 1). These regions to-
taled roughly 40 million km2 (Table 2). Collection methods are
outlined in Young et al. (2006), Allain (2003) and Olson and Gal-
ván-Magaña (2002). The datasets were combined in a unified for-
mat within a Microsoft� Office Access database, which is housed
at the CSIRO Marine Laboratories, Hobart, Tasmania. Stomachs col-
lected from long-line fisheries dominated the samples in the
south- and central-western regions, while collections in the cen-
tral-eastern region were entirely from purse-seine fishing (Table 2).
In the central-western Pacific, there was complete overlap in prey
types identified in stomachs of predators common to both long-
line and purse-seine fisheries, with the exception that some prey
fishes from the Carangidae and Engraulidae families were not
found in long-line-caught predators. There was also a small
amount of data collected from hand-line and troll fishing, but it
too appeared similar to the data from stomachs collected in the
long-line and purse-seine fisheries. Thus, diet data from all fishing
methods were combined in the central-western region.

Next, raw data in each region were reduced by eliminating prey
species that occurred only rarely (e.g., species noted only once);
prey species were removed if they did not constitute at least 1%
wet weight to the diet of at least one predator from that region.
The resulting ‘‘reduced diet data” were taken to represent the more
common, or not rare, species and were the starting point of our
analyses. In this study, percent wet weight was defined as the
weight of a particular taxon divided by the total weight of all prey
taxa for a given predator multiplied by 100.

While rarely observed species were removed from the reduced
diet data, there was also the need to exclude weak links, as subse-
quent network analyses and qualitative models treat all links in the
network equally. We examined the effect on the food-web network
of constraining food-web links to either P1% or P5% wet weight
and subsequently removed any taxa that were isolated or not con-
nected to the main network (isolates). We also examined the effect
of removing prey whose taxonomic identification was poorly re-
solved (i.e., unidentified teleosts, cephalopods, and crustaceans).
In all, four different representations of the diet data were consid-
ered. In deciding which representation of the food-web data to car-
ry forward into subsequent network analyses and models, we
sought to minimize the number of species removed from the food
web.
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Fig. 1. Collection locations for diet studies in the south-western (SW) Pacific Ocean, and two equatorial regions that are identified as the central-western (CW) and central-
eastern (CE) region.

Table 2
Numbers of stomachs collected from fisheries in diet studies of top pelagic predators
in three regions of the Pacific Ocean (Fig. 1), with collection years and the area of each
region sampled; listed are numbers of only the stomachs that contained prey.

South-western Central-western Central-eastern

Fishery type
Long-line 3102 1354 0
Purse-seine 0 322 3882
Hand-line or troll 0 15 0
Total 3102 1691 3882
Collection years 1999–2006 2001–2005 2003–2005
Sampled area (106 km2) 3.7 8.2 27
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Because data collections in each of the three regions of the Pa-
cific Ocean were drawn primarily from stomachs of upper trophic-
level pelagic predators, there was little or no detail of species from
lower trophic levels, thus we emphasize that these data can only
be considered as partial representations of the trophic relation-
ships in each ecosystem. We hereafter refer to these as food webs,
while recognizing that they contain only subsets of the compo-
nents of the complete food webs.

2.2. Food-web graphs

The reduced diet data were used to construct predator–prey
matrices for each region based on percent wet weight of prey.
For each of the four representations of the data, predator–prey
matrices were converted to 0, +1 matrices, from which were drawn
food-web graphs, where each +1 matrix entry constituted a prey-
to-predator link between graph nodes.

The food webs of each region were described by the number of
species or taxa (S), interspecific links (L); link density (D = LS�1),
connectance (C = LS�2), and percent apex predators (A)—i.e., species
with no identified predator. A trophic level (TL) for individual pred-
ator species was calculated using the approach of Brodeur and
Pearcy (1992), which follows Mearns et al. (1981), such that
TL ¼ 1þ

Ps
i¼1TLiPi, where TLi is an assigned or previously calcu-

lated trophic level of prey taxon i, Pi is the proportion of that prey
taxon in the predator’s diet, and s is the number of prey species
consumed by a predator. The calculated values of trophic level
were continuous, while the assigned trophic levels for prey were
discrete, and designated as 1 = primary producer, 2 = herbivore,
3 = primary carnivores (small fish and squid), and 4 = secondary
carnivores (larger fish).

2.3. Key players

Defining influential nodes in a network graph can be theoretically
approached by key player analyses (Borgatti, 2006) in two ways:
fragmentation and reach. The fragmentation approach defines the
extent to which an individual node or set of nodes maintains net-
work cohesiveness. For example, if removal of one particular node
fragments the network or produces isolates, and removal of any
other node does not, then the first node would be defined as a key
player for the system. The reach approach asks to what extent a node
or set of nodes is connected to surrounding nodes in the network,
and proceeds by determining which node or combination of nodes
can reach the greatest number of other nodes in the network through
a specified number of links. These two methods of identifying key
players have been shown to capture a wide array of indices that de-
scribe the positional importance of nodes in food-web topologies
(Jordán et al., 2006). Key player analyses are available in Analytic
Technologies’ KeyPlayer software at http://www.analytictech.com/.

A range of criteria can be applied to the above key player defi-
nitions. For the fragmentation method, the criteria can be adjusted
to consider what subset of n number of nodes, when removed,
maximizes network fragmentation. Here, we chose to consider
identification of key players by the fragmentation method through
removal of a single node. The reach method also considers a subset
of n nodes that can reach the greatest number of other nodes, but
additionally it considers the number of links allowed in the reach
length. Key players were identified by the reach method through
three different combinations of criteria: through either one or
two nodes with a link length of one, or through two nodes with
a link length of two. These criteria were applied to each of the three
regional network graphs created with a constraint of P1% wet
weight, and also to a separate set of graphs that were produced
from a P5% wet-weight constraint. This latter set of analyses ad-
dresses the sensitivity of the key player results to removal of weak
links, which have been found to be an important factor in studies of
critical nodes in food-web networks (Allesina et al., 2006).

http://www.analytictech.com/
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Species that were identified as key players were considered as
candidates for perturbation scenarios. For these scenarios, we were
interested in finding key players that were common to the three
regions, and which were likely to be directly affected by ocean
warming scenarios (e.g., Hobday, this issue).

2.4. Network aggregation

Simplifying food webs with many species to a small number of
groups can proceed by various aggregation algorithms. Here, we
employed the regular equivalence (REGE) algorithm developed in
social-network theory (Boyd, 2002; Everett and Borgatti, 2002) to
define the trophic-role similarity (Luczkovich et al., 2003) of spe-
cies within each regional food web. We used the REGE algorithm
in Analytic Technologies’ UCINET software (available at http://
www.analytictech.com/). The REGE algorithm differs from tradi-
tional diet-only based measures of similarity (e.g., Euclidean dis-
tance, Bray-Curtis) through its consideration of a whole-of-
network topology, such that an organism’s role in the wider com-
munity is defined not only by its prey but also by its predators—
sensu Elton’s (1927) niche. Metcalf et al. (2008) compared the per-
formance of ecosystem models constructed through use of the
REGE algorithm with models of the same system based on aggrega-
tions using Euclidean distance and Bray–Curtis measures of trophic
similarity. Errors in predictions were minimized in models based
on aggregations from the REGE algorithm.

For each food web, a level of aggregation was chosen that did
not increase intraspecific (cannibalistic) or intragroup predation
links beyond the number already present in the reduced diet data.
In displaying the network structure of the aggregated systems, we
wanted to emphasize the structural hierarchy of upper-level pre-
dators independently of their trophic level, and thus allocated a
predation-tier designation, Tn, to each group, such that a group in
predation tier n was a predator of at least one group in level
n + 1, and groups in the lowest level (i.e., n = maximum) were not
predators of any other group in the system.

