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ABSTRACT. We use food-web models to develop visualizations to compare and evaluate the interactions of tuna 
fisheries with their supporting food webs in the eastern tropical Pacific (ETP) and the central north Pacific (CNP) 
Oceans. In the ETP and CNP models, individual fisheries use slightly different food webs that are defined by the 
assemblage of targeted tuna species. Distinct energy pathways are required to support different tuna species and, 
consequently, the specific fisheries that target different tuna assemblages. These simulations suggest that catches 
of tunas, sharks, and billfishes have lowered the biomass of the upper trophic levels in both systems, whereas 
increases in intermediate and lower trophic level animals have accompanied the decline of top predators. Trade-
offs between fishing and predation mortality rates that occur when multiple fisheries interact with their respective 
food webs may lead to smaller changes in biomass than if only the effect of a single fishery is considered. 
Historical simulations and hypothetical management scenarios further demonstrate that the effects of longline and 
purse seine fisheries have been strongest in upper trophic levels, but that lower trophic levels may respond more 
strongly to purse-seine fisheries. The apex predator guild has responded most strongly to longlining. Simulations 
of alternative management strategies that attempt to rebuild shark and billfish populations in each ecosystem 
reveal that (1) changes in longlining more effectively recover top predator populations than do changes in purse 
seining and (2) restrictions on both shallow-set longline gear and shark finning may do more to recover top 
predators than do simple reductions in fishing effort. 

INTRODUCTION As evidence for the ecosystem effects of fishing grows, 
discussions continue as to how the perspectives gained 
through ecosystem-based research can be incorporated 
into management strategies (Yaffe 1999, Link 2002). 
Large system size, limited data, and uncertain knowledge 
of how fisheries affect entire food webs have hindered 
the development of useful ecosystem-based management 
strategies. Consequently, modeling efforts that attempt to 
link fisheries and food webs have become essential tools 
for studying ecosystem dynamics and generating 
hypotheses about the ecosystem effects of fishing 
(Walters 1986, National Research Council 1999). We use 
two previously published food-web models (Cox et al. 
2002b, Olson and Watters 2003) from two Pacific Ocean 
ecosystems to compare the effects of the relatively recent 
expansions of tuna fisheries in the pelagic ocean.  

Evidence for the top-down effects of fisheries on marine 
ecosystems continues to accumulate (Pauly et al. 1998, 
Hall 1999, Jackson et al. 2001). Fisheries have been 
likened to keystone predators (Kitchell et al. 1999) in that 
the sustained pressure of harvesting can reduce the 
ecological impacts of the target predators on their prey 
(Essington et al. 2002). The effects of fishing in marine 
ecosystems may range from reductions of apex predators 
(Stevens et al. 2000, Tegner and Dayton 2000, Schindler 
et al. 2002, Baum et al. 2003) and other economically 
important fishes (Fogarty and Murawski 1998, Pauly et 
al. 1998) to the proliferation of unfished or economically 
unimportant species (Carscadden 2001, Walters and 
Kitchell 2001, Daskalov 2002) and potential shifts in 
ecosystem states (Jackson et al. 2001). Recognition of 
such effects has reinforced recent calls for ecosystem-
based management of the world's ocean fisheries 
(National Marine Fisheries Service 1999, National 
Research Council 1999).  

Our primary objective is to compare the potential effects 
of fishing in two Pacific Ocean ecosystems that have 
similar food-web structures and fisheries but different 
histories of fishery development, targets, and bycatch. 
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Appendix 1 contains a brief description of these fisheries 
and their historical development. We first compare the 
historical trends in biomass of representative groups that 
arise from fishery-food web interactions, and we examine 
the effects that derive from single vs. multiple fisheries. 
Second, we explore future projections based on 
hypothetical management objectives that seek to recover 
shark and billfish populations. The future scenarios we 
consider arise in response to recent reports of worldwide 
reductions in the biomass of large pelagic predators 
(Christensen et al. 2003, Myers and Worm 2003).  

An auxiliary goal of this analysis is to better visualize 
the connections of fisheries to food webs and the 
effects of fisheries on their food webs. The 
visualizations used here are intended to highlight the 
primary connections, defined below, of fisheries to 
their respective food webs. We also use the 
visualizations to demonstrate the effects of fisheries, in 
the context of a food web, that arise from the catches 
of tunas, sharks, and billfishes. 

 

Fig. 1. Map of the Pacific Ocean with the boundaries of the central north Pacific and eastern tropical Pacific systems.  

 

METHODS 

Modeling approach 

We used ecosystem models developed for the eastern 
tropical Pacific (20ºS to 20ºN and 150ºW to the 
continental shelf of the Americas) and the central 
north Pacific (0ºN to 40ºN and 130ºE to 150ºW) to 
explore and compare the connections between the 
different fisheries and their respective food webs. The 
spatial extent of the models is displayed in Fig. 1. 
Each model represents an independent hypothesis 
about the structure and the potential dynamics of each 
ecosystem. The groupings, parameterizations, fits to 
historical time series, and assessments of sources of 
uncertainty for each model are fully described for the 
eastern tropical Pacific (ETP) by Olson and Watters 

(2003) and for the central north Pacific (CNP) by Cox 
et al. (2002b). We refer the reader to those 
publications for full details on the models used here.  

Both models were built using the Ecopath with Ecosim 
(EwE) modeling approach (Christensen and Pauly 
1992, Walters et al. 2000) and are representative of 
average diets and fishery catches from 1993 to 1997 
for the ETP and from 1990 to 1998 for the CNP. 
Together, they summarize a large body of information 
on the diets, bioenergetics, and life history that is 
available for pelagic animals in the Pacific Ocean.  

