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Euphausia pacifica is an abundant and important prey resource for numerous predators of the California
Current and elsewhere in the North Pacific. We developed an individual-based model (IBM) for E. pacifica
to study its bioenergetics (growth, stage development, reproduction, and mortality) under constant/ideal
conditions as well as under varying ocean conditions and food resources. To model E. pacifica under vary-
ing conditions, we coupled the IBM to an oceanographic-ecosystem model over the period 2000–2008
(9 years). Model results under constant/ideal food conditions compare favorably with experimental stud-
ies conducted under food unlimited conditions. Under more realistic variable oceanographic conditions,
mean growth rates over the continental shelf were positive only when individuals migrated diurnally to
the depth of maximum phytoplankton layer during nighttime feeding. Our model only used phytoplank-
ton as prey and coastal growth rates were lower than expected (0.01 mm d�1), suggesting that a diverse
prey base (zooplankton, protists, marine snow) may be required to facilitate growth and survival of
modeled E. pacifica in the coastal environment. This coupled IBM–ROMS modeling framework and its
parameters provides a tool for understanding the biology and ecology of E. pacifica and could be devel-
oped to further the understanding of climatic effects on this key prey species and enhance an ecosystem
approach to fisheries and wildlife management in this region.

� 2015 Elsevier Ltd. All rights reserved.
Introduction Fortunately, there has been much research on the population
Krill are considered to be a key trophic link in the transfer of
energy from primary production to commercially and recreation-
ally important predators such as hake, salmon, and seabirds in
the California Current Ecosystem (CCE; Field et al., 2006). The krill
species Euphausia pacifica is the most abundant euphausiid in the
CCE and represents substantial primary consumer biomass in
the region (Brinton, 1962). E. pacifica are abundant year-round in
the central-northern CCE, although the majority of growth and
reproduction is thought to occur in the spring and summer in
association with upwelling (Smiles and Pearcy, 1971; Feinberg
and Peterson, 2003; Shaw et al., 2010). Recent years of low krill
abundances (including E. pacifica) contributed to the collapse of
certain predators of the region (Cassin’s auklet, Chinook salmon)
(Sydeman et al., 2006; Lindley et al., 2009) and highlight the need
to model krill populations and consider predator–prey interactions
in fisheries and marine wildlife management (Field and Francis,
2006; Batchelder and Powell, 2002).
biology of Euphausia pacifica. The timing and variability of stage
development under maximum food conditions and at various
temperatures have been studied experimentally by Ross (1981)
and Feinberg et al. (2006). Direct measurements of growth, molt,
reproduction, and metabolism over a range of stages and weights
are available for modeling energy budgets (Ross, 1982a,b).
Experimental work on ingestion rates and food preferences also
provide information on energetics under food-limited conditions
(Ohman, 1984). Information on reproductive parameters (brood
size, inter-brood period, egg hatching success) is available from
both field (Feinberg and Peterson, 2003; Gómez-Gutiérrez et al.,
2006, 2007) and laboratory work (Ross et al., 1982; Feinberg
et al., 2007). Field studies using depth-specific net sampling has
clarified vertical migration patterns of adults, the lack of vertical
migration in young larval stages, and the variability that exists in
older larval stages (Bollens et al., 1992). Field-work has also pro-
vided a reasonable understanding of the population size structure
and growth rates of individual cohorts (Brinton, 1976; Smiles and
Pearcy, 1971; Bollens et al., 1992; Shaw et al., 2009). This research
provides a strong foundation to parameterize a bioenergetic
individual-based model (IBM) for E. pacifica in the CCE.
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Synthesis of the literature on Euphausia pacifica reveals an
organism with a highly variable life history. This variability can
be incorporated into individual-based models through parameter
or life-stage variability. This is important for the CCE, an ecosystem
characterized by strong temporal environmental variability
(Checkley and Barth, 2009). While traditional compartmentalized
ecosystem models have increased in complexity to include multi-
ple components of nutrients, phytoplankton, and zooplankton
(e.g., NEMURO: Kishi et al., 2007 and CoSiNE: (Chai et al., 2002,
2009), these models are limited in their ability to integrate individ-
ual-scale variability and behavior, such as diurnal vertical migra-
tion. Notably, IBMs provide greater resolution to population-level
processes, yet provide less information on entire zooplankton com-
munities. Nonetheless, if the species being modeled is of critical
importance within an ecosystem (e.g., key to predator–prey inter-
actions, as is the case here), modeling a single species may provide
great insight into broad-scale ecosystem dynamics.

Here, we describe and analyze an IBM developed for Euphausia
pacifica, with emphasis on comparing model results to experimen-
tal and field observed life history parameters. We hypothesize that
the IBM will produce realistic population biology characteristics
for E. pacifica. To test this hypothesis we compared model results
under ideal (food unlimited) conditions to experimental results.
We also compared model results under realistic ocean conditions
to field observations. To obtain realistic ocean conditions, we cou-
ple the IBM with a 3-dimensional ocean circulation model
(Regional Ocean Modeling System, ROMS) and ecosystem model
(Nutrient, Phytoplankton, Zooplankton, Detritus; NPZD). As no
one-year in the CCE is the same, to obtain a robust climatology
of realistic ocean conditions in this highly variable ecosystem, we
modeled the system over 9 years. These results lay the groundwork
for future modeling efforts of E. pacifica in the CCE and elsewhere
in the North Pacific where this species occurs and is critical to
ecosystem functions.
Methods

Our IBM of Euphausia pacifica is built upon the POPCYCLE model
(Batchelder and Miller, 1989; Batchelder et al., 2002). E. pacifica
bioenergetics are dependent on sex, size, life stage, and environ-
mental conditions (temperature and food concentrations), which
are imported from the coupled physical oceanographic and ecosys-
tem model.
Growth of non-feeding stages

The egg stage and first two life stages (naupliar I and II) of
Euphausia pacifica are non-feeding and influenced by temperature
alone. Temperature-dependent development is implemented using
physiological-time, calculated as the temperature an individual is
exposed to (�C) multiplied by the time-step duration (days). The
sum of an individual’s physiological-time is thus a measure of
the temperature history for each individual.

Egg hatching time for Euphausia pacifica is implemented based
on experimental work showing 50% of eggs hatching by day
1.625 at 10.5 �C (physiological-time = 17.1 degree days) (Feinberg
et al., 2006). Naupliar stage growth depends on yolk reserves.
Physiological-time from hatch to metanauplius stage is calculated
by averaging 8 �C and 12 �C stage development data from Ross
(1981). Total physiological-time to the first feeding stage is
38.3 degree days. During this period, respiration of eggs and nau-
pliar stages is implemented based on stage dependent mass
(Ross, 1979, Appendix II). It is expected that higher temperatures
would lead to greater metabolic costs and greater weight loss rates
(Gillooly et al., 2001), but experimental data of weight loss from
egg to metanaupliar stage development measured at 8 �C
(0.21 lg C d�1) and 12 �C (0.16 lg C d�1) did not support this
expectation. We assume that this difference is due to measurement
error (variance of data not reported) and our limited access to the
raw data that went into the reported values in the literature. An
average daily weight loss rate of 0.18 lg C d�1 was applied to all
individuals. Development from egg to metanauplius is rapid, even
at colder temperatures (less than 5 days at 8 �C), and we do not
expect that this will have a significant impact our organisms over
the course of an 8–12 month lifespan. Development and respira-
tion of non-feeding stages was capped at a lower limit of 6 �C
and upper limit of 16 �C.

