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Abstract—We used a nutrient—phytoplankton—zooplankton (NPZ) model coupled to a fish bioenergetics
model to simulate the weight-at-age responses of Pacific herring Clupea pallasii to climate regimes. The NPZ
model represents the daily dynamics of the lower trophic levels by simulating the uptake and recycling
dynamics of nitrogen and silicon and the photosynthesis and grazing interactions of multiple functional
groups of phytoplankton and zooplankton. The bioenergetics model simulates the number and mean weight of
Pacific herring for each of 10 age-classes. Three zooplankton groups simulated in the NPZ model provide
estimates of the prey used to determine the consumption component of the herring bioenergetics model. We
used a spawner—recruit relationship to estimate the number of new age-1 individuals joining the herring
population every year. The coupled models were applied to the coastal upwelling area off the west coast of
Vancouver Island. Model simulations were performed to isolate the effects of each of four documented
climate regimes on Pacific herring weights at age. The climate regimes differed in the environmental variables
used in the spawner—recruit relationship as well as in the water temperature, mixed-layer depth, and nutrient
influxing rate used by the NPZ model. In agreement with general opinion and with the Pacific herring data
from the west coast of Vancouver Island, the model-predicted estimates of weight at age, recruitment, and
spawning stock biomass were highest in regime 1 (1962-1976), intermediate in regime 2 (1977-1988), and
lowest in regime 3 (1989-1999). Insufficient time has passed to adequately document the conditions and
herring responses in regime 4 (1998-2002). The overall regime effect on weights at age was a mix of
recruitment effects and lower trophic level effects that varied in direction and magnitude among the four
regimes. Coupling bioenergetics models to physics and food web models is the next challenge in
understanding and forecasting how climate change will affect fish growth and population dynamics.

The effects of climate regime shifts on fish
population dynamics have received increasing attention
in the past decade. A climate regime can be defined as
a persistent state in climate, ocean, and biological
systems, with a regime shift being an abrupt,
nonrandom change from one state to another (Beamish
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et al. 2004). Interannual variation can occur within a
regime, but the climate conditions within regimes are
relatively consistent and persistent compared with the
magnitude of change that occurs between regimes
(King 2005). In the Pacific Ocean, and more recently in
the Atlantic Ocean, decadal-scale climate regimes have
been documented (Hurrell and van Loon 1997; Miller
and Schneider 2000). The focus has been on how
physical and environmental conditions vary among
regimes and how these conditions work their way up

278



CLIMATE EFFECTS ON PACIFIC HERRING

the food web (Benson and Trites 2002). Biological
responses to regime shifts, especially the responses of
upper trophic levels, often lag or are confounded by
other processes and events (Miller and Schneider
2000). While there are many linkages between regimes
and fish population responses, indirect food web
responses and the complex life history and longevity
of many fish species complicate easy detection of
regime-shift effects on fish populations (Benson and
Trites 2002; Beamish et al. 2004). The same regime
shift can have opposite effects on the same fish species
in different geographic areas, and opposite effects on
different fish species within the same geographic area
(Benson and Trites 2002). Lower trophic level models
coupled with fish growth models may provide an
approach for better understanding how climate condi-
tions under different regimes can influence fish
population dynamics.

Bioenergetics modeling offers an informative and
useful approach for simulating the growth of fish in
response to changing environmental conditions. Bio-
energetics modeling has evolved in several directions
over the past decades (Ney 1990, 1993; Hansen et al.
1993). Bioenergetics modeling focuses on simulating
the weight of an individual fish over time using a mass-
balance equation of weight-dependent and temperature-
dependent terms for energetic gains and losses. A
major factor in the continued development of the
bioenergetics approach was the availability of a user-
friendly software package (Hanson et al. 1997) and
associated training workshops (Johnson 1992). Bioen-
ergetics models configured with equations like those in
the software manual are often referred to as “Wisconsin
models” (Ney 1990). Classical bioenergetics models
simulate the growth of individual fish over time and
use simple cohort dynamics to scale the consumption
of an individual to the cohort or population level (e.g.,
Hartman and Brandt 1995). Subsequent extensions to
the basic bioenergetics model included prediction of
the effects of migratory fish on nutrient dynamics (e.g.,
Gottlieb 1998), representation of contaminant effects
on fish growth (e.g., Beyers et al. 1999), generation of
static spatial maps showing the potential growth rate of
fish due to spatial variation of water temperature and
prey concentrations (e.g., Hondorp and Brandt 1996),
and use as the basis for daily growth in full life cycle,
individual-based fish population and community dy-
namics models (e.g., McDermot and Rose 1999).
Recently, Harvey (2005) used a bioenergetics model to
determine the energy needed for growth and reproduc-
tion of northern California blue rockfish Sebastes
mystinus over their 30-year lifetime under baseline
conditions and with El Niflo—Southern Oscillation
(ENSO) events occurring every 3—7 years.
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An area ripe for exploration is the coupling of
bioenergetics models to other models to examine
climate effects on fish growth and population dynam-
ics. Improvements in measurement techniques, such as
monitoring of the activity via telemetry of individuals,
has helped improved the components of the bioener-
getics model (e.g., Cooke et al. 2001). As the
components improve, we see bioenergetics models
being coupled to lower trophic level (LTL) models to
better understand and forecast how climate affects
fisheries. This paper is an example of such a coupling;
we use coupled nutrient—phytoplankton—zooplankton
(NPZ) and bioenergetics models to investigate the
effects of climate regimes on the weight at age of
Pacific herring Clupea pallasii. We expect a rapid
increase in these types of couplings as information on
the linkage between climate, water quality, and fish
continues to accumulate (Runge et al. 2005). Recent
issues related to fish population dynamics seem to
gravitate toward harvesting (Pauly et al. 1998) and
habitat (Benaka 1999). Focus on such issues has
generated research initiatives that are becoming
ecosystem oriented, with increasing attention paid to
the role of climate change.

The NPZ model represents the daily dynamics of the
LTL by simulating the uptake and recycling dynamics
of nitrogen and silicon and the photosynthesis and
grazing interactions of multiple functional groups of
phytoplankton and zooplankton. The herring bioener-
getics model is formulated using the Wisconsin model,
and is imbedded in a simple age-structured population
dynamics model. The NPZ and bioenergetics models
are solved simultaneously, predicted zooplankton
concentrations from the NPZ determining the con-
sumption by Pacific herring, and herring consumption,
egestion, and excretion affecting the dynamics of the
NPZ model. The coupled models are applied to the
upwelling system off the west coast of Vancouver
Island (WCVI). We use the coupled models to predict
herring weights at age under environmental conditions
representative of four regime periods documented in
the eastern North Pacific Ocean.

Pacific Herring and Climate Regimes
Life History

We focused on the Pacific herring of southern
British Columbia, which comprised two spawning
populations, one from WCVI and the other from the
Strait of Georgia (SOG). Northern British Columbia
herring are composed of three other spawning stocks:
Queen Charlotte Islands, Prince Rupert, and Central
Coast. These five populations spawn in different areas
that cluster within each of the southern or northern
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groupings, and fisheries managers treat these five
stocks separately in their assessments (Hay et al. 2001).
We used information for the WCVI and the SOG
stocks in our analysis because adults of these two
commingle on their summer feeding grounds.