The EwE approach facilitates static and dynamic 
visualizations of ecosystem structure and the ways in 
which fishing affects this structure. The static Ecopath 
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component is rooted in the thermodynamic principles of 
mass balance in which production is balanced by losses 
due to fishing and predation mortality. The mass balance 
provides a snapshot estimate of the trophic flows that are 
required to support all the groups and fisheries in the 
ecosystem. The dynamic Ecosim component describes 
changes in trophic flows and biomasses caused by 

changes in fishing effort that occur over the course of 
fishery development (Fig. 2). We use these alternate 
representations of the food web to compare static 
visualizations of food-web configurations from Ecopath 
output and dynamic visualizations of biomass trends 
from the Ecosim output. 

 

Fig. 2. Indices of historical fishing effort for the eastern tropical Pacific (ETP) and the central north Pacific (CNP) 
ecosystems. Fishing effort is scaled to the amount of effort expended during the early 1990s. Note that the scaling is applied 
independently to each fishery, and that it is not appropriate to compare the scaling of effort between fisheries.  
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Static visualizations 

We used Ecopath estimates of the mass-balanced food 
webs to trace the primary trophic linkages from the major 
fisheries to the primary producers at the base of each 
food web. The major fisheries were defined as those that 
cumulatively accounted for the top 95% of the 1990s 
catch in the model. The primary targets were defined as 
the set of species or groups in the model that accounted 
for the top 95% of each major fishery's catch. In turn, all 
remaining linkages in each food web were identified by 
the set of prey that accounted for 95% of the diet of the 
targeted predators. This method was applied for each 
species or group included, down to the primary 
producers, to produce fishery-specific food webs that we 
termed "fishery food webs." Our arbitrary cutoff of 95% 
highlights the primary energy flows within the model that 
support those fisheries with the highest yields. The 
ELVIZ software used to produce the visualizations and 
comparisons (Aydin et al. 2002) is available from the 
Alaska Fisheries Science Center of the National Marine 
Fisheries Service.  

Sharks and billfishes were not well represented in the 
fishery food webs (see Results), because these fishes 
were not large components of catches in the 1990s. 
The bycatch of these apex predators is a special 
concern for fisheries management agencies in the 
Pacific Ocean (Bailey et al. 1996, Inter-American 
Tropical Tuna Commission 2002a), owing, in part, to 
life-history attributes that render their populations 
susceptible to overfishing (Stevens et al. 2000, 
Schindler et al. 2002). To describe the ETP and CNP 
food webs of important bycatch species, which we 
termed "bycatch food webs," we separately applied the 
same 95% approach to the billfish and shark groups 
whose primary mortality sources included fisheries.  

We computed a measure of connectance to provide a 
quantitative comparison of each fishery and bycatch 
food web with the respective full food web for the 
ETP and CNP. We define connectance here as the 
ratio of the number of links in each fishery food web 
or bycatch food web to the total number of links in a 
full (95% criteria) food web that includes all fisheries. 
For example, if a fishery food web contains only 10 
links and the full food web contains 20, the 
connectance for the fishery food web is 0.5.  

Dynamic visualizations and simulations 

We used the Ecosim results from two sets of fishing 

scenarios for both the ETP and CNP to develop 
dynamic visualizations of fishery-induced variations in 
the food web. First, the model was forced with time 
series of historical fishing effort (Fig. 2) that allowed 
us to compare the effects of historical fishing patterns 
on food-web components. We animated the effect of 
the combined fishing effort from all fisheries to 
produce a food-web movie of the potential system-
wide effects of historical fishing in each area. The 
second set of scenarios compares the combined effects 
of multiple gears to the effects of individual fisheries. 
We isolated the effects of purse-seine and longline 
fisheries in both the ETP and CNP by comparing 
simulations with all fishery effort to simulations 
without the fishing effort from either purse seines or 
longlines. The difference between the simulations was 
considered to represent the effect of the excluded 
fishery, given the existence of all other fisheries. This 
method allowed us to investigate more closely the 
food-web effects of an individual fishery that may be 
masked when all fisheries are considered in aggregate.  

Alternative management scenarios 

Conservation of marine apex predators such as sharks 
and billfish is a pressing global problem (Christensen 
et al. 2003, Myers and Worm 2003). Although the full 
extent of the depletion of these predators in the Pacific 
Ocean is a subject of debate (Hampton et al. 2003, 
Walters 2003), it is reasonable to expect that future 
management actions will seek to increase the 
abundance of these species. Management options for 
rebuilding predator populations could include 
changing fishing gear, restricting the retention of 
certain bycatch, or reducing the fishing effort of 
certain fleets. Here we investigated five examples of 
these management policies. For each example, we 
started with the base 1990s models and projected 
forward for 30 yr under the new management scenario. 
The catches and mortality rates for all species and the 
fishing effort of all fisheries not affected by the 
management action were maintained at their average 
1990s levels. Using food-web diagrams, we illustrate 
the direct effects of lowered fishing mortality and the 
indirect effects related to changes in predation and 
competition after the 30-yr implementation of the new 
fishing policy.  

One management option for increasing billfish stocks 
would be to require longline fishermen to set all hooks 
deeper than 120 m. Based on catch-at-depth 
information, an effective ban on shallow-set hooks 
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could reduce the catch of marlins (Hanamoto 1974, 
Boggs 1992, Nakano et al. 1997). The results from 
Boggs (1992) suggest that eliminating the shallow 
hooks from longlines would reduce longline fishing 
mortality for marlin, other billfishes except swordfish, 
yellowfin, and bigeye tuna by 54, 42, 8, and 2%, 
respectively. We applied these reduced longline 
fishing mortality rates to billfish and tuna mortality in 
both the ETP and CNP. The reduced mortality 
scenario is similar to the ecological economics 
analysis by Kitchell et al. (2004) that focuses 
specifically on responses to longline modification in 
the CNP.  