Growth of feeding stages

Growth of all stages beyond the naupliar stages is dependent
upon temperature and food resources; these variables are supplied
by ROMS and NPZD output.

Maximum growth
Individual growth is modeled using the equation for growth

measured directly by Ross (1982a). As Ross’s growth equation
was derived under food unlimited conditions, these results repre-
sent maximum growth where Gmax = maximum growth rate
(lg C d�1) and W = organism weight (lg C). Eq. (1) represents
maximum growth for individuals less than 12.5 lg C and Eq. (2)
represents maximum growth for those greater than 12.5 lg C.

Gmax ¼ �0:315ð0:198 WÞ ð1Þ

Gmax ¼ 0:216 W0:617 ð2Þ
Scaling maximum growth by food resources and temperature
To implement food-dependent growth, weight gain was scaled

based on a relationship between the ingestion rate, critical concen-
tration, and the food threshold at which no growth occurs.
Ingestion rate is calculated using an experimentally derived equa-
tion (Eq. (3)) measured under varying food concentrations (Ohman,
1984), where I = ingestion rate, a = 1.173, Th = handling time
(0.141 s cell�1) and X = prey concentration.

I ¼ aX2

1þ ðaThX2Þ
ð3Þ

The critical concentration (CC) is the phytoplankton concentra-
tion at which an organism is able to achieve maximal growth. CC is
defined as 90% of the maximum ingestion rate, and is dependent
upon both organism size and temperature in our modeling study.
Ross (1982a) determined CC of three size groups of Euphausia paci-
fica (<750 lg C, 750–1650 lg C, and >1650 lg C) and at two tem-
peratures (8 �C and 12 �C). Model CC at 12 �C is calculated using
Eq. (4) for individuals greater than 500 lg C and less than
2000 lg C. CC is a constant for individuals less than 500 lg C
(CC = 125 lg C l�1) and individuals greater than 2000 lg C
(CC = 375 lg C l�1).

CC ¼ 41:67þ W
6

� �
ð4Þ

Temperature scaling of the critical concentration is determined
using the mean Q10 value of the three size classes published by
Ross (1982a, mean Q10 = 1.59). The results generally agree with
the only other published value of a critical concentration for adult
Euphausia pacifica (290 lg Cl�1; Ohman, 1984).

A food scale factor (FSF) is determined using Eq. (5) by compar-
ing the ingestion rate to the ingestion rate at critical concentration
(Icc).
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FSF ¼ I
Icc

ð5Þ

Adjustment to the food scale factor is made to limit the maxi-
mum value to not exceed 1, so that growth does not exceed Gmax.
Food scale factor is also minimally limited to half of the no-growth
threshold (Eqs. (6) and (7)), due to the Type III shape of the inges-
tion curve (Ohman, 1984), indicating a decreased feeding effort
under food limiting conditions, reducing metabolic requirements.

To determine the threshold at which no growth occurs (Gzero),
the ratio of metabolism to ingestion (i.e., % of ingestion energy
accounted for via metabolism) was determined using equations
from Ross (1982a). This ratio scales with weight as described by
Eq. (5) for individuals less than 165 lg C and Eq. (6) for those
greater than 165 lg C.

Gzero ¼ 0:548þ ð�0:0723 WÞ ð6Þ

Gzero ¼ 0:407þ ð�0:0528 WÞ ð7Þ

The food scale factor and no growth threshold are then applied
to Eq. (8) to determine the growth (G) of the individual.

G ¼ Gmax

1� Gzero
FSF� Gzeroð Þ ð8Þ

To scale the growth increment by temperature a Q10 value of
3.62 was used (Ross, 1982a).

Stage development

To model life stage structure and development, 13 life stages
are included in the IBM. Life stages that exhibit similar behavior
have been combined together (both naupliar stages, furcilia IV
and furcilia V stages, and juvenile and adult stages). Progression
from one life stage to the next is dependent upon physiological
time of development for egg and nauplius stages, and weight
increase for all other stages. Weight gain beyond a life stage
threshold (Table 1) determines progression from one stage to the
next. Threshold weights were determined using midpoints
between average weights of stages reported by Ross (1979,
Table 19 therein). An individual that loses weight below a thresh-
old weight does not regress back to the previous stage.

Reproduction

Reproduction is implemented based on weight-dependent
reproductive effort (Ross, 1982a) (Eq. (9)). The equation for repro-
ductive weight (Rwt) was derived at a full food ration and scaling of
the equation with food resources is done in the same way growth
is scaled. Temperature scaling is done using a Q10 value of 3.60,
which was derived from the experimental data of Ross (1982a).
Table 1
Thresholds that individuals must progress beyond to advance to the next life-stage.

Developmental stage Threshold Units

Egg hatch 17.06 degree-days
Metanauplius 38.28 degree-days
Calyptopis I 2.33 lg C
Calyptopis II 3.52 lg C
Calyptopis III 6.52 lg C
Furcilia I 11.76 lg C
Furcilia II 17.70 lg C
Furcilia III 32.44 lg C
Furcilia IV–V 55.77 lg C
Furcilia VI 70.56 lg C
Furcilia VII 78.02 lg C
Juvenile–adult 84.90 lg C
Rwt ¼ 20:37þ 10:29 W 10�3
� �

ð9Þ

While Ross defined her equation for all organisms with a weight
greater than 685 lg C, reproductive weight gain in our IBM is not
implemented until organisms are 1500 lg C and is maximized
when organisms reach 6000 lg C. These values roughly equate to
reproduction beginning at an individual length of 13 mm and
achieving a maximum reproductive effort at 21 mm length,
and agree with field observations from northern California and
Oregon (Dorman et al., 2005; Gómez-Gutiérrez et al., 2006). If posi-
tive growth is not achieved during the feeding process, but there is
reproductive weight associated with the individual, reproductive
weight is absorbed back into the body to minimize weight loss.

The release of eggs is only allowed during nighttime, between
0100 and 0300, to ensure that individuals are in surface waters
where egg release is most common. Release of eggs is a function
of two factors: inter-brood period (IBP) and the ratio of reproduc-
tive weight to body weight (RW:BW). IBP is the amount of time
between releases of eggs and is set to 10 days. Individuals are set
to release eggs every 10 days if reproductive weight is between
2.5% and 7.5% of body weight. If reproductive weight is less than
2.5% body weight and IBP is greater than 10 days, eggs are not
released. If the RW:BW ratio is greater than 7.5% and the IBP is less
than 10 days, eggs are released, resulting in a shorter IBP. The num-
ber of eggs released is equal to the reproductive weight divided by
the average weight of an egg (2.58 lg C).

Mortality

Starvation mortality is implemented based on weight loss
below 70% of each individual’s maximum attained weight (see
Section ‘Modeling under variable ocean conditions’ for discussion
of parameter choice in relation to results). Predation and natural
mortality rates are not well known for Euphausia pacifica, or any
other zooplankton, and are often used as a closure term in models
(Edwards and Yool, 2000). We have not implemented predation
and natural mortality terms as we are not trying to model actual
numbers of E. pacifica, and are more concerned with relative sea-
sonal changes in the population biology.