Southern British Columbia Pacific herring spawn in
early March in inter- and subtidal areas of sheltered
inlets, sounds, and bays, the WCVI and SOG stocks
returning to their respective spawning areas. Adults of
both stocks then leave their spawning grounds and
commingle in their summer feeding grounds in the
shelf waters (<200 m deep) off the west coast of
Vancouver Island (near the La Perouse Bank area),
where most of each year’s annual growth increment
occurs (Hay et al. 1988; Tanasichuk 1997).

Pacific herring eggs adhere to vegetation and other
hard substrates in the spawning areas and after 2-3
weeks hatch into yolk sac larvae; the yolk sac larval
stage lasts about 1 week. Larvae metamorphose into
juveniles about 2-3 months after hatching (Lassuy
1989). Juveniles remain inshore near their spawning
areas, progressively moving into deeper nearshore
waters during their second year until the summer of
their third year, when juveniles from both stocks join
the adults and move onto shelf waters. Every fall,
adults move progressively inshore from their summer
feeding grounds on the shelf until they reach their
respective nearshore spawning grounds for spawning in
March of the next year (Hay et al. 2001).

Regime Periods in the Eastern North Pacific Ocean

While the strength of regime shifts can vary in
magnitude among geographic regions (Francis et al.
1998; King 2005), there is general agreement that
significant regime shifts occurred in the eastern North
Pacific Ocean in 1925, 1947, 1977, 1989, and possibly
1998 (Benson and Trites 2002). Evidence is still
accumulating about the 1998 regime shift (Bograd et
al. 2000; Batten and Welch 2004). Available informa-
tion on these regimes and their effects on fish
populations and fisheries management for the North
Pacific were recently synthesized by King (2005). For
the analyses in this paper, we examined the data and
configured our coupled models to correspond to four
climate regimes that we refer to as regimes 1-4,
corresponding to 1962-1976 (regime 1), 1977-1988
(regime 2), 1989-1997 (regime 3), and 1998-2002
(regime 4).

The environmental and biological conditions for the
California Current system and associated WCVI area
differed among the four regime periods (MacCall et al.
2005). Regime 1 was cool and had weak stratification,
a shallow mixed-layer depth, and probably strong
upwelling, resulting in a period of high primary and
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secondary productivity. Regime 3 was the warmest,
having strong stratification, a deep mixed-layer depth,
and weak upwelling. Regime 3 was characterized by
low primary and secondary productivity. In a general
sense, regime 2 was intermediate between regimes 1
and 3. Although warmer than regime 1, regime 2 was
still a period of relatively high secondary productivity.
Regime 4 is recent and ongoing and an ENSO event
occurred in 1998 and a La Nifa event occurred in
1999; regime 4 conditions still are uncertain.

While phytoplankton and zooplankton productivity
were higher in regimes 1 and 2 than in regime 3, the
differences involved changes in species composition as
well as biomass (e.g., Mackas et al. 2004). In response
to the shifts from regime 2 to 3 and 3 to 4, species
composition and zooplankton biomass changed off
WCVI, but some of the major euphasiids in the
southern California Current have shown no clear
change in abundance in response to recent regimes
(Brinton and Townsend 2003).

Fish Responses to Regimes in the Eastern North
Pacific Ocean

Coherent population dynamics of fish species have
been documented between oceans and among geo-
graphic regions (production domains) within an ocean
(Francis et al. 1998; Benson and Trites 2002).
Kawasaki (1992) found simultaneous variation in
annual catches of Japanese, California, and Chilean
sardine populations between about 1910 and 1990.
Hollowed and Wooster (1992, 1995) examined recruit-
ment time series for stocks of Pacific herring, northern
anchovy Engraulis mordax, and groundfish (e.g.,
flatfishes and rockfishes) across production domains
within the North Pacific Ocean. The relative strength of
year-classes in several groundfish species, ranging
from the California Current to the Bering Sea, was
related to cool and warm eras: warm conditions were
necessary but not sufficient for good recruitment. Other
examples of fish population responses to regimes in the
North Pacific Ocean can be found in Beamish (1995).

Recruitment and the population abundances of
coastal fish species in the California Current system
and Canada’s Pacific coast have varied among the four
regime periods. Two recent reviews used available data
on recruitment, catch, and other indicators of popula-
tion status to characterize whether conditions were
relatively good or bad for fish in different climate
regimes. Beamish et al. (2004) examined the eight
major fisheries off Canada’s Pacific coast, and MacCall
et al. (2005) did a similar analysis for major fisheries in
the California Current system. Both characterized
conditions as “good” or “improving” during regime
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2 and as “bad” during regime 3 for all fisheries except
that for the Pacific sardine Sardinops sagax.

The relationship between Pacific herring population
dynamics and regime shifts is suggestive but not
definitive. Within the eastern North Pacific Ocean,
Williams and Quinn (2000a) identified 3 to 6
groupings among 14 different herring stocks based on
the temporal coherence of their annual recruitment and
weights at age. They concluded that these groupings
reflected temporal synchrony and suggested that large-
scale oceanographic phenomena have a large influence.
Schweigert et al. (2002) examined the mean weight at
age of 4-year-olds and the condition factor and annual
growth increments of 3- to 6-year-old herring for about
10 eastern North Pacific herring stocks for 1940-2000.
They found the expected latitudinal patterns (e.g., older
age of maturation in the north), instances of synchrony
in growth among some but not all populations, and
weak but suggestive correlations of growth with ocean
climate indices such as the Pacific Decadal Oscillation.
Beamish et al. (2004) concluded that the response of
Canada’s West Coast herring to regime shifts was less
obvious than for other species owing to the fact the
movements by Pacific hake Merluccius productus
shifted predation pressure, causing top-down (rather
than the more tractable bottom-up) effects on the
herring.

WCVI and SOG Data

We examined WCVI and SOG herring data to
compare estimates of weights at age, adult summer
biomass, spawning stock biomass (SSB), and recruit-
ment across the four regimes (see Schweigert 2004).
We used the mean weight at age 4 as an indicator of
herring body size because Pacific herring are fully
recruited to the sampling gear by age 4 and there are
sufficient samples of weights for all years (Schweigert
et al. 2002). We also show the mean weight at age of
10-year-old fish, even though the number of samples is
limited, as confirmation of any patterns seen in the age-
4 weights. We used numbers at age 3 as a measure of
recruitment (Williams and Quinn 2000a). Adult
biomass on the summer feeding grounds was estimated
(similar to Tanasichuk 1997) by adding annual catch to
the SSBs of the WCVI and SOG stocks, and dividing
by the area of the offshore habitat. A single set of
weights at age was derived for the southern British
Columbia herring by combining information from
WCVI and SOG. We used SSB and recruitment
information from the WCVI stock.

The changes in mean weight at ages 4 and 10,
recruitment, and SSB among regimes fit with the
expected pattern for the WCVI stock, but adult summer
biomass was confounded by changes observed in the

SOG stock (Figure 1). Mean weight at age for 4- and
10-year-old fish for the southern British Columbia
group appeared to have generally declined (Figure 1a,
b). Recruitment and the SSB of the WCVI stock were
higher in regimes 1 and 2 and lower in regimes 3 and 4
(Figure 1c, d). In contrast, adult summer biomass was
relatively stable or increasing throughout the four
regimes (Figure 1le). Adult summer biomass remained
high because, while the WCVI SSB declined, the SOG
SSB increased during the 1990s (McFarlane et al.
2001). We use a coupled NPZ and herring bioenerget-
ics models to isolate the cumulative and long-term
regime effects on the weights at age of WCVI herring.