A second management option might be to ban the 
finning of sharks. Currently, only the fins of most 
pelagic sharks are retained (McCoy and Ishihara 1999, 
Ito and Machado 2000). Sharks that do not have their 
fins removed are often alive (Hoey 1996, Lee and 
Brown 1998) and likely to survive after being released. 
The United States has already banned shark finning 
(National Archives and Records Administration 2000), 
but the other major fishing nations have not. We tested 
the impact of a Pacific-wide ban on shark finning from 
longline vessels. We projected the base ecosystem 
model forward with a 73% reduction in longline 
fishing mortality on all sharks (Hoey 1996). We also 
evaluated the effects of a management strategy that 
combines the shark-finning ban and the elimination of 
shallow-set longline hooks.  

The crudest management option is simply to cut 
longline or purse-seine fishing effort. Reducing 
longlining effort diminishes the bycatch of marlins and 
sharks, and reducing purse-seine fishing may increase 
the abundance of prey available to apex predators. 
Therefore, we ran two simulations, one with a 50% 
reduction in longline effort and the other with a 50% 
reduction in purse-seine effort.  

RESULTS 

Static visualizations 

The full food webs of the eastern tropical Pacific (ETP) 
and central north Pacific (CNP) models are presented in 
Fig. 3. Each model incorporated 31 or more biomass 
groups and five or more fisheries. The trophic structure 
of both systems above primary producers was modeled in 
the same way. The highest resolution occurred in the 
upper trophic levels, for which data were most abundant. 
The lower trophic levels were generally more aggregated. 

In general, the display in Fig. 3 was not amenable to a 
simple interpretation of interactions between fisheries 
and their food webs. We were able to simplify our 
portrayal of these complex food webs by focusing only 
on single fisheries and the food webs that support them.  

In the ETP model, the purse-seine and longline fisheries 
together accounted for more than 95% of the total catch 
during the 1990s. Of the three purse-seine fisheries, the 
floating-object fishery accounted for 28% of the total 
catch, and the primary harvest included bigeye, 
yellowfin, and skipjack tunas. The floating-object fishery 
depended on a relatively complex food web (Fig. 4, 
Table 1). In contrast, the dolphin-set fishery, the second-
largest fishery in terms of catch, caught primarily large 
and small yellowfin and was supported by the smallest 
fishery food web. The school-set fishery food web was 
intermediate to the other purse-seine food webs (Table 
1). The longline fishery food web was larger than any of 
the purse-seine webs (Fig. 4). The diversity was caused 
by a small catch of marlins, which resulted in the highest 
connectance for all ETP fishery food webs (Table 1). For 
all fisheries, the target species, i.e., yellowfin, skipjack, 
and bigeye tunas, fed primarily on squids, flying fishes, 
small scombrids such as Auxis spp., and epipelagic and 
mesopelagic fishes.  

In the CNP model, the purse-seine, longline, pole-and-
line, and "other" fisheries accounted for more than 
95% of the total catch during the 1990s (Fig. 5). The 
largest fishery in terms of total catch (50%) was the 
purse-seine fishery. Note that, for the CNP model, no 
distinction was made between alternative methods of 
purse-seine deployment. The CNP purse-seine food 
web was relatively simple compared to the ETP purse-
seine food webs, with the major catches comprising 
skipjack and yellowfin tunas (Fig. 5). As in the ETP 
model, the longline food web in the CNP was the most 
complex, and a small catch of both sharks and 
billfishes with broad diets contributed strongly to both 
higher diversity and higher connectance (Table 1). The 
"other" fishery took 10% of the total catch, but the 
catch of four tuna groups contributed to the second-
highest connectance for the fishery food webs in the 
CNP. The pole-and-line fishery food web was the 
smallest of the CNP fishery food webs. The primary 
target species, i.e., skipjack, yellowfin, and bigeye 
tuna, of the main fisheries in the CNP also fed 
primarily on small scombrids, squids, flying fishes, 
and small epipelagic and mesopelagic fishes. Thus, the 
lower trophic levels that support the tuna fisheries in 
the CNP were analogous to those of the ETP.  
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Fig. 3. Full food webs for the eastern tropical Pacific (ETP) and central north Pacific (CNP) models. These were developed 
from the models described by Olson and Watters (2003) and Cox et al. (2002b), respectively. Fisheries are not positioned 
according to their estimated trophic levels.  
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Fig. 4. Fishery food webs supporting the fisheries that accounted for at least 95% of total catch in the eastern tropical Pacific 
(ETP) during the 1990s. Fishing gear included floating-object sets (A), dolphin sets (B), school sets (C), and longline (D). 
Fisheries are positioned according to their estimated trophic levels.  

 
 

For both models, the differences in fishery food-web 
configuration were evident primarily above trophic 
level 3 (Fig. 5). However, despite general differences 
in the primary assemblage of catch for each fishery, 
there was some overlap of catch species across all the 
fisheries within each system, and the primary 
pathways of energy flow through highly aggregated 
trophic levels 1–3 were identical in both the ETP and 
CNP models. For instance, the ETP purse-seine food 
webs could be considered nested versions of the 
floating-object set food web, and large yellowfin were 
caught by all the major fisheries in the ETP (Fig. 4). 
The subtle differences in the composition of catch 
among fisheries, however, emphasized that different 
energy pathways were required to link different 
fisheries to the lower trophic levels.  

Shark and billfish bycatch food webs were relatively 
complex (Fig. 6, Table 1). Compared with the fishery 
food webs, the bycatch food webs were defined by 
fewer groups caught and represented a smaller 
proportion of total catch, yet still had a connectance 
comparable to or higher than those of longline food 
webs (Table 1). Indirect interactions between fisheries 
and their principal bycatch species were also 
illustrated in the bycatch food webs. For example, 
longline and purse-seine fisheries caught marlin and 
the primary prey of marlin, i.e., yellowfin, bigeye, and 
skipjack (Figs. 4 and 5), removing marlin biomass 
directly and harvesting the available prey base for 
remaining marlin. Such bycatch and fishery food webs 
illustrate the potential for fisheries to influence 
individual groups through multiple pathways, not 
simply via direct removal by the fisheries.  
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Table 1. Comparison of the four major fishery and the bycatch food webs for the eastern tropical Pacific (ETP) and central 
north Pacific (CNP). For the fishery food webs, the number of groups caught is a count of the groups that account for 95% of 
the fishery catch in the 1990s. For the bycatch food webs, the number of groups caught is a count of the shark or billfish 
groups whose primary mortality (95% of total) includes bycatch. The number of groups caught defines the top of each food 
web. The fraction of total catch is calculated as the fraction of the total system catch that is attributed to the catch or bycatch 
of the number of groups caught. Connectance is calculated as the fraction of links from the full food webs that were present 
in the fishery or bycatch food webs.  

