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Abstract

The size-spectrum model has been considered a useful tool for understanding the structures of marine
ecosystems and examining management implications for fisheries. Based on Chinese tuna longline observer data
from the central and eastern tropical Pacific Ocean and published data, we developed and calibrated a
multispecies size-spectrum model of twenty common and commercially important species in this area. We then
use the model to project the status of the species from 2016 to 2050 under five constant-fishing-mortality
management scenarios: (1) F=0; (2) F=F,,.,, the average fishing mortality from 2013 to 2015; (3) F=0.5F,. s
(4) F=2F, ., and (5) F=3F,,_,,,. Several ecological indicators were used to track the dynamics of the community
structure under different levels of fishing, including the mean body weight, slope of community size spectra
(Slope), and total biomass. The validation demonstrated that size-at-age data of nine main catch species between
our model predictions and those empirical data from assessments by the Western and Central Pacific Fisheries
Commission matched well, with the R?>0.9. The direct effect of fishing was the decreasing abundance of large-
sized individuals. The mean body weight in the community decreased by ~1 500 g (21%) by 2050 when F doubled
from F, ., to 2F,,..,.- The higher the fishing mortality, the steeper the Slope was. The projection also indicated
that fishing impacts reflected by the total biomass did not increase proportionally with the increasing fishing
mortality. The biomass of the main target tuna species was still abundant over the projection period under the
recent fishing mortality, except Albacore tuna (Thunnus alalunga). For sharks and billfishes, their biomass
remained at relatively higher levels only under the F=0 scenario. The results can serve as a scientific reference for

alternative management strategies in the tropical Pacific Ocean.
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1 Introduction

Ecosystem modeling has been increasingly recognized as an
essential part of fisheries management (Food and Agricultural
Organization of the United Nations, 2001; Jacobsen et al., 2015;
Bauer et al., 2019). There have been rapid development and im-
plementation of ecosystem-based fisheries management (EBFM)
over the past decades. Yet, the projection of a given fishing scen-
ario varies with the choice of an ecosystem model (Collie et al.,
2016). Also, marine ecosystems are often complicated because of
the various life histories of species, as well as the direct and indir-
ect interactions among species. One key characteristic of EBFM is
to take ecosystem processes into account when developing fish-
eries management measures, including changes in fishing
strategies and species interactions (Sissenwine and Murawski,
2004). Recently, size-spectrum models have become a promising
tool for modeling fish communities (Jacobsen et al., 2015; Giac-
omini et al., 2016). It is a type of dynamic model based on indi-
vidual-level biological processes, convenient to address fisheries
management issues, such as the impacts of fishing on ecosystem
structure and the effectiveness of management decisions (Polov-

ina and Woodworth-Jefcoats, 2013; Jacobsen et al., 2014; Ander-
sen et al., 2015). The size-spectrum model was first developed by
Andersen and Beyer (2006), including three versions of increas-
ing complexity: the community model, the trait-based model,
and the multispecies model. They are a subset of physiologically
structured models (Scott et al., 2014) and can be implemented to
represent a realistic fish community. The application of the
multispecies size-spectrum model in fishery management is that
it provides a framework to evaluate various management meas-
ures and makes trade-offs. For example, Blanchard et al. (2014)
evaluated the current and several alternative management
strategies for exploited North Sea stocks, and concluded that re-
ductions in fishing mortality would be needed to sustain biod-
iversity.

The Pacific Ocean is rich in fish resources and supports many
productive pelagic fisheries, but it has experienced a long exploit-
ation history. Tunas and billfishes are predominantly caught by
longline, one of the most widespread types of fishing gear in the
area (Sibert et al., 2006). Fishing activities not only directly affect
the species’ abundance (Beverton and Holt, 1957; Jennings et al.,
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1999), but also lead to indirect impacts (Gislason and Rice, 1998;
Law, 2000; Dulvy et al., 2004), such as the changes of species’ life
history. Consequently, with the overexploitation of many ecolo-
gically and economically important fish populations, the Pacific
Ocean ecosystems have been degraded (Pauly et al., 1998; Polov-
ina et al., 2009). In addition to technological and operational de-
velopments, fishery management measures are arguably the
most critical non-technical factors shaping the longline fishery
(Shelley et al., 2014). To date, most fishery management tends to
set limits for target species while neglecting the impacts of spe-
cies interactions. Therefore, EBFM is increasingly applied in
Tuna Regional Fisheries Management Organizations (tRFMOs)
to develop strategies applicable to global tuna fisheries (Miyake
etal., 2010).