Particle tracking

Individuals are tracked in the model using a common 4th-order
Runge–Kutta method (Butcher, 2003) using u, v, and w velocities
from the ROMS model. Vertical diffusivity is incorporated into ver-
tical displacement though a non-naïve random walk (Visser, 1997)
to avoid the accumulation of individuals in regions of low vertical
diffusivity. Horizontal diffusivity is not implemented in particle
tracking, as its impact on horizontal position is very small com-
pared to horizontal current velocities.

Additional vertical movement is added behaviorally through
diel vertical migration (DVM) of individuals. DVM is implemented
in the model using light levels to determine the preferred depth of
the organism in a similar fashion to Batchelder et al. (2002). Swim
speed (SS) is determined by Eq. (10) with scale factors (range from
0 to 1) based on organism size (SZ), life stage dependent probabil-
ity of migration (POM), distance from preferred light level (LT), and
distance from surface (SB) or bottom boundary (BB), all modifying
maximum swim speed (MXSS, from Torres and Childress, 1983)
(Fig. 1).

SS ¼MXSSðSZ POM LT SB BBÞ ð10Þ

Migration is only possible for organisms that are greater than
life stage furcilia III as POM = 0 for younger individuals. All juvenile
and adult individuals will engage in DVM (POM = 1) if other condi-
tions are favorable. Distance from preferred light level must be
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Fig. 1. Scaling factors that impact vertical migratory swimming speed based on (a) organism size, (b) life-stage (using weight as a proxy), (c) distance from preferred depth,
and (d) proximity to surface and bottom boundaries.
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greater than 10 m to trigger vertical migration. If the preferred
light level is above the surface of the water, the preferred depth
is set to 5 m. Resultant migration of adult Euphausia pacifica, when
not constrained by bathymetry, is to approximately 160 m. Time to
ascend/descend for adults is from 45 to 90 min.

Individuals that leave the model through an open boundary are
labeled as such and are removed from the list of individuals that is
evaluated for each time-step.

Oceanographic model interface

The IBM can be run in 3-dimensional space with physical
oceanographic data from ROMS (Shchepetkin and McWilliams,
2005; Haidvogel et al., 2008). POPCYCLE interfaces with ROMS off-
line (i.e., model runs are not concurrent) by reading in temporal
daily ‘‘snapshots’’ of averaged data (temperature, phytoplankton,
currents, and vertical diffusivity). For each individual, the ocean
data corresponding to that individual’s location is spatially tri-
linearly interpolated to that location and temporally linearly
interpolated between adjacent days.

Model simulations

Regional Ocean Modeling System (ROMS)
ROMS is commonly used to model the coastal ocean and upwel-

ling ecosystems such as the California Current (Powell et al., 2006;
Di Lorenzo et al., 2008). To model the northern California coastal
region, we created a model domain from Newport, Oregon to
Point Conception, California that extends approximately 1000 km
offshore with grid resolution of approximately 3 km in the cross-
shelf direction and 6 km in the alongshore direction (Fig. 2). An
NPZD ecosystem model (Powell et al., 2006) was run concurrently
with ROMS and model output was saved at daily intervals.

Forcing of ROMS is parameterized using the bulk fluxes for-
mulation developed by Fairall et al. (1996). Atmospheric forcing
data (shortwave radiation, downward-longwave radiation, air tem-
perature, relative humidity, precipitation, and wind speed) are
from the National Centers for Environmental Predictions (NCEP)
North American Regional Reanalysis (NARR) database at 3-h inter-
vals (http://www.esrl.noaa.gov/psd/data/narr/).

Physical boundary and initial conditions for the model are from
the Simple Ocean Data Assimilation (SODA) model (Carton and
Giese, 2008) obtained through the Asia–Pacific Data Research
Center (http://apdrc.soest.hawaii.edu/). These data are interpo-
lated from the SODA grid onto our ROMS grid using a triangle-
based linear interpolation scheme based on Delaunay triangulation
of the data. In certain parts of the deep ocean, differences in the
grid resolution of the two models (SODA and ROMS) resulted in
use of nearest-neighbor interpolation. The temporal resolution of
the physical boundary conditions is monthly. Biological boundary
conditions for the NPZD model are from the World Ocean Atlas
and Database 2009 (National Oceanographic Data Center). Nitrate
values are from a 1� resolution, monthly climatology from the
World Ocean Atlas 2009. Phytoplankton density monthly

http://www.esrl.noaa.gov/psd/data/narr/
http://apdrc.soest.hawaii.edu/
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climatology values are from World Ocean Database 2009 data that
was collected within our ROMS grid from 1990 to 2009.
Zooplankton and detritus density initial and boundary values were
set to 10% of phytoplankton values.

The ROMS model was run for the years 2000–2008 (n = 9 years).
For each year modeled, ROMS was spun up from initial conditions
for 6 months, from 1 July to 31 December of the prior year. This
spin up time was selected based on previous studies (Powell
et al., 2006) that found this sufficient amount of time so initial
physical and biological conditions did not influence model results
(Powell et al., 2006). ROMS was restarted each year due to uncer-
tainty in biological initial conditions (from Powell et al., 2006) and
boundary conditions (derived from large spatial and temporal res-
olution). Starting from similar initial conditions reduced the
possibility of drift in baseline values of biological parameters over
the course of a long simulation.

Individual-based model – POPCYCLE
Modeling under ideal environmental conditions. Analyses of the
bioenergetics of the IBM were carried out across a spectrum of
organism weights (larval to adult) and temperatures.
Development, growth rates, and reproductive output were all mod-
eled using a full ration of food so that results would be comparable
to experimental work, which is most commonly done under maxi-
mum food resources. The weights (500, 1000, 3000, and 6000 lg C)
used in the text and figures to illustrate the impact of individual
size on bioenergetics demands correspond to lengths of approxi-
mately 10 mm (juvenile), 12 mm (small adult), 17 mm (adult),
and 22 mm (large adult). Temperatures in the figures explore the
full range of bioenergetics response. We refer to 8 �C and 12 �C in
the text as there often is accompanying experimental data at these
temperatures to compare with and these values are within the
natural range of temperatures experienced by Euphausia pacifica
in our region of interest.

Modeling under variable ocean conditions. Modeling Euphausia paci-
fica using the IBM in 3-dimensional space was done using ROMS
output from 2000 to 2008. Two ‘‘suites’’ of model runs were com-
pleted with each suite consisting of 54 runs, 6 per year over the
9 years. Each model run lasted for 60 days. Model start dates were
the first day of February, April, June, August, October, and
December. For each model run, �10,500 individuals (particles)
were uniformly seeded within 60 km of the coastline between a
depth of 5 and 30 m (Fig. 2). All individuals were placed in the
domain as adults (3000 lg carbon weight, approx. 17.5 mm
length). One ‘‘suite’’ of runs parameterized the upper limit of
DVM at 0–10 m (i.e., surface, hereafter referred to as ‘‘surface
DVM’’), while the other ‘‘suite’’ parameterized the upper limit of
DVM to the local chlorophyll a maximum at the time of ascent
(hereafter referred to as ‘‘maximum-food DVM’’).

