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The marine ecosystem off British Columbia (BC), Canada, has experienced various
changes in the last two decades, including reduced lipid-rich zooplankton biomass,
increased marine mammals, and deteriorated commercial fisheries, particularly those
targeting pelagic species such as Pacific Herring (Clupea pallasii). Understanding
how stressors interactively and cumulatively affect commercially important fish species
is key to moving toward ecosystem-based fisheries management. Because it is
challenging to assess the cumulative effects of multiple stressors by using empirical
data alone, a dynamic, individual-based spatially explicit ecosystem modeling platform
such as Object-oriented Simulator of Marine Ecosystems (OSMOSE) represents a
valuable tool to simulate ecological processes and comprehensively evaluate how
stressors cumulatively impact modeled species. In this study, we employed OSMOSE
to investigate the cumulative effects of fishing, plankton biomass change, and marine
mammal consumption on the dynamics of some fish species and the BC marine
ecosystem as a whole. We specifically simulated ecosystem dynamics during the last
20 years under two sets of scenarios: (1) unfavorable conditions from the perspective of
commercial fish species (i.e., doubling fishing mortality rates, halving plankton biomass,
and doubling marine mammal biomass, acting individually or collectively); and (2)
favorable conditions with the three factors having opposite changes (i.e., halving fishing
mortality rates, doubling plankton biomass, and halving marine mammal biomass, acting
individually or collectively). Our results indicate that, under unfavorable conditions, the
degree to which species biomass was reduced varied among species, and that negative
synergistic and negative dampened effects were dominant under historical and doubled
fishing mortality rates, respectively. Under favorable conditions, species biomasses did
not increase as much as expected due to the existence of complex predator-prey
interactions among fish species, and positive synergistic and positive dampened effects
were prevailing under historical and halved fishing mortality rates, respectively. The
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ecosystem total biomass and the biomass to fisheries yield ratio were found to be good
ecological indicators to represent ecosystem changes and track the impacts from the
multiple drivers of change. Our research provides insights on how fisheries management
should adapt to prepare for potential future impacts of climate change.

Keywords: cumulative effect, ecosystem-based fisheries management, ecological indicator, ecosystem
modeling, synergism

INTRODUCTION

Marine ecosystems have been increasingly impacted by both
climate- and human-induced drivers that have caused drastic
changes in the ecosystems at multiple trophic levels and spatial
scales, potentially resulting in species redistributions, altered
biodiversity, ecosystem resilience and integrity, and affecting
the reference points that are critical for effective resource
management (e.g., Stenseth et al., 2002; Fulton, 2011; García-
Reyes et al., 2013; Quetglas et al., 2013; Feld et al., 2016; Samhouri
et al., 2017; Bonebrake et al., 2018; Le Bris et al., 2018; Ortega-
Cisneros et al., 2018; Ramírez et al., 2018; Guo et al., 2019).
The cumulative impacts from multiple drivers of change can
also cause significant disturbances in socio-economic systems
(Bograd et al., 2019).

In marine ecosystems, multiple drivers of change may interact
and generate synergistic, dampened or antagonistic combined
effects with respect to the sum of their individual effects
(Crain et al., 2008; Griffith et al., 2011, 2012, 2019; Travers-
Trolet et al., 2014; Piggott et al., 2015; Fu et al., 2018).
Addressing these interacting drivers of change jointly and
understanding how they affect different ecosystem components
and ecosystem functioning are important to natural resource
managers (Planque et al., 2010; Hidalgo et al., 2011; Giakoumi
et al., 2015; Halpern et al., 2015; Feld et al., 2016). Since
the review by Crain et al. (2008), studies analyzing the
cumulative and interactive effects of drivers of change have
moved from species-level research to ecosystem-level research
(e.g., Micheli et al., 2013; Feld et al., 2016; Schinegger
et al., 2016; Teichert et al., 2016; Mach et al., 2017; Lercari
et al., 2018; Ramírez et al., 2018). Nevertheless, a deep
understanding of the cumulative effects of drivers of change
is often impossible when analysts rely only on statistical
analyses of empirical data, which hampers a comprehensive
prediction of responses to multiple drivers and, thus, the proper
mitigation of cumulative impacts of multiple drivers on marine
ecosystems and restoration projects (Segurado et al., 2018). In
particular, statistical analyses are generally unable to provide
information at the scale of entire ecosystems and for long time
periods despite the fact that the consideration of large spatial
and temporal scales is critical for reliable projections of the
potential future effects of drivers of change (Boyd et al., 2018;
Hodgson and Halpern, 2019).

In contrast to statistical analyses, simulation experiments
using ecosystem models can easily consider the large spatial
and temporal scales at which the cumulative effects of multiple
drivers of change manifest (Griffith et al., 2011; Fu et al., 2018).
Simulation experiments employing ecosystems models have been

increasingly conducted during the past 10 years to provide a
mechanistic understanding of the impacts of natural and human-
induced drivers of changes on marine ecosystems (Griffith et al.,
2011, 2012, 2019; Travers-Trolet et al., 2014; Weijerman et al.,
2015; Fu et al., 2018, 2019; Ortega-Cisneros et al., 2018). In
this study, we applied the ecosystem modeling platform Object-
oriented Simulator of Marine Ecosystems (OSMOSE) Shin and
Cury, 2004; Fu et al., 2017) to the British Columbia (BC) marine
ecosystem (Figure 1) to understand the cumulative impacts of
multiple drivers on this ecosystem.

Object-oriented Simulator of Marine Ecosystems is an
individual-based model that simulates species dynamics in a
spatiotemporally explicit fashion. One key characteristic of
OSMOSE is that it does not predefine species interactions; rather,
species interactions are emerging properties that depend on the
degree of spatiotemporal overlap between predator and prey
species, their size ratios, and their relative abundances (Shin
and Cury, 2004), as well as on the accessibility of prey to
the predators due to the morphology and vertical distribution
patterns of the prey (Fu et al., 2013). Because modeling with
OSMOSE necessitates extensive information on entire life cycles
of the modeled species, typically no more than 10–15 species are
focused. By limiting the number of focus species included in an
OSMOSE model, the computation time and memory capacity
can be kept reasonable while the complex interactions within the
study ecosystem are simplified. However, this limited number
of species can cause the OSMOSE model to miss important,
and even sometimes major, prey and predators when the study
ecosystem is characterized by a relatively high biodiversity. Fu
et al. (2017) enhanced the OSMOSE model to allow explicit
consideration of nearly all the taxa of a given ecosystem
without compromising much of the computation time and
without requiring extensive information on whole life cycles. This
enhancement was done through the inclusion of “background”
taxa, that is, taxa that are of secondary importance for the
study but have the potential to be important prey or predators
of the modeled focus species. The inclusion of background
taxa has allowed OSMOSE to provide a more comprehensive
understanding of species interactions within an ecosystem and
their implications when management measures are implemented
(Fu et al., 2017).