For studies on coastal marine ecosystems, scientific survey
data are usually available. However, previous ecosystem studies
of the Pacific Ocean were primarily based on data from adjacent
areas (Gerrodette et al., 2012; Zhu et al., 2012). Besides, much re-
search on pelagic ecosystems remains at the theoretical stage,
with few case studies of practical application in operational man-
agement. Zhang et al. (2016) developed a multispecies size-spec-
trum model for the Haizhou Bay, China, to study the ecosystem
dynamics. They confirmed that multispecies size-spectrum mod-
els could be well applied to data-poor ecosystems. In this analys-
is, we used a multispecies size-spectrum framework (Hartvig et
al., 2011) in assessing the dynamics of populations and ecosys-
tem responding to fishing in the central and eastern tropical Pa-
cific Ocean based on Chinese tuna longline observer data, the
latest Western and Central Pacific Fisheries Commission (WCP-
FC) stock assessment reports (https://www.wcpfc.int/meetings/16th-
regular-session-scientific-committee) and published data, such
as FishBase (http://www.fishbase.org/). Twenty species were
simulated in the size-spectrum model based on the simplified
food web constructed in this area (Lin and Zhu, 2020), including
common large-sized species with significant economic and social
importance caught by longline. The main aim of this study is to
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(1) examine the direct and indirect fishing effects on community
dynamics in the EBFM framework using common ecological in-
dicators, and (2) project the biomass changes of nine main catch
species in the longline fishery under five different fishing levels.
This study informs appropriate management strategies regard-
ing economic species in this area and contributes to the sustain-
able exploitation of fishery resources of WCPFC.

2 Materials and methods

2.1 Model structure

According to the simplified food web constructed in the cent-
ral and eastern tropical Pacific food web (Lin and Zhu, 2020) in
terms of topological importance analysis and species’ economic
value, we selected twenty species (Table 1) and projected their
population dynamics under different fishing levels. These twenty
species accounted for over 90% of the total catch of all species
collected by China’s tuna longline observers in the central and
eastern tropical Pacific from June to November, 2017 (Fig. 1).
Trip information was listed in Table S1, and more details are
available in China’s annual report provided to the WCPFC Com-
mission (Dai et al., 2017). In addition to the relatively higher
abundances in the ecosystem, these species play critical roles in
maintaining food web structure and stability and reflecting popu-
lation dynamics in a multispecies size-structured community
(Lin and Zhu, 2020). Nine large-sized species are our research
priority, not only because of the data availability but also the
primary interests of longline fishery in the tropical Pacific Ocean,
including Yellowfin tuna (Thunnus albacares), Bigeye tuna
(Thunnus obesus), Swordfish (Xiphias gladius), Blue marlin
(Makaira mazara), Albacore tuna (Thunnus alalunga), Silky
shark (Carcharhinus falciformis), Blue shark (Prionace glauca),
Skipjack (Katsuwonus pelamis ) and Striped marlin (Kajikia
audax). If measurable, the size, sex, and other biological inform-
ation of fish were recorded by on-board observers. Also, the
stomach samples were sent to the laboratory of Shanghai Ocean