System   Food web   Number of 
groups caught  Fraction of

total catch  Connectance                      

ETP   Floating objects   6  0.28  0.3                      
                              
    Dolphin sets   2  0.27  0.15                      
                              
    School sets   4  0.24  0.28                      
                              
    Longline   5  0.18  0.44                      
                              
    Shark bycatch   2  0.01  0.45                      
                              
    Billfish bycatch   4  0.02  0.51                      
                              
CNP   Purse   3  0.5  0.22                      
                              
    Longline   8  0.2  0.75                      
                              
    Pole and line   2  0.15  0.2                      
                              
    Other   5  0.1  0.32                      
                              
    Shark bycatch   4  0.05  0.73                      
                              
    Billfish bycatch   3  0.03  0.51                      

 
 

Dynamic visualizations and simulations 

Once fishing began in each pelagic ecosystem, 
immediate declines in the biomass of tunas, sharks, and 
billfishes in both the ETP (Fig. 7) and CNP (Fig. 8) were 
observed in both models. These reductions in predator 
biomass were apparently accompanied by reciprocal 
increases in the biomass of lower trophic levels. For 
example, in the ETP model in Fig. 7, the declines in 
upper trophic levels were mirrored by increases in 
nontarget Auxis and dorado (Coryphaena spp.). Further, 
the CNP model predicted analogous increases in the 
small scombrid and mahi-mahi groups that were 
mirrored by declines in flying fishes and squids (Fig. 8). 
The aggregate effect of tuna fishing in both models 

appears to have been a shift in the distribution of biomass 
from upper-level predators to their prey.  

When all fisheries operated simultaneously, the effects of 
single fisheries were not readily detectable in Figs. 7 and 
8. The large, early declines in sharks and billfishes in the 
CNP occurred in the absence of purse seining and 
appeared to result primarily from longline fishing (Fig. 
8). However, bycatch from the "other" fishery also 
contributed to the catch of these apex predators (Fig. 6). 
When we isolated the effects of purse seining and 
longlining on the food webs of each model, the direct and 
indirect effects attributable to individual fisheries 
emerged.  
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Fig. 5. Fishery food webs supporting the fisheries that accounted for at least 95% of total catch in the central north Pacific 
(CNP) during the 1990s. Fishing gear included purse seine (A), longline (B), pole and line (C), and other (D). Fisheries are 
positioned according to their estimated trophic level.  

 
 

 

As stated previously, the effect of an individual fishery 
was inferred by comparing simulations with all 
fisheries to simulations with all fisheries minus the 
particular fishery of interest. Purse seining and 
longlining, respectively, had system-wide effects that 
were similar between the ETP and CNP models. 
Purse-seine fisheries in the ETP reduced the biomass 
of bigeye, yellowfin, and sharks (Fig. 9), whereas CNP 
purse seining reduced skipjack biomass by 50% (Fig. 
10). The biomass of the small scombrids group that 
were functionally similar to the Auxis spp. in the ETP 
indirectly increased in both systems (Figs. 9 and 10). 
The increase in small scombrids was presumably the 
result of decreased predation by the targeted tunas, 
which are important predators of small scombrids. The 
effects of the model longline fisheries were nearly 
identical in both food webs. Reductions in the biomass 
of bigeye, albacore, marlins, and sharks occurred, and 
the negative trends persisted throughout (Figs. 9 and 

10). The model results suggested that the effects of 
longlining were mainly direct and strongest at the 
upper trophic levels, whereas the primary indirect 
response of the lower trophic levels was apparently to 
purse-seine effort.  

The predicted effects of the single fisheries often led to 
higher levels of biomass reduction than the combined 
effect of multiple, concurrently operating fisheries. For 
example, CNP skipjack responded strongly to the 
purse-seine fishery. If purse seining had been the only 
fishery in the CNP, skipjack biomass might have been 
reduced below the level that resulted from both 
longlining and purse seining. Similar situations were 
observed for small scombrids, blue marlin, and large 
sharks in the CNP and for albacore in the ETP (Figs. 9 
and 10). In some cases, the aggregate fishery effect 
was often closely approximated by the effect of only 
one fishery. The declines in marlin and bigeye were 
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closely approximated by longline fisheries alone in 
both models. Skipjack and small scombrids biomass 

trends were driven mainly by purse seining (Figs. 9 
and 10).  

 

Fig. 6. Shark and billfish bycatch food webs for the eastern tropical Pacific (A and C) and the central north Pacific (B and D). 
Shark bycatch webs are in the upper panels (A and B), and billfish bycatch webs are in the lower panels (C and D). Fisheries 
are not positioned according to their trophic levels.  
 

 
 

Alternative management scenarios 

In the ETP and CNP, the banning of shallow longline 
gear and shark finning led to the recovery of the 
marlin and shark populations, respectively. In the ETP, 
the ban on shallow longline gear led to increases in 
marlin biomass of more than 60% (Table 2, Fig. 11A). 
In the CNP, the ban on shallow longline gear allowed 
blue marlin biomass to nearly double, and "other 
billfish," mostly striped marlin, increased by more 
than 50% (Figure 12A). Increased marlin stocks then 
caused minor reductions in other food-web 
components, notably by preying on and competing 
with yellowfin tuna and competing with sharks in the 

ETP. The rest of the food web did not respond strongly 
to the alteration of the longline fishing strategy.  