Model Description

Pacific herring growth was simulated by means of a
bioenergetics model coupled to the North Pacific
Ecosystem Model for Understanding Regional Ocean-
ography (NEMURO) NPZ model (Megrey et al. 2007).
The coupled models simulated nutrients, plankton, and
herring growth in a single well-mixed spatial box with
the NPZ configured for the coastal upwelling area off
Vancouver Island that serves as the summer feeding
grounds of southern British Columbia herring. The
numbers of individual herring and their mean weight
were followed in each of 10 age-classes for 41 years.
We used a spawner—recruit relationship to estimate the
number of new age-1 individuals to be added to the
population every year. The NEMURO model simulated
the daily concentrations of various forms of dissolved
and particulate nitrogen and silicon; small and large
phytoplankton groups; and small, large, and predatory
zooplankton groups. The three zooplankton groups
simulated in the NEMURO model provided the prey
for determining the consumption component of the
herring bioenergetics model. Herring consumption, in
turn, acted as a mortality term on the zooplankton, and
herring excretion and egestion contributed to the
nitrogen recycling dynamics of the NEMURO model.
The NEMURO and herring bioenergetics models
comprised a system of ordinary differential equations
that were solved simultaneously. The coupled models
were described in detail in Megrey et al. (2007).

NEMURO Nutrient—Phytoplankton—Zooplankton
Model

The NEMURO model implemented in this paper
simulated the dynamics of the nutrient—phytoplankton—
zooplankton food web in a single, well-mixed spatial
box that represents the surface layer of the water
column (Yamanaka et al. 2004; Kishi et al. 2007). The
food web was represented with 11 state variables:
nitrate (NO,), ammonium (NH,), small phytoplankton
(PS), large phytoplankton (PL), small zooplankton
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Ficure 1.—Observed values of (a) weight at age 4, (b) weight at age 10, (¢) recruitment, (d) spawning stock biomass (SSB;
MT = metric tons), and (e) summer adult biomass for southern British Columbia Pacific herring during four regime periods (see
text). Southern British Columbia herring comprise two stocks, one along the west coast of Vancouver Island (WCVI) and one in
the Strait of Georgia (SOG). The box shows the 25th and 75th percentiles, and the whiskers show the 10th and 90th percentiles;

the thin line is the median, and the thick line is the mean.

(ZS), large zooplankton (ZL), predatory zooplankton
(ZP), particulate organic nitrogen (PON), dissolved
organic nitrogen (DON), particulate organic silicate
(Opal), and silicate (Si[OH],). All NEMURO state
variables were tracked in the units of micromoles of

nitrogen per liter (umol/L). The driving variables were
the annual cycles of daily water temperature, daily
incident solar radiation, and the mixed-layer depth (and
associated fluxes of nutrients from below into the
modeled box).
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The rate of change of each state variable was
expressed as the sum of process rates that affected that
state variable. Photosynthesis, respiration, excretion,
predation by zooplankton in the model, and other
mortality (not accounted for by simulated zooplankton
predation) affected each phytoplankton state variable.
Grazing, egestion, excretion, predation by zooplankton,
and other mortality affected each zooplankton state
variable. Nutrient state variables were reduced by
photosynthesis uptake; increased by various combina-
tions of phytoplankton and zooplankton respiration,
excretion, and mortality; and converted among nutrient
forms via first-order, temperature-dependent decompo-
sition reactions. Phytoplankton photosynthesis, respi-
ration, and mortality, and zooplankton grazing and
other mortality, were all temperature-dependent. Pa-
rameters were expressed as the rates that would occur
at 0°C, and Q,, functions (ratio of rate at one
temperature to its rate at 10°C less) were used to
adjust these rates each day based on the simulated
water temperature. Photosynthesis also depended upon
the average light (integrated over the water column)
and nitrate and ammonium concentrations, and photo-
synthesis of large phytoplankton (diatom-like) also
depended on silicate. Grazing by zooplankton was
dependent on the concentrations of its prey using a
formulation in which an Ivlev parameter governs how
quickly maximum grazing rates are approached with
increasing prey concentrations.

The version of NEMURO used here was configured
and calibrated to approximately represent a coastal
upwelling system similar to that off of WCVI (Rose et
al. 2007). The upwelling features and lower trophic
levels of the WCVI area have been well studied
(Robinson and Ware 1999; Tanasichuk 2002; Mackas
et al. 2004). We formulated functions that generated
incident solar radiation and daily water temperatures
representative of the WCVI area (Figure 2a, b). Mixed-
layer depth, which defined the thickness of the surface
layer in the simulated spatial box, was set to 80 m for
September 26 to March 30, and to a specified shallower
regime-specific depth for April 9 to September 6
(Robinson et al. 1993). Linear interpolation was used
over 10 d for each of the transitions between the 80-m
depth and, depending on the regime, the 22-30-m
depths (Figure 2c). Flux of nitrate into the modeled box
was computed as an exchange rate times the difference
between the concentration in the modeled box and 25.0
pmol/L. We coupled the nitrate flux into the modeled
box to the changes in the mixed-layer depth by
assuming the computed flux applied when the mixed-
layer depth was 80 m, and by using five times the
computed flux whenever the mixed-layer depth was
less than 80 m. Because of the shallow waters in this
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Ficure 2.—Daily values of the (a) incident light, (b) water
temperature, and (c¢) mixed-layer depth used in the NEMURO
nutrient—phytoplankton—zooplankton model for Pacific her-
ring. Daily temperature was also used in the bioenergetics
model. Four separate lines, corresponding to the four regime
periods, are shown for daily temperature and mixed-layer
depth. Incident light is in langleys (ly)/min, where 1 ly is
1,366 W/m” and 1 W = 1 J/sec.

coastal environment, we eliminated the seasonal
vertical migration of the large zooplankton group used
in other versions of NEMURO (Kishi et al. 2007);
large zooplankton was always present in our modeled
spatial box.

NEMURO was calibrated to field data for nitrate,
chlorophyll, and zooplankton concentrations collected
for the WCVI and California Current areas (Rose et al.
2007). Monthly averages of field data collected from
1991 to 2001 were used to form a typical annual cycle
of monthly concentrations of nitrate, total phytoplank-
ton, and small, large, and predatory zooplankton. Rose
et al. (2007) used both manual adjustment of parameter
values and automated calibration to obtain a reasonable
fit of the NEMURO model to the monthly field data.
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We use the calibrated parameter values for NEMURO
reported in Rose et al. (2007) in this paper.