Table 1. Species-specific input parameters used in the size-spectrum model

Species/groups Scientific name Wini/8 W/ 8 K/al R /2! a b B SS/g
Yellowfin tuna Thunnus albacares 95 487 17 088 0.35 7.3x108 0.014 8 3.01 100 4774
Bigeye tuna Thunnus obesus 125502  25672b 0.35 4.8x106 0.013 5 3.02 100 6275
Swordfish Xiphias gladius 139727 23 913¢ 0.26 4.1x108 0.003 8 3.15 100 6986
Blue marlin Makaira mazara 353528 46 3284 0.21 1.0x108 0.004 3 3.12 100 17676
Albacore tuna Thunnus alalunga 38832 10 002 0.20 2.8x107 0.017 8 2.98 100 1942
Silky shark Carcharhinus falciformis 219951 90 806 0.10 2.1x108 0.004 7 3.09 400 10998
Blue shark Prionace glauca 254 506 70901 0.14 1.7x108 0.004 5 3.11 400 12725
Skipjack Katsuwonus pelamis 9848 1056 0.52 2.2x108 0.0110 3.11 100 492
Striped marlin Kajikia audax 360 762 115 659 0.408 1.2x107 0.005 6 3.15 100 18 038
Opah Lampris guttatus 89 000 19 968¢ 0.20 8.1x106 0.0390 3.00 100 4450
Shortbill spearfish Tetrapturus angustirostris 130 089 32253 0.20 4.6x108 0.004 6 3.21 100 6504
Snake mackerel Gempylus serpens 7687 765 0.20 3.2x108 0.000 72 3.00 100 384
Pelagic thresher Alopias pelagicus 256 334 131 816 0.10 1.7x108 0.010 5 2.94 400 12 817
Wahoo Acanthocybium solandri 32564 7085 0.30 3.7x107 0.002 4 3.24 100 1628
Cephalopods - 252 63 1.40 5.4x1010 0.0170 2.52 400 13
Scomber - 876 176 0.20 8.3x10° 0.008 4 3.06 1000 44
Longnose lancetfish Alepisaurus ferox 82732 256f 0.24 2.9x108 0.003 9 3.12 100 414
Barracuda Sphyraena barracuda 232212 1868 0.10 6.1x107 0.008 7 2.93 100 1161
Silver spinyfin Diretmus argenteus 438 7 0.20 2.3x1010 0.017 4 3.01 1000 22
Puffer - 1441 27 0.30 3.9x10° 0.026 6 2.88 400 72

Note: 2Estimated from Polovina and Woodworth-Jefcoats (2013), PFarley et al. (2017), °DeMartini et al. (2000), dBillfish Working Group
Report (2016), ¢Francis et al. (2004), {Gibbs (1960), &Billfish Working Group Report (2015). a and b are the parameters in species’ weight-length
relationships;  is the species’ preferred predator-prey mass ratio; SS, selectivity size.
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Fig. 1. Location of Chinese longline fishery in the central and
eastern tropical Pacific from June to November in 2017. Each dot
represents a position where a longline set was deployed.

University for further analysis. Information on stomach content
samples, including length (mm), weight (g), and quantity of prey
items, were measured. The detailed feeding relationships among
the nine species in the ecosystem have been introduced in Feng
etal. (2019) and are not repeated here.

In the multispecies size-spectrum model, each species shows
different change patterns driven by specific life history character-
istics, including growth, predation, mortality, and reproduction
(Andersen and Beyer, 2006; Hartvig et al., 2011; Scott et al., 2014).
A governing principle in the size-spectrum model is that the
available energy gets from predation by larger species on smaller
ones and used for growth and reproduction can be linked to the
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asymptotic size of the predator (Ursin, 1973; Andersen et al.,
2015).