The BC marine ecosystem is located within a dynamic
transition zone where the Pacific Ocean Current bifurcates into
the northward-flowing Alaska Current and the southward-
flowing California Current, and the variability of the bifurcation
location influences the species composition of plankton
communities and the productivity of higher-trophic-level fish
species (Keister et al., 2011; Malick et al., 2017). In the last two
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FIGURE 1 | Map of the British Columbia marine ecosystem showing the spatial grid of the OSMOSE-BC model (light gray cells), the four management areas
(delineated by solid lines) of Pacific Herring (C. pallasii) [Prince Rupert District (PRD), Haida Gwaii (HG), and Central Coast (CC), and West Coast of Vancouver Island
(WCVI)], as well as the two management areas (separated by dashed lines) of Pacific Cod (G. macrocephalus), Lingcod (O. elongatus), and Walleye Pollock (G.
chalcogrammus) (North and South Coasts).

decades, the BC marine ecosystem has experienced measurable
changes in its structure and functioning, potentially due to
the spatial redistributions of some marine species in response
to changes in climatic conditions. Firstly, the zooplankton
community, which used to be dominated by abundant lipid-rich
large boreal copepods, has become dominated by gelatinous
zooplankton with lower nutritional quality for juvenile fishes
(Boldt et al., 2019). Secondly, marine mammals, such as
pinnipeds and cetaceans, many of which have experienced a
dramatic increase in numbers in the last few decades (Ford,
2014) and may have negatively impacted some commercial fish
species (Fu et al., 2017), are increasingly contributing to shaping
the functioning of the BC marine ecosystem. Thirdly, some
fisheries, particularly those targeting Pacific Herring (Clupea
pallasii), have contracted or been in moratorium for nearly two
decades (Cleary et al., 2018).

In light of the above-mentioned changes, we attempted to
understand how fishing pressure, plankton productivity and
mammal consumption may have interacted and impacted the
BC marine ecosystem, and how fisheries management should be
adapted to meet the challenge of climate change. The primary
objectives of this study are three-fold. First, at the species
level, particularly from the perspectives of commercially and
ecologically important species such as Pacific Herring, Pacific

Cod (Gadus macrocephalus), Lingcod (Ophiodon elongatus) and
Pacific Halibut (Hippoglossus stenolepis), we investigate the
impacts on their dynamics of three key drivers, i.e., fishing,
change in plankton biomass as suitable food for planktivorous
fish, and change in marine mammal biomass as a measure of
predatory consumption. Second, at the ecosystem level and from
the standpoint of ecological indicators, we examine how these
three key drivers influence ecosystem dynamics. Third, from the
viewpoint of ecosystem-based fisheries management, we discuss
how fisheries management should be adapted to better prepare
for potential future climate change.

MATERIALS AND METHODS

Study Area and OSMOSE Model
Components
The BC marine ecosystem extends along 27,000 km of the
temperate northeast Pacific coastline, and from the coastal
watersheds to the outer limit of the continental slope (Figure 1).
The focus species included in the OSMOSE model for
the BC ecosystem (“OSMOSE-BC”) are commercially and
ecologically important fishes and include Pacific Herring,
Pacific Cod, Lingcod, Arrowtooth Flounder (Atheresthes stomias),
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Walleye Pollock (Gadus chalcogrammus), and Pacific Halibut
(H. stenolepis). An additional species group, Euphausiids
(Thysanoessa spp. and Euphausia spp.), is modeled as a focus
taxon in the OSMOSE-BC model, as Euphausiids represent
an abundant and important food source for higher-trophic-
level fish species (Haigh et al., 2015) and baleen whales (Ford,
2014). Following Fu et al. (2017), the focus fish species are
modeled either as a single stock (i.e., Arrowtooth Flounder,
Pacific Halibut) or multiple stocks in different geographic regions
in accordance with the current stock assessment practices
(Figure 1). Specifically, Pacific Herring has been assessed and
managed as four separate stocks in four distinct areas: Prince
Rupert District (PRD), Haida Gwaii (HG), Central Coast (CC),
and West Coast of Vancouver Island (WCVI). Pacific Cod,
Lingcod, and Walleye Pollock are assessed as two separate stocks
in two distinct areas: North and South Coasts (Figure 1).

In the OSMOSE-BC model, plankton (phytoplankton and
zooplankton) are included as spatially distributed biomass pools
serving as food for planktivorous fishes. Their biomass time
series, minimum and maximum body sizes, trophic levels,
and distribution maps at different time steps were set up
according to Fu et al. (2017).

Marine mammals are included in the OSMOSE-BC model
as background taxa that exert different degrees of predation
mortality on other modeled species depending on their
abundance, predator-prey size ratio, and spatial distribution (Fu
et al., 2017). Included in the OSMOSE-BC model are also 16
additional background taxa (Table 1). For some background
taxa (e.g., Pacific Hake Merluccius productus; Humpback
Whale Megaptera novaeangliae, and Fin Whale Balaenoptera
physalus) that are migratory, they do not interact with other
modeled taxa when they migrate out of the model spatial
domain. Therefore, a map of empty value is used for the
out-of-model-domain season.

The OSMOSE-BC model simulates the life cycle of the
focus species, from the egg stage to the terminal age, at a
time step of 4 months, each representing one season (Winter:
December to next March; Summer: April to July; Fall: August
to November). At the time step immediately following the
production of eggs, the total number of eggs of each population is
split into super-individuals called “schools,” which are distributed
spatially according to input distribution maps (Fu et al., 2017).
The distribution maps (15 km × 15 km) are density-based
and obtained from geo-referenced data of both commercial
fisheries and research surveys (the data archives being maintained
by Fisheries and Oceans Canada, Pacific Biological Station,
Nanaimo, BC, Canada). The spatial resolution of the distribution
maps was set to adequately capture the spatial dynamics of
modeled species while also keeping the computation time and
memory capacity within reasonable ranges. At each time step,
OSMOSE simulates the biological and ecological processes of
these schools, including growth, predation, starvation, other
natural mortality due to causes unaccounted for by the
model, fishing, reproduction, and spatial movement (including
migration). The biological information needed for the focus
species including growth, reproduction and mortality parameters
were obtained from previous studies (Fu et al., 2013, 2017)

and stock assessments (Forrest et al., 2015; Holt et al., 2016;
Grandin and Forrest, 2017; Cleary et al., 2018; Table 2). The rest
of the information needed for focus species, including feeding
size ranges expressed as minimum and maximum predator/prey
size ratios, annual fishing mortality time series obtained from
stock assessments, fishing and reproduction seasonality, and
distribution maps for different life stages and time steps, was set
up following Fu et al. (2017).

For the background taxa, only the predation, spatial
distribution and movement processes are simulated. At the
beginning of each year, the biomass of background taxa is
separated into young-of-the-year, juveniles, and adults. The
biomass in each life stage is then converted to abundance
based on the average weight of each life stage and subsequently
divided into schools. At each time step, these schools for the
different life stages interact with schools of the focus species
and other background taxa through predator-prey relationships
by exerting predation mortality and/or representing a food
source. Mortality other than predation mortality, growth, and
reproduction are not modeled for the background taxa. Input
information of biomass time series, mean length and weight
at different stages, minimum and maximum predator/prey size
ratios and distribution maps for different life stages and time steps
was set up following Fu et al. (2017).

Model Calibration and Simulation
Scenarios
The period considered in the OSMOSE-BC model is the period
1940–2018 (including a burn-in period from 1940 to 1950).
The natural mortality rate of the first life stage (eggs and first-
feeding larvae), i.e., larval mortality rate, is due to different causes
(e.g., non-fertilization of eggs, starvation of first feeding larvae,
advection, and sinking) and is usually very hard to quantify.
Therefore, the first step with the OSMOSE-BC model consisted
of estimating the larval mortality rate of the focus species, as
in Fu et al. (2017), so that the simulated biomass time series
of the populations were as close as possible to those from
stock assessments or those reconstructed from survey data. The
best calibrated OSMOSE-BC model (i.e., representing historical
conditions) was used to derive biomass time series for the focus
species, which were then used as baseline scenario such that
there was comparability between the scenarios and past realistic
projections (Niiranen et al., 2013).