The ban on shark finning caused increases in all shark 
groups. Shark biomass doubled in the ETP within 30 
yr (Fig. 11B). In the CNP, adult blue sharks, large 
sharks, and brown sharks all increased by more than 
60% (Table 2, Fig. 12B). An indirect effect of the 
finning ban in both systems was that shark predation 
increased on marlins and mid-trophic-level species 
such as tunas. Marlin in both models declined by 
roughly 10% under the shark finning ban. The rest of 
the food web did not respond strongly to the change in 
shark fishing mortality.  
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Fig. 7. Animation of the effects of historical fishing effort in the eastern tropical Pacific (ETP). The animation begins a year 
before the start of large-scale industrial fishing. Each animation frame represents 1 yr and depicts the Ecosim estimate of the 
percent change in biomass from the estimated prefishing biomass for all groups. Green shading indicates increases in 
biomass, and red shading indicates decreases in biomass. Our estimate of prefishing biomass was obtained from model 
projections under no fishing effort (F = 0) conditions. We assume that the equilibrium biomasses obtained under the F = 0 
simulations approximate the biomasses in an unfished system. The relative fishing effort, i.e., relative to the fishing effort 
expended in the 1990s, of each tuna fishery is annually updated in the animation frames. Most of the variation in the fishing 
effort of the largest fleets varies between 0 and 1.5, so we capped the y-axis to highlight that variability. The full range of 
effort values is presented in Fig. 2. 

For an animated version of this figure, click on the following link: 

http://www.ecologyandsociety.org/vol9/iss1/art10/figure7.html 
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Fig. 8. Animation of the effects of historical fishing effort in the central north Pacific (CNP). The animation begins a year 
before the start of large-scale industrial fishing. Each animation frame represents 1 yr and depicts the Ecosim estimate of the 
percent change in biomass from the estimated prefishing biomass for all groups. Green shading indicates increases in 
biomass, and red shading indicates decreases in biomass. Our estimate of prefishing biomass was obtained from model 
projections under no fishing effort (F = 0) conditions. We assume that the equilibrium biomasses obtained under the F = 0 
simulations approximate the biomasses in an unfished system. The relative fishing effort, i.e., relative to the fishing effort 
expended in the 1990s, of each tuna fishery is annually updated in the animation frames. Most of the variation in the fishing 
effort of the largest fleets varies between 0 and 1.5, so we capped the y-axis to highlight that variability. The full range of 
effort values is presented in Fig. 2. 

For an animated version of this figure, click on the following link: 

http://www.ecologyandsociety.org/vol9/iss1/art10/figure8.html 
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Fig. 9. Biomass predictions in the eastern tropical Pacific (ETP) from the effect of all fisheries, longliners only, and purse 
seiners only. Trends are arrayed roughly according to trophic levels with a typical purse-seine food chain on the right and a 
longline food web on the left. The groups included were based on fishery and bycatch food webs and the availability of 
analogous groups in the central north Pacific.  
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Fig. 10. Biomass predictions in the central north Pacific (CNP) from the effect of all fisheries, longliners only, and purse 
seiners only. Trends are arrayed roughly according to trophic level. The groups are analogous to those in Fig. 9.  
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Table 2. Percent change in biomass of select groups owing to the hypothetical changes in fishing strategies or fishing effort.  

System   Group   Fishing strategy 
  

        Ban shallow 
hook sets   Ban shark

finning  Combined 
bans  Half purse

effort  Half longline 
effort 

ETP   Large marlins   65   -9  56  0  52 
             

    Large sailfish   4   -9  -6  -8  -1 
             

    Large 
swordfish   -10   -12  -22  -8  116 

             

    Large sharks   -6   96  85  78  56 
             

    Large 
yellowfin   -5   -6  -10  29  -7 

             

    Large bigeye   0   0  -1  14  24 
             

    Skipjack   0   0  -1  2  -1 
             

CNP   Blue marlin   169   -7  154  3  145 
             

    Other billfish   57   -8  46  6  71 
             

    Swordfish   -2   -1  -3  -3  44 
             

    Large blue 
sharks   0   63  63  0  27 

             

    Large sharks   3   144  147  -4  90 
             

    Brown sharks   0   69  69  3  46 
             

    Large 
yellowfin   -15   -4  -18  42  -22 

             

    Large bigeye   3   -3  -1  36  139 
             

    Skipjack   0   0  -1  22  -11 

 

Combining the finning ban and the ban on shallow 
longline gear led to a general recovery of marlin and 
sharks. In this scenario, marlin recovered to levels 
slightly lower than if only shallow gear had been 
banned. The ETP shark responses to the combined ban 
were generally lower than if only finning had been 
banned (Fig. 11C). Shark recovery in the CNP was 
similar to shark recovery under the finning ban only 

(Fig. 12C). Yellowfin biomass in both systems 
declined more strongly under the combined scenario 
than for either alternative fishing strategy alone; this 
was caused by increased predation by both marlin and 
sharks on yellowfin. The rest of the food web did not 
respond strongly to the combined finning ban and 
shallow-gear ban.  
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Fig. 11. Response of the food web in the eastern tropical Pacific (ETP) after 30 yr of alternative management strategies for 
apex predator recovery.  

 

Fig. 12. Response of the food web in the central north Pacific (CNP) after 30 yr of alternative management strategies for apex 
predator recovery.  
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Reducing purse-seining effort by 50% had no positive 
effects on marlin in either food web. Sharks increased 
about 80% in the ETP, where they are a large 
component of bycatch in purse-seine sets (Fig. 11D). 
CNP sharks were not influenced by the purse-seine 
reduction (Fig. 12D). In both systems, tunas responded 
most strongly to the reduction in purse-seine effort 
(Table 2). In turn, this led to declines of about 20% in 
the small scombrids of the CNP because of higher 
predation by tunas (Fig. 12D).  