Pacific Herring Model

The Pacific herring model followed the number of
individuals and average weight of an individual in each
of 10 age-classes. These estimates of numbers at age
for each stock are derived from Fisheries and Oceans
Canada annual stock assessment reports (e.g., Schwei-
gert 2004). Mean weights at age are estimated from
samples routinely collected each year. The simulated
average weight of an individual in each age-class was
updated with a bioenergetics model, with consumption
a function of the zooplankton densities simulated by
the NEMURO model. Numbers of individuals in each
age-class were decreased each day based on natural and
fishing mortality rates. Each year, we used the
estimates of Pacific herring spawning biomass (herring
age 3 and older) in March and, with annual values of
environmental conditions, predicted the number of new
individuals (recruitment) that entered as age-1 individ-
uals in June of that same year. The herring model used
units of grams wet weight per cubic meter (g wet
weight/m®); we converted between the NEMURO units
(umol/L) and the herring model units (g wet weight/
m?) assuming that dry weight was 20% of wet weight
and nitrogen was 7% of dry weight.

Growth.—The growth rate in weight (W; g [wet
weight]) of an individual Pacific herring was computed
from the equation

aw
dt

CAL,

—(R F+E)-
[C—(R+S+F+E) CAL

W, (1)

where C is the realized consumption rate, R is the
respiration rate, S is specific dynamic action, F is the
egestion rate, £ is the excretion rate, CAL_ is the
energy density of zooplankton (J/g), and CALf. is the
energy density of herring (J/g). The units of C, R, S, F,
and E are grams of prey per gram of fish per day. The
ratio of zooplankton to herring caloric densities
converted all of the process rates from that unit to
grams of fish per gram of fish per day. The caloric
density of herring varied over the year (Megrey et al.,
in press). Realized consumption rate (C) depended on a
maximum consumption rate and the simulated zoo-
plankton densities from the NEMURO model.

The maximum consumption rate and respiration rate
were computed as functions of weight and temperature,
while the egestion rate, excretion rate, and specific
dynamic action were computed based on realized
consumption. The herring bioenergetics model was
configured using modified versions of the usual
formulations in the Wisconsin model (Hanson et al.
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1997). We started with the formulations derived by
Rudstam (1988) for Baltic Sea Atlantic herring Clupea
harengus and tailored the formulations based upon new
information on herring energetics and for the eastern
North Pacific environment (Klumb 2002). Various
versions of Rudstam’s original model have been tested
using field data and have been used to estimate food
consumption by Baltic Sea herring (Arrhenius and
Hansson 1994; Arrhenius 1998) as well as to assess the
quality the nursery areas used by North Sea Atlantic
herring (Maes et al. 2005). Our modifications (Table 1)
focused on deriving parameter values specific to age-0,
age-1, age-2, and older life stages, and adjusting the
temperature-related parameters, swimming-speed com-
ponent of respiration, and seasonal energy densities for
Pacific herring using studies published since the
Rudstam (1988) paper. Rather than the usual applica-
tion of the Wisconsin bioenergetics model in which the
one determines the fraction of maximum consumption
needed to fit known beginning and ending weights, we
used a functional response relationship to determine
realized consumption based on zooplankton concen-
trations (see Megrey et al. 2007). The same daily
temperatures that were used for the NEMURO model
were also used for the herring bioenergetics calcula-
tions.

Realized consumption was computed using a
multispecies functional response (Rose et al. 1999)
with the small, large, and predatory zooplankton as
prey types, that is,

PD;-vj;
K;
PDy- vy

Cmax*
G =
1+

)

n
= Kie

where C. is the consumption rate of the jth zooplankton
group (small, large, and predatory zooplankton for j =
1, 2, and 3, respectively) by the ith Pacific herring, PD/.
is the density of the jth zooplankton group (g wet
weight/m®) on each day, C Max 18 the maximum
consumption rate (g preysg fish™'+d™"), vy is the
vulnerability of the jth zooplankton group to the ith
herring, and K i is the half-saturation coefficient of the
Jjth zooplankton group to the ith herring (g wet weight/
m?). The terms v and K have subscripts indicating that
the vulnerability and half-saturation coefficients are
specific to particular fish sizes or ages. Vulnerabilities
were specified (Table 1) based on general descriptions
of ontogenetic shifts in herring diets (e.g., Hay et al.
2001). Consumption by the herring, represented by C
in equation (1), is the sum up the consumption rates
over the three zooplankton groups (C =X C/.).
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TaBLE 1.—Parameter values used in the Pacific herring bioenergetics model. When a single value is given, it applies to fish of
all ages. When two values are given, they are for different water temperatures (<9°C and >9°C) but apply to fish of all ages.
When three values are given, they apply to age-0, age-1, and age-2 and older fish, respectively. The swimming speed component
of metabolism does not apply to age-0 fish (d, = 0 so that the values of a,, b,, and ¢, do not matter for age-0 fish).

Parameter Description Value
Consumption
ac Intercept for C,,,, at (te2 + te3)/2 0.642
be Weight exponent for C\;, —0.256
tel Temperature for xk1? 1,1,1
te2 Temperature for xk2* 15, 15, 13
te3 Temperature for xk3* 17, 17, 15
te4 Temperature for xk4* 23, 25,23
xk1 Proportion of Cy,;,  at tel 0.10
xk2 Proportion of Cy;, at te2 0.98
xk3 Proportion of Cy;, at te3 0.98
xk4 Proportion of Cy,, at te4 0.01
Vi Vulnerability of prey group 1 to predator 1 1.0, 0.5, 0.0
Vi, Vulnerability of prey group 2 to predator 1 0.1, 1.0, 0.5
Vis Vulnerability of prey group 3 to predator 1 0.0, 0.5, 1.0
K, Half-saturation point for small zooplankwnb 0.4, 0.85, 0.78
K, Half-saturation point for large zooplankton® 0.4, 0.85, 0.78
K Half-saturation point for predatory zooplankton® 0.4, 0.85, 0.78
Metabolism
ap Intercept for respiration 0.0058, 0.0033, 0.0033
[ Weight exponent for respiration —0.007, —0.227, —0.227
Cr Temperature effect for respiration 0.083, 0.0548, 0.0548
dy Coefficient for swimming speed 0.0, 0.03, 0.03
Specific dynamic action
ag Coefficient for specific dynamic action 0.125, 0.15, 0.175
a, Intercept for swimming speed 3.9, 15.0
b, Weight exponent for swimming speed 0.13
C, Temperature effect for swimming speed 0.149, 0.0
Egestion and excretion

ap Proportion of consumed food egested 0.125, 0.16, 0.16
ag Proportion of assimilated food excreted 0.078, 0.10, 0.10

aoc

" g wet weight/m”’.

Population dynamics.—The numbers of individuals
in each of the 10 age-classes were updated daily based
on specified natural and fishing mortality rates. We
used instantaneous rates of 0.44/year for natural
mortality (Schweigert and Tanasichuk 1999; Tanasi-
chuk 2000) and 0.25/year for fishing mortality for age-
3 and older individuals (Stocker 1993; Ware and
Schweigert 2002).

The initial number of age-1 individuals in each year
was predicted from a spawner—recruit relationship
developed by Williams and Quinn (2000b) for the
WCVI Pacific herring stock. Williams and Quinn
(2000b) incorporated three environmental variables
into a Ricker stock-recruit model as follows:

3.27-0.031° SSB+0.258* NPPI-0.193* AIRT—0.281* SST
k)

3)

where SSB is spawning stock biomass (thousands of

metric tons), R is recruitment to age 3 (millions), NPPI
is the North Pacific pressure index, AIRT is the air

ssg P

temperature at Estevan Point, British Columbia
(49°22’N and 126°33’W), and SST is sea surface
temperature within a box defined as =1° of 53°N and
131°W. The values for NPPI, AIRT, and SST were
monthly values that were each first averaged to obtain
single values per year (January through April for NPPI
and SST; September through December for AIRT) and
then expressed as annual anomalies [(Y, — Y)/c]. The
annual anomalies are computed for the same year that
SSB is computed for (i.e., 3 years before recruitment).

