
A
e
u
e

J
a

b

c

a

A
A

K
E
E
I
N
U
C

1

a
i
i
s
p
f
2

h
0

Ecological Modelling 331 (2016) 86–99

Contents lists available at ScienceDirect

Ecological  Modelling

j ourna l h omepa ge: www.elsev ier .com/ locate /eco lmodel

 physically  coupled  end-to-end  model  platform  for  coastal
cosystems:  Simulating  the  effects  of  climate  change  and  changing
pwelling  characteristics  on  the  Northern  California  Current
cosystem

ames  J.  Ruzickaa,∗, Kenneth  H.  Brinkb,  Dian  J.  Giffordc,  Frank  Bahrb

Cooperative Institute for Marine Resources Studies, Oregon State University, Hatfield Marine Science Center, Newport, OR 97365, USA
Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA
Graduate School of Oceanography, University of Rhode Island, Narragansett, RI 02882, USA

 r  t  i  c  l e  i  n  f  o

rticle history:
vailable online 15 February 2016

eywords:
COTRAN
COPATH
ntermediate complexity model
orthern California Current
pwelling
limate change

a  b  s  t  r  a  c  t

We  describe  a spatially  explicit,  intermediate  complexity  end-to-end  model  platform  that  integrates
physical,  trophic,  and  nutrient  cycling  processes.  A two-dimensional  advection  and  mixing  model  drives
nitrate  input  into  the  model  continental  shelf domain,  the  transport  of nutrients  and  plankton  between
sub-regions,  and  the  export  of nutrients  and  plankton  from  the model  domain.  Trophic  relationships  are
defined  by  classical  mass-balanced  food  web  model  techniques  (e.g.,  ECOPATH).  Inclusion  of  nitrate  and
ammonium  nutrient  pools  and  bacterial  recycling  of  detritus  allows  consideration  of  alternate  “new”  vs.
“recycled” production  regimes.  The  model  platform  was  applied  to the  Northern  California  Current  (NCC)
shelf ecosystem.  Seasonal  upwelling  of nutrients  along  the  coast  is  the primary  driver  of NCC  productivity,
however  the  characteristics  of  upwelling  vary  considerably  between  years  and  are  expected  to change
into  the  future  as a  result  of global  climate  change.  The  model  was  run under  alternate  physical  driver
scenarios  to  examine  the  effects  of changing  upwelling  characteristics  on the  production  and  spatial
distribution  of  functional  groups  across  all trophic  levels.  Productivity  on the  shelf  had  a  dome-shaped
relationship  with  upwelling  strength.  As  the  intensity  of  individual  upwelling  events  increased,  produc-
tivity  increased  throughout  the  food  web.  However,  strong  upwelling  had a detrimental  effect  when  the

physical  export  of  plankton  exceeded  the  capacity  of  phytoplankton  to exploit  higher nutrient  supply
rates  and  the  capacity  of  zooplankton  to exploit  higher  phytoplankton  production.  As  the  duration  of
individual  upwelling  events  increased  (an  implication  of some  climate  change  scenarios)  model  simula-
tions  predicted  an  overall  reduction  of  productivity  at all trophic  levels  and  a shift  in the  size composition
of  the  phytoplankton  community,  especially  within  the nearshore  region.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Ocean ecosystems are as much defined by their physical char-
cteristics as they are by their species composition and community
nteractions. A central issue in understanding ecosystem dynam-
cs is the role of the physical context in determining community
tructure, productivity, and response to natural and anthropogenic

erturbations. Model-based comparisons of the dynamics of dif-
erent ocean ecosystems (e.g., Gaichas et al., 2009; Ainsworth et al.,
011; Ruzicka et al., 2013) focus on the role of food web  structure

∗ Corresponding author.
E-mail address: jim.ruzicka@oregonstate.edu (J.J. Ruzicka).

ttp://dx.doi.org/10.1016/j.ecolmodel.2016.01.018
304-3800/© 2016 Elsevier B.V. All rights reserved.
– the network of trophic relationships and energy flow pathways
through pelagic and benthic communities. With the development
of food web  modelling platforms like ECOPATH with ECOSIM (Pauly
et al., 2000; Christensen and Walters, 2004), analyses and sim-
ulations of variable trophic interactions, resource management
actions, and effects of changing community composition have
been standardized. The addition of physical processes to trophic
models increases the level of complexity. For example, ATLANTIS
models (Fulton et al., 2004; Link et al., 2010) link 3-dimensional
physical ocean models, NPZD plankton production models of the

lower food web, and non-linear prey-predator relationships among
higher trophic levels to build complete end-to-end model systems
– describing both the physical transport of nutrients and biomass as
well as the production and transfer of biomass throughout the food

dx.doi.org/10.1016/j.ecolmodel.2016.01.018
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2016.01.018&domain=pdf
mailto:jim.ruzicka@oregonstate.edu
dx.doi.org/10.1016/j.ecolmodel.2016.01.018
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ig. 1. The cumulative upwelling index anomalies off the central Oregon coast be
July–Sept.).