The model framework builds on two generally accepted eco-
logical assumptions. The first is that an essential trait of a species,
i, is its body weight, w, and the model can be formulated with
several general parameters as all the other parameters are relev-
ant to the body weight. The population dynamics of a given spe-
cies that are driven by growth and mortality can be formulated by the
McKendrick-von Foerster Conservation Equation (M’Kendrick,
1925; von Foerster, 1959):

ot

0gi (w) N; (w)
ow

= W) Niw), ()

where g,(w) is the individual growth at weight w, and p(w) is the
total mortality of species i, ¢ is time. The size spectrum N(w) of a
particular size class in the model can be measured in the unit of
numbers per weight per volume (Andersen and Pedersen, 2010).
The second assumption is that the food preference (¢) depends
on the species and the individual weight, described by the log-
normal selection model (Ursin, 1973):
)

() /e

where w and w), are the bodyweights of the predator and prey, re-
spectively. §; is the preferred predator-prey mass ratio, and g; is the
width of the size selection function. Details of other equations

(Hartvig et al., 2011; Andersen et al., 2016b) are listed in Table 2.
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Table 2. Summary of equations in the multispecies size-spectrum model derived from Hartvig et al. (2011) and Andersen et al. (2016b)

Process Equation Number
Encounter and consumption
Encountered food Ei (w) = Vi (w) Zgi/Ni (w) o (%) wpdw, Eq. (3)
' 23
Volumetric search rate Vi(w) = [%} w! Eq. (4)
. o E;i (w)
Feeding level fi(w) = () + oo 1 (@) Eq. (5)
Maximum consumption rate Inmax, i (W) = hw" Eq. (6)
Growth and production
Somatic growth gi (w) = (ofi (W) Imax,i (w) — ksw?) (1 — i (w)) Eq. (7)
Energy for reproduction g (w) = (af (W) Imax — ksw”) ¢ (w) Eq. (8)
—10] 7!
. w w\!-n
Maturat i = — Eq. (9
aturation i (w) 1+<wma[> ] (W) q.(9)
R . R =R . 7Rep Eq. (10
ecruitment 1= R 1 R q. (10)
Egg production Rep = o | N (w) go(w)dw Eq. (11)
Mortality
w,
Predation mortality Uy (W) = Z/¢i (;’7) (=fi(w)) Vi (w) :N; (w) dw Eq. (12)
Background mortality Hy 1 = Zow" ™! Eq. (13)
Fishing mortality F;i (w) = SSi (w) QE Eq. (14)
Background resources
Resources dynamics 81\%75”}) = row"™! e (w) = Ny (w)] — ,, ; (W) Ny (w) Eq. (15)
Carrying capacity k(W) = kw™ Eq. (16)

Note: « in Eq. (4) is the abbreviation of carrying capacity; p in Eq. (7) and Eq. (8) represents the exponent of standard metabolism and the
default value in the model is 0.75; € in Eq. (11) is the efficiency of offspring production; SS in Eq. (14) is the selectivity size; r,, in Eq. (15) is the
coefficient of regeneration rate of resources, and the default values in the model are 0.1 and 4, respectively; 2 in the Eq. (16) is the exponent of
resource spectrum following the equation 2-n+q, where n is the exponent for maximum food intake (2/3) and q is the exponent for volumetric

search rate (0.8). Other default parameters are listed in Table S2.



Lin Qingin et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 3, P. 34-43 37

A set of default parameters is listed in Table S2, and the interac-
tion matrix () estimated based on species’ vertical overlap is in-
cluded in Table S3 (Woodworth-Jefcoats et al., 2019).

The encounter rate of food E,(w) (Eq. (3)) among individuals
is based on the “Andersen-Ursin” encounter model (Andersen
and Ursin, 1977). Both small-sized species and zooplankton
which is part of the background resource can be considered as
available food. The combination of food preference, volumetric
search rate V,(w) (Eq. (4)), and prey abundance determine the
food encounter rate. The consumption of an individual after
predation is related to the feeding level, f(w) (Eq. (5)), ranging
from 0 to 1, and the maximum consumption rate I, (w) (Eq. (6)).