For each year in the model, we computed the
biomass of the spawning population on March 20 and
used equation (3) to generate the number of age-3
recruits, which we then adjusted to obtain the number
of age-1 individuals entering the modeled population as
age-0 fish on June 20 of the same year as spawning.
We specified the fraction of the population mature by
age as 0.0 for age 1 and age 2, 0.95 for age 3, and 1.0
for age 4 and older (Hay and McCarter 1999). On
March 15 of each year, we computed the SSB in grams
of wet weight per cubic meter. We then multiplied this



286

Time Series

1980 1980

154 {b} Regime 1

0.0 1

i
n

n

L
<]

Annual Anomaly
(=]
o

o =
o o

o
n

1.5 7
0.0 4

1.5

Year

FiIGURE 3.—Annual anomalies in three variables used in the
spawner—recruit relationship—the North Pacific pressure
index (NPPI), air temperature, and sea surface temperature
(SST)—over (a) the historical time series and (b)—(d) regimes
1-4.

SSB by the assumed volume of the summer feeding
area inhabited by the southern British Columbia Pacific
herring (the average depth of 100 m X the occupied
shelf area, estimated as 21,334 kmz) to obtain SSB in
thousands of metric tons. We assumed that half of the
SSB went to WCVI to spawn and the other half went to
SOG to spawn. During the period 1950-1990, the ratio
of WCVI SSB to SOG SSB averaged 1.02 and the ratio
of WCVI recruitment to SOG recruitment averaged
0.87 (Schweigert 2004). Using the computed SSB for
WCVI and historical values for the NPPI, AIRT, and
SST anomalies, we obtained R/SSB from equation (3).
We then obtained the number of age-1 recruits entering
the model on June 20 of the same year as spawning by
multiplying R/SSB by the WCVI SSB in grams of wet
weight per cubic meter, adjusting the number of age-3
recruits by a calibrated constant to get the number of
age-1 recruits and then doubling the number of recruits
to account for the half of the SSB that went to SOG.
We recognize two major assumptions underlying our
use of the spawner—recruit relationship. First, while we
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used NPPI and SST environmental variables for the
third of the year that overlapped spawning and
recruitment, we used September through December
for AIRT, even though recruitment has already
occurred in June. Our rationale was that inclusion of
AIRT was needed for accurate prediction of recruit-
ment to age 3, which we then backed up to recruitment
in June of the year of spawning. Second, our use of a
simple multiplier to go from recruitment to age 3 to
recruitment in June of the year of spawning can be
questioned. Implicit in this adjustment is that all
density dependence inherent in the spawner—recruit
relationship predicted between spawning and age 3
would have occurred early in the first year. While this
assumption is reasonable for our demonstration
purposes, subsequent applications of our modeling
approach should investigate more sophisticated adjust-
ments of recruitment that reflect density dependence
occurring after age-0 recruitment in June.

For this paper, we updated the three environmental
variables of NPPI, SST, and AIRT used in the
Williams and Quinn (2000b) spawner—recruit relation-
ship (Figure 3a). We extended all three variables
through 2002 and trimmed them at 1962 to obtain a
consistent set of values that spanned all four of our
regime periods. We then recomputed the annual
anomalies based on the period 1962-2002 and checked
that the spawner—recruit model, originally fit by
Williams and Quinn (2000b) to 1948-1990 data, still
provided a good fit to the historical SSB and
recruitment data. Our new updated anomalies, when
used with the original Williams and Quinn spawner—
recruit model, resulted in predicted annual recruitments
for 1962 through 1990 that were very similar to the
recruitments predicted using the original environmental
time series and spawner—recruit model (R*=0.97).

Calibration of the Pacific herring component.—
Megrey et al. (2007) calibrated the Pacific herring
component of the coupled models by varying the half-
saturation coefficients in the functional response (K;
Table 1) and the scaling factor between age-3 and age-
0 recruitment. They did not change the parameter
values of the NEMURO model from the calibrated
values determined by Rose et al. (2007) for WCVL
Simulated weights at age were averaged over a baseline
simulation that closely corresponded to regime 3
conditions in this paper. Weight at age was the weight
on March 10 just before spawning; thus, age-1
individuals were almost 12 months old, age-2 individ-
uals were just about 24 months old, and so on with
subsequent ages. Megrey et al. (in press) adjusted the K
values and the scaling factor until simulated mean
weights at age and adult summer biomass roughly
agreed with the long-term average values for the
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TaBLE 2.—Environmental conditions used for the spawner—recruit relationship (North Pacific pressure index, air temperature,
and sea surface temperature) and the NEMURO lower trophic level (LTL) model (water temperature, mixed-layer depth, and
nutrient influxing) in the historical time series, isolated-regime, recruitment-effect, LTL-effect, and no-regime-effect simulations.

Number of
Simulation simulations Spawner—recruit NEMURO LTL
Historical time series 1 Used anomalies of the four regimes as Used daily values generated by the four regime-specific
they occurred in their 41-year temporal functions as they occurred in their 41-year temporal
sequence sequence
Isolated regime effect 4 Used anomalies for each regime Repeated a single year of daily values for 41 years,
separately, each extended to 41 years corresponding to the functions fitted to each regime
separately
Recruitment effect 4 Used anomalies for each regime Repeated a single year of daily values obtained by
separately, each extended to 41 years averaging the values generated from the four regime-
specific functions
LTL effect 4 Set all anomalies to zero Repeated a single year of daily values for 41 years,
corresponding to the functions fitted to each regime
separately
No regime effect 1 Set all anomalies to zero Repeated a single year of daily values obtained by

averaging the values generated from the four regime-
specific functions

southern British Columbia herring. We use the
calibrated K values and scaling factor determined by
Megrey et al. (2007) for simulations in this paper.

Model Simulations

Five types of model simulations were performed to
isolate the effects of the four climate regimes on Pacific
herring growth and weights at age (Table 2). All
simulations were for 41 years and used the coupled
NEMURO and herring bioenergetics models, as
calibrated for WCVI (Rose et al. 2007) and southern
British Columbia herring (Megrey et al. 2007). We
assumed that the calibrated versions of both models
were representative of regime 3 because that was the
time period for most of the data used to configure and
calibrate the NEMURO model. We first performed a
historical time-series simulation that used the regime
information in temporal sequence. We then simulated
each regime separately by repeating environmental
conditions specific to each regime period. To determine
the relative contribution of recruitment versus LTL
effects on predicted weights at age, we simulated each
regime period with one or both of these effects
eliminated.

Environmental Variables

We specified the environmental anomalies, daily
water temperature, mixed-layer depth, and nutrient
influx rate into the modeled box to roughly mimic the
conditions of each of the four regime periods (Table 3).
Environmental anomalies used for the spawner—recruit
model corresponded to years encompassed by the four
regimes (Figure 3). We repeated the anomalies for the
years within regimes until we obtained 41 years of
anomalies for each regime. The function used to

generate daily water temperatures for the NEMURO
model and for the herring bioenergetics model was
estimated separately based on temperatures divided
into each of the four regime periods (Figure 2b).