Previous ecosystem simulation studies have explored the
cumulative effects of ocean warming and acidification on the
dynamics of fish species, communities, and ecosystems (e.g.,
Griffith et al., 2011, 2012, 2019; Ortega-Cisneros et al., 2018).
The long-term warming trend in the BC marine ecosystem has
been only 0.08◦C per decade for sea surface temperature since
recordings started in 1917 and even weaker (0.07◦C) for the
subsurface (100–150 m) waters (Greenan et al., 2018). Such a
slow long-term change in temperature is likely within the optimal
temperature range of the studied focus species. In addition, ocean
acidification has not been found to have a measurable effect on
fish species in the BC marine ecosystem (Haigh et al., 2015). By
contrast, the climate-induced variability of the location of the
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TABLE 1 | Focus species and background taxa included in the OSMOSE-BC ecosystem simulation model.

Species/Taxon name Type Species represented

Euphausiids Focus species Thysanoessa spp., Euphausia spp.

Pacific herring Focus species Pacific Herring (Clupea pallasi)

Arrowtooth Flounder Focus species Arrowtooth Flounder (Atheresthes stomias)

Walleye Pollock Focus species Walleye Pollock (Gadus chalcogrammus)

Pacific Cod Focus species Pacific Cod (Gadus macrocephalus)

Lingcod Focus species Lingcod (Ophiodon elongatus)

Pacific Halibut Focus species Pacific halibut (Hippoglossus stenolepis)

Harbor Seal Background taxa Harbor Seal (Phoca vitulina)

Steller Sea Lion Background taxa Steller Sea Lion (Eumetopias jubatus)

California Sea Lion Background taxa California Sea Lion (Zalophus californianus)

Humpback Whale Background taxa Humpback Whale (Megaptera novaeangliae)

Fin Whale Background taxa Fin Whale (Balaenoptera physalus)

Pacific Hake Background taxa Pacific Hake (Merluccius productus)

Pacific Ocean Perch Background taxa Pacific Ocean perch (Sebastes alutus)

Spiny Dogfish Background taxa Spiny Dogfish (Squalus acanthias)

Flatfish Background taxa Dover Sole (Microstomus pacificus), Rock Sole (Lepidosetta bilineata), English Sole (Parophyrys
vetulus), Sand Sole (Psettichthys melanostictus), Rex Sole (Glyptocephalus zachirus), Flathead Sole
(Hippoglossoides elassodon)

Petrale Sole Background taxa Petrale sole (Eopsetta jordani)

Shelf Rockfish Background taxa Yellowtail (Sebastes flavidus), Silvergray (Sebastes brevispinis), Bocaccio (Sebastes paucispinis),
Canary (Sebastes pinniger)

Slope Rockfish Background taxa Yellowmouth (Sebastes reedi), Rougheye (Sebastes aleutioanus), Redstripe (Sebastes proriger),
Sharpchin (Sebastes zacentrus), Redbanded (Sebastes babcocki), Shortspine Thornyhead
(Sebastolobus altivelis)

Inshore Rockfish Background taxa Yelloweye (Sebastes rubberrimus), Quillback (Sebastes maliger)

Spotted Ratfish Background taxa Spotted Ratfish (Hydrolagus colliei)

Sablefish Background taxa Sablefish (Anoplopoma fimbria)

Coho Chinook Background taxa Coho Salmon (Oncorhynchus kisutch), Chinook Salmon (Oncorhynchus tshawytscha)

Shallow Benthic Fish Background taxa eelpouts (Zoarcidae), poachers (Agonidae), sculpins (Cottidae)

Forage Fish Background taxa Eulachon (Thaleichthys pacificus), Smelts (Osmeridae), Sandlance (Ammodytes hexapterus)

Crabs Background taxa Dungeness crab (Metacarcinus magister), tanner crab (Chionoecetes sp.), red rock crab (Cancer
productus)

Shrimp Background taxa Smooth Shrimp (Pandalus jordani), Pink Shrimp (Pandalus goniturus), Sidestripe Shrimp
(Pandalopsis disbar), Prawn (Pandalus platycterus)

Detritus Benthos Background taxa

The reference species of each background taxon (in bold) is used for obtaining mean length and weight at different stages as well as distribution maps for the
background taxon.

TABLE 2 | Growth, reproduction and mortality parameters for each of the focus species considered in the OSMOSE-BC model.

Growth Reproduction Survivalship

Species L∞ (cm) k (year−1) t0 (year) c (g cm−3) b ϕ (eggs g−l) Amat (year) Amax (year) Arec (year) M (year−1)

Euphausiids 1.84 1.68 −0.20 0.0091 2.920 24469 0.3 1.7 0.5 0.10

Pacific Herring 26.3 0.36 −0.03 0.0070 2.997 200 3 10 3 0.12

Arrowtooth Flounder 58.92 0.26 0.48 0.0036 3.251 743 5 25 5 0.15

Walleye Pollock 44.50 0.92 0.57 0.0065 2.997 300 3 10 3 0.25

Pacific Cod 89.48 0.31 −0.12 0.0074 3.096 564 3 10 3 0.25

Lingcod 112.80 0.15 −3.01 0.0013 3.324 26 5 17 5 0.196

Pacific Halibut 130.00 0.23 −0.06 0.0013 3.238 553 8 40 8 0.112

Growth parameters include L∞, k, and t0 for the von Bertalanffy growth model as well as parameters c and b for the weight-at-length allometric function. Relative
fecundity ϕ is the number of eggs spawned per gram of mature female per year. Amat, Amax , and Arec are, respectively, the age at sexual maturity, the longevity, and the
age of recruitment into the fisheries. The mortality rate M is the mortality due to disease, senescence and predation by organisms not represented in the OSMOSE-BC
model (e.g., birds).
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Pacific Ocean Current bifurcation has resulted in region-specific
enrichment or impoverishment of suitable plankton food for
fish species (Keister et al., 2011). Such changes in the plankton
community along with increased marine mammals that tend to
undergo extensive climate-induced migrations (Sprogis et al.,
2018) are two primary drivers of change in the BC marine
ecosystem (Fu et al., 2017; Godefroid et al., 2019). The bottom-
up forcing of plankton productivity and top-down forcing of
predation pressure are also considered to be critical components
of ecosystem-based fisheries management (Cury et al., 2011;
Weijerman et al., 2015; Ortega-Cisneros et al., 2018).