Reducing longlining effort by 50% caused increases in 
both billfish and shark biomasses in both food webs 
(Figs. 11E and 12E). In most cases, however, the 
group-specific increases were not as strong as those 
resulting solely from the shark-finning ban, the 
shallow-gear ban, or the combined strategy. Under the 
reduced longline effort scenario, bigeye biomass 
increased because of lower fishing mortality, whereas 
yellowfin biomass decreased slightly because of 
higher predation rates.  

DISCUSSION 

In the eastern tropical Pacific (ETP) and the central 
north Pacific (CNP), the development of pelagic tuna 
fisheries has caused similar changes in the overall 
structure of the food webs. Simulations suggest that 
the catches of tunas, sharks, and billfishes have 
lowered the biomass of the upper trophic levels in both 
systems, whereas increases in animal numbers at the 
intermediate and lower trophic levels have 
accompanied the declines of top predators. Historical 
simulations and hypothetical management scenarios 
further demonstrated that the effects of longline and 
purse-seine fisheries have been strongest in the upper 
trophic levels, but that lower trophic levels may 
respond more strongly to purse-seine fisheries. The 
apex predator guild responded most strongly to 
longlining. The differences in the food-web effects 
resulting from longline and purse-seine fisheries 
further identify trade-offs that could help guide 
ecosystem-based management actions.  

The pathways connecting ETP and CNP fisheries to 
their primary food webs depend on the different 
assemblages of tunas that are caught by each fishery, 
thereby creating fishery-specific food webs. The 
overlap of primary forage groups among the fishery 
food webs create conditions that allow the effect of 
multiple fisheries, each acting on different 
assemblages of tunas and other large predators, to 

concentrate indirect effects on the same set of forage 
groups. A comparison of the ecosystem effects of the 
historical development of fisheries showed that middle 
and lower trophic levels in the ETP and CNP may be 
sensitive to reductions in upper-level predator 
biomass. In both systems, it was shown that biomass 
reductions in the upper trophic level were 
accompanied by increases in the biomass of the lower 
trophic levels, a finding that is similar to the growing 
evidence from other fished ecosystems (e.g., Lilly et 
al. 2000, Carscadden et al. 200l).  

The sensitivity of the lower trophic levels in our 
models was often minor, and these levels frequently 
exhibited a change of less than 20% in their biomass. 
As discussed below, given the host of uncertainties 
associated with ecosystem models, responses of such 
magnitude should be viewed with some skepticism. 
However, our results do suggest that the potential for 
indirect interactions exists and that the primary food 
webs for each fishery can be relatively simple. 
Therefore, the propagation of fishery effects 
throughout the food web should not be dismissed as 
unlikely because of apparent food-web complexity. 
Changes in lower trophic levels could happen if the 
perturbations to the upper trophic levels are 
sufficiently large, such as those caused by the 
expansion and intensification of the fishing effort over 
the last 50 yr.  

The simulations also suggested that an increase in 
biomass caused indirectly by one fishery may buffer 
the declines driven directly by another fishery. 
Generally, we expect fishing to increase the total 
mortality of a species. However, if one fishery tends to 
remove the predators of the target species of another 
fishery, then the balance of increased fishing mortality 
and reduced predation mortality may lead to little net 
change in biomass for this target species. For example, 
skipjack in the CNP decline due to targeted fishing by 
the purse-seine fishery. However, skipjack tend to 
increase when their predators, i.e., bigeye, are caught 
by the longline fishery. Combining longline and purse-
seine fisheries leads to an intermediate result, which is 
less extreme than under either individual fishery. For 
groups that are caught by multiple fisheries, the 
additive effect of increased fishing mortality likely 
outweighs any potential declines in predation 
mortality, and stronger reductions in biomass under 
combined fisheries than under individual fisheries can 
result. For example, large bigeye in both systems were 
targeted by multiple fisheries (Figs. 4 and 5), and their 
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response to combined fishing by all gears was larger 
than their response to either longlining or purse 
seining alone.  

Alternative management strategies to rebuild shark 
and billfish populations in each ecosystem revealed 
differences between (1) purse seines and longlines in 
terms of their effectiveness for recovering top 
predators and (2) gear modifications and bycatch laws 
vs. effort reductions in longlining. Our results 
suggested that decreases in longline effort made it 
possible to rebuild the ETP and CNP shark and billfish 
populations, whereas the reduction in purse-seine 
effort had little influence on the recovery of top 
predators in both systems. Thus, the role of longlining 
generally appears to be more critical to the 
conservation of sharks and billfish in the Pacific.  

However, identifying management options for future 
longline fisheries to achieve shark and billfish 
recovery was not a straightforward task. Our 
simulations suggested that a simple reduction of 
longline effort could allow a larger number of 
populations to rebuild, but the overall recovery of 
sharks and billfishes might be less marked and at 
potentially higher costs to the fishery than under a 
more conventional management strategy that 
emphasizes gear modifications and bycatch retention 
practices. Although the combined prohibition of 
shallow gear and shark finning was more effective at 
recovering marlin and sharks than a reduction of 
longlining effort, few other species benefited. Under 
both management strategies, increased predation may 
initiate further declines in yellowfin biomass. 
Furthermore, enacting a ban only on shark finning may 
allow for a recovery of shark populations, but may 
also cause an unintended decline in marlin 
populations; this represents a bitter twist to a policy 
intended to conserve pelagic apex predators. Our 
simulations also suggested that the largest changes in 
the biomass of any billfish or shark group in response 
to any fishing strategy were only slightly greater than a 
doubling of biomass and, more typically, less than an 
80% increase. If recovery goals mandate higher 
equilibrium biomasses for top predators (e.g., Myers 
and Worm 2003), then a combination of stronger 
restrictions on gear deployment, bycatch retention, and 
fishing effort may be required to allow predator stocks 
to rebuild.  