We used the Bakun upwelling index (BUI;
expressed as m>/s per 100 m of coastline) reported
for 48°N and 125°W to help estimate regime-specific
mixed-layer depths and nutrient influxing rates. Larger
values of the BUI indicate greater upwelling. We first
computed a BUI index value for each year by
averaging monthly BUI values for the upwelling
period of April through September, then we averaged
the yearly values for each regime period (Table 3).

The environmental conditions (anomalies for re-
cruitment and water temperature for NEMURO) used
in simulations were generally consistent with the
conditions described for the regimes (Table 3). Regime
1 had the highest NPPI value and the coolest air, sea
surface, and NEMURO water temperatures; regime 3
had the second lowest NPPI value, the lowest BUI, and
among the warmest temperatures. Regime 2 had a mix
of high and low values for the temperature and
upwelling indices.

The mixed-layer depth was made shallower during
regimes 1, 2, and 4 than in regime 3 (Figure 2c; Table
3). The values used for mixed-layer depth in model
simulations were loosely based on (albeit spotty)
reported historical changes in mixed-layer depth near
WCVI (48°N and 125°W; NOAA Pacific Fisheries
Environmental Laboratory, Pacific Grove, California).
We computed an average mixed-layer depth for each
year by averaging monthly mixed-layer depth values for
whatever values were available for April through
September, and then averaged the yearly values by
regime for regimes 1, 2, and 3. No mixed-layer depth
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TaBLE 3.—Values of the environmental variables used in the spawner—recruit and NEMURO lower trophic level (LTL) model
simulations of the four regimes. The North Pacific pressure index (NPPI), air temperature (AIRT), and sea surface temperature
(SST) are averages of the annual anomalies. Daily water temperature (°C) is the average of June, July, and August values; the
mixed-layer depth (MLD) is the depth (m) during the April 9-September 6 period; nutrient influxing is the multiplier (exchange
rate) that determines the flux of nitrate into the modeled box from below during the upwelling period. The Bakun upwelling
index (BUI) was used in the estimation of the mixed-layer depth for regime 4 as well as in the estimation of the nutrient influxing
multipliers. The BUI is the average of April-September monthly values; mean annual values are shown in the table.

Spawner—recruit NEMURO LTL
Regime NPPI AIRT SST Water temperature MLD Nutrient influxing multiplier BUI
1 0.39 —0.16 —0.65 12.4 26 8.2 22.7
2 —0.39 —0.10 0.38 13.0 23 10.4 25.4
3 —0.11 0.21 0.32 13.2 30 5.0 16.0
4 —0.04 0.33 0.45 124 28 6.8 20.3

values were reported for regime 4. We then adjusted the
observed mixed-layer depths for regime 1, 2, and 3 so
that the observed mixed-layer depth in regime 3
matched the 30 m depth assumed in the model. This
results in mixed-layer depths of 26 m in regime 1 and 23
m in regime 2. Because the average mixed-layer depths
were related to the average BUI across regimes 1, 2, and
3, we used the BUI for regime 4 to determine a mixed-
layer depth of 28 m for regime 4 (Figure 2c; Table 3).

The values for mixed-layer depth and the BUI were
used to specify nutrient influxing rates for regimes 1, 2,
and 4 (Table 3). Robinson et al. (1993) assumed that
the influx of nutrients was proportional to the BUI and
inversely proportional to the mixed-layer depth.
Assuming that the average mixed-layer depth and
BUI for regime 3 corresponded to five times the
nutrient influxing value (Rose et al. 2007), we used the
mixed-layer depths and average values of the BUI to
adjust the 5X multiplier assumed in regime 3 to
influxing values for the other regimes (8.2X in regime
1, 10.4X in regime 2, and 6.8X in regime 4; Table 3).

Historical Time Series Simulation

We first preformed a 41-year historical time series
simulation with the four regime periods in temporal
sequence (Table 2). We used the historical annual
environmental anomalies (Figure 3a), and the water
temperature, mixed-layer depth, and nutrient influxing
at their regime-specific values for all of the years within
each regime period (Figure 2b, c¢). We show predicted
monthly nitrate, total phytoplankton, and zooplankton
concentrations for a representative year within each
regime. For Pacific herring, we show predicted annual
values of SSB, recruitment, and mean weight at age for
age 4 through 10. Recruitment and SSB were the values
computed for the WCVI spawning component. We also
compared the observed data of weight at age 4,
recruitment, and SSB by regime period shown in Figure
1 with predicted values from the historical time series

simulation. Each point in the box plots corresponded to
a year within that regime period. Based on our model
assumption that one-half of the spawners go to WCVI,
the SSB and recruitment values for the southern British
Columbia group would be twice the values we show.
Mean weight at age and SSB were computed just before
spawning (i.e., on their birthdays).

Isolated Regime Effects Simulations

The second type of simulation was the simulation of
each of the four regimes separately for 41 years (Table
2). For each regime, we repeated the environmental
anomalies of that period (Figure 3b—e), and repeated
the annual set of daily values of water temperature,
mixed-layer depth, and nutrient influxing specific to
the regime. We show predicted annual values of SSB,
recruitment, and mean weight at age for 4-year-old and
10-year-old fish.

Recruitment versus LTL Effects Simulations

The third, fourth, and fifth types of simulations were
designed to determine the relative contribution of
recruitment versus LTL effects to the weight-at-age
responses predicted under the isolated regime-effects
simulations (Table 2). The recruitment effect was
eliminated by specifying the NPPI, AIRT, and SST
anomalies as zero. The LTL effect was eliminated by
using daily water temperatures, mixed-layer depth, and
nutrient influxing for NEMURO that were averaged,
for each day of the year, over the values generated for
the four regimes.

The third simulation type was the recruitment-effect
simulations. For each regime, year-specific anomalies
were used in the spawner—recruit relationship, while a
single set of daily values (averaged over the four
regimes) of water temperature, mixed-layer depth, and
nutrient influxing values were used for the NEMURO
model.

The fourth type of simulation was the LTL-effect
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FiGure 4.—Predictions from the coupled NEMURO nutrient—phytoplankton—zooplankton and bioenergetics models for
Pacific herring in the historical time series simulation. Monthly predictions are shown for (a) nitrate, (b) total phytoplankton, (c)
small zooplankton, and (d) large and predatory zooplankton for a representative year in each of the four regimes (1-4).

simulations. For each regime, regime-specific functions
were used to generate daily values of water tempera-
ture, mixed-layer depth, and nutrient influxing, while
all of the environmental anomalies used in the
spawner—recruit relationship were set to zero.

The fifth type of simulation was the no-effect
simulation. The no-effect simulation removed the
influence of regime-specific conditions on recruitment
and on the LTL dynamics. We performed a single
simulation with environmental anomalies set at zero
and averaged temperature, mixed-layer depth, and
nutrient influxing. The same no-effect simulation was
used as the basis of comparison for all four of the
regime periods.