The energy obtained by effective assimilation of ingested food
is used to meet the needs of standard metabolism, partly for so-
matic growth g,(w) (Eq. (7)) of juveniles and partly for reproduc-
tion and maturation ¥ (w) (Eq. (8)) of mature individuals. Spe-
cies’ growth and reproduction will stop if the food supply fails to
support the metabolic requirements. And the allocation propor-
tion between somatic growth and reproduction is determined by
the maturation function ¥ (w) (Eq. (9)) of individuals. The re-
cruitment R; (Eq. (10)) described by a Beverton-Holt type func-
tion (Beverton and Holt, 1957) is dependent on the amount of
energy used for reproduction R, (Eq. (11), calculated as the
number of eggs); and the maximum recruitment R, ; (numbers
of surviving recruits every year) as a key parameter essentially de-
cides the total biomass of a population. The mortality of an indi-
vidual has three categories: predation mortality y,, {(w) (Eq. (12)),
background mortality y, (w) (Eq. (13)), and fishing mortality,
F(w) (Eq. (14)), which ensures a mass balance in the size-spec-
trum model. Fishing was imposed with the default knife-edge se-
lectivity in the size-spectrum framework. The catchability (Q,)
was set to a constant value of 1 in the simulation.

The resource spectrum N,(w) (Eq. (15)) acts as the food items
of the smallest individuals, which prey on zooplankton or benthic
production. The resource dynamics can be modeled by a semi-
chemostat growth equation combined with a carrying capacity
x(w) (Eq. (16)) defined as the control parameter for the resource
productivity in the community.

The size-spectrum model can be implemented by the R pack-
age “mizer” (Scott et al., 2014).

2.2 Model parameterization and validation

Each of the twenty species is characterized by a range of para-
meters reflecting its species-specific physiological features and
life history (Table 1). K is the growth coefficient; a and b are the
parameters in weight-length relationships. W, ;and W, repres-
ent the asymptotic body weight and mature weight of species, re-
spectively. Species’ maximum size obtained from FishBase was
converted to W, ,following the standard exponential equation W
=alL’. The above five growth parameters were publicly available
from FishBase. Following previous studies, f, the preferred pred-
ator-prey mass ratio was assigned 100 for species fed mostly on
fish, 400 for shark species, and 1 000 for species with strong de-
pendencies on zooplanktons (Blanchard et al., 2014; Reum et al.,
2019). The initial R ,, was estimated from an empirical equation
as 1011x W, ;® (Blanchard et al., 2014). The R_,, and default car-
rying capacity of background resources (x) were then calibrated
by minimizing the Root Mean Square Error (RMSE) between the
log-transformed modelled and estimated spawning stock bio-
mass (SSB) from the WCPFC single stock assessments of the nine
large-sized species from 1993 to 2012 (20 years’ fishing period).
RMSE is a frequently used measure of the differences between

values predicted by a model and the values observed. According
to Chai and Draxler (2014), the calculation of RMSE was ex-
pressed as:

20 172

> (log,, predicted SSB — log,, WCPFC SSB)*

RMSE = |-

20
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The time-series fishing mortality (1952-2015) used for model
validation were also derived from the most recent WCPFC stock
assessment reports. Many of these species are non-target species
in the longline fishery that are lacking fishing mortality data. The
fishing mortality of bycatch species has increased about fourfold,
owing to increases in effort in tuna fisheries in the Pacific Ocean
(Shelley et al., 2014). Thus, we assumed that fish mortality of
these species increases linearly (from 0 to 0.4) at this time period.
The selectivity size (SS) parameters of each species are different.
The size position susceptible to fishing mortality of each species
was determined by the asymptotic size following the equation as
W,,¢x0.05 (Scott et al., 2013). Cephalopods, Scomber, and Puffer
are not sorted to species level, and the parameter estimates were
averaged from several representative species. Besides, paramet-
ers of some species were obtained from relevant studies when
biological data were not available in FishBase. Detailed sources
were noted in Table 1.