2.5. Qualitative models and predictions of perturbation response

The aggregated food-web networks provided the basis for the
development of qualitative models for the pelagic ecosystem of
each region. Qualitative models are constructed from the sign of di-
rect effects between model variables (Dambacher et al., 2002).
Working from the aggregated food-web networks for each region,
qualitative models were developed by converting the 0, +1 matri-
ces associated with each food web into a community matrix �A
with 0, +1, �1 entries. This was done by transferring all +1 ele-
ments of the predator prey matrix to �A, setting each �aii = �1
(self-regulation), and for each �aij = +1 (prey-to-predator link) in
�A setting �aji = �1 (predator-to-prey link). Next, we derived quali-
tative predictions of the change in abundance due to a press per-
turbation (Dambacher et al., 2002, 2005). A press perturbation
occurs where there is a sustained change in circumstance that
causes a species to have a change in its rate of birth or death. Po-
sitive press perturbations involve an increase in a rate of birth, or
a decrease in a rate of death for one of the species or variables in
a model system while negative press perturbations reflect the
opposite (a decreased birth rate or an increased death rate). Predic-
tions of the response of other species in the model system depend
on the sign structure of �A, and are mediated by the summation of
all direct and indirect effects that occur via interaction pathways
that emanate from the perturbed variable. Predictions of the direc-
tion of a change in abundance are calculated through the adjoint of
the negative community matrix, adj(��A). An ambiguous predic-
tion occurs where there is a mix of both positive- and negative-
signed pathways (or effects) leading from an input variable to a
response variable. These predictions can be afforded a degree of
sign determinacy if there is a numerical dominance of effects with
one sign over the other (Dambacher et al., 2003; Hosack et al.,
2008). Software and computer programs for qualitative analysis
of the community matrix are available from Ecological Archives at
http://esapubs.org/archive/ecol/E083/022/.
3. Results

3.1. Diet studies

For the three diet studies of pelagic predators, a total of 651 taxa
were distinguished in the raw data among the three regions of the
Pacific Ocean. Removal of prey taxa that occurred only rarely in
samples resulted in a major reduction in the diet data (Table 3, rep-
resentation B), with a reduction of 62% of prey taxa in the south-
western region, 56% in the central-western region, and 32% in
the central-eastern region. After removal of rarely occurring prey
species, we also removed links with less than 1% wet weight and
isolates (Table 3, representation C), which left a total of 248 taxa
for all three regions; Appendix A provides a complete listing of
these taxa. Of the 248 taxa, there were 180 genus-level identifica-
tions and 133 species-level identifications. There were 23 taxa that
were common to all three datasets, of which 14 were identified to
species-level. All of these 14 species were upper trophic-level pela-
gic predators, and included: albacore tuna, bigeye tuna, skipjack
tuna, yellowfin tuna, black marlin, blue marlin, shortbill spearfish,
striped marlin, shortfin mako shark, silky shark, scalloped ham-
merhead shark, mahi mahi, snake mackerel, and wahoo; Table 1
gives a listing of the common and scientific names or organisms
referenced in the text.

Identifications resolved at the species level ranged from 45% to
66% of the total number within each food web (Table 4). Identifica-
tions resolved at the genus or species levels ranged between 69%
and 75%. Teleosts were the most commonly identified taxon in all
three food webs, followed by either molluscs or chondrichthians.

All three food webs were dominated by species with trophic-le-
vel designations between 3.5 and 4.5 (Fig. 2). In each food web, the
maximum trophic level of a species was 4.6 (i.e., striped marlin and
swordfish), while the mean trophic level was nearly the same in all
three regions—3.6 in the south-western region and 3.5 in both the
central regions.

3.2. Food-web structure and link strength

Constraining food-web links to P1% or P5% wet weight and
then omitting isolated species or unidentified taxa reduced the
number of nodes and links in all three networks. These reductions,
however, had only a small effect on the connectance within any of
the networks, and connectance generally remained 63% (Table 3).
The link density was generally low and similar among the regions,
and ranged between 1.2 and 2.9 across all food-web representa-
tions (Table 3). The percentage of apex predators was relatively
high in all three food webs and was greatly affected by the removal
of weak links, isolates, and unidentified species. For the different
food-web representations presented, the proportion of apex preda-
tors in the three regions ranged from a low of 9.8% to 20% in the
raw diet data, to a high of 50% to 67% where links were constrained
to P5% wet weight and unidentified taxa were removed.

3.3. Aggregation

When links were constrained to P5% wet weight or when
unidentified taxa were removed, the food webs were substantially
reduced in size. We therefore chose to create aggregated food webs

http://www.analytictech.com/
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Table 3
Descriptors of different representations (A–G) of the food webs from three regions of the Pacific Ocean, including number of species or nodes (S), interspecific (predation) links (L),
link density (D = LS�1), percent connectance (C = LS�2) and percent apex predators (A) (i.e., species or groups that lack predators); in parentheses are the number of intraspecific
(cannibalistic) predation links. Food webs were defined by varying the constraint on link strength and inclusion of unidentified cephalopods, teleosts, and crustaceans. The
reduced diet data set was created by omitting prey that did not constitute at least 1% wet weight to the diet of at least one predator species in a region. In representation C–F,
species not linked to the main food web (isolates) were deleted; representation C and G respectively correspond to the food webs of Figs. 2 and 3, and G was formed from
aggregating taxa with similar predator–prey relationships.

Food web representation South-western Central-western Central-eastern

A. Raw diet data S 320 389 143
L 690 (3) 1110 (6) 345 (4)
D 2.2 2.9 2.4
C 0.67% 0.73% 1.7%
A 10% 9.8% 20%

B. Reduced diet data S 122 165 97
L 225 (2) 335 (2) 227 (3)
D 1.8 2.0 2.3
C 1.5% 1.2% 2.4%
A 27% 23% 29%

C. Links P1% wet weight S 109 142 91
L 202 (2) 303 (2) 215 (3)
D 1.9 2.1 2.4
C 1.7% 1.5% 2.6%
A 30% 27% 31%

D. Links P1% wet weight S 101 126 79
Without unidentified taxa L 164 (2) 231 (2) 154 (3)

D 1.6 1.8 1.9
C 1.6% 1.5% 2.5%
A 33% 30% 35%

E. Links P5% wet weight S 61 96 72
L 86 (2) 151 (2) 124 (3)
D 1.4 1.6 1.7
C 2.3% 1.6% 2.4%
A 54% 40% 39%

F. Links P5% wet weight S 49 75 56
Without unidentified taxa L 57 (2) 92 (2) 81 (3)

D 1.2 1.2 1.4
C 2.4% 1.6% 2.6%
A 67% 51% 50%

G. Aggregated from C S 24 24 23
L 31 (2) 40 (2) 51 (3)
D 1.3 1.7 2.2
C 5.4% 7.1% 9.6%
A 42% 29% 35%

Table 4
Number (percentage) of taxa identified in the pelagic food webs from three regions of the Pacific Ocean by taxonomic resolution and major categories; based on the food web
representation C in Table 3.

South-western Central-western Central-eastern

Taxonomic resolution
Species 62 (57) 64 (45) 60 (66)
Genus 20 (18) 34 (24) 7 (8)
Family (or supra-family) 27 (25) 44 (31) 24 (26)

Taxonomic category
Algae 0 (0) 0 (0) 1 (1)
Gelatinous zooplankton 1 (1) 3 (2) 2 (2)
Mollusca 25 (23) 24 (17) 9 (10)
Crustacea 7 (6) 11 (8) 7 (8)
Other invertebrates 0 (0) 0 (0) 3 (3)
Chondrichthyes 9 (8) 11 (8) 9 (10)
Teleostei 66 (61) 93 (65) 59 (65)
Mammalia 1 (1) 0 (0) 1 (1)

Total identified 109 142 91
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from diet data based on a constraint of P1% wet weight and inclu-
sion of unidentified taxa. In choosing a level of aggregation that
avoided additional intragroup predation, we arrived at food webs
for the three regions with either 23 or 24 nodes (G in Table 3,
Fig. 3). The process of aggregation resulted in a relatively large in-
crease in connectance, as much as 4.7 times greater for the central-
eastern food web. This increase was not uniform across the food
webs of the three regions, and the rank order of their connectance



Fig. 2. Pelagic food webs leading to top predators in three regions of the Pacific Ocean (Fig. 1, based on C of Table 3). Arrows lead from prey-to-predators and represent a level
of consumption that is P1% wet weight for a given predator. Histograms denote relative frequency and position of trophic levels in food web. Numbers refer to sequence
number of taxa listed in Appendix A. Graph nodes with a star ( ) are taxa identified as key players in analyses summarized in Tables 5–4: longnose lancetfish, 44: mahi mahi,
83: opah, 85: tripletail, 115: skipjack tuna, 121: albacore tuna, 122: yellowfin tuna, 219: unidentified cephalopods, 152: swordfish, and 153: unidentified teleosts.
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changed, with the central-western food web assuming an interme-
diate level of connectance, whereas it had the lowest level prior to
being aggregated.