Caveats 

When considering an analysis of this type, it is 
important to take into account the possible 
shortcomings of a food-web modeling approach. The 
authors of the original ETP (Olson and Watters 2003) 
and CNP (Cox et al. 2002b) models both provide 
thorough discussions of the uncertainties that they felt 
most affected their initial analyses. Below, we discuss 
some of those uncertainties with respect to the 
comparative inferences of this paper.  

Ecosystem analyses often rely on an incomplete 
knowledge of the ecological interactions among a 
diverse group of species. The models we used 
represent a hypothesis about system structure and the 
potential dynamics that arise as a result of that 
structure. Specifically, the model structure depends on 
information about diets, catch, and bycatch. Diet data 
are particularly difficult to quantify in pelagic systems. 
As diet data and other ecological information for more 
taxa become better known, the configuration and 
dynamics of these models will likely change, along 
with our understanding of how these systems function. 
In the ETP model, Olson and Watters (2003) found 
that trophic flows were most sensitive to parameter 
estimates for Cephalopods and Auxis spp. for which 
few to no empirical data were available. However, in 
dynamic simulations under historic patterns of fishing 
effort, they found that the sensitivity of the model to 
these two groups affected levels of predicted biomass 
throughout the food web, but not trends in biomass 
(Olson and Watters 2003). As such, our comparisons 
of the magnitude of fishery effects in the ETP and 
CNP should be viewed with some skepticism, but it 
remains probable that the overall food-web trends that 
arise as a result of fisheries effects are reasonable.  

Another large source of uncertainty in our 
comparisons derives from the animal groupings, which 
range from specific to generic in each model. For 
some groups, comparisons are fairly straightforward, 
because a single species was modeled and was 
common to both models, e.g., yellowfin or bigeye 
tunas. For other groups such as large sharks, the ETP 
group did not contain the same species as the CNP 
group. In general, species with different life histories 
were often lumped together into functional guilds. The 
guild members in each model were often reasonably 
similar and fulfilled functionally equivalent roles, but 
they were not exact replicas. Thus, it would be false to 
assume that all the species included in a larger 
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grouping responded in exactly the same manner as the 
guild, neither within nor between the modeled 
systems.  

Expectations of how food webs will respond to fishing 
may further depend on the nature of physical forcing. 
Specifically, the ability to identify the effects of 
fishing, particularly at lower trophic levels, will almost 
certainly depend on the strength and frequency of 
bottom-up forcing that the food web experiences 
(Watters et al. 2003). Our results from considering 
only the effects of fisheries suggest that lower trophic 
levels may respond to fishing, but disentangling 
environmental signals from fishery and predation 
signals in data is a task fraught with considerable 
challenges for management and future studies based 
on an ecosystem perspective.  

A final matter of concern is the vast spatial extent of 
the modeled ecosystems. The large-scale perspective 
adopted by approaches that take into account the entire 
food web does restrict the ability of these models to 
capture important local interactions among smaller 
groups of species or between fisheries and their food 
webs in localized areas. Further, the ETP and CNP 
models together span the Pacific Ocean (Fig. 1), and 
there is no true biological boundary that separates the 
western ETP from the eastern CNP. As such, if 
animals occupy both regions, it is uncertain which of 
the two model hypotheses, if not an alternative model, 
might take precedence. We do not know how 
important such overlap might be to these ecosystems.  

CONCLUSION 

We conclude by summarizing the emergent themes of 
this comparative analysis of two pelagic ecosystems. 
First, both pelagic ecosystems were similarly 
structured, but the individual fisheries that operate in 
each system rested on dissimilar food webs. Our 
visualizations identified the primary target and bycatch 
groups and the important food resources used by those 

targets. These simplified food webs could be used to 
distinguish and, perhaps, monitor fishery effects in the 
future. Second, the main ecosystem effects of tuna 
fishing in both the ETP and CNP models were similar 
and can be characterized by (1) the reduction of apex 
predators, analogous to recent reports of world wide 
trends (Dayton et al. 2002, Baum et al. 2003), and (2) 
the increased biomass of some prey species that 
resulted from the release of predation. The food-web 
animations presented in Figs. 7 and 8 highlighted these 
effects. The strongest perturbations to these 
ecosystems were the simultaneous development and 
growth of multiple, concurrent tuna fisheries. 
However, the effects of longlining appear strongest at 
the top of the food web, whereas the purse-seine 
fisheries caused larger changes in biomass at lower 
trophic levels. Attempts to recover top predators by 
reducing fishing mortality via longline gear 
modifications and by stricter regulations on shark 
finning may be as effective as simple reductions in 
longline fishing effort.  

Responses to this article can be read online at: 
http://www.ecologyandsociety.org/vol9/iss1/art10/responses/i
ndex.html 
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APPENDIX 1. HISTORY OF FISHING 
IN THE ETP AND CNP 

Fishing in the ETP and CNP 

Much of the current literature suggesting that fishing has strong effects on ecosystems has focused on benthic or 
coastal systems (Jackson et al. 2001). In these systems, fishing has been practiced for many hundreds of years, 
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and habitats have frequently been damaged by fishing gear. A different situation exists in the pelagic ecosystems 
of the Pacific Ocean. There, fishing began in the late 1940s, and the pelagic nature of these systems precludes 
habitat damage by gear. Nevertheless, large-scale industrial fisheries for tunas in the eastern tropical Pacific 
(ETP) and central north Pacific (CNP) have been operating for several decades (e.g., Hampton and Fournier 2001, 
Maunder and Watters 2001). Historical declines in pelagic mammals and turtles have focused management 
attention on ways to reduce fishing mortality on bycatch species (Bailey et al. 1996, Hall 1998, Inter-American 
Tropical Tuna Commission 2002a). Further, recent assessments of abundance indices for top predators like sharks 
and billfishes also suggest that tuna fisheries have caused the biomass of large predators to decline over the past 
few decades (e.g., Cox et al. 2002a, Baum et al. 2003). Taken as a whole, this literature suggests that tuna 
fisheries may affect entire food webs in the pelagic Pacific.  