The constructed size-spectrum model was first to run for 200 a
before 1952 without fishing mortality for all species to get the vir-
gin resources before the fishing efforts were introduced. The ini-
tial population abundances play a decisive role in determining the
population dynamics in a community. We also run the model un-
der historical fishing mortality from 1952 to 2015 to reach the
current state of the community. In addition, after the calibration
of R ., and x, we compared the simulated growth curves with
empirical size-at-age data to ensure that the calibrated model
could produce plausible stock dynamics. R-squared (R?) ranging
from 0 to 1 was used to indicate the statistical measure of fit
between two sets of data. The changing trend between predic-
tions and observations can better demonstrate the goodness of fit
than a specific value matched in a given time period (Jacobsen et
al., 2017). Most species in the size-spectrum model began to be
exploited in the 1950s. Some species started being fished in the
1970s, and the fishing mortality was set to 0 in the 1950s to 1970s,
including Blue shark, Silky shark, Blue marlin, and Skipjack.

2.3 Scenario projections and analysis of model outputs

We used the calibrated model to predict the dynamic changes
of nine species in the community from 2016 to 2050 under five
fishing scenarios:

(1) unexploited Scenario: F= 0;

(2) recent F Scenario: F=F,, ..,
from 2013 to 2015;

(3) low F Scenario: F=0.5F,, s
(4) medium F Scenario: F=2F,, .

(5) high F Scenario: F=3F,,,,,.

The recent fishing mortality (F,,..,,) for nine species obtained
from WCPFC stock assessment outputs was listed in the Table S4.
These scenarios were chosen partly based on the fishing history
of each species in the Pacific Ocean and can help us understand

the fishery status of the target species relative to the unfished

the average fishing mortality
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ecosystem. The total biomass, mean body weight (MeanW), and
the slope of community size spectra (Slope) were used as ecolo-
gical indicators to reflect the changes in species abundance and
ecosystem structure.

3 Results

3.1 Model Validation

Following previous studies, we calibrated the model by tun-
ing two influential parameters R, and kappa, which are essen-
tial for setting species’ initial size spectra and determines the
background resource in the system. The validation results were
demonstrated in Fig. 2. The model produced strong correlations
between the size-at-age data from our simulation and the WCP-
FC reports, with the R? of nine species more than 0.9. Therefore,
the model validation results indicated that the multispecies size-
spectrum model could reflect the dynamics of a fish community
in the tropical Pacific.

3.2 Simulation and projection results

The multispecies size-spectrum model projects the dynamics
of individual species. As shown in Fig. 3, all species showed dif-
ferent patterns driven by specific parameters, including biomass
(Fig. 3a), predation mortality (Fig. 3b), and biomass spectra (Fig. 3c).
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It can be seen that predation mortality increased firstly and then
varies with the increasing body size. There are two “bumps” of
the predation mortality curve due to the trophic cascade effect.
The enormous individuals in the community do not experience
predation by other species. Species biomass fluctuated continu-
ously. The economic species showed a slight downward trend
under the historical fishing mortality, except that the biomass of
Blue shark began to increase since 1990. The biomass of several
species tended to reach a balance over time, such as Bigeye tuna
and Blue marlin. The biomass density of large-sized species de-
clined dramatically following historical fishing (Fig. 3c).

Figure 4 demonstrated the projected biomass change of nine
large-sized species caught by longline fishery from 2016 to 2050.
The simulation results indicated that each species responded dif-
ferently to fishing activities, and the decline in biomass was not
proportional to the increase in fishing mortality. The biomass of
nine species showed an upward trend over the projection period
without fishing. The biomass of the main target tuna species in
the community was still abundant by 2050 under the recent fish-
ing level, except Albacore tuna. When the fishing mortality was
increased to two or three times of F, ., the biomass of these
species decreased dramatically in a few years. We also found that
the biomass of Silky shark remained at relatively low levels by
2050 when the fishing mortality was halved (0.5F,.,,,)-
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Fig. 2. Model validation results. Comparison of species’ size-at-age data modeled in this study with the outputs in the WCPFC stock
assessment reports. The closer R? is to 1, the better the fit is.
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Figure 5 presents the changes of ecological indicators under
five fishing scenarios from 2016 to 2050. The dashed lines (F=0)
denote an unexploited community, where the MeanW and Slope
are both stable. The direct effect of fishing on the community
structure was the decrease of the abundance of large-sized indi-
viduals, which could be reflected in the declining MeanW and
steepening of the size spectrum. Under the 2F,, . Scenario, spe-
cies’ mean weight decreased about 1 500 g (21%) by 2050 com-
pared with that under the F,, ., Scenario. The community Slope
indicated a more obvious downward trend with the increasing
fishing mortality.