There was a general increase in the mean trophic level of the
predation tiers within the aggregated food webs; however, there
was little if any distinction between the trophic level of the top
two tiers. While there was a difference of 0.4 between the top
two tiers in the central-western region, this difference was
matched by a standard deviation in the second predation tier that
overlapped the mean of the first.

The aggregated food web of the south-western Pacific had a net-
work structure composed of three predation tiers, while the food
webs of the central-western and central-eastern regions were four
tiered (Fig. 3). The lowest predation tier in all regions was com-
posed of groups containing a range of squid, crustacea, and
small-sized fishes, while the highest predation tiers were generally
dominated by large predatory fishes and sharks.

The aggregated food web of the south-western Pacific (Fig. 3)
had a single group at its highest tier (group 2 in Appendix A), which
contained shortfin mako and hammerhead sharks. The second pre-
dation tier was composed of suite of mid-sized predators. Of note
is group 1, which is the prey of group 2 and was composed of snake
mackerel, yellowfin tuna, and skipjack tuna; the latter two species
being identified as key players (Table 5).

The food web of the central-western Pacific is topped by three
groups, which generally include large predators, such as billfish,
swordfish, and sharks, but also mid-sized predators such as wahoo,
mahi mahi, and the great barracuda. The second predation tier had
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four groups that contained tunas, opah, and longnose lancetfish. In
tier 3 were a mix of sharks and medium-size fishes that included
pomfrets and skipjack tuna.

The aggregated food web of the central-eastern region was vis-
ibly more complex than those of the other two regions (Fig. 3) and
had the highest level of connectance (G in Table 3). It also had
three groups at the highest predation tier, two of which feed at
tiers 2, 3 and 4. The groups in the first tier are generally composed
of billfish and sharks. The next predation tier had three groups that
contained various mid-sized predators, and included the rainbow
runner and the key players tripletail, mahi mahi and yellowfin
tuna. Tier 3 includes bullet, frigate, bigeye and skipjack tunas,
and a range of other medium-sized predators.

3.4. Key players

Ten taxa were identified as key players through the reach and
fragmentation methods (Table 5, Fig. 2). Unidentified teleosts were
classified as key players in all three food webs, while unidentified
cephalopods and longnose lancetfish were key players in the
south- and central-western food webs, and yellowfin tuna were
key players in the south-western and central-eastern food webs.
Key players were distributed through the middle and lower preda-
tion tiers, but were lacking from the highest predation tier of the
food webs (Fig. 3). Key players were sometimes, but not always,
aggregated within the same groups; unidentified teleosts and
cephalopods, however, were always aggregated within the same
group.

3.5. Qualitative predictions

We selected yellowfin tuna to perturb in the qualitative models
because it was identified as a key player in two of the three regions
and is projected to increase its range or abundance in ocean warm-
ing scenarios (Hobday, this issue). A positive press perturbation to
yellowfin tuna produced varied responses in the abundance of
commercially important fishes for each model system (Table 6),
though predictions generally had a high degree of sign determi-
nacy–i.e., >95% probability of sign being correct. A perturbation
to yellowfin tuna in the south-western region and the central-east-
ern region was predicted to lead to a decrease in the abundance of
commercial species that were not within the same group as yel-
lowfin tuna (i.e., in the south-western region, decreases were pre-
dicted for mahi mahi, albacore and bigeye tunas, and swordfish; in
the central-eastern region decreases were predicted for skipjack,
albacore, and bigeye tunas). Within the central-western region,
however, commercial species not sharing group membership with
yellowfin tuna were predicted to increase for two species (mahi
mahi and swordfish), and decrease for two others (skipjack and
albacore tunas).
4. Results

We have used a graph-theoretic approach to examine the struc-
ture of complex pelagic food webs derived from samples of fisher-
ies catches from across the Pacific Ocean (Table 2). We identified
potentially influential species, and simplified the food-web data
for the purpose of developing qualitative models of regional pela-
gic ecosystems. Ten key players were identified from the three re-
gions, but none were common to all three regions except
unidentified teleosts (Table 5). We found that in the south-western
and central-eastern Pacific Ocean, a positive press perturbation to
the key player yellowfin tuna can be predicted to negatively impact
the abundance of a number of commercially important fishes in
the region. In the central-western region, however, there was both
a positive and a negative change in abundance predicted for the
other commercial fishes. In contrast to our expectations, sharks,
which have been considered as keystone predators in some studies
(Hinman, 1998; Stevens et al., 2000 as discussed in Kitchell et al.,
2002), do not appear to play a key role in the Central Pacific, as also
demonstrated by Kitchell et al. (2002). In their study of the pelagic
food webs of the Central Pacific, Kitchell et al. (1999), using a com-
partment-flow type model, could not identify any keystone spe-
cies. Complementary to our key player results for the central-
eastern region (Table 5), however, Kitchell et al. (1999) singled
out yellowfin and skipjack tunas as the most important compo-
nents of the system in terms of diet diversity, but also in terms
of biomass and rates of turnover.

The food web of the south-western region had only three preda-
tion tiers topped by a group with only shortfin mako and hammer-
head sharks. In contrast, the other two regions had four tiers in
which these sharks occupied either the first or the third predation
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Fig. 3. Aggregated food webs of three regions of the Pacific Ocean (based on G of
Table 3). Nodes represent groups of taxa with similar predator–prey relationships
(Fig. 2; Appendix A) and are arranged in predation tiers (Tn) such that a group at
level n is predator of at least one group at level n + 1, and a group at the lowest level
(i.e., Tmaximum) is not predator of any other group in the system. Groups with
asterisks contain key players identified in Table 5. Shown for each tier are mean and
standard deviation of trophic levels of taxa in each group. These network structures
were used to create qualitative models of each pelagic ecosystem, which were used
for perturbation analyses detailed in Table 6.

J.M. Dambacher et al. / Progress in Oceanography 86 (2010) 152–165 159
tier. Examination of the database revealed that in the south-wes-
tern Pacific the diets of these sharks were dominated by tuna spe-
cies, whereas in the other regions their diets were dominated by
lower trophic-level species such as ommastrephid squid. Stable-
isotope analysis of predator white-muscle tissues supports this
lack of distinction between top- and mid-order predators in the
south-western region (Revill et al., 2009).

The qualitative predictions from the three models generally
illustrate the point that the response that a species might have to
a change in ocean conditions depends on food-web structure. Gi-
ven the high likelihood of ocean warming (IPCC, 2007), detailed
knowledge of food-web structure will thus be central to under-
standing and predicting how top pelagic predators and the open-
ocean ecosystems in which they are embedded, will respond.