Data analysis

To validate ROMS, associations between monthly averaged
sea-surface temperature (SST), alongshore and cross-shelf cur-
rents, and chlorophyll a from modeled output and observations
were conducted using Pearson correlations. The residuals were
examined for autocorrelation and accounted for using a single
iteration of the Cochrane–Orcutt method if necessary. For these
comparisons, SST was obtained from 8 National Data Buoy
Center coastal stations (http://www.ndbc.noaa.gov/) (Fig. 2).
Monthly averaged alongshore and cross-shelf surface currents
were collected using high-frequency radar (CODAR) obtained
from the Bodega Ocean Observing Node (BOON, http://bml.uc-
davis.edu/boon/partners.html). The data were averaged into
1/6th degree bins across the continental shelf just north of Pt.
Reyes, CA (Fig. 2). Monthly chlorophyll a satellite data (Kahru
et al., 2009) were binned from two coastal and two offshore
domains in the northern and southern part of the ROMS model
(Fig. 2).

Interannual variability in growth rate, reproduction, and pop-
ulation retention were analyzed using a 2-way analysis of variance
(ANOVA) using year as the primary variable and month as a nui-
sance variable. Growth rate anomaly was calculated by removing
monthly mean growth rate values from the data and a one-way
ANOVA was run on the anomaly data. A Bonferroni test (Zar,
1999) was utilized to determine specific year-to-year differences
in growth rate.

Data that are presented from the IBM coupled with ROMS were
almost exclusively from the coastal region (over the continental
shelf) between 38 and 40 N latitude. This region was selected for
analysis, as it is central to the model domain and thus less likely
to be influenced by initial and boundary conditions. The only figure
that uses data from beyond this analysis region is Fig. 15, which
presents data from the model boundaries (north/south), and at a
prescribed distance form the coast. Time series figures
(Figs. 9a and b, 12a and 13a and b) were created by taking an aver-
age of all data within the analysis region for each saved time-step
(every 5 days) of the model. Seasonal (bi-monthly) box-plot figures
(Figs. 10a and b, 12b and 14a and b) were created from statistics on
data from all years (2000–2008), within the analysis region, and
during the 2-month bins in the figures. Spatial plots
(Figs. 11a and b and 12c) were created by averaging all data within
each ROMS grid cell during the stated time period in the figure
legend. Further information on the data processing for each cou-
pled IBM–ROMS figure (Figs. 9–16) is included in the figure
captions.

The suite of model runs that began on April 1 were chosen for
Figs. 11 and 12c because they are close to the time of peak upwel-
ling in the central part of our model domain (northern California
region). Finally, Appendix A was used for conversion of model
growth rates (lg C d�1) to units compatible with field data on
growth rates of Euphausia pacifica (mm d�1).

http://www.ndbc.noaa.gov/
http://bml.ucdavis.edu/boon/partners.html
http://bml.ucdavis.edu/boon/partners.html
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Fig. 3. Developmental time of Euphausia pacifica across a range of temperatures to
(a) metanauplius life-stage, (b) juvenile life-stages and (c) various sizes of adult. All
results are derived under maximum growth conditions (full-food ration).
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Results

Modeling under ideal environmental conditions

Development
At 8 �C and 12 �C, development from egg to the metanauplius

stage takes 4.8 and 3.2 days and initial metanauplius weight is
1.70 lg C and 1.99 lg C, respectively (Fig. 3a). No experimental
data on developmental rates from egg to metanauplius stage are
available for comparison with model results, but metanauplius
weights are similar to experimental weights of 1.58 lg C and
2.08 lg C. Development from egg to juvenile stage took approxi-
mately 38 days at 8 �C and 60 days at 12 �C. Model development
was slightly faster than experimental results (by 0.9 days at 8 �C,
by 7.0 days at 10.5 �C, and by 1.1 days at 12 �C (Fig. 3b).
Development from egg to a reproductive adult (12 mm) took 130
and 210 days at 8 �C and 12 �C, respectively (Fig. 3c).
Development to larger adults (>17 mm) took over a full year in
8 �C water and over 200 days in 12 �C.

Growth
Minimum food resources to achieve some level of growth ran-

ged from a minimum value of 0.73 lg chlorophyll a at 8 �C to
0.80 lg chlorophyll a at 12 �C for an organism of 500 lg C and from
1.01 lg chlorophyll a at 8 �C and 1.04 lg chlorophyll a at 12 �C for
organisms greater than 3000 lg C (Fig. 4a). Critical concentration
(the food resources needed for maximum growth) increases from
a minimum value of 1.73 lg chlorophyll a at 8 �C to 2.08 lg chloro-
phyll a at 12 �C for organisms 500 lg C, and from 5.20 lg at 8 �C
and 6.25 lg at 12 �C for organisms greater than 3000 lg C
(Fig. 4b). Growth rates did not differ markedly among different size
classes of adults and were approximately 0.04 and 0.06 mm d�1 at
8 �C and 12 �C (Fig. 4c).

Reproduction
Reproduction under maximum food conditions ranges from 7

eggs per day at 8 �C to 12 eggs per day at 12 �C for a small adult
(Fig. 5a) and from 19 to 32 eggs per day from 8 �C to 12 �C for a
large adult. Brood size averaged 34 eggs at 8 �C or 12 �C for a small
adult and 194 for a large adult (Fig. 5b). The inter-brood period
shortened from 5 to 3 days for small adults and from 10 to 6 days
for large adults at 8 �C and 12 �C, respectively (Fig. 5c).

Mortality
Starvation of individuals under no food conditions and a body

weight of 12 lg C, which is the breakpoint at which Ross’ allomet-
ric equations for growth change from linear to exponential, was
approximately 11 days at 8 �C and 9 days at 12 �C (Fig. 6).
Starvation of older furcilia larvae (85 lg C) was approximately
50 days at 8 �C and 30 days at 12 �C. Starvation of the smallest
adults did not drop below 60 days. In the model the maximum
starvation time was not allowed to exceed 200 days.

Modeling under variable ocean conditions

ROMS
Correlation of ROMS-modeled and observed SST was significant

(p < 0.001) at all stations examined (Fig. 7a and b; r = 0.5–0.7).
Modeled and observed alongshore transport was also significant
(p < 0.001) in all regions (Fig. 7c and d; r = 0.6–0.7 for inshore loca-
tions and r = 0.3–0.5 at offshore locations). Modeled and observed
surface phytoplankton (i.e., chlorophyll a) were positively corre-
lated (p < 0.001), (Fig. 7e and f, r = 0.3–0.6). Modeled phytoplankton
showed greater variability and in general slightly overestimated
surface chlorophyll a concentrations. Discrepancies that occur in
the modeled and observed data are likely the result of our forcing
winds (NCEP–NARR) not matching the observed winds when at
their strongest intensity (Dorman, 2011). This is due to the spatial
resolution of the forcing data (32 km) not being small enough to
capture the full extent of the coastal intensification of upwelling
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Fig. 4. Chlorophyll a concentration needed to (a) meet respiratory costs
(growth = 0) and (b) achieve maximum growth across a range of temperatures.
(c) Maximum growth rates of various sized adults across a range of temperatures.
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Fig. 5. Reproduction results: (a) egg production, (b) inter-brood period, and (c)
brood size derived at a full-food ration across a range of temperatures.
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favorable winds that is common along this coastline (Dorman and
Winant, 1995).