4 Discussion

We developed a multispecies size-spectrum framework to
analyze and predict the dynamics of species in the central and
eastern tropical Pacific ecosystem. The methods provide a con-
venient way to explore the responses of the community to differ-

ent fishing levels (Scott et al., 2013). The size-spectrum model
has the advantage of maintaining ecological realism compared
with traditional unstructured models (Andersen et al., 2016a;
Zhang et al., 2018). Most parameters in the model can be ob-
tained from a cross-species analysis (Hartvig et al., 2011) and the
metabolic theory (Brown et al., 2004). The model is based on in-
dividual-level ecological processes. In Fig. 3, the biomass and
mortality of each species responded differently to historical fish-
ing mortality; the situation was mainly determined by size struc-
ture. The simulation results also confirmed the importance of
species’ specific life history and their interactions with other spe-
cies in sustaining ecosystem structure. Many species in our study
are non-tuna bycatch species retained as byproducts in the com-
mercial longline fishery. However, stock assessments have only
been undertaken on very few stocks of non-tuna species, and the
absence of information impacting the ability to make informed
management decisions.
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Fig. 4. Projected biomass of nine large-sized species under different fishing scenarios: F=0 (red), F=F, ., (yellow), F=0.5F,
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Fig. 5. Ecological indicators respond to different fishing levels
over the projection time period (2016-2050), including mean
body weight (MeanW in g) and slope of community size spectra
(Slope). Dashed line, solid line, dot-dash line, dotted line, and
longdash line represent fishing scenarios of F=0, F=F, ..¢
F=0.5F, F=2F, .., and F=3F, respectively.
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The tropical Pacific Ocean is large enough to ignore the mi-
gration effects for most species. Meanwhile, there are sufficient
spatial overlaps among species to ensure regular species interac-
tions, as shown in Table §3. Many previous studies on the Pacific
Ocean were primarily based on data from adjacent areas due to
the difficulties of obtaining samples in open-ocean (Worm et al.,
2005; Gerrodette et al., 2012; Zhu et al., 2012). Thus, the acquisi-
tion of the Chinese tuna longline observer data can prompt the
reliability of our study. However, our results may only reflect part
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of pelagic ecosystem dynamics because most of our species are
top predators caught by pelagic longlines. In addition, we valid-
ated the SSBs and size-at-age data of nine species, but that may
not guarantee a reliable projection of the whole ecosystem (An-
dersen et al., 2016b).

Another limitation of this study is that we only considered the
effects of fishing on community structure. Climate-driven pres-
sures such as changes in water temperature and ocean circula-
tion may also threaten the survival of species, impact species dis-
tributions and change the community structure (Genner et al.,
2010; Simpson et al., 2011). Secondly, we used the MeanW, Slope,
and total biomass to reflect the responses of the community to
different fishing levels. The study of Houle et al. (2012) revealed
that length-based indicators weighted by biomass were more
sensitive to fishing pressure. However, these indicators we ana-
lyzed may not reflect the population dynamics and ecosystem
structure in all respects. The dynamic changes of ecosystem
structure leading by fishing are nonlinear in the size-spectrum
model. The response of community indicators is usually more
sensitive at a smaller fishing effort level (Houle et al., 2012; Zhang
etal., 2016). Therefore, as shown in Fig. 4, the species’ biomass
showed a disproportionate changing pattern partly due to the dif-
ferent sensitivities to fishing mortality and indirect trophic ef-
fects in the community. This size-spectrum model would gener-
ate more complex results since a change in fishing effort gener-
ally does not result in a proportional change in relevant com-
munity indicators. Thus, more attempts to explore the sensitivity
of different indicators in fishing are encouraged (Rochet and
Trenkel, 2003; Houle et al., 2012).