4.1. Comparisons with other marine food webs

The three pelagic food webs analyzed in this study show
marked differences compared to the food webs described for four
other marine ecosystems, which include an upwelling (Benguela)
and a continental-shelf ecosystem (Northeast US shelf), both of
which include pelagic and demersal species, and two Caribbean
reef ecosystems (Table 7). In the pelagic food webs that we ana-
lyzed, the number of species falls within the range of these other
ecosystems, but values of link density, and connectance are consid-
erably less. This pattern is not a consequence of excluding rare spe-
cies or weak links, as values of link density and connectance in the
raw diet data are similarly low. The mean trophic level of the food
webs analyzed in this study were roughly half a level higher than
those reported from other marine systems, which likely reflects
the aforementioned top-predator bias, and a resulting lack of reso-
lution in lower trophic levels. Also, these differences in connec-
tance could be driven by differences in taxonomic resolution. The
representation of the food webs from our study that are compared
in Table 7 lacked aggregations of trophically or functionally similar
species, though they did include groupings defined by poorly re-
solved taxa (Table 4). Food webs composed of aggregated species
groups are a common feature in other food webs, and have the po-
tential to greatly affect link density (Martinez, 1991), but the effect
of aggregation is expected to lower link density (Martinez, 1993).
Hence, if the food webs in this study are relatively disaggregated,
then they could be expected to have had comparatively higher,
not lower, link densities. And while connectance can also be af-
fected by the overall number of species in the web (Dunne,
2006), the three food webs analyzed in this study are of an inter-
mediate size yet represent the lowest levels of connectance of
any marine system compared. Thus, the relatively low levels of
connectance reported here may reflect real characteristics of pela-
gic ecosystems; clearly, this is an area for future research.

4.2. Utility and limitations of the approach

This work was purely data-driven, in that we have only consid-
ered species and predator–prey interactions represented by data
directly available from the catches of tuna and billfish fisheries in
the three regions, and thus we did not, as is commonly done, in-
clude supplementary information from other studies and other re-
gions. Also, we have adhered to constructing qualitative models
from an aggregation algorithm based only on the structure of
food-web graphs and have avoided a priori classifications based
on size or functional attributes, such as whether a species inhabits
the epi- or meso-pelagic habitats.

The food webs analyzed here are not meant to represent the en-
tire pelagic ecosystem, rather they are only partial food webs de-
fined by the diet of the ecosystem’s upper trophic-level
predators, as sampled from various fisheries. While the stomachs
were collected from different fisheries, sometimes by different
types of fishing gear, using different sampling schemes, and also
processed in different laboratories, the three sets of diet data ap-
pear to generally have a similar level of taxonomic resolution
(i.e., at genus level), and a similar distribution of major taxonomic
categories (Table 4) and trophic levels (Fig. 2). Nevertheless, there
is the likelihood that some of the differences noted in the compar-
isons can be attributed to different fishing methods that can im-
pact the catch composition in terms of species (e.g., Alepisaurus
are caught only by long-lines, rainbow runner only by purse-
seines) and fish size (e.g., long-line caught tuna are usually larger



Table 5
Key players in the pelagic food webs of three regions of the Pacific Ocean. Key players were identified, through an array of criteriaa–h, by their role in fragmenting the food web if
removed, or by how many other species can be reached through them in a specified number of links. Sequence numbers (Seq. no.) reference taxa in Appendix A and graph nodes of
Fig. 2.

Kay player Seq. no. South-western Central-western Central-eastern

Longnose lancetfish 4 Reachd Fragmenta A

Reachc

Mahi mahi 44 reachc

Opah 83 Reachg A

Tripletail 85 A A Reachd

Skipjack tuna 115 Fragmente

Reachg

Albacore tuna 121 Reachd

Yellowfin tuna 122 Fragmenta Reachh

Reachb, c

Swordfish 152 Fragmente A

Reachh

Unidentified teleosts 153 Reachc, d, f–h Fragmente Fragmenta

Reachb–d, f–h Reachb–d, f–h

Unidentified cephalopods 219 Reachg Reachh

a–h Criteria applied in key player analyses: criteria a–d: food web links P1% wet weight in diet of predator; criteria e–h food web links P5% wet weight; criteria a and e: single
species that if removed creates maximal fragmentation of food web; criteria b and f: single species reaching highest number of other species within one link; criteria c and g:
two species reaching highest number of other species in one link; and criteria d and h: two species reaching highest number of other species in two links.

A Does not occur in food web.

Table 6
Qualitative change in abundances of commercially important species due to a positive perturbation to yellowfin tuna, as predicted by models of pelagic ecosystems for three
regions of the Pacific Ocean (Fig. 3). Numbers denote membership in aggregated food web groups, as listed in Appendix A; those in parentheses are of species in groups that
include yellowfin tuna.

Region Predicted direction of change in abundance of commercial spp.

Mahi mahi Skipjack tuna Albacore tuna Yellowfin tuna Bigeye tuna Sword-fish

South-western – + – + – –
7 (1) 7 (1) 3 7

Central-western + – – + + +
18 15 16 (17) (17) 18

Central-eastern + – – + – a

(13) 2 20 (13) 19

a Swordfish not in central-eastern model.

Table 7
Descriptors of seven marine food-web networks, including number of species or
graph nodes (S), link (L) density (D = LS�1), percent connectance (C = LS�2), mean
trophic level (TL), and percent apex predators (A), i.e., species or groups that lack
predators. Food webs are arranged in ascending order of number of species. Food web
descriptors of this study refer to representation C in Table 3.

S D C (%) TL A (%) Source

Benguela 29 7.0 24 3.2 0 Yodzis (1998)a

Small Caribbean reef 50 11 22 2.9 0 Opitz (1996)a

North-east US shelf 79 18 22 3.1 4 Link (2002b)a

Central-eastern Pacific 91 2.4 2.6 3.5 31 This study
South-western Pacific 109 1.9 1.7 3.6 30 This study
Central-western Pacific 142 2.1 1.5 3.5 27 This study
Large Caribbean reef 245 14 5 3.1 0 Opitz (1996)a

a As reported by Dunne et al. (2004).
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than 90 cm while purse-seine caught tuna can be as small as
40 cm). Data collections from the long-line fishery in the central-
eastern region would help to resolve this question.

By limiting ourselves to a qualitative assessment of the diet
data, we have nevertheless sought a general understanding of
how pelagic ecosystems of these three regions are structured,
and to develop hypotheses that can be explored and tested in
quantitative models and other studies of these systems. The qual-
itative techniques employed here can be viewed as complementary
to quantitative modelling approaches, such as compartment-flow
type models, that account for the magnitude of trophic flows be-
tween species or species groups (Ulanowicz and Puccia, 1990;
Christensen and Walters, 2004; Ulanowicz, 2004). The use of tro-
phic-role similarity (Everett and Borgatti, 2002; Luczkovich et al.,
2003) is an objective means of describing simplified aggregations
of large complex food webs, and provides a basis for comparing
the underlying structure of different ecosystems. A chief benefit
of these qualitative approaches explored here is that they require
less data, and while they lack precision in model parameters and
predictions, they are nonetheless rigorous in describing the struc-
ture of an ecosystem and providing a basis for understanding its
dynamics.
4.3. Future research

The scope of this study has been broad and rarely attempted in
comparative studies of marine ecosystems. One of the challenges
of this study was incorporating data from different fisheries with
different sampling regimes, which has the potential to bias the rep-
resentation of the predator and prey species in a food web. Never-
theless, our results suggest potentially important differences
between three pelagic ecosystems of the equatorial and South Pa-
cific Oceans, and these results can be used to inform the construc-
tion of quantitative ecosystem models for the three regions.

Perturbation scenarios for qualitative modelling, such as those
involving ENSO and decadal regimes shifts, can be based on any
context that directly affects the survival, growth or reproduction
of a population. Such scenarios, however, require understanding
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of the biology of the species concerned. The perturbation scenario
with yellowfin tuna applied here was based on a projection of
change in its distribution due to ocean warming (Hobday, this is-
sue). Yellowfin tuna are generally considered to be a tropical spe-
cies limited by cooler temperate waters (Block et al., 1997), and in
the south-western region of the Pacific Ocean they are at or near
the southern limit of their range (Young et al., 2001). Presumably
ocean warming will be beneficial for this species such that its com-
petitive advantage could increase. Our modelling results for the
south-western region suggest that a positive press perturbation
to yellowfin tuna could conceivably lead to a decline in the abun-
dance of mahi mahi, albacore and bigeye tunas, and swordfish, and
these effects are mediated indirectly through resource
competition.