For each of the regimes, we compared the predicted
average weights at age for 4-year-old and 10-year-old

fish among the isolated regime-effect, recruitment-
effect, LTL-effect, and no-effect simulations.

Results

Historical Time Series Simulation

The historical time series simulation resulted in only
small effects on the lower trophic levels (Figure 4a—d).
Monthly nitrate concentrations during the summer
were lowest in regime 3 (represented by 1992; Figure
4a), and total phytoplankton and small zooplankton
concentrations were slightly higher in regime 2
(represented by 1985; Figure 4b, c). However, these
differences, while consistent among regimes, were
small in magnitude. Little differences in large and
predatory zooplankton concentrations were predicted
among the four regimes (Figure 4d).
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FiGure 5.—Model predictions in the historical time series simulation for the (a) weight at ages 4—10 and (b) spawning stock
biomass (SSB; MT = metric tons) and recruitment of Pacific herring. The vertical lines denote the four regimes studied.

The historical time series simulation generated clear
responses in Pacific herring growth and resulted in a
downward trend in SSB, recruitment, and mean
weights at age, with perhaps some recovery of growth
rates in regime 4 (Figure 5; Table 4). Regime 3 showed
the slowest growth and had the lowest mean weights at
age; growth rate was relatively fast in regimes 1, 2, and

4 (Figure 5a). The mean weight at age for 4-year-old
fish was about 10% lower in regime 3 (115.8 g) than in
the other regimes (126.7, 129.9, and 133.6 g, in
regimes 1, 2, and 4, respectively; Table 4). Recruitment
and SSB were highest in regime 1 and generally similar
and low in the other three regimes (Figure 5b). Mean
SSB was 44,200 metric tons in regime 1, compared

TABLE 4.—Average annual spawning stock biomass (SSB; thousands of metric tons), recruitment (millions of age-1 fish), and
mean individual weights (g) at age 4 and at age 10 for each of the four regime periods in the historical time series (TS) simulation
and the four isolated-regime (I) simulations. Recruitment and SSB are for the West Coast of Vancouver Island component of the

southern British Columbia group.

SSB Recruitment Age-4 weight Age-10 weight
Regime TS I TS I TS I TS I
1 442 46.5 704.1 720.9 126.7 128.5 201.0 201.7
2 354 32.5 471.7 460.7 129.9 129.5 197.5 198.9
3 31.3 28.4 464.8 464.1 1158 113.9 176.3 173.4
4 30.5 33.6 463.7 454.7 133.6 137.8 203.5 221.3
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with 30,500-35,400 metric tons in regimes 2, 3, and 4
(Table 4). Mean recruitment was about 1.5 times higher
in regime 1 than in the other regimes (704.1 million in
regime 1 versus 463.7—471.7 million in regimes 2, 3,
and 4; Table 4). With only a few years of data, it is
difficult to interpret model predictions for regime 4.

The predicted patterns in weight at age, SSB, and
recruitment were generally consistent with observed
values for regimes 1, 2, and 3 (Figure 6). We allowed
predicted and observed values to be on different y-axis
scales to emphasize their patterns among regimes,
rather than similarities in their absolute values.
Ignoring regime 4, the predicted and observed mean
weights at age 4, SSB, and recruitment were relatively
low in regime 3, and weight at age 4 and recruitment
were relatively high in regime 1.

Isolated Regime Effects

When we isolated the effects of each regime over the
long term we saw patterns that were roughly similar to
the historical time series simulation (Figure 7; Table 4).
Regime 1 conditions resulted in the highest recruitment
and SSB, and regime 3 conditions generated the lowest
recruitment (similar to recruitment in regimes 2 and 4;
Figure 7a), lowest SSB (Figure 7b), and slowest
growth (Figure 7c, d). Average SSB, recruitment, and
weight at age of 4-year-old fish were similar between
the isolated regime simulation and the values predicted
during the same regime in the historical time-series
simulation (I versus TS columns in Table 2). For
example, SSB (thousands of metric tons) for the
isolated regime and historical time series simulations
was 46.5 versus 44.2 for regime 1, 32.5 versus 35.4 for
regime 2, 28.4 versus 31.3 for regime 3, and 33.6
versus 30.5 for regime 4. The one exception was for the
mean weight at age for 10-year-old fish for regime 4, in
which the isolated regime simulation resulted in a mean
weight at age 10 of 221.3 g, compared with the lower
value of 203.5 g obtained during regime 4 in the
historical time series simulation. The fast growth
suggested in regime 4 became much more apparent
in the isolated regime simulations; when regime
conditions were repeated for 41 years, regime 4
generated the heaviest weights at age (Figure 7c, d).

The isolated regime simulations showed the density-
dependent effects of Pacific herring feeding on their
prey. The temporal cycle of SSB (Figure 7a) from the
recycled use of the environmental anomalies, especial-
ly for regimes 1 and 2, was mirrored (inversely related)
in the simulated weights at age (Figure 7c, d). Part of
the fast growth predicted in regime 4 is due to the very
short time series of environmental anomalies, which
when used repeatedly generated low recruitment and
low adult biomass that resulted in fast growth and
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Ficure 6.—Predicted (shaded boxes) and observed (un-
shaded boxes) annual (a) mean weight at age 4, (b) spawning
stock biomass (SSB; MT = metric tons), and (c) recruitment of
Pacific herring in the four regime periods. The box shows the
25th and 75th percentiles, and the whiskers show the 10th and
90th percentiles; the thin line is the median, and the thick line
is the mean.

relatively small effects of herring on the zooplankton
dynamics.

Recruitment versus LTL Effects

The regime effect on weight at age varied among the
four regimes and was a combination of the recruitment
response and the response via the LTL (Figure 8). The
results for weight at age were consistent between 4-
year-old and 10-year-old fish (compare Figure 8a and
8b). In regime 1, the recruitment effect caused a
decrease in mean weight at age, while the LTL effect
caused an increase. The resulting regime-effect simu-
lation was similar to the no-effect simulation because
the recruitment and LTL effects essentially canceled
each other. Both the recruitment and LTL effects were
small for regime 2. In regime 3, the regime effect was
dominated by the LTL effect, the recruitment effect
causing a slight increase in mean weight at age and the
LTL effect a large decrease. The recruitment and LTL
effects both caused increases in mean weight at age in
regime 4, combining in an additive manner so that
regime 4 generated the heaviest weights at age.
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FIGURE 7.—Predictions of (a) recruitment at the west coast of Vancouver Island (WCVI), (b) spawning stock biomass (SSB;
MT = metric tons) at WCVI, (c) weight at age 4, and (d) weight at age 10 for Pacific herring from the coupled NEMURO
nutrient—phytoplankton—zooplankton and bioenergetics models in the four isolated regime simulations using the environmental
conditions that prevailed in each regime period for the entire 41 years of the study.

Discussion
Regime Effects

Our model simulations showed that the four regimes
would have different effects on the biomass and weight
at age of Pacific herring at WCVI. Regime 1 conditions
consistently resulted in the highest recruitment and
SSB, and the fastest or near-fastest growth (heaviest

weights at age). Regime 3 conditions produced low
recruitment (similar to regimes 2 and 4), the lowest
biomass, and the slowest growth. Regimes 2 and 4
generated relatively low biomass, but when isolated
they both resulted in relatively fast growth. Interest-
ingly, the fastest growth and heaviest weights at age
were predicted for regime 4, which was the coolest
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regime. Regime 4 was not, however, the regime with
the best conditions for LTL production; regimes 1 and
2 had shallower mixed-layer depths and higher nutrient
influxing rates.