Therefore, in this study, we specifically investigated how
changes in the plankton production and marine mammal
consumption may affect the dynamics of other species and
the whole marine ecosystem. Considering that plankton and
marine mammal biomasses within the BC marine ecosystem
can either decrease or increase rapidly as a result of climate-
induced spatial redistributions, we carried out simulations
under two contrasting sets of scenarios (i.e., favorable and
unfavorable from the perspectives of commercial fish species)
related to three drivers (i.e., fishing, change in plankton
biomass, and change in marine mammal biomass). Under
the favorable condition scenarios, fish population biomasses
were expected to be higher than under the historical baseline
scenario by manipulating the three drivers individually or
collectively, including halving fishing mortality rate (HalfF),
doubling plankton biomass (DoubPl), and halving marine
mammal biomass (HalfMam) during the last 20 years of
the simulation period. By contrast, under the unfavorable
condition scenarios, fish population biomasses were expected
to be lower than under the historical baseline scenario,
as fishing mortality rate was doubled (DoubF), plankton
biomass was halved (HalfPl), and marine mammal biomass
was doubled (DoubMam), separately or simultaneously, during
the last 20 years of the simulation. In total, seven (three
with a single driver and four with multiple drivers) favorable
condition scenarios and seven unfavorable condition scenarios
were considered in the present study; these 14 scenarios are
detailed in Table 3.

TABLE 3 | Acronyms and descriptions of seven simulation scenarios.

Scenarios Descriptions

BaseF_DoubPL_BaseMam Baseline fishing mortality rates, doubled plankton
biomass, and Baseline marine mammal biomass

BaseF_BasePL_HalfMam Baseline fishing mortality rates, Baseline plankton
biomass, and halved marine mammal biomass

BaseF_DoubPL_HalfMam Baseline fishing mortality rates, doubled plankton
biomass, and halved marine mammal biomass

HalfF_BasePL_BaseMam Halved fishing mortality rates, Baseline plankton
biomass, and Baseline marine mammal biomass

HalfF_DoubPL_BaseMam Halved fishing mortality rates, doubled plankton
biomass, and Baseline marine mammal biomass

HalfF_BasePL_HalfMam Halved fishing mortality rates, Baseline plankton
biomass, and halved marine mammal biomass

HalfF_DoubPL_HalfMam Halved fishing mortality rates, doubled plankton
biomass, and halved marine mammal biomass

Ecological Indicators
Aside from the dynamics of modeled focus species, the three
drivers also interactively and cumulatively impact the dynamics
of the ecosystem as a whole. Therefore, we also employed nine
ecological indicators to help reveal how the 12 stocks of focus
fish species as a whole responded to the drivers that cannot be
inferred from species-specific indicators (e.g., Fu et al., 2019).
The nine indicators include: the biomass to fisheries yield ratio
(B/Y); the proportion of predatory fishes (Pred: the proportion of
biomass at trophic levels≥4.0); the large fish indicators LFI20 and
LFI40, i.e., the proportions (by weight) of fish >20 and >40 cm,
respectively; the mean trophic level of the community (TLco:
calculated as

∑
l (

∑
S BS,lTLl)∑

l (
∑

S BS,l)
, where TL is for trophic level); the

total fish biomass of all-trophic-level species (B); the biomass of
lower-trophic-level fish species (B_LTL: the biomass at trophic
levels ≤3.25); the biomass of higher-trophic-level fish species
(B_HTL: the biomass at trophic levels >3.25); and the ratio of
B_LTL to B_HTL (B_L2H). All the ecological indicators were
calculated based on the OSMOSE-BC model outputs of the 12
fish stocks of the focus fish species (Table 1).

Relative Changes and Combined Effects
For each scenario k, the change in a response variable R
(i.e., the biomass of a species or the value of an ecological
indicator) relative to the baseline scenario b was calculated as:
1Rk =

Rk−Rb
Rb

. To understand the cumulative impacts of the
three drivers (fishing mortality, plankton biomass, and marine
mammal biomass) on the dynamics of the focus species and the
whole BC ecosystem, we specifically used the biomasses of the
individual focus species and the total biomass of the ecosystem
as the response variable, following the Global Ocean Observing
System (GOOS) Biology and Ecosystems Panel that identified
biomasses as Fish Essential Ocean Variables (Miloslavich et al.,
2018). Under an additive effect, the combined effect of multiple
drivers is the sum of 1Rk with each of the three drivers varying
independently. Following Fu et al. (2018), we defined the additive
effect as the 1:1 line, but added a range of±0.05 (shown as dashed
lines around the 1:1 line in Figure 2) to allow for a broadened
definition of the additive effect (Ortega-Cisneros et al., 2018).
The zones below the additive effect are considered as ecologically
risky effects, including negative synergism, negative antagonism,
and positive dampened effects (Figure 2). By contrast, the zones
above the additive effect, including positive synergism, positive
antagonism, and negative dampened effects, result in higher fish
biomasses than expected under the additive effect and, therefore,
there is no ecological risk associated with them (Fu et al., 2018).

RESULTS

Relative Changes in Biomasses and the
Ecological Indicators
Under unfavorable conditions, relative biomass changes were
negative for all scenarios except DoubF_BasePl_BaseMam
for two species: Walleye Pollock and Arrowtooth Flounder
(Figure 3). As time progressed from the first to the second
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FIGURE 2 | Schematic comparison of the combined versus additive separate effects. Effects are presented as relative change in biomass occurring when fishing
and changes in plankton and mammal biomasses act simultaneously (combined effect, y-axis) versus separately (x-axis). The 1:1 line with a range of ±0.05 (dashed
lines) represents combined effects being equal to additive effects. The zones below the lower dashed line are considered as risk zones, including negative synergistic
(Neg. Synergism), negative antagonistic (Neg. Antagonism), and positive dampened (Pos. Dampened) effects. The zones above the upper dashed line are considered
as not being risky, including positive synergistic (Pos. Synergism), positive antagonistic (Pos. Antagonism), and negative dampened (Neg. Dampened) effects.

10 years of simulation, relative biomass changes tended to
become more negative for all species. During the first 10 years,
the scenario BaseF_HalfPl_BaseMam resulted in larger biomass
reductions than the scenario BaseF_BasePl_DoubMam for
Pacific Herring, but not for Pacific Cod, Lingcod, and Walleye
Pollock (Figure 3A), suggesting that Pacific Herring were
more sensitive to plankton biomass halving, while Pacific Cod,
Lingcod, and Walleye Pollock were more vulnerable to mammal
biomass doubling. Compared to the baseline situation where
fishing mortality rates were at historical levels, the scenario
DoubF_BasePl_BaseMam resulted in larger biomass reductions
for Pacific Cod, Lingcod, and Pacific Halibut, suggesting that
these three species were susceptible to the increase in fishing
pressure. By contrast, this scenario resulted in the smallest
biomass reductions for Pacific Herring, and in biomass increase
for Walleye Pollock, and Arrowtooth Flounder contrary to
what may be expected. This result may be due to the fact
that the depleted predator populations resulting from doubled
fishing mortality rates may have led to a reduction of the
predation pressure exerted on Pacific Herring, Walleye Pollock,
and Arrowtooth Flounder. As time progressed to the second
10 years of simulation, biomass reduction under the scenario
BaseF_HalfPl_DoubMam worsened for all species, and resulted
in only slightly higher biomass levels than the scenario
DoubF_HalfPl_DoubMam where the three drivers of change
acted collectively (Figure 3B).