Finally, a conspicuous omission from all three food webs was fish-
eries exploitation, which has been identified as the keystone preda-
tor for at least the central Pacific Ocean (Kitchell et al., 1999).
Incorporating fisheries into these qualitative analyses requires con-
sideration of the main feedbacks that drive and regulate the fishing
fleet, the market, and the ecosystem (Dambacher et al., 2009).
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Appendix A

Table A1.
W), central-western (CW) and central-eastern (CE) regions of the Pacific Ocean (Fig. 1),
ce numbers (Seq. No.) correspond to graph nodes in Fig. 2 and group numbers refer to

Genus Species TL Group no.

SW CW CE

2.00 11
Apogonops anomalus 4.10 12
Alepisaurus brevirostris 3.89 20 22
Alepisaurus ferox� 3.89 3 17
Alepisaurus spp. 3.89 20 22
Canthidermis maculatus 3.00 21 19
Melichthys niger 3.00 20
Xenobalistes spp. 3.00 24

3.00 24 22 20
3.00 20

Tylosurus spp. 4.50 24
4.10 24

Brama brama 4.14 20
Brama orcini 4.14 19
Brama spp. 3.60 19
Eumegistus illustris 3.60 24
Pteraclis spp. 3.60 22
Pterycombus petersii 3.60 24 10
Taractichthys longipinnis 3.60 20

3.60 15 10
Alepes spp. 3.80 3
Atropus atropos 3.80 24
Caranx sexfasciatus 3.80 21 23
Caranx spp. 3.80 3 20
Decapterus koheru 3.69 19
Decapterus macarellus 3.69 14 19
Decapterus spp. 3.40 12 22 11
Elagatis bipinnulata 3.59 17 9
Gnathanodon speciosus 3.80 19
Selar spp. 3.89 3
Seriola lalandi 4.20 22
Seriola peruana 4.20 8

(continued on next page)



Table A1 (continued)

Seq. no. Parent taxa Family (or supra-family group) Genus Species TL Group no.

SW CW CE

33 Teleostei Carangidae Seriola rivoliana 4.20 13
34 Teleostei Carangidae Trachurus declivis 3.61 17
35 Teleostei Carangidae Trachurus spp. 3.61 17
36 Teleostei Carangidae Uraspis helvola 3.80 23
37 Teleostei Carangidae 3.80 15 22 8
38 Teleostei Centrolophidae Centrolophus niger 3.95 9
39 Teleostei Chiasmodontidae Pseudoscopelus spp. 3.00 19
40 Teleostei Chiasmodontidae 3.00 22
41 Teleostei Clupeidae Sardinops neopilchardus 2.43 14
42 Teleostei (Clupeiformes) 3.20 24
43 Teleostei Coryphaenidae Coryphaena equiselis 4.37 14
44 Teleostei Coryphaenidae Coryphaena hippurusb 4.37 7 18 13
45 Teleostei Coryphaenidae 4.20 13
46 Teleostei Diodontidae Cyclichthys spilostylus 3.00 24
47 Teleostei Diodontidae Diodon holocanthus 3.00 22
48 Teleostei Diodontidae Diodon spp. 3.00 24
49 Teleostei Diodontidae 3.00 24 24
50 Teleostei Diretmidae 3.00 22
51 Teleostei Echeneidae Remora remora 3.30 21
52 Teleostei Emmelichthyidae Emmelichthys nitidus nitidus 3.61 24
53 Teleostei Engraulidae Cetengraulis mysticetus 3.00 21
54 Teleostei Engraulidae 3.00 8
55 Teleostei Ephippidae, Drepaneidaea 3.00 9
56 Teleostei Exocoetidae Cheilopogon spp. 3.30 22 11
57 Teleostei Exocoetidae Exocoetus spp. 3.30 6
58 Teleostei Exocoetidae Exocoetus volitans 3.30 11
59 Teleostei Exocoetidae Hirundichthys marginatus 3.30 21
60 Teleostei Exocoetidae Oxyporhamphus micropterus 3.30 11
61 Teleostei Exocoetidae Oxyporhamphus spp. 3.30 24
62 Teleostei Exocoetidae Parexocoetus brachypterus 3.30 24
63 Teleostei Exocoetidae Parexocoetus spp. 3.30 12
64 Teleostei Exocoetidae 3.30 23 22 11
65 Teleostei Gempylidae Gempylus serpens 4.25 1 20 21
66 Teleostei Gempylidae Lepidocybium flavobrunneum 4.34 7 18
67 Teleostei Gempylidae Promethichthys prometheus 4.00 19
68 Teleostei Gempylidae Ruvettus pretiosus 4.08 9 20
69 Teleostei Gempylidae Thyrsites atun 3.74 24
70 Teleostei Gempylidae 4.25 17 20
71 Teleostei Gonostomatidae Gonostoma elongatum 3.00 24
72 Teleostei Hemiramphidae 3.00 24
73 Teleostei Istiophoridae Istiophorus platypterus 4.50 18
74 Teleostei Istiophoridae Istiompax indica 4.46 6 18 16
75 Teleostei Istiophoridae Makaira nigricans 4.46 9 18 16
76 Teleostei Istiophoridae Tetrapturus angustirostris 4.50 7 18 23
77 Teleostei Istiophoridae Kajijia audax 4.58 3 18 15
78 Teleostei Kyphosidae Kyphosus analogus 3.00 18
79 Teleostei Kyphosidae Kyphosus elegans 3.00 18
80 Teleostei Kyphosidae Kyphosus spp. 3.00 24 22
81 Teleostei Kyphosidae Sectator ocyurus 3.00 2
82 Teleostei Kyphosidae 3.00 22
83 Teleostei Lamprididae Lampris guttatusb 4.22 5 20
84 Teleostei Lethrinidae Gymnocranius spp. 3.70 24
85 Teleostei Lobotidae Lobotes pacificusb 4.00 13
86 Teleostei Lobotidae Lobotes surinamensis 4.00 19
87 Teleostei Lophotidae Lophotus capellei 3.00 19
88 Teleostei Monacanthidae Aluterus monoceros 3.00 19 18
89 Teleostei Monacanthidae Aluterus scriptus 3.00 18
90 Teleostei Monacanthidae 3.00 20
91 Teleostei Myctophidae Benthosema panamense 3.00 11
92 Teleostei Myctophidae Diaphus spp. 3.00 12
93 Teleostei Myctophidae 3.00 17 22
94 Teleostei Nomeidae Cubiceps baxteri 3.00 24
95 Teleostei Nomeidae Cubiceps pauciradiatus 3.00 20 17
96 Teleostei Nomeidae Psenes pellucidus 3.00 11
97 Teleostei Omosudidae Omosudis lowii 3.00 15
98 Teleostei Ostraciidae Lactoria diaphana 3.00 23 6
99 Teleostei Paralepididae Magnisudis indica 3.00 23

100 Teleostei Paralepididae Sudis atrox 3.00 19 23
101 Teleostei Paralepididae 3.00 22
102 Teleostei Phosichthyidae Phosichthys argenteus 3.00 19
103 Teleostei Phosichthyidae Vinciguerria lucetia 3.00 1
104 Teleostei Scaridae Cetoscarus bicolor 3.00 10
105 Teleostei Scomberesocidae Scomberesox saurus scomberoides 3.00 17
106 Teleostei Scombridae Acanthocybium solandri 4.50 6 18 13
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Table A1 (continued)

Seq. no. Parent taxa Family (or supra-family group) Genus Species TL Group no.