Depth profiles of average monthly temperature and chlorophyll
a (Fig. 8) show the seasonal cycle of upwelling in the northern
California Current. Coldest surface temperatures and greatest sur-
face chlorophyll a concentrations are observed in April when
upwelling is strongest. Surface temperatures are warmest in July
and October, increasing stratification and decreasing surface
chlorophyll a concentration. A subsurface chlorophyll a maximum
is observed year round, but strongest during the summer/fall
months.
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Growth
Mean growth rates of surface DVM model runs were negative

throughout the modeled years (Fig. 9a) and across the seasonal
cycle (Fig. 10a). While negative growth has been measured in
Euphausia pacifica populations (Marinovic and Mangel, 1999;
Shaw et al., 2010), consistent negative growth for greater than
75% of the population is unrealistic (Fig. 10a). For this reason, the
majority of our analysis and discussion centers on the maximum-
food DVM model runs.

Mean growth rates of maximum-food DVM model runs were
generally positive year-round (Figs. 9b and 10b). Onshore growth
was approximately 0.01 mm d�1 and offshore growth (data not
shown) was close to zero. Bi-monthly or seasonal differences in
mean growth rate were minimal, although there was much greater
variability in growth during the fall and winter months (Figs. 9 and
10). Median growth rates of maximum-food DVM runs ranged
from 0.0088 to 0.0143 mm d�1. Spatially, there was higher growth
over the continental shelf, including a very narrow band of high
growth close to shore where growth rates averaged greater than
0.03 mm d�1 (Fig. 11). ANOVA results on growth rates of maxi-
mum-food DVM model runs, indicated significant differences in
interannual growth rate (F = 2.83, df = 8, p < 0.01) and growth rate
anomaly (F = 2.87, df = 8, p < 0.01). Using the Bonferroni method to
compare growth rate anomaly between all years found that 2004
and 2007 were the only years with a significant difference in
growth rate from each other (t = 3.83, p < 0.05).

Short time scale (5-day) periods of high growth were associated
with lower SST and stronger southerly alongshore-surface currents
(Fig. 16). Median SST during the periods of fastest euphausiid
growth (largest 25th percentile of measured growth rates) was
9.6 C, compared to 11.9 C during the periods of slowest growth
(smallest 25th percentile of measured growth rates). Median
alongshore current during the periods of fastest euphausiid growth
was �0.12 m s�1, compared to �0.02 m s�1 during the periods of
slowest growth.

Reproduction
Reproductive output was low and intermittent during the sur-

face DVM model runs (data not shown), but was more productive
and consistent during maximum-food DVM model runs (Fig. 12).
Medians of bi-monthly egg production from maximum-food
DVM runs ranged from 3.4 to 6.3 eggs individual�1, with maximum
periods of reproduction producing almost 20 eggs individual�1.
The number of reproductive events was much greater over the
continental shelf, associated with greater food resources in the
nearshore environment. Peak locations of reproduction, having
more than 100 reproduction events over the course of the model
runs, occurred to the north of the headlands Cape Blanco (�lati-
tude 42.5 N) and Cape Mendocino (�latitude 40 N) and in the
Gulf of the Farallones region, just offshore of San Francisco Bay.
ANOVA results found no significant differences in reproductive
output between years and increases in reproductive events were
not associated with lower SST and greater southerly alongshore-
surface currents (data not shown).

Mortality
Starvation mortality did not occur during these model runs as

the model run time was only 60 days, shorter than the fastest time
to starvation of adults under a typical temperature regime.

Advection
Particle loss from the coastal domain was greater during surface

DVM runs than during maximum-food DVM runs (Fig. 13). Median
particle losses of bi-monthly data were all than 15% of the pop-
ulation when migrating organisms to the surface and ranged from
5% to 10% loss during maximum-food DVM runs. ANOVA results
found no significant interannual variability in retention and there
was no significant bi-monthly/seasonal trend in particle retention
from within our analysis region (Fig. 14).

Decreased particle retention (greater advection) was associated
with lower SST and stronger southerly alongshore-surface currents
(Fig. 16). Median SST during the periods of greatest particle loss
(lower 25th percentile of measured retention values) was 10.5 C,
compared to 11.2 C during the periods of greatest particle reten-
tion (upper 25th percentile of measured retention values).
Median alongshore current during the periods of greatest particle
loss was �0.10 m s�1, compared to �0.06 m s�1 during the periods
of greatest retention. Advection of particles out of the northern
boundary was greatest for runs beginning in December and vir-
tually non-existent for model runs beginning during April, June,
and August (Fig. 15a). There was consistent advection of particles
from the domain to the south and west (Fig. 15b and c) during
these months.
Discussion

Modeling under ideal environmental conditions

Development
Stage development in the model progressed in a similar fashion

to published results (Ross, 1981; Feinberg et al., 2006).
Development through calyptopis and early furcilia stages progresses
more rapidly in the model than in laboratory studies, yet with vari-
ability within bounds found in the field (Ross, 1979; Feinberg et al.,
2006); the timing of modeled stage progression also is within mea-
sured variability. These developmental differences, while minor,
might impact studies that rely heavily on stage-specific parameter
values (e.g., mortality), but the majority of the parameters used in
our study are weight-based so this is not of concern.

Growth
A comparison of model results under maximum food resources

to field measurements indicates model output within the range of
field observations. Average adult growth rates of 0.02 and
0.03 mm d�1 (with a range from �0.07 to 0.14 mm d�1) have been
reported for two regions off of Oregon during the summer upwel-
ling season with food sources ranging from approximately 2 to
8 lg chlorophyll a l�1 (Shaw et al., 2009). A year-round study from
the same region found average annual growth rates of 0.01 mm d�1
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(Shaw et al., 2010). Using the conversion from weight to length
listed in Appendix A, modeled growth rates of adults at 8 �C and
12 �C and under food unlimited conditions were 0.038 and
0.048 mm d�1, respectively. Under the same conditions, mean
growth rate of the entire lifespan was 0.044 and 0.060 mm d�1.
While modeled adult growth rates are slightly higher than average
experimental rates, differences are not substantial and may be
explained by the fact that field specimens were not grown under
food unlimited conditions (Shaw et al., 2009).

Reproduction
Experimental data on the median inter-brood period (4.5 days)

and mean brood size (109 eggs) of Euphausia pacifica maintained at
10.5 �C under food unlimited conditions (Feinberg et al., 2007) is
similar to modeled results (IBP = 6.5 days, brood size = 130 eggs)
derived under similar conditions (temperature, food conditions,
and organism size (20 mm or �4400 lg C)). These results also are
well within the range of reported values from other studies (Ross
et al., 1982; Pinchuk and Hopcroft, 2006).

Mortality
Krill can adapt to unfavorable conditions through shrinkage in

body weight (Marinovic and Mangel, 1999), and this response
has been integrated into our model. The ratio of respiration to
ingestion provides a baseline upon which to define the food con-
centrations at which respiration costs outpace ingestion (see
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Fig. 8. Average monthly temperature and chlorophyll a vertical profiles from 38.24 N latitude, 123.30 W longitude (location of National Data Buoy Center Station 46013).
Averages taken from data from 2000 to 2008.