Among all the ecological indicators, total biomass was the
only indicator that showed significantly negative responses (with

95% confidence intervals all below zero) to the seven unfavorable
scenarios during both the first and the second 10 years of
simulation (Figure 4). In comparison, the biomasses of lower- or
higher-trophic-level fish species showed large variability during
one of the two 10-year periods (with confidence intervals
encompassing zero), suggesting that biomasses are more variable
at the functional group level than at the ecosystem level. As a
result, the biomass ratio of lower and higher-trophic-level fish
species (B_L2H) also showed high variability, particularly during
the second 10 years of simulation (Figure 4B). The biomass to
yield ratio, similar to the total biomass, was generally negative
and showed relatively small variability, suggesting that it can
appropriately track unfavorable conditions. Contrary to most
indicators, the large fish indicator LFI20 increased relative to the
baseline scenario under all seven unfavorable scenarios during
both the first and the second 10 years. The increases were
even greater for the large fish indicator LFI40 (except under
the scenario DoubF_BasePl_BaseMam), implying that halving
plankton biomass and/or doubling mammal biomass increased
the proportion of large fish, particularly those >40 cm. Mean
trophic level was largely unaffected by the unfavorable conditions;
however, the confidence intervals were large, revealing the
strong variability of this indicator, particularly during the first
10 years of simulation.

Biomass changes relative to the baseline scenario were
positive under the seven favorable condition scenarios for all
six species, and they also tended to be greater during the
second 10 years of simulation for most species, especially Pacific
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FIGURE 3 | Biomass change relative to the baseline scenario (where fishing mortality rates, plankton biomass, and marine mammal biomass are all set to their
historical levels) for six fish species [Herring: Pacific Herring (Clupea pallasii), Cod: Pacific Cod (Gadus macrocephalus), Lingcod (Ophiodon elongatus), Pollock:
Walleye Pollock (Gadus chalcogrammus), Halibut: Pacific Halibut (Hippoglossus stenolepis), and Arrowtooth: Arrowtooth Flounder (Atheresthes stomias)] under
seven unfavorable condition scenarios where stressors act individually or simultaneously. The acronyms of the seven unfavorable condition scenarios are provided
here and their definition can be found in Table 3. Panels (A,B) are for the first and second 10 years of the 20-year simulation experiment period, respectively.

Herring and Pacific Cod (Figure 5). During the first 10 years,
the scenario BaseF_DoubPl_HalfMam tended to produce the
largest biomass increases for all species except for Pacific Cod,
which had the largest biomass increase under the scenario
HalfF_DoubPl_HalfMam (Figure 5A). This result indicates that
Pacific Cod may benefit the most from halved fishing mortality
rates. The biomass of all species except Pacific Cod was
virtually unchanged under the scenario HalfF_BasePl_BaseMam,
implying that the fishing mortality rates for all species except
Pacific Cod in the last 20 years of simulation were so
small that halving fishing mortality rates had no impact on
the status of fish populations. During the first 10 years,
the scenario BaseF_DoubPl_BaseMam generally showed larger
biomass increases than the scenario BaseF_BasePl_HalfMam,
suggesting that doubling plankton biomass had a greater effect
on species biomasses than halving mammal biomass. However,
this was not true anymore for Pacific Herring during the second
10 years of simulation (Figure 5B), suggesting that the effect
of reduced mammal predation resulting from halving mammal

biomass became incrementally larger as time progressed. During
the second 10 years, the scenario HalfF_DoubPl_HalfMam did
not result in the largest biomass increases for all species except
for Pacific Cod, which entails that the dramatic increase in Pacific
Cod biomass may have largely affected all other species either
through predation or competition for food.

Under favorable conditions, the biomass to yield ratio, total
biomass, and the biomasses of lower- and higher-trophic-
level fish species all displayed positive changes relative to the
baseline scenario under the seven favorable condition scenarios
(Figure 6). By contrast, the proportion of predatory fish exhibited
either negative or positive changes, implying its unpredictable
responses to different favorable drivers. Contrary to most
indicators, the large fish indicators LFI20 and LFI40 were reduced
under all favorable condition scenarios, particularly under the
scenarios where fishing mortality rates were at baseline levels,
which was primarily due to the disproportional increase of Pacific
Herring, the smallest among the focus key species, as well as
density-dependent reduction in somatic growth. Again, mean
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FIGURE 4 | Changes in ecological indicators (B/Y: biomass to fisheries yield ratio, Pred: proportion of predatory fishes, LFI20: proportion of large fish (>20 cm)
indicator, LFI40: proportion of large fish (>40 cm) indicator, TLco: mean trophic level of the community, B: total biomass of all-trophic-level taxa, B_LTL: biomass of
lower-trophic-level taxa, B_HTL: biomass of higher-trophic-level taxa, and B_L2H: ratio of B_LTL to B_HTL) relative to the baseline scenario (where fishing mortality
rates, plankton biomass, and marine mammal biomass are all set to their historical levels) under seven unfavorable condition scenarios where stressors act
individually or simultaneously. The acronyms of the seven unfavorable condition scenarios are provided here and their definition can be found in Table 3. Panels
(A,B) are for the first and second 10 years of the 20-year simulation experiment period, respectively.

trophic level was largely unaffected by the drivers of change yet
exhibited large variability, revealing the strong variability of this
indicator, particularly during the second 10 years of simulation.

Combined Effects
Under unfavorable conditions, the responses to the combined
effects of two or three factors varied among the different species
(Figure 7). During the first 10 years of simulation, Pacific
Herring and all species combined showed nearly 100% negative
synergism under the scenario BaseF_HalfPl_DoubMam, while
Pacific Cod demonstrated nearly 100% negative antagonism
(Figure 7A). Other species, including Lingcod, Walleye Pollock,
and Arrowtooth Flounder, were also affected by negative
synergism under this scenario. However, when fishing mortality
rates were doubled, regardless of whether mammal biomass was
doubled (DoubF_BasePl_DoubMam), plankton biomass was
halved (DoubF_HalfPl_BaseMam) or both whether mammal and
plankton biomasses were altered (DoubF_HalfPl_DoubMam),
negative dampened effects became dominant for all species
except Walleye Pollock and Arrowtooth Flounder. For all

species combined, additive effects contributed to around 50%
when doubled fishing mortality rates were combined with
either halved plankton biomass or doubled mammal biomass.
During the second 10 years of simulation, additive effects
were reduced under the four above-mentioned scenarios
(BaseF_HalfPl_DoubMam, DoubF_BasePl_DoubMam, DoubF_
HalfPl_BaseMam, and DoubF_HalfPl_DoubMam) (Figure 7B).
Under the scenario BaseF_HalfPl_DoubMam, all species
were predominantly influenced by negative synergism. When
fishing mortality rates were doubled (i.e., under the scenarios
DoubF_BasePl_DoubMam, DoubF_HalfPl_BaseMam, and
DoubF_HalfPl_DoubMam), negative dampened effects became
even more prevailing for Pacific Herring, Pacific Cod, Lingcod,
and Pacific Halibut. For Walleye Pollock and Arrowtooth
Flounder, however, negative synergism became more prevailing
during the second 10 years of simulation than during the first
10 years. For all species combined, negative synergism became
more dominant during the second 10 years of simulation when
doubled fishing mortality rates were combined with either halved
plankton biomass or doubled mammal biomass. However, when
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FIGURE 5 | Biomass changes (at a log-10 scale) relative to the baseline scenario (where fishing mortality rates, plankton biomass, and marine mammal biomass are
all set to their historical levels) for six fish species [Herring: Pacific Herring (Clupea pallasii), Cod: Pacific Cod (Gadus macrocephalus), Lingcod (Ophiodon elongatus),
Pollock: Walleye Pollock (Gadus chalcogrammus), Halibut: Pacific Halibut (Hippoglossus stenolepis), and Arrowtooth: Arrowtooth Flounder (Atheresthes stomias)]
under seven favorable condition scenarios where stressors act individually or simultaneously. The acronyms of the seven favorable condition scenarios are provided
here and their definition can be found in Table 3. Panels (A,B) are for the first and second 10 years of the 20-year simulation experiment period, respectively.

all three drivers interacted together, additive effects became
dominant while negative synergism largely diminished.