SW CW CE

107 Teleostei Scombridae Allothunnus fallai 4.20 20
108 Teleostei Scombridae Auxis rochei rochei 4.20 12 14
109 Teleostei Scombridae Auxis spp. 4.20 12
110 Teleostei Scombridae Auxis thazard 4.34 24 12
111 Teleostei Scombridae Euthynnus affinis 4.47 19
112 Teleostei Scombridae Euthynnus alletteratus 4.20 12
113 Teleostei Scombridae Euthynnus lineatus 3.57 23
114 Teleostei Scombridae Euthynnus spp. 4.20 12
115 Teleostei Scombridae Katsuwonus pelamisb 4.35 1 15 12
116 Teleostei Scombridae Sarda australis 4.00 5
117 Teleostei Scombridae Scomber australasicus 4.03 16
118 Teleostei Scombridae Scomber japonicus 3.09 21
119 Teleostei Scombridae Scomber spp. 4.00 12
120 Teleostei Scombridae Scomberomorus spp. 4.20 24
121 Teleostei Scombridae Thunnus alalungab 4.44 7 16 20
122 Teleostei Scombridae Thunnus albacaresb 4.30 1 17 13
123 Teleostei Scombridae Thunnus maccoyii 3.87 7
124 Teleostei Scombridae Thunnus obesus 4.50 3 17 19
125 Teleostei Scombridae Thunnus orientalis 4.21 23
126 Teleostei Scombridae Thunnus spp. 4.18 13 24 11
127 Teleostei Scombridae 4.00 18 22 11
128 Teleostei (Scombroidei) 4.20 11
129 Teleostei Scombrolabracidae Scombrolabrax heterolepis 4.25 13
130 Teleostei Scombrolabracidae, Gempylidaea 4.25 12
131 Teleostei Scopelarchidae 3.00 15
132 Teleostei Serranidae 4.00 4
133 Teleostei Sphyraenidae Sphyraena barracuda 4.30 18
134 Teleostei Sphyraenidae Sphyraena ensis 4.30 23
135 Teleostei Sphyraenidae Sphyraena qenie 4.30 19
136 Teleostei Sphyraenidae 4.30 18
137 Teleostei Sternoptychidae Argyropelecus aculeatus 3.00 22
138 Teleostei Sternoptychidae Argyropelecus sladeni 3.00 10
139 Teleostei Sternoptychidae Maurolicus spp. 3.00 23
140 Teleostei Sternoptychidae Sternoptyx spp. 3.00 22 23
141 Teleostei Sternoptychidae 3.00 22
142 Teleostei Tetragonuridae Tetragonurus spp. 3.00 24
143 Teleostei Tetraodontidae Lagocephalus lagocephalus 2.67 24 21
144 Teleostei Tetraodontidae Lagocephalus spp. 2.67 24
145 Teleostei Tetraodontidae 2.67 18 24
146 Teleostei (Tetraodontiformes) 2.67 24
147 Teleostei Trachichthyidae 3.90 19
148 Teleostei Trachipteridae Desmodema polystictum 4.30 19
149 Teleostei Trachipteridae 4.30 9
150 Teleostei Trichiuridae Assurger anzac 4.10 14
151 Teleostei Trichiuridae 4.10 24 23
152 Teleostei Xiphiidae Xiphias gladiusb 4.55 7 18
153 Teleostei (Unidentified teleostsb) 3.35 18 22 4
154 Chondrichthyes Alopiidae Alopias pelagicus 4.21 23
155 Chondrichthyes Alopiidae Alopias superciliosus 4.21 9
156 Chondrichthyes Carcharhinidae Carcharhinus brachyurus 4.20 8
157 Chondrichthyes Carcharhinidae Carcharhinus falciformis 4.20 9 18 16
158 Chondrichthyes Carcharhinidae Carcharhinus leucas 4.20 7
159 Chondrichthyes Carcharhinidae Carcharhinus limbatus 4.20 16
160 Chondrichthyes Carcharhinidae Carcharhinus longimanus 4.20 19 16
161 Chondrichthyes Carcharhinidae Carcharhinus obscurus 4.20 4
162 Chondrichthyes Carcharhinidae Galeocerdo cuvier 4.20 19
163 Chondrichthyes Carcharhinidae Prionace glauca 4.24 7 6
164 Chondrichthyes Dasyatidae Pteroplatytrygon violacea 3.70 20
165 Chondrichthyes Lamnidae Isurus oxyrinchus 4.28 2 18 18
166 Chondrichthyes Lamnidae Isurus paucus 4.50 18
167 Chondrichthyes Lamnidae Lamna nasus 4.21 9
168 Chondrichthyes Sphyrnidae Sphyrna lewini 4.25 2 19 7
169 Chondrichthyes Sphyrnidae Sphyrna zygaena 4.50 10 16
170 Chondrichthyes Sphyrnidae 4.30 20 16
171 Chondrichthyes (Elasmobranchii) 4.05 2
172 Chondrichthyes (Rajiformes) 3.90 5
173 Mammalia Delphinidae Stenella attenuata 4.00 23
174 Mammalia Delphinidae 4.00 24
175 Mollusca Amphitretidae Amphitretus spp. 2.27 23
176 Mollusca Ancistrocheiridae Ancistrocheirus lesueurii 3.44 23
177 Mollusca Architeuthidae Architeuthis spp. 4.00 20
178 Mollusca Argonautidae Argonauta cornutus 3.25 10
179 Mollusca Argonautidae Argonauta nodosa 3.25 20

(continued on next page)
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Table A1 (continued)

Seq. no. Parent taxa Family (or supra-family group) Genus Species TL Group no.

SW CW CE

180 Mollusca Argonautidae Argonauta spp. 3.25 14 22
181 Mollusca Atlantidae Atlanta spp. 2.00 24
182 Mollusca Atlantidae 2.00 22
183 Mollusca Carinariidae Carinaria spp. 1.50 19 22
184 Mollusca Cavoliniidae Cavolinia spp. 2.00 1
185 Mollusca Cavoliniidae Cavolinia tridentata 2.00 19
186 Mollusca Chiroteuthidae 3.44 4
187 Mollusca Enoploteuthidae Abralia spp. 3.44 10
188 Mollusca Enoploteuthidae Enoploteuthis spp. 3.44 24
189 Mollusca Enoploteuthidae Pyroteuthis spp. 3.44 10
190 Mollusca Enoploteuthidae 3.44 10
191 Mollusca Histioteuthidae Histioteuthis bonnellii 3.75 24
192 Mollusca Histioteuthidae Histioteuthis miranda 3.75 19
193 Mollusca Histioteuthidae Histioteuthis spp. 3.75 24 23
194 Mollusca Loliginidae Loliolopsis diomedeae 3.25 21
195 Mollusca Lycoteuthidae Lycoteuthis lorigera 3.75 24
196 Mollusca Octopodidae Octopus spp. 3.80 24
197 Mollusca Octopodidae 3.80 24 22
198 Mollusca Ommastrephidae Dosidicus gigas 4.00 4
199 Mollusca Ommastrephidae Eucleoteuthis luminosa 3.20 19 22
200 Mollusca Ommastrephidae Nototodarus gouldi 3.20 20
201 Mollusca Ommastrephidae Nototodarus sloanii 3.20 19
202 Mollusca Ommastrephidae Ommastrephes bartramii 3.20 20
203 Mollusca Ommastrephidae Ornithoteuthis volatilis 3.20 24 23
204 Mollusca Ommastrephidae Sthenoteuthis oualaniensis 3.20 23 21
205 Mollusca Ommastrephidae Todarodes filippovae 3.20 24
206 Mollusca Ommastrephidae Todaropsis eblanae 3.20 18
207 Mollusca Ommastrephidae 3.20 20 24
208 Mollusca Onychoteuthidae Moroteuthis lonnbergi 4.00 23
209 Mollusca Onychoteuthidae Moroteuthis robsoni 4.00 20
210 Mollusca Onychoteuthidae Moroteuthis spp. 4.00 19 10
211 Mollusca Onychoteuthidae Onychoteuthis banksii 4.00 6
212 Mollusca Onychoteuthidae Onychoteuthis spp. 4.00 24 23
213 Mollusca Onychoteuthidae Walvisteuthis spp. 4.00 23
214 Mollusca Onychoteuthidae 4.00 23
215 Mollusca Thysanoteuthidae Thysanoteuthis rhombus 4.00 19 10
216 Mollusca (Bivalvia) 2.00 10
217 Mollusca (Gastropoda) 2.00 10
218 Mollusca (Octopoda) 3.80 10
219 Mollusca (Unidentified cephalopodsb) 3.75 18 22 4
220 Crustacea Cyphocarididae 3.44 24
221 Crustacea Enoplometopidae Enoplometopus spp. 2.67 24
222 Crustacea Euphausiidae Nyctiphanes simplex 2.00 17
223 Crustacea Galatheidae Pleuroncodes planipes 2.67 21
224 Crustacea Lepadidae 2.67 10
225 Crustacea Oplophoridae Acanthephyra spp. 2.67 23
226 Crustacea Penaeidae 2.67 5
227 Crustacea Phronimidae Phronima spp. 2.00 22
228 Crustacea Platyscelidae Platyscelus ovoides 2.00 12
229 Crustacea Portunidae 2.67 6
230 Crustacea Thalassocarididae Thalassocaris spp. 2.67 22
231 Crustacea (Cirripedia) 2.67 1
232 Crustacea (Decapoda-megalopa) 2.00 17
233 Crustacea (Decapoda-phyllosoma) 2.00 10
234 Crustacea (Decapoda-prawn) 2.67 12
235 Crustacea (Decapoda-shrimp) 2.67 24 1
236 Crustacea (Hyperiidea) 3.00 12 22
237 Crustacea (Mysida) 2.00 3
238 Crustacea (Stomatopoda) 3.50 24 23
239 Crustacea (Unidentified crustacea) 2.67 14 22 1
240 Gelatinous Zooplankton Pyrosomatidae Pyrosoma spp. 2.00 10
241 Gelatinous Zooplankton Salpidae 2.00 21 5
242 Gelatinous Zooplankton (Actiniaria) 2.00 5
243 Algae (Alga) 1.00 1
244 Other Invertebrate (Ascidiacea) 2.00 5
245 Gelatinous Zooplankton (Cnidaria) 2.00 5
246 Other Invertebrate (Foraminifera) 2.00 10
247 Other Invertebrate (Porifera) 2.00 5
248 Gelatinous Zooplankton (Scyphozoa) 2.00 10