Fig. 9. Average growth rates of Euphausia pacifica from the southern onshore
analysis region (see Fig. 2). Data are from model runs with the upper limit of diel
vertical migration set to (a) 0–10 m (surface DVM) and (b) the depth of maximum
chlorophyll a (maximum-food DVM). All individual growth rates from the analysis
region were averaged together for each saved interval (every 5 days) of the IBM.
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Methods). Food concentrations below this level result in negative
growth and the beginning of the starvation process. The point at
which Euphausia pacifica starves has not been empirically
determined. Experimental work has shown negative growth in
juvenile E. pacifica at temperatures higher than 16.5 �C (under food
unlimited conditions, Marinovic and Mangel, 1999), but no infor-
mation is available on the impacts of a lack of food on E. pacifica
adults. Starvation parameters used within the model are derived
from laboratory studies on the Antarctic euphausiid Euphausia
superba. Krill starvation studies on the first feeding stage of E.
superba have found a 44–51% loss in body carbon over 10–14 days
resulted in the organism reaching a mortality threshold, defined as
the point at which an organism cannot recover from starvation
even if food conditions improve (Ross and Quetin, 1989). Another
study on later furcilia stages determined E. superba furcilia IV lar-
vae reach this threshold in 6–9 days and lose approximately 50%
of their body carbon (Meyer and Oettl, 2005). Starvation studies
on decapod zoea larvae determined that a reduction of body car-
bon by as little as 20% can result in half of the experimental larvae
unable to recover, with an average amount of carbon loss in the
25–35% range (Anger and Dawirs, 1981).

We chose a 30% loss in body carbon to represent a starvation
point for our model, as Euphausia pacifica, which lives in a food rich
environment, is likely less resistant to starvation than Euphausia
superba which is adapted to overwinter under food-limited condi-
tions. This number is similar to other crustacean larvae threshold
values of 20–35% of body carbon loss (Anger and Dawirs, 1981,
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1982; Dawirs, 1983). The resultant starvation times of E. pacifica
larvae are generally in line with reported time to starvation of E.
superba larvae. Adult starvation times are likely a bit too long
under colder conditions, but values in the 100–200 day range agree
with reports of E. superba adults surviving for over 200 days with-
out food (Ikeda and Dixon, 1982).

Modeling under variable ocean conditions

Only growth, reproduction, and mortality was examined using
the model integrated with ROMS as all particles were initiated as
adults.

Growth
Growth results from the model integrated with ROMS (i.e.,

realistic ocean conditions) agree with field data (Shaw et al.,
2010, average rate = 0.01 mm d�1), but only in our maximum-food
DVM model runs. Migrating the organisms to the maximum food
levels as opposed to surface waters is consistent with the purpose
of a nighttime ascent to feed in the more productive upper water.
In these cases it also limited exposure to warmer surface waters
(which increase respiratory costs), especially during summer when
offshore surface temperatures can be quite high in comparison
with the coastal upwelling region.
Fig. 10. Average growth rates of Euphausia pacifica from the southern onshore
analysis region (see Fig. 2). Data are from model runs with the upper limit of diel
vertical migration set to (a) 0–10 m (surface DVM) and (b) the depth of maximum
chlorophyll a (maximum-food DVM). Boxplots display median, limits of 25th and
75th percentile, range of data (whiskers) and outliers. All individual growth rates
from the southern onshore analysis region and during displayed 2-month interval
(from all years 2000–2008) were used to create the box-plot.
The average rate of adult growth in our model is very slow
(3.65 mm year�1), considering that the lifespan of these organisms
is likely no more than two years in colder waters (i.e., Oregon
coast) and as short as 8 months in warmer Californian waters
(Brinton, 1976). While average field growth rates agree with our
results, field growth rates have a higher upper range (Shaw et al.,
2010; Smiles and Pearcy, 1971) than realized in our model. We
believe that our phytoplankton results represent the general trends
and magnitude of phytoplankton abundance in the central-
northern California Current and that the parameterization of
bioenergetics is accurate and based on the best available data.
The models potential underestimation of growth provides insight
b

Fig. 11. Average growth rates of Euphausia pacifica in April-May from 2000 to 2008,
with the upper limit of diel vertical migration set to (a) 0–10 m (surface DVM) and
(b) the depth of maximum chlorophyll a (maximum-food DVM). All individual
growth rates from within each ROMS grid cell were averaged from all model runs
during April and May of 2000–2008.
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into other factors that might be influencing higher growth rates in
the field.

In order to simplify our model we have only allowed Euphausia
pacifica to feed on phytoplankton which may have resulted in an
underestimation of their food intake. E. pacifica are omnivorous
and opportunistic feeders and can utilize small zooplankton
(Lasker, 1966; Ohman, 1984), marine snow (Dilling et al., 1998),
and protists (Nakagawa et al., 2004) as food sources. Less is known
of the impact of these other prey items on bioenergetics of E. paci-
fica compared to phytoplankton, although small copepods have
been shown to meet respiratory costs of E. pacifica (Ohman,
1984). As a vertically migrating organism, the E. pacifica population
spends approximately half of its time at depth (>100 m) in
Fig. 12. (a) Average number of eggs released per female Euphausia pacifica. Average is f
interval (every 5 days) of the IBM. (b) Number of eggs released per female Euphausia pa
analysis region (see Fig. 2). Boxplots display median, limits of 25th and 75th percentile,
used to create the boxplots. (c) Total number of reproductive events in April-May from
phytoplankton-devoid waters. This results in a loss of weight due
to respiration costs in our model runs and opportunistic feeding
on available food resources at depth could reduce or eliminate
negative growth rates in the model. Under the assumption that E.
pacifica can meet respiration costs by feeding on non-phytoplank-
ton resources, we ran an additional suite of 60-day model runs
beginning on April 1 for the years 2000–2008 where weight loss
due to low food resources was eliminated. Resultant growth rates
were greater than 0.02 mm d�1 over the continental shelf and
greater than 0.05 mm d�1 in a very narrow region along the shore-
line (Dorman et al., unpublished data). This is an approximate dou-
bling of growth rate, compared with previous runs, and is more
closely in line with field data. Our simplified prey field is instructive
rom all individuals in the southern onshore analysis region (Fig. 2) for each saved
cifica from 2000 to 2008, binned into 2-month intervals from the southern onshore
range of data (whiskers) and outliers. The average calculated for Fig. 12a is the data
2000 to 2008.



Fig. 13. Population gain/loss as a percentage of the population of Euphausia pacifica
from the southern onshore analysis region (see Fig. 2) from model runs with the
upper limit of diel vertical migration set to (a) 0–10 m (surface DVM) and (b) the
depth of maximum chlorophyll a (maximum-food DVM). Population gain/loss was
calculated for the southern onshore analysis region for each saved interval (every
5 days) of the IBM.

Fig. 14. Population gain/loss as a percentage of the population of Euphausia pacifica
from the southern onshore analysis region (see Fig. 2). Data are from model runs
with the upper limit of diel vertical migration set to (a) 0–10 m (surface DVM) and
(b) the depth of maximum chlorophyll a (maximum-food DVM). Boxplots display
median, limits of 25th and 75th percentile, range of data (whiskers) and outliers.
Population gain/loss values measured within each 2-month interval (from all years
2000–2008) were used to create the box-plot.
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as a first cut at modeling this important species, but future model-
ing efforts should consider multiple food resources for E. pacifica.