ETP fisheries 

Development of the large-scale tuna fisheries in the eastern tropical Pacific began primarily in the early 1960s. 
Purse-seine effort, defined as the number of days fished, increased dramatically in the 1960s when brine 
refrigeration, nylon nets, and the Puretic power block were introduced (Orange and Broadhead 1959, Schmidt 
1959). Olson and Watters (2003) defined three separate purse-seine fisheries for modeling purposes. These 
fisheries were distinguished by the method of gear deployment as defined below, and yellowfin (Thunnus 
albacare), skipjack (Katsuwonus pelamis), and bigeye tuna (Thunnus obesus) were the primary target species. 
Bycatch varied between each of the purse-seine fisheries, with the floating-object fishery generally regarded as 
catching the largest number and biomass of nontarget species, including billfish, sharks, and many forage fishes 
(Hall 1998). Another major fishery, longlining, has targeted mainly bigeye and yellowfin tunas in the ETP since 
at least the 1950s (Calkins 1980). Longliners also catch billfish (e.g., Tetrapturus audax, Istiophors platypterus, 
Makaira indica, Xiphia gladius), sharks (e.g., Carcharhinus spp., Prionace glauca), and sea turtles (e.g., 
Lepidochelys olivacea, Chelonia mydas, Caretta caretta). A relatively low-yield, bait-boat fishery for skipjack 
and yellowfin tunas has operated since the early 20th century (Hall 1998) and also catches small amounts of 
sharks.  

As seen in Fig. 2 of the main text, fishing effort for each of the ETP fisheries has fluctuated over time. The effort 
expended on unassociated schools of tunas, i.e., school sets, increased rapidly in the 1970s, peaked in the early 
1980s, and has recently settled at intermediate levels. Public concerns and international laws governing dolphin 
mortality in purse seines that are set around yellowfin-dolphin associations or dolphin sets prompted general 
declines in dolphin-set effort during the early 1980s. Fishing effort for tunas associated with floating rafts or logs 
(floating objects) increased steadily until 1979, then declined sharply to a historic low by 1985, and has since 
rebounded to the high effort levels of the 1970s. These trends in purse-seine fishing effort have led to an increased 
catch of small yellowfin and bigeye (Edwards and Perkins 1998, Hall 1998). Longline effort, defined as the 
number of hooks fished annually, increased steadily until 1993 and then declined to levels similar to those of the 
early 1970s. The low-yield bait boat fishery expended more effort historically than in recent years. Tuna stocks in 
the ETP have apparently sustained the continued development and specialization of these fisheries, and total 
catches of tunas have nearly tripled since the early 1970s (Inter-American Tropical Tuna Commission 2002b).  

CNP fisheries 

A set of similar fishing methods was introduced to the CNP beginning mainly in the 1950s. For the purposes of 
this paper, we identified six general types of tuna fisheries in the CNP (Cox et al. 2002b). The largest fishery in 
the CNP model, the purse-seine fleet, targets skipjack and yellowfin. The purse-seine fishery also catches sharks, 
billfishes, and mahi-mahi (Coryphaena hippurus). Longliners harvest mainly bigeye and yellowfin and catch 
significant amounts of other large predators such as blue sharks (Prionace glauca) and billfishes (Boggs 1992, 
Bailey et al. 1996). A pole-and-line fishery targeting skipjack and yellowfin tunas and a troll fishery targeting 
albacore were established before the 1940s; both are characterized by low levels of bycatch (Bailey et al. 1996). A 
mixed-gear assemblage of ringnets, handnets, and small-mesh gillnets comprises an "other" fishery that targets 
mainly skipjack, small yellowfin, and flying squid with principal bycatch species that include sharks and 
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billfishes. Finally, the short-lived pelagic driftnet fishery targeted flying squid (Ommastrephes bartrami) and 
albacore (Thunnus alalunga).  

Fishing effort in the CNP can be characterized as a series of crescendos since the start of large-scale fisheries in 
the early 1950s (see Fig. 2 in the main text). Purse-seine effort increased substantially in the 1970s and elevated 
fishing mortality on tunas with shallow depth distributions, such as skipjack and yellowfin (Cox et al. 2002a). 
Longline effort has increased steadily since its introduction to the CNP following the World War II. The troll and 
pole-and-line fisheries are characterized by general declines in fishing effort beginning around 1980. Effort for the 
"other" fishery is characterized by steady increases since the early 1950s. The use of drift nets expanded rapidly 
after the 1970s until banned by a United Nations convention in 1992 (Wright and Doulman 1991, Richards 1994). 
As in the ETP, total catches for all tunas in the central Pacific are currently at or near record highs (Lewis and 
Williams 2001).  

These histories of fishing and their large catches of tuna represent sustained, large-scale perturbations to the 
ecosystems of the ETP and CNP. Our investigations focus on comparing the potential effects of these fishing 
histories on their respective food webs.  

 

Appendix 2. Explanation of animations animation1.gif Animation of the effects of historical 
fishing effort in the ETP. animation2.gif Animation of the effects of historical fishing effort in the 
CNP.  

Explanation of animations  

 
The animations of the effects of fishing in the eastern tropical Pacific (Animation 1) and central north Pacific 
(Animation 2) The animation begins a year before the start of large-scale industrial fishing. Each animation frame 
represents 1 yr and depicts the Ecosim estimate of the percent change in biomass from the estimated prefishing 
biomass for all groups. Green shading indicates increases in biomass, and red shading indicates decreases in 
biomass. Our estimate of prefishing biomass was obtained from model projections under no fishing effort (F = 0) 
conditions. We assume that the equilibrium biomasses obtained under the F = 0 simulations approximate the 
biomasses in an unfished system. The relative fishing effort, i.e., relative to the fishing effort expended in the 
1990s, of each tuna fishery is annually updated in the animation frames. Most of the variation in the fishing effort 
of the largest fleets varies between 0 and 1.5, so we capped the y-axis to highlight that variability. The full range 
of effort values is presented in Fig. 2.  
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