Total taxa identified 109 142 91

a Multi-family group.
b Key player identified in Table 5.

164 J.M. Dambacher et al. / Progress in Oceanography 86 (2010) 152–165



J.M. Dambacher et al. / Progress in Oceanography 86 (2010) 152–165 165
References

Allain, V., 2003. Diet of mahi-mahi, wahoo and lancetfish in the western and central
Pacific. 16th Meeting of the Standing Committee on Tuna and Billfish, SCTB16,
Mooloolaba, Queensland, Australia, 9–16 July 2003. BBRG-6, pp. 1–19.

Allain, V., 2005. Diet of large pelagic predators of the western and central Pacific
Ocean. In: 1st Meeting of the Scientific Committee of the Western and Central
Pacific Fisheries Commission, WCPFC-SC1, Noumea, New Caledonia, 8–19
August 2005. BI WP-2, pp. 1–18.

Allesina, S., Bodini, A., Bondavalli, C., 2006. Secondary extinctions in ecological
networks: bottlenecks unveiled. Ecological Modelling 194, 150–161.

Block, B.A., Keen, J.E., Castillo, B., Dewar, H., Freund, E.V., Marcinek, D.J., Brill, R.W.,
Farwell, C., 1997. Environmental preferences of yellowfin tuna (Thunnus
albacares) at the northern extent of its range. Marine Biology 130, 119–132.

Borgatti, S.P., 2006. Identifying sets of key players in a social network.
Computational and Mathematical Organization Theory 12, 21–34.

Boyce, D.G., Tittensor, D.P., Worm, B., 2008. Effects of temperature on global
patterns of tuna and billfish richness. Marine Ecology Progress Series 355, 267–
276.

Boyd, J.P., 2002. Finding and testing regular equivalence. Social Networks 24, 315–
331.

Brodeur, R.D., Pearcy, W.G., 1992. Effects of environmental variability on trophic
interactions and food web structure in a pelagic upwelling ecosystem. Marine
Ecology Progress Series 84, 101–119.

Christensen, V., Walters, C.J., 2004. Ecopath with ecosim: methods capabilities and
limitations. Ecological Modelling 172, 109–139.

Dambacher, J.M., Li, H.W., Rossignol, P.A., 2002. Relevance of community structure
in assessing indeterminacy of ecological predictions. Ecology 83, 1372–1385.

Dambacher, J.M., Li, H.W., Rossignol, P.A., 2003. Qualitative predictions in model
ecosystems. Ecological Modelling 161, 79–93.

Dambacher, J.M., Levins, R., Rossignol, P.A., 2005. Life expectancy change in
perturbed communities: derivation and qualitative analysis. Mathematical
Biosciences 197, 1–14.

Dambacher, J.M., Gaughan, D.J., Rochet, M.-J., Rossignol, P.A., Trenkel, V.M., 2009.
Qualitative modelling and indicators of exploited ecosystems. Fish and Fisheries
10, 305–322.

Dunne, J.A., 2006. The network structure of food webs. In: Pascual, M., Dunne, J.A.
(Eds.), Ecological Networks: Linking Structure to Dynamics in Food Webs.
Oxford University Press, New York, pp. 27–86.

Dunne, J.A., Williams, R.J., Martinez, N.D., 2004. Network structure and robustness
of marine food webs. Marine Ecology Progress Series 273, 291–302.

Elton, C., 1927. Animal Ecology. MacMillan Co., New York.
Everett, M., Borgatti, S., 2002. Computing regular equivalence: practical and

theoretical issues. In: Mrvar, A., Virk, Z. (Eds.), Developments in Statistics,
Metodološki Zvezki, vol 17. pp. 31–42.

Ferson, S., 1996. What Monte Carlo methods cannot do. Human and Ecological Risk
Assessment 2, 990–1007.

Hinman, K., 1998. Ocean Roulette: Conserving Swordfish, Sharks and other
Threatened Pelagic Fish in Long-line-infested Waters. National Coalition for
Marine Conservation, Leesburg, Virginia.

Hobday, A.J., this issue. Ensemble analysis of the future distribution of large pelagic
fishes in Australia. Progress in Oceanography. doi:10.1016/
j.pocean.2010.04.023.

Hosack, G.R., Hayes, K.R., Dambacher, J.M., 2008. Assessing uncertainty in the
structure of ecological models through a qualitative analysis of system feedback
and Bayesian belief networks. Ecological Applications 18, 1070–1082.

IATTC, 2008. Annual Report of the Inter-American Tropical Tuna Commission, 2006.
Inter-American Tropical Tuna Commission, La Jolla, California.

IPCC, 2007. Climate Change 2007: Synthesis Report. Pachauri, R.K., Reisinger, A.
(Eds.), Contribution of Working Groups I, II and III to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. IPCC, Geneva,
Switzerland.

Jackson, G.D., 2004. Advances in defining the life histories of myopsid squid. Marine
and Freshwater Research 55, 357–365.

Jackson, G.D., Domeier, M.L., 2004. The effects of an extraordinary El Niño/La Niña
event on the size and growth of the squid Loligo opalescens off Southern
California. Marine Biology 142, 925–935.

Jordán, F., Liu, W.-C., Davis, A.J., 2006. Topological keystone species: measures of
positional importance in food webs. Oikos 112, 535–546.

Kitchell, J.F., Boggs, C.H., He, X., Walters, C.J., 1999. Keystone predators in the Central
Pacific. In: Ecosystem Approaches for Fisheries Management. University of
Alaska Sea Grant, AK-SG-99-01, Fairbanks, Alaska, pp. 665–683.

Kitchell, J.F., Essington, T.E., Boggs, C.H., Schindler, D.E., Walters, C.J., 2002. The role
of sharks and long-line fisheries in a pelagic ecosystem of the Central Pacific.
Ecosystems 5, 202–216.