The results of our model also highlight the importance of cross-
shelf position on population growth. Higher growth rates are
observed year-round over the continental shelf (0.03 mm d�1),
which would allow adults to grow approximately 10 mm year�1
a

b

c

Fig. 15. Particles transported (a) beyond the northern model boundary, (b) beyond
the southern model boundary, and (c) beyond 100 km offshore (westward).
Boxplots display median, limits of 25th and 75th percentile, range of data
(whiskers) and outliers. Number of particles was measured at the end of each 60-
day model run (from all years 2000–2008).
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feeding strictly on phytoplankton (Fig. 11). Vertical migration into
an onshore flowing bottom boundary layer during upwelling
events has been shown to enhance shelf retention among modeled
zooplankton (Batchelder et al., 2002) and field observations of
nearshore spawning events of Euphausia pacifica have also been
linked to onshore flows during upwelling events (Feinberg and
Peterson, 2003). There is also distinct cross-shelf zonation
observed in euphausiid species in the California Current (Brinton,
1962; Dorman et al., 2005; Gómez-Gutiérrez et al., 2005) and hot-
spots of krill (from acoustic data) have been repeatedly observed
along the shelf-break (Santora et al., 2011), perhaps indicating
active population maintenance strategies. While some of our mod-
eled particles remain entrained inshore, many are advected off-
shore over the course of a 60-day model run as well (Fig. 15).
The vertical migratory behavior in our model does not incorporate
any strategies designed to maintain the population onshore in
response to cues from currents or variability in shear that might
aid in retention over the shelf, as our knowledge of any such
behaviors is not known. These results highlight the importance
of maintaining a nearshore position to achieve growth rates in line
with the upper limit of field observations.

Other factors that occur on a smaller spatial scale than our
model can identify have the potential to increase growth rates in
field populations. Turbulence has been shown to increase preda-
tor–prey interaction (Werner et al., 1996) by increasing the
encounter rate of predators with their prey. Prey patches, which
often occur at the sub kilometer scale, have been shown to be criti-
cally important for increasing predator feeding efficiency (Benoit-
Bird et al., 2013). Neither of these processes are represented in
our model and may also be important in growth of the Euphausia
pacifica population in the field.

Reproduction
Reproduction results integrated with the ROMS model exhibit

consistent year-round reproduction throughout the model domain.
Year-round reproduction has been reported off southern (Brinton,
1976) and northern California (Dorman et al., 2005), but in colder
regions of the California Current (Oregon, Washington), seasonal
reproduction occurs synchronized with high primary productivity
(Feinberg and Peterson, 2003). Our IBM allocates energy to repro-
duction whenever growth is positive, thus our model exhibits year-
round reproduction in these regions. More northern populations of
Euphausia pacifica may be exhibiting alternative reproductive
strategies regarding energy allocation during less productive sea-
sons (Hagen, 1999). These types of strategies (e.g., lipid accumula-
tion) are common among krill species in colder regions and will
need to be incorporated into future versions of the model to accu-
rately represent spatial heterogeneity in the population biology of
E. pacifica.

Mortality
Model runs integrated with ROMS resulted in no starvation.

Preliminary model runs of adult krill that were extended from a
60 days run to 180 days resulted in very few instances of starva-
tion. Considering the omnivorous nature of Euphausia pacifica,
these results jibe with our understanding of their population biol-
ogy. Preliminary runs where initial particles were seeded as eggs
resulted in considerable starvation, often greater than 50% of the
population. Larval E. pacifica have much smaller reserve energy
resources and are weak vertical migrators, thus unable to initiate
and maintain contact with high food concentrations. While pre-
liminary, these results indicate a potential source of mortality that
might occur due to event-scale (weekly) poor food conditions in
the California Current.

There is very little knowledge on the physiological response of
Euphausia pacifica to food limited conditions and starvation results
from the model should be considered with a critical eye. Further
experimental work on starvation and feeding under low levels of
food would be very useful for future modeling efforts and in under-
standing ocean conditions that might lead to poor survival of E.
pacifica in the California Current.

Temporal variability

Interannual variability
Our analysis for interannual variability in growth rates of E.

pacifica from 2000 to 2008 showed little year-to-year differences
in growth rate, reproduction, and retention, despite known inter-
annual variation in krill abundance in the central California region
(Sydeman et al., 2006; Lindley et al., 2009). This discrepancy may,
at least in part, be due to comparing different data products: abun-
dance (from field sampling of krill) and growth, reproduction, and
retention (from our model). Our model measurements ultimately
influence the abundance of krill, but over varying integrated
time-periods. Advection would have a short-time scale impact on
abundance, while increased periods of reproduction would take
at least 3–4 months to be measured as changes in adult abundance
in the system. To realize these sorts of results in our model we
would have had to run it in such a way to incorporate ‘‘biological
memory’’ into our simulations. We chose a more simple methodol-
ogy, resetting to initial conditions every 2 months, to allow for
more clear analysis of our results. Future model runs are planned
to explore the importance time-scales of the biological memory
of krill in the California Current ecosystem.

Our decision to migrate organisms to the depth of maximum
chlorophyll a also reduces the variability that is observed due to
upwelling events. A visual comparison of Fig. 9a and b shows much
more year-to-year consistency in growth rates in our maximum-
food DVM model runs. The deep-chlorophyll maximum was pre-
sent year round in our model (Fig. 8) providing a consistent food
resource regardless of food availability in the upper water column.
Neither of our modeled vertical migration schemes is ‘‘correct’’ as
the upper limit of DVM is highly variable in nature, typically result-
ing in a diffuse population in the upper part of the water column.
Prescribing a set depth to the extent of DVM reduces the number of
variables to consider in model analysis, but perhaps influences the
amount of natural variability in natural populations.

It should also be noted that much of the interannual variability
(‘‘good’’ or ‘‘bad’’ years) in krill abundance in the central California
Current, often reflect the state of krill during the upwelling season,
as that is when the majority of the sampling takes place (Dorman
et al., 2005; Sydeman et al., 2006; Santora et al., 2011). Our interest
in krill relates to their impact on predators who may have tempo-
rally small windows (month long) for critical life-stage (often juve-
nile feeding stages) development. Thus a seasonal decline in krill
availability, as was observed in the central California Current in
early 2005 (a ‘‘bad-year’’), can have large impacts (on the annual
scale) on predators (Sydeman et al., 2006; Lindley et al., 2009).
The annual integrated effect of upwelling on primary production
(and presumably krill) over the entire year of 2005 was ultimately
fairly normal (Thomas and Brickley, 2006). The ability to average
an entire years worth of model data may actually smooth over
the variability that is observed in the California Current on a sea-
sonal or shorter-time scale. These results may be a more accurate
representation of the variability in modeled krill on an interannual
basis than temporally-biased field sampling.