Under favorable conditions, the responses to the combined
effects of two or three factors also varied among the different
species (Figure 8). Pacific Cod benefited the most from all
combinations of two or three factors, showing predominantly
positive synergism. While Pacific Herring showed largely
positive synergism for three of the four combinations during
the first 10 years of simulation (Figure 8A), the scenario
HalfF_BasePl_HalfMam produced predominantly positive
dampened effects, which was also true for all species combined.
This result suggests that the benefits of halving fishing
mortality rates and mammal biomass were compromised
when plankton biomass was not increased to meet the food
requirement of the increasing Pacific Herring populations
and the increased total biomass. Compared to the scenario
BaseF_DoubPl_HalfMam, all the scenarios where fishing
mortality rates were halved while the biomass of plankton and/or

marine mammals was doubled produced less positive synergism
for all species except for Pacific Cod. Under the scenario
HalfF_DoubPl_HalfMam, positive synergism was dominant
for Pacific Herring, Pacific cod, and all species combined. As
time progressed to the second 10 years, the relative frequencies
of various combined effects for each species were generally
unchanged except that there were less additive effects under
all four above-mentioned scenarios (HalfF_BasePl_HalfMam,
BaseF_DoubPl_HalfMam, HalfF_DoubPl_BaseMam, and
HalfF_DoubPl_HalfMam) (Figure 8B). For all species combined
and for Pacific Herring, there were relatively more positive
dampened effects under all four scenarios compared to the
first 10 years. Under the scenarios HalfF_DoubPl_BaseMam
and HalfF_DoubPl_HalfMam, positive dampened effects
tended to be greater for most species (except for Pacific
Cod) during the second 10 years of simulation, implying
that the benefits of halved fishing mortality rates combined
with doubled plankton biomass or even with halved mammal
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FIGURE 6 | Changes (at a log-10 scale) in ecological indicators (B/Y: biomass to fisheries yield ratio, Pred: proportion of predatory fishes, LFI20: proportion of large
fish (>20 cm) indicator, LFI40: proportion of large fish (>40 cm) indicator, TLco: mean trophic level of the community, B: total biomass of all-trophic-level taxa, B_LTL:
biomass of lower-trophic-level taxa, B_HTL: biomass of higher-trophic-level taxa, and B_L2H: ratio of B_LTL to B_HTL) relative to the baseline scenario (where
fishing mortality rates, plankton biomass, and marine mammal biomass are all set to their historical levels) under seven favorable condition scenarios where stressors
act individually or simultaneously. The acronyms of the seven favorable condition scenarios are provided here and their definition can be found in Table 3. Panels
(A,B) are for the first and second 10 years of the 20-year simulation experiment period, respectively.

biomass were less than expected under additive effects as
time progressed.

DISCUSSION

The plankton community and marine mammal biomass within
the BC marine ecosystem have changed over the last decades
partially due to species redistributions as a result of climate
change (Keister et al., 2011; Boldt et al., 2019). Such spatial
redistributions of marine species are believed to serve as a way
of adapting to environmental changes (Miller et al., 2018) and
their ecological consequences need to be investigated from an
ecosystem perspective, as ecosystem components at different
trophic levels interact actively and impact the entire food
web (Stenseth et al., 2002; Bonebrake et al., 2018). Using the
individual-based ecosystem simulation model OSMOSE-BC, we

were able to investigate how fish species biomass and ecological
indicators would change relative to the historical (baseline)
scenario when the BC ecosystem was hypothetically subjected
to changes in three drivers: fishing mortality rates, plankton
biomass, and marine mammal biomass. We were also able to
examine the cumulative impacts of the three drivers on the
dynamics of the focus species as well as the whole BC ecosystem.

We arrived at the following findings. First, under unfavorable
conditions for the focus fish species (i.e., doubling fishing
mortality rates, halving plankton biomass, and doubling mammal
biomass), the total biomass and biomass to yield ratio were
reduced consistently, while other indicators had mixed responses
and the different focus species exhibited different degrees
of biomass reduction among different scenarios. When both
plankton biomass was halved and mammal biomass doubled,
negative synergistic effects dominated for most species under the
historical fishing mortality rates, while negative dampened effects
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FIGURE 7 | Stacked bar plots of seven combined effects (Additive: additive effect, Nag_Ant: negative antagonism, Neg_Dam: negative dampened, Neg_Syn:
negative synergism, Pos_Ant: positive antagonism, Pos_Dam: positive dampened, and Pos_Syn: positive synergism) for the biomasses of six fish species (Herring:
Pacific Herring (Clupea pallasii), Cod: Pacific Cod (Gadus macrocephalus), Lingcod (Ophiodon elongatus), Pollock: Walleye Pollock (Gadus chalcogrammus), Halibut:
Pacific Halibut (Hippoglossus stenolepis), and Arrowtooth: Arrowtooth Flounder (Atheresthes stomias) and the total biomass of all species (ALL) under four
unfavorable condition scenarios where stressors act simultaneously. The acronyms of the unfavorable condition scenarios are provided here and their definition can
be found in Table 3. Panels (A,B) are for the first and second 10 years of the 20-year simulation experiment period, respectively.

became more prevalent under doubled fishing mortality rates.
Second, when all factors were favorable from the perspective
of sustaining commercial fish biomasses (i.e., halving fishing
mortality rates, doubling plankton biomass, and halving mammal

biomass), the biomasses of the focus species did not increase as
much as would be expected under additive effects, as a result of
the complex predator-prey interactions occurring in the modeled
system. Total biomass showed consistently positive responses
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FIGURE 8 | Stacked bar plots of seven combined effects (Additive: additive effect, Nag_Ant: negative antagonism, Neg_Dam: negative dampened, Neg_Syn:
negative synergism, Pos_Ant: positive antagonism, Pos_Dam: positive dampened, and Pos_Syn: positive synergism) for the biomasses of six fish species (Herring:
Pacific Herring (Clupea pallasii), Cod: Pacific Cod (Gadus macrocephalus), Lingcod (Ophiodon elongatus), Pollock: Walleye Pollock (Gadus chalcogrammus), Halibut:
Pacific Halibut (Hippoglossus stenolepis), and Arrowtooth: Arrowtooth Flounder (Atheresthes stomias) and the total biomass of all species (ALL) under four favorable
condition scenarios where stressors act simultaneously. The acronyms of the favorable condition scenarios are provided here and their definition can be found in
Table 3. Panels (A,B) are for the first and second 10 years of the 20-year simulation experiment period, respectively.

and was most stable during the first and second 10 years of
simulation. While the combined effects of doubling plankton
biomass and halving mammal biomass were largely positive

synergistic, halving fishing mortality rates tended to produce
more positive dampened effects when it was combined with
doubling plankton biomass and/or halving mammal biomass.
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Implications for Ecosystem-Based
Fisheries Management
Fishing, climate change, particularly in the form of extreme
climate conditions (Smale et al., 2019; Ainsworth et al., 2020),
and trophic interactions, are important factors that act together,
resulting in profound changes in many marine ecosystems
(Corrales et al., 2017; Foley et al., 2017). Understanding the
cumulative impacts of multiple drivers of change on individual
fish species, as well as on the studied ecosystem as a whole, is
key to moving toward ecosystem-based fisheries management
(Rosenberg and McLeod, 2005; Leslie and McLeod, 2007; Ban
et al., 2014). This topic has become even more heated in
recent years as the entire globe is facing an unprecedented
situation where climate change, species distribution shifts, and
more intense anthropogenic activities such as increased fisheries
exploitation are all interactively affecting the structure and
functioning of marine ecosystems (e.g., Kirby et al., 2009;
Schinegger et al., 2016; Bonebrake et al., 2018; Ramírez et al.,
2018).