The simulation results (Fig. 5) in this study are consistent with
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the conjecture that continuing fishing activities leads to a steep-
ening of the spectrum (Rice and Gislason, 1996; Shin and Cury,
2004; Shin et al., 2005). A reason for this consistency is that fish-
ing mainly targets large-sized individuals. Populations with small
asymptotic sizes have larger abundances than those with large
asymptotic sizes throughout the life history (Scott et al., 2014).
We did not specify the species’ catchability. The default value is
set to 1 in the simulation, which means that the fully-selected in-
dividuals of a species would be caught efficiently under fishing.
Fishing reduces the abundance of small fishes, but compared
with natural predation mortality, the fishing effects are relatively
low (Andersen and Pedersen, 2010). Also, the reduction of prey
resources affects the food availability of their predators; thus,
large individuals would have a slower growth rate. In other
words, the same fishing effort level had a limited impact on smal-
ler-sized species compared to large-sized predators in our study.
Combined with the projection results in Fig. 4, species will not
become extinct under long-term fishing only by adopting the
most practical management measures. That is to say, there must
be sufficient large-sized individuals within a population. There-
fore, the recent fishing efforts of Blue marlin and Silky shark need
to be adjusted according to the evaluation results and actual situ-
ation. The study of Schindler and Hilborn (2015) also revealed
that the size-spectrum model is more suitable for short-term pre-
dictions, which can be considered as a reference when deciding
management strategies.

The fishing impacts triggered by the removal of top predators
can also be described as a trophic cascade (Andersen and Peder-
sen, 2010). A trophic cascade is a sign of indirect impacts among
species and can occur in various marine ecosystems when the
species abundance at different sizes change due to fishing (My-
ers et al., 2007; Casini et al., 2008). The phenomenon can be ex-
plored by comparing the relative abundance changes of all indi-
viduals at different size ranges of F=F, .., F=3F,; .. and unex-
ploited community (Fig. 6). Compared with the recent fishing
scenario, the abundance of large-sized species decreased sharply
under the high fishing scenario, consistent with the results
shown in Fig. 5. The constant F=0 prediction was used as the
baseline, which is also a fundamental assumption proposed by
Sheldon et al. (1972) about species size distribution in the mar-
ine ecosystem. The effects of fishing on relative abundance vary
with the increasing individual size. The fishing pressure reduces
the abundance of large-sized individuals. The abundance of
smaller individuals will increase due to the release from preda-
tion by their predators, which is accordant with the results in the
North Sea fish community (Daan et al., 2005). Similarly, this in-
creases the predation mortality on their prey, thus reducing the
abundances of the prey species. Subsequently, the fishery will be-
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Fig. 6. The relative abundance of different size individuals in the
size-spectrum model when F=0 (dashed line), F=F,,,, (solid
line), and F=3F,,,,, (red line).

ecen

gin to target medium-sized individuals, which will lead to
changes in ecosystem structure.

This study modelled a realistic fish community in the central
and eastern tropical Pacific Ocean under different fishing scen-
arios. The response of nine ecologically and economically im-
portant species suggested that only the biomass of Bigeye tuna,
Swordfish, Yellowfin tuna, and Skipjack could maintain a stable
abundance under the recent fishing mortality. Current manage-
ment strategies are insufficient to achieve an optimal balance
between conservation objectives and exploitation of fishery re-
sources, especially for sharks and billfishes. Ecosystem-based
fisheries management is an effective way to minimize potential
impacts on the ecosystem while realizing sustainable utilization
of fishery resources. In an ecosystem context, it is needed to ex-
plore the community dynamics under simultaneous stressors
such as fishing and environmental changes and consider various
complementary indicators in the simulation analysis. In addi-
tion, biological research and rigorous stock assessments of non-
tuna species captured in the longline fishery should be a high re-
search priority. Thus, relevant studies can better inform and ad-
vise fisheries management.
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