Levins, R., 1966. The strategy of model building in population biology. American
Scientist 54, 421–431.

Levins, R., 1974. The qualitative analysis of partially specified systems. Annals of the
New York Academy of Sciences 231, 123–138.

Levins, R., 1998. Qualitative mathematics for understanding, prediction, and
intervention in complex systems. In: Rapport, D., Costanza, R., Epstein, P.R.,
Gaudet, C., Levins, R. (Eds.), Ecosystem Health. Blackwell Science, Malden,
Massachusetts, USA, pp. 178–204.

Libralato, S., Christensen, V., Pauly, D., 2006. A method for identifying keystone
species in food web models. Ecological Modelling 195, 153–171.
Link, J., 1999. (Re)constructing food webs and managing fisheries. In: Ecosystem
Approaches for Fisheries Management. University of Alaska Sea Grant, AK-SG-
99-01, Fairbanks, Alaska, pp. 571–588.

Link, J.S., 2002a. What does ecosystem-based fisheries management mean?
Fisheries 27, 18–21.

Link, J.S., 2002b. Does food web theory work for marine ecosystems? Marine
Ecology Progress Series 230, 1–9.

Luczkovich, J.L., Borgatti, S.P., Johnson, J.J., Everett, M.G., 2003. Defining and
measuring trophic role similarity in food webs using regular equivalence.
Journal of Theoretical Biology 220, 303–321.

Martinez, N.D., 1991. Artifacts or attributes? Effects of resolution on the Little Rock
Lake food web. Ecological Monographs 61, 367–392.

Martinez, N.D., 1993. Effects of resolution on food web structure. Oikos 66, 403–
412.

Mason, S.J., 1953. Feedback theory: some properties of signal flow graphs.
Proceedings of the Institute of Radio Engineers 41, 1144–1156. doi:10.1109/
JRPROC.1953.274449.

Mason, S.J., 1956. Feedback theory: further properties of signal flow graphs.
Proceedings of the Institute of Radio Engineers 44, 920–926. doi:10.1109/
JRPROC.1956.275147.

Mearns, A.J., Young, D.R., Olson, R.J., Schafer, H.A., 1981. Trophic structure and the
cesium-potassium ratio in pelagic ecosystems. California Cooperative Oceanic
Fisheries Investigations Reports 22, 99–110.

Merton, R.K., 1949. Social Theory and Social Structure. Free Press, New York.
Metcalf, S.J., Dambacher, J.M., Hobday, A.J., Lyle, J.M., 2008. Importance of trophic

information, simplification and aggregation error in ecosystem models. Marine
Ecology Progress Series 360, 25–36.

Mills, L.S., Soulé, M.E., Doak, D.F., 1993. The keystone-species concept in ecology and
conservation. BioScience 43, 219–224.

Olson, R.J., Galván-Magaña, F., 2002. Food habits and consumption rates of common
dolphinfish (Coryphaena hippurus) in the eastern Pacific Ocean. US National
Marine Fisheries Service, Fishery Bulletin 100, 279–298.

Opitz, S., 1996. Trophic interactions in Caribbean coral reefs. ICLARM Technical
Report 43, Manila, Philippines.

Paine, R.T., 1966. Food web complexity and species diversity. American Naturalist
100, 65–75.

Paine, R.T., 1969. A note on trophic complexity and species diversity. American
Naturalist 103, 91–93.

Pascual, M.A., Kareiva, P., Hilborn, R., 1997. The influence of model structure on
conclusions about the variability and harvesting of Serengeti wildebeest.
Conservation Biology 11, 966–976.

Pearcy, W.G., 2002. Marine nekton off Oregon and the 1997–1998 El Niño. Progress
in Oceanography 54, 399–403.

Pearcy, W.G., Schoener, A., 1987. Changes in the marine biota coincident with the
1982–1983 El Niño in the northeastern subarctic Pacific Ocean. Journal of
Geophysical Research 92, 14417–14428.

Power, M.E., Tilman, D., Estes, J.A., Menge, B.A., Bond, W.J., Mills, L.S., Gretchen, D.,
Castilla, J.C., Lubchenco, J., Paine, R.T., 1996. Challenges in the quest for
keystones. BioScience 46, 609–620.

Regan, H.M., Colyvan, M., Burgman, M.A., 2002. A taxonomy and treatment of
uncertainty for ecology and conservation biology. Ecological Applications 12,
618–628.

Revill, A.T., Young, J.W., Lansdell, M., 2009. Stable isotopic evidence for trophic
groupings and bioregionalization of predators and their prey in oceanic waters
off eastern Australia. Marine Biology 156, 1241–1253.

Rice, J., 1995. Food web theory, marine food webs, and what climate change may do
to northern marine fish populations. In: Beamish, R.J. (Ed.), Climate Change and
Northern Fish Populations, vol. 121. Canadian Fisheries and Aquatic Sciences,
Special Publication, pp. 561–568.

Sharp, G.D., Dizon, A.E. (Eds.), 1978. The Physiological Ecology of Tunas. Academic
Press, New York.

Sibert, J., Hampton, J., Kleiber, P., Maunder, M., 2006. Biomass, size, and trophic
status of top predators in the Pacific Ocean. Science 314, 1773–1776.

Stevens, J.D., Bonfil, R., Dulvy, N.K., Walker, P.A., 2000. The effects of fishing on
sharks, rays and chimaeras (chondrichthyans) and implications for marine
ecosystems. ICES Journal of Marine Science 57, 476–494.

Ulanowicz, R.E., 2004. Quantitative methods for ecological network analysis.
Computational Biology and Chemistry 28, 321–339.

Ulanowicz, R.E., Puccia, C.J., 1990. Mixed trophic impacts in ecosystems. Coenoses 5,
7–16.

Walters, C.J., Christensen, V., Pauly, D., 1997. Structuring dynamic models of
exploited ecosystems from trophic mass-balance assessments. Reviews in Fish
Biology and Fisheries 7, 1–34.

Yodzis, P., 1998. Local trophodynamics and the interaction of marine mammals and
fisheries in the Benguela ecosystem. Journal of Animal Ecology 67, 635–658.

Young, J.W., Lamb, T.D., Bradford, R., Clementson, L., Kloser, R., Galea, H., 2001.
Yellowfin tuna (Thunnus albacares) aggregations along the shelf break of
southeastern Australia: links between inshore and offshore processes. Marine
and Freshwater Research 52, 463–474.

Young, J.W., Lansdell, M.J., Riddoch, S., Revill, A.T., 2006. Feeding ecology of broadbill
swordfish, Xiphias gladius (Linnaeus, 1758), off eastern Australia in relation to
physical and environmental variables. Bulletin of Marine Science 79, 793–811.

Young, J.W., Lansdell, M.J., Hobday, A.J., Dambacher, J.M., Cooper, S., Griffiths, S.P.,
Kloser, R., Nichols, P.D., Revill, A., 2009. Determining Ecological Effects of Long-
line Fishing in the Eastern Tuna and Billfish Fishery. FRDC Final Report 2004/
063. CSIRO Marine and Atmospheric Research, Hobart, Tasmania, Australia.

http://dx.doi.org/10.1016/j.pocean.2010.04.023
http://dx.doi.org/10.1016/j.pocean.2010.04.023
http://dx.doi.org/10.1109/JRPROC.1953.274449
http://dx.doi.org/10.1109/JRPROC.1953.274449
http://dx.doi.org/10.1109/JRPROC.1956.275147
http://dx.doi.org/10.1109/JRPROC.1956.275147

	Analyzing pelagic food webs leading to top predators in the Pacific Ocean: A graph-theoretic approach
	Introduction
	Materials and methods
	Diet data
	Food-web graphs
	Key players
	Network aggregation
	Qualitative models and predictions of perturbation response

	Results
	Diet studies
	Food-web structure and link strength
	Aggregation
	Key players
	Qualitative predictions

	Results
	Comparisons with other marine food webs
	Utility and limitations of the approach
	Future research

	Acknowledgements
	Appendix A
	References