Considerable knowledge gaps remain in understanding
the interactive and cumulative effects of multiple stressors
(Ban et al., 2014; Corrales et al., 2017). Such a lack of
understanding may largely be driven by the complexity of
marine ecosystems, where interacting components can either
propagate or counter the effects of environmental change
on individual species and communities (Goldenberg et al.,
2018). Therefore, ecological complexities, particularly in the
form of climate-induced species redistributions, multi−species
interactions, and long−term dynamics at multiple trophic levels,
should be considered in forecasting the likely outcomes of
different management actions in the context of ecosystem-based
fisheries management (Bonebrake et al., 2018). The individual-
based ecosystem modeling platform OSMOSE is well-suited to
explicitly account for these ecological complexities for assessing
the impacts of multiple environmental and anthropogenic
drivers at the species, community, and ecosystem levels. The
results presented in this study complement a previous study
where OSMOSE was used to provide strategic perspectives on
ecosystem-based management actions in the face of climate
change (Guo et al., 2020). Below, we discuss specific issues that
are essential to effective ecosystem-based fisheries management,
including properly understanding the species-specific effects of
drivers of change, temporal considerations, and the response of
ecological indicators.

Properly Understanding the
Species-Specific Effects of Drivers of
Change
Previous research has indicated that when and how a species
responds to multiple drivers depends on its biological
characteristics (e.g., life-history traits, trophic level), exploitation
history, and the ecosystem being considered (Fuller et al., 2015;
Fu et al., 2017, 2018; Serpetti et al., 2017; Miloslavich et al.,
2018; Ortega-Cisneros et al., 2018; Rilov et al., 2019). Our
simulations indicated that Pacific Herring, an important prey
to both predatory fish species and marine mammals, was more

sensitive to plankton biomass halving compared to the other
modeled species, while other focus species, including Pacific
Cod, Lingcod, and Walleye Pollock, were more vulnerable to
mammal doubling when fishing mortality rates were set at the
baseline levels. This result is consistent with the findings of Fu
et al. (2017) regarding the potential factors responsible for the
declines of Pacific Herring and Pacific Cod in the BC marine
ecosystem (Fu et al., 2017). As fishing mortality rates were
doubled for all focus species, biomass reductions were smaller
for Pacific Herring, Walleye Pollock, and Arrowtooth Flounder,
and greater for Pacific Cod, Lingcod, and Pacific Halibut,
suggesting that the latter three species were susceptible to the
increase of fishing pressure. This result also suggests that the
depleted populations of Pacific Cod, Lingcod, and Pacific Halibut
resulting from doubled fishing mortality rates may exert a
reduced predation pressure on Pacific Herring, Walleye Pollock,
and Arrowtooth Flounder, thereby resulting in less pronounced
biomass reductions or even biomass increases for these species.
This result is also consistent with findings from many other
studies (e.g., Travers-Trolet et al., 2014; Ortega-Cisneros et al.,
2018) that suggest that fish species at higher trophic levels are
more responsive to fishing, while those at lower trophic levels are
primarily affected by plankton biomass changes.

The combined effects of different drivers are also species-
specific, and they can be either dampened or amplified
through food competition and trophic interactions with bottom-
up and top-down processes acting simultaneously (Planque
et al., 2010; Boyd et al., 2018). Pacific Herring was the
only species that experienced 100% negative synergistic effects
when both plankton biomass halved and mammal biomass
doubled under the baseline fishing mortality rates. Such negative
synergistic effects may explain why some Pacific Herring
stocks have never recovered even after the implementation
of fishery moratorium for nearly two decades now (Cleary
et al., 2018). Both the lack of food and increased consumption
by top predators were indeed found to be detrimental to
Pacific Herring (Fu et al., 2017). Interestingly, when fishing
mortality rates were doubled, negative dampened effects became
dominant for most species, including Pacific Herring, Pacific
Cod, Lingcod, and Pacific Halibut, regardless of the changes
in plankton biomass (halving) or mammal biomass (doubling).
From the perspective of Pacific Herring, this phenomenon
is due to the fact that doubling fishing mortality rates
for other predatory species including Pacific Cod, Lingcod,
and Pacific Halibut resulted in reductions of their biomass
and subsequent predation on Pacific Herring, while doubling
fishing mortality rates for the Pacific Herring stocks did
not inflict further harm to Pacific Herring because of the
nearly zero baseline levels that had been reached for some
Pacific Herring stocks.

In contrast to Pacific Herring, Pacific Cod had 100% negative
antagonistic effects when both plankton biomass was halved and
mammal biomass was doubled under baseline fishing mortality
rates. All other species experienced antagonism less frequently
than other combined effects (i.e., synergistic and dampened
effects). The rarity of antagonism is consistent with the finding
in Fu et al. (2018), akin to the “ecological surprises” reported in
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natural systems (Lindenmayer et al., 2010). Antagonistic effects
may become more prevalent under heightened interactions
among climate change and other stressors (Lindenmayer et al.,
2010), may tend to be large (Fu et al., 2018), and may
warrant extreme vigilance from resource managers to prepare
for undesirable ecological surprises. Interestingly, the negative
antagonistic effect noted for Pacific Cod totally disappeared
when fishing mortality rates were doubled, and negative
dampened effects became dominant for Pacific Cod along
with other species. Such a drastic shift for Pacific Cod from
one combined effect to another may be due to the unique
trophic position that Pacific Cod occupies in the ecosystem
that result in its biomass being greatly impacted by changes
in the biomass of other species as a result of changes in
fishing pressure. This points to the importance of considering
species-specific exploitation history in formulating information
for resource managers (Leslie and McLeod, 2007), and also
supports the conclusion from other studies that particular
combinations of fishing pressure and climate change may
affect different species in different ways (e.g., Fuller et al.,
2015). Such species-specific responses to multiple drivers of
change and how they impact the ecosystem structure and
functioning through complex species interactions need to be
explicitly integrated through ecosystem modeling in order to
develop ecosystem-based fisheries management and appropriate
adaptation strategies for fisheries.