The degree to which our predicted differences in
weights at age among the four regimes agree with the
field data are subject to debate. Our predicted responses
were qualitatively similar to the observations by others
that regimes 1 and 2 were periods of fast growth and
high recruitment and regime 3 was a period of slow
growth and low recruitment for many fish species
(Beamish et al. 2004; MacCall et al. 2005). Observed
and predicted SSB, recruitment, and weights at age
seemed to agree at least in pattern, with all generally
high in regimes 1 and 2 and low in regime 3 (Figure 6).
However, we also predicted fast Pacific herring growth
for regime 4, which appears to be the opposite of what
has been observed to date. However, our fast growth
predicted for regime 4 occurred with low simulated
SSB and recruitment, and therefore low simulated
summer adult biomass, whereas field-derived summer
biomasses have not declined due to increasing SSB and
recruitment from the SOG stock (McFarlane et al.
2001). We acknowledge that the changes we imposed
on model inputs among regimes were educated
guesses, and we are always suspicious of the
robustness of spawner—recruit relationships (Hilborn
and Walters 1992).

Two of Many Caveats

Two major caveats inherent in our modeling analysis
are (1) the assumption of fixed values for the
vulnerability (v) and half-saturation feeding (K)
coefficients and (2) the assumption of coherence
between WCVI and SOG recruitment. As zooplankton
concentrations vary within years and among regimes,
the feeding and prey selection of Pacific herring are
undoubtedly more flexible and plastic than is implied
by the fixed values for v and K (see Dill 1983).
Changes in herring feeding behavior and prey selection
could affect our predicted differences in mean weight at
age among the regimes.

A second major assumption underlying our analysis
is that the SSB splits evenly between WCVI and SOG
and that the resulting recruitment from SOG spawning
follows the WCVI spawner—recruit relationship. Sim-
ulated herring biomass in the model was fit to observed
summer biomass that reflected both WCVI- and SOG-
spawned fish because we wanted realistic summertime
biomass in the simulations to allow for density-
dependent growth effects. At the same time, we also
wanted to be able to isolate the effect of regimes on the
WCVI stock. We therefore assumed that recruitment
from SOG spawning would be the same as recruitment
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FiGure 8.—Predicted mean weights for (a) age-4 and (b)
age-10 Pacific herring in the no-effect, recruitment-effect,
lower trophic level (LTL)-effect, and regime-effect simula-
tions in each of the four regimes. See text for details.

from WCVI spawning. Williams and Quinn (2000a)
determined that recruitment anomalies between 1948
and 1990 for the WCVI and SOG stocks were
synchronous, and that the two stocks exhibited similar
temporal variation in their recruitment. The best
spawner—recruit model for the SOG stock had a similar
dependence on spawning stock biomass and sea
surface temperature as the WCVI spawner—recruit
relationship (Williams and Quinn 2000b). However,
since the 1990s the SSB and recruitment have not been
synchronous between the two stocks (McFarlane et al.
2001).

Future Modeling

The present version of the coupled NEMURO and
Pacific herring growth models could be improved by
obtaining better estimates of the allometric parameters
of the maximum consumption and respiration func-
tions, further elaborating the reproduction-to-recruit-
ment and mortality aspects of herring, and embedding
the coupled models in a two-dimensional spatial grid.
Megrey et al. (2007) used Monte Carlo uncertainty
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analysis and varied all model parameters, only
NEMURO-related parameters, and only fish-related
parameters under low and high herring biomass
conditions. They concluded that weight at age 5 and
summertime herring biomass were most sensitive to the
allometric parameters of the maximum consumption
and respiration functions, the growth efficiency of the
large zooplankton group, and the maximum photosyn-
thetic rate of the large phytoplankton group. Additional
laboratory experiments on herring consumption and
respiration, under different temperature conditions
(including extremes) and for a range of herring sizes,
would improve model simulations of herring growth.

Pacific herring reproduction and recruitment in the
model could be expanded by further elaboration of the
scaling factor that converts age-3 recruits generated
from the spawner—recruit relationship to the age-0
recruits entering the modeled population. Alternative
formulations of the scaling factor and modifications to
the survival of age-2 and age-3 herring would allow for
some or all of the density dependence inherent in the
spawner—recruit relationship to be put beyond the age-0
period, as assumed in the present formulation. Norcross
and Brown (2001) and Stokesbury et al. (2002)
recently estimated natural mortality rates for age-0
herring.

The constant mortality rates of Pacific herring in the
model could be made more realistic by considering
some of the key food web interactions. Analysis of
long-term data suggests that natural mortality rates of
southern British Columbia herring populations increase
with age, and that total survival can vary greatly from
year to year (Tanasichuk 2000). Robinson and Ware
(1994, 1999) developed a one-box difference equation
model configured for the food web of WCVI. Their
model used weekly values of sea surface temperature,
solar radiation, and BUI as driving variables and
simulated the daily biomasses of diatoms, copepods,
euphausiids, herring, hake, Chinook salmon Onco-
rhynchus tshawytscha, and spiny dogfish Squalus
acanthias over a 1-year period. Simulations of 1985—
1995 conditions showed that herring biomass depended
on the interaction between hake predation on herring
and the dynamics of their shared prey (euphasiids).

The types of scenarios we could investigate would
be broadened by imbedding our coupled models into a
two-dimensional spatial grid. Using a single spatial box
to represent a coastal upwelling ecosystem severely
limits the generality of our model because we must
force changes in upwelling dynamics via inferred or
guessed changes in aggregated model inputs. Some
readers may conclude that our use of a single box for
an upwelling system poses unreasonable limits. An
explicit two-dimensional spatial approach would allow
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us to change the environmental forcing and the let the
physics predict the changes in upwelling and LTL
responses. Conceptually, there is nothing to prevent us
from imbedding our point model into a two-dimen-
sional spatial grid that simulates advection and
dispersion. Wainwright et al. (2007) used a slightly
modified version of NEMURO within a two-dimen-
sional spatial grid to simulate the California Current
upwelling system. If we used the same approach we
could further resolve our age-classes into individual
herring and use a Lagrangian approach to simulate
spatially explicit feeding and movement (Tyler and
Rose 1994). We view the analyses presented in this
paper as a first step toward a more spatially explicit
approach.

Concluding Remark

The synchrony of recruitment, abundance, and
growth across production domains implies that at least
some of the aspects of the population dynamics of
affected fish are due to regime effects and not to
fishing. Regime conditions and expected future regime
shifts should be combined with life history consider-
ations (e.g., longevity, fecundity, and maturity) and
incorporated into fisheries stock assessments and
management advice (King et al. 2005). Understanding
how regimes affect populations is critical to ensuring
that we attribute the appropriate population dynamics
to fishing and would allow us to adjust harvest for
favorable and unfavorable climatic conditions (Beam-
ish et al. 2000, 2004). We acknowledge that our
analysis is overly simplified, but it represents a first
step toward coupling NPZ and fish bioenergetics
models in order to quantify the linkage between
climate and fish population dynamics.
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