Seasonal variability
The most apparent seasonal signal observed is higher variability

in growth rates during the winter months of the maximum-food
DVM model runs (Figs. 9 and 10). As growth is partially dependent
on food resources and the individuals are migrating up to the
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depth of maximum food, the result indicates that some of the most
and least productive conditions are during the winter. Upwelling in
the lower latitudes of the California Current region exhibits a sea-
sonal cycle, but episodic upwelling events occur with some regu-
larity during the ‘‘non-upwelling’’ season (Bograd et al., 2009).
Growth rates during productive periods in winter are likely
enhanced by the cooler temperatures which reduce overall meta-
bolic costs. It has been suggested that favorable winter conditions
in the California Current ‘‘pre-condition’’ the biological system for a
productive spring/summer season (Schroeder et al., 2009, 2013;
Black et al., 2010). These results suggest there is the potential for
prolonged periods of greater growth of E. pacifica during winter.
These conditions would produce larger adults during the spring,
leading to greater reproductive potential, and provide greater food
resources to higher trophic levels during the upwelling season.

There is a surprising lack of a seasonal signal in the particle
retention data. We expected greater loss of particles from our
analysis regions during the traditional upwelling season as surface
waters are transported offshore. The lack of seasonal signal is likely
due to the replacement of particles that are lost offshore during
upwelling by particles from regions to the north or south of our
analysis region. This may be partially an artifact of our model ini-
tial conditions, which spaced our krill particles evenly along the
coastline. Acoustic records show significant alongshore variability
in krill abundance along the coast (Santora et al., 2011) and regions
of high or low abundance adjacent to our analysis regions could
certainly impact local abundance. An analysis of the particle
a

c

Fig. 16. Histograms comparing average growth rate (a and b) and population retention
surface current velocity (b and d; negative is equatorward). Each set of three histograms
25th–75th percentile (middle panel) of growth/retention, and the lower 25th percent
temperature or alongshore current for that group. Average growth rate and population
retention of only those individuals that were initialized in our
analysis region does exhibit a seasonal signal with 0–10% of
particles remaining after 2 months during upwelling season
(March–June) and upwards of 35% of the particles remaining dur-
ing fall/winter months (October–December) (data not shown). It is
unclear whether advective losses of this nature would be detri-
mental to population maintenance. It is assumed that diel vertical
migration aids in shelf retention of zooplankton, or at a minimum,
reduces advective losses from the shelf. As we have only seeded
migratory adult Euphausia pacifica in our model, we would expect
greater advective losses in non-migratory calyptopis and weakly
migratory furcilia life stages.

Event scale variability
Event scale dynamics have been shown to be important in

understanding phytoplankton and zooplankton abundance along
the Northern California coast (Largier et al., 2003). Our data suggest
that while growth can be greatest under more intense upwelling
conditions, these conditions also can lead to a greater loss of parti-
cles (Fig. 16) from the coastal environment. The differences we
observe in the relationship between growth and upwelling proxies
and particle retention and upwelling proxies agrees with the idea
of an optimal amount of upwelling for planktonic organisms
(Cury and Roy, 1989; Botsford et al., 2003; García-Reyes et al.,
2014). Increases in reproduction did not correspond well with
upwelling indicators, likely due to time it takes to convert energy
intake into reproductively mature eggs. An organism might
b

d

(c and d) over 5-day intervals to sea surface temperature (a and c) and alongshore-
show instances of the upper 25th percentile (upper panel) of growth/retention, the
ile (lower panel) of growth/retention. Black vertical lines is the median value of
retention data is from the time-series of Figs. 9 and 13, respectively.
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increase reproductive potential (i.e., convert a lot of energy to eggs)
during upwelling events, but the release of those eggs might be
constrained by timing factors that determine interbrood period
in our model.

Conclusion

Our integrated, coupled ROMS–IBM provides realistic parame-
ters and output for Euphausia pacifica, a key prey species for sea-
birds, marine mammals and predatory fish in the California
Current. Variation in the vertical migration scheme so that particles
migrated to the chlorophyll maximum layer has significant effects
on individual growth rates. Under this scenario, individuals have
positive growth rates throughout the continental shelf and shelf-
break region. Moreover, as particles spent less time in the upper
10 m of the water column, advection out of the model domain
was also reduced (southward during summer and northward dur-
ing winter), resulting in a larger and more stable population.
Modeled individual growth rates are consistently lower than field
measurements, indicating the potential importance of non-
phytoplankton food resources, cross-shelf position, and smaller-
scale processes for the survival and reproduction E. pacifica. Our
model provides a new tool for the ecosystem approach to fisheries
in the California Current and possibly elsewhere in the world where
E. pacifica are key in coastal food webs and predator–prey interac-
tions. Our IBM for E. pacifica could be linked with downscaled global
climate models to understand and provide outlooks for these pop-
ulations under changing climate and oceans.
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Appendix A

Scaling and conversion equations

Temperature scaling of multiple model parameters (P) was
achieved using Q10 values as shown in Eq. (A.1) where
PT = temperature adjusted parameter, T = model temperature, and
TQ10 = the temperature at which the experimental work was con-
ducted to determine model parameters.

PT ¼ PQ
T�TQ10

10

� �
10 ðA:1Þ

Phytoplankton concentration from ROMS is output in units of
lmol Nitrogen l�1 and is converted to units of lg Carbon l�1 for
use in the IBM, and to units of cells ml�1 for use in an experimen-
tally derived ingestion equation (Ohman, 1984). ROMS
phytoplankton output is converted to units of lg carbon with Eq.
(A.2), using the Redfield ratio of carbon to nitrogen (106:16) and
the atomic weight of carbon (�12) to calculate a ratio of 77 lg car-
bon: 1 lmol nitrogen.

106 lmol C
16 lmol N

� �
12 lg N

1 lmol C

� �
� 77 lg C

1 lmol N

� �
ðA:2Þ

Further conversion of phytoplankton to units used in the inges-
tion equation (cells ml�1) was based on the reported ingestion rate
of 22,950 cells euphausiid�1 h�1 (90% of the maximum ingestion
rate) being equal to 290 lg C l�1 (Ohman, 1984).

From these data we can determine the average carbon weight of
each cell of the diatom used in the ingestion study (Thalassiosira
angstii; 661 pg carbon cell�1). Thus, modeled phytoplankton (Pm,
lg l�1) is converted to the prey concentration units of this equation
(cells ml�1) using Eq. (A.3). This estimate of the phytoplankton car-
bon cell�1 is similar to values for diatoms reported by Strathmann
(1967).

Pm
lg C

l

� �
106 pg C
1 lg C

 !
1 l

10 ml

� �
1 cell

661 pg C

� �
¼ cells

ml

� �
ðA:3Þ

Phytoplankton output was further converted to chlorophyll a
for comparison with observational data using the conversion of
1 lg chlorophyll a per 60 lg carbon. There is known variation in
the ratio of chlorophyll a to carbon (Strickland, 1965; Banse,
1977) with factors such as light, nutrient concentration and tem-
perature all influencing the ratio. The ratio of 1:60 that is used falls
within commonly used values for upwelling regions.

To convert model growth rates (lg C d�1) to published growth
rates (mm d�1) we assumed that 40% of dry weight of Euphausia
pacifica is comprised of carbon based on published values between
38.1% and 45.1% (Lasker, 1966; Ross, 1982a; Iguchi and Ikeda,
1999) and used the dry weight to total length relationship pub-
lished by Feinberg et al. (2007).
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