Temporal Considerations
Temporal changes are important considerations when studying
cumulative effects (Halpern et al., 2015). We specifically
compared the occurrences of different cumulative effects between
the first and second 10 years of simulation. In particular, the
number of occurrences of antagonism decreased during the
second 10 years of simulation, implying that ecological surprises
may be less likely as time progresses after an ecosystem shift
happened. Under unfavorable conditions, the cumulative effects
were increasingly dominated by negative synergism under the
baseline fishing mortality rates, and by negative dampened effects
under the doubled fishing mortality rates, as we moved from the
first decade to the second decade of simulation. Similarly, under
favorable conditions, the cumulative effects became increasingly
dominated by positive synergism under the baseline fishing
mortality rates, and by positive dampened effects under the
doubled fishing mortality rates as we moved from the first
decade to the second decade of simulation. These results also
point to the importance of carefully considering the specific
exploitation histories of the different modeled species. Although
our experimental design can be deemed reasonable as climatic
and ecosystem oscillations typically occur over decadal time
scales (Lindegren et al., 2018), we encourage future research
to consider additional scenarios combining multiple stressors
and also investigate the effects of increasingly long periods of
simulation on the responses of species and the whole ecosystem
to the combination of multiple stressors. We specifically
encourage future research to explore the consequences of altering
fishing mortality rates and plankton and mammal biomasses
more frequently than every 10 or 20 years.

Ecological Indicators
Ecological indicators, particularly food-web indicators such as
the ones presented in this study, are essential metrics that are
indicative of ecosystem changes caused by multiple drivers, such
as fishing and environmental change (e.g., Fu et al., 2019). These
ecological indicators are key to the move toward ecosystem-
based fisheries management and the development of appropriate
resource management measures to maintain healthy ecosystems
and restore degraded ecosystems (Thompson et al., 2020). Over
the past 25 years, a large number of ecological indicators has been
produced (Jennings, 2005; Shin et al., 2012; Shannon et al., 2014).
However, there is no one-size-fit-all, and ecological indicators
need to be carefully chosen based on their sensitivity, specificity
and/or responsiveness, to properly understand how drivers of
change may impact particular marine ecosystems under specific
exploitation and environmental conditions. In particular, the
sensitivity of indicators, i.e., their capacity to vary significantly
in response to a given driver, and their responsiveness, i.e., their
capacity to respond rapidly to drivers, are properties that are
highly desirable for ecological indicators (Fu et al., 2019).

Recently, the GOOS Biology and Ecosystems Panel considered
biomass indicators as being Fish Essential Ocean Variables
(Miloslavich et al., 2018). Previous multi-ecosystem comparisons
based on either empirical data (Fu et al., 2012) or ecosystem
simulation data (Fu et al., 2019) revealed that biomass indicators
tended to be more environmentally driven but less sensitive
to fishing pressure. Comparisons among the nine ecological
indicators in the present study identified total biomass as the
most consistent indicator over time and the best indicator for
tracking the response of ecosystem components to the three
drivers of change (fishing mortality, plankton biomass, and
marine mammal biomass). This result was due to the fact
that fishing pressure was considerably smaller than the other
two drivers of change (plankton biomass and marine mammal
biomass). In the BC marine ecosystem with the particular
exploitation history of various fisheries and the notable changes
in plankton and marine mammal biomasses, total biomass
appears to be a prime ecological indicator to assess the response
of the BC marine ecosystem to drivers of change and facilitate the
move toward ecosystem-based fisheries management. Moreover,
the biomass to yield ratio was identified as a second best indicator
for tracking drivers of change. This indicator was also found to
be most useful for indicating changes in fishing pressure across
multiple ecosystems (Fu et al., 2019).

The large fish indicators, size-based metrics that reflect the size
structure and life history composition of a fish community, serve
as a basis for the North Sea Ecological Quality Objective and are
key ecosystem state metrics (Greenstreet et al., 2011). However,
we found that, under the unfavorable conditions of halved
plankton biomass and/or doubled mammal biomass, the large
fish indicators LFI20 or LFI40 generally increased, contrary to the
biomass indicators. The increases in the large fish indicators in
response to unfavorable conditions may be due to the reduction
in small-fish biomasses which led to a decrease in total biomass.
Moreover, under the favorable condition scenarios, the two large
fish indicators decreased in contrast to the biomass indicators,
particularly under the scenarios where fishing mortality rates
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were at baseline levels. Therefore, we concur with Greenstreet
et al. (2012) that using the large fish indicator as a sole indicator
of ecosystem health is not sufficient to accurately track changes
in marine ecosystems. On the other hand, total biomass and
the biomass to fisheries yield ratio are two useful indicators that
fisheries managers can employ to move toward ecosystem-based
fisheries management in the BC marine ecosystem in a context
of climate change.

The response of total biomass to the unfavorable (from the
perspective of commercial fish species) conditions of halving
plankton biomass and doubling marine mammals was 100%
negative synergism under the historical fishing mortality rates.
This suggests that under this historical fishing pressure, the
BC marine ecosystem as a whole could have been subjected
to negative synergistic effects. However, a large portion of
the negative synergistic effect turned to additive or negative
dampened effects when fishing mortality rates were doubled. This
implies that the ecological risk of negative synergism could be
reduced if fishing pressure was increased for some predatory
fishes. This result highlights the importance of managing fisheries
in an ecosystem context, rather than on a single-species basis.
By contrast, the response of total biomass to the favorable
conditions of doubling plankton biomass but halving marine
mammal biomass was largely positive synergism, regardless of
fishing pressure. Therefore, when conditions were favorable,
fishing pressure was not as critical from the perspective of
maintaining ecosystem health. However, when plankton biomass
was at the baseline level, a large portion of the positive
synergism shifted to positive dampened effects under halved
fishing mortality rates and mammal biomass, implying that the
benefits of reduced fishing pressure and mammal consumption
were compromised when plankton biomass was too low. This
points to the necessity of evaluating and projecting the dynamics
of plankton productivity in the BC marine ecosystem in the face
of climate change.

CONCLUSION

By employing the individual-based spatially explicit ecosystem
modeling platform OSMOSE, we were able to draw conclusions
on the cumulative effects of fishing, plankton biomass change,
and marine mammal consumption on the dynamics of some
fish species and the BC marine ecosystem as a whole. It was
concluded that the degree to which species biomass was reduced
under unfavorable conditions varied among species, and species
biomasses did not increase as much as expected under favorable
conditions due to the existence of complex predator-prey
interactions among fish species. From an ecosystem perspective,
the response of ecosystem total biomass to the unfavorable
conditions was 100% negative synergism under the historical
fishing mortality rates but largely turned to additive or negative
dampened effects when fishing mortality rates were doubled,
implying that the ecological risk of negative synergism could
be reduced if fishing pressure was increased for some predatory
fishes. By contrast, the response of ecosystem total biomass
to the favorable conditions of doubling plankton biomass but

halving marine mammal biomass was largely positive synergism,
regardless of fishing pressure. However, when plankton biomass
was at the baseline level, a large portion of the positive
synergism shifted to positive dampened effects under halved
fishing mortality rates and mammal biomass, implying that the
benefits of reduced fishing pressure and mammal consumption
were compromised when plankton biomass was too low. Both
species-specific response and ecosystem response to multiple
drivers of change highlight the importance of managing fisheries
on an ecosystem basis accounting for external drivers of change
as well as complex predator-prey interactions among various
species. In addition, our research identified the ecosystem total
biomass and the biomass to fisheries yield ratio as two good
ecological indicators for tracking ecosystem changes and the
impacts from the multiple drivers of change. To conclude, our
research provides insights on the cumulative effects of multiple
drivers of change and helps fisheries management to prepare for
potential future impacts of climate change.
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