eb, from the input of nutrients, to fisheries production, and finally
o detritus and nutrient recycling. Currently, these highly complex
nd-to-end model systems are used more for exploration of indi-
idual ecosystems than as frameworks for comparative systems
nalysis.

We present the theoretical framework for a spatially explicit,
ntermediate complexity end-to-end ecosystem model platform
hat integrates physical and biological processes. The ultimate goal
f this model framework is to define physical and biological compo-
ents with sufficient generality to allow standardized comparisons
mong diverse ecosystem types (e.g., upwelling, downwelling,
hallow bank, or semi-enclosed sea) but still encompass the essen-
ial physics and trophic structure of each ecosystem. As a test
f model behaviour, we apply this framework to the Northern
alifornia Current (NCC), an eastern boundary current upwelling
cosystem.

The defining chemical, biological and physical features of coastal
pwelling systems are the wind-driven input of nutrient-rich
ub-surface waters into the euphotic zone along the coastline, sea-
onally high rates of primary and secondary productivity, and the
ateral transport of plankton production across the shelf (Huyer,
983; Strub et al., 1987). The characteristics of NCC upwelling –
he seasonality, intensity, and duration of upwelling and relax-
tion events – have varied greatly between years (Bograd et al.,
009; Fig. 1) and are expected to further deviate from current con-
itions with the progress of global climate change (Bakun, 1990).
hanging seasonal and event-scale upwelling characteristics drive
ariability in the productivity, taxonomic composition, and spa-
ial distribution of the phytoplankton community (Wilkerson et al.,
006; Du et al., 2015) with consequences to the greater consumer
ood web it supports (e.g., Fisher and Pearcy, 1988). Here, we use

he integrated physical-biological model platform to simulate NCC
cosystem response, across all trophic levels, to changing physi-
al conditions. In particular, we investigate the effects of alternate
pwelling intensities and event durations.
 1998 and 2013. (A) Daily cumulative anomaly, (B) Cumulative summer anomaly

2. Methods

In the following sections, we  first describe the theoretical frame-
work for the construction of an intermediate complexity, physically
coupled end-to-end (E2E) model built upon traditional ECOPATH
food web models. We then describe an application of this model
platform to the Northern California Current upwelling ecosystem
and use the model to simulate ecosystem response to changing
upwelling conditions: upwelling strength and upwelling event
duration.

2.1. Theoretical framework – generic model structure

2.1.1. Overview
A physically coupled end-to-end (E2E) model describing energy

or biomass transfer through an ecosystem has four essential com-
ponents: (1) a description of the network of trophic interactions
between all living functional groups, (2) defined primary pro-
duction rates, (3) a description of recycling processes and rates,
and (4) a description of the physical environment defining the
transport of material within and across ecosystem boundaries
and conditions controlling physiological rates. Although taxo-
nomic resolution, demographic resolution, and spatial-temporal
resolution vary greatly among models and applications, all E2E
models incorporate these essential components. The E2E frame-
work presented here is applicable to shelf ecosystems, where
the dominant physical fluxes between explicitly defined sub-
regions (Fig. 2) may  be described in 2-dimensions: cross-shelf
advection, horizontal and vertical mixing, and particle sinking.
Because the underlying food web  model is built by averag-

ing trophic interactions over large alongshore distances, we
make the simplifying assumption that the system is reason-
ably 2-dimensional over these alongshore scales (e.g., Lentz,
1987).
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ig. 2. The spatial arrangement of sub-regions for the Northern California Curren
pwelling, vertical mixing fluxes, horizontal mixing fluxes, and phytoplankton sink

.1.2. Food web structure
The end-to-end food web model (defined by matrix Acp, Eq.

4)) describes the transfer of biomass between all producer
p)–consumer (c) pairs, flow of egestion and senescent biomass
o detritus pools, and the recycling of nutrients via bacterial

etabolism of detritus. The underlying network of trophic interac-
ions within the model is constructed using established ECOPATH
echniques. Rates of biomass transfer between all producer and
onsumer groups are inferred from the estimated predation
emands of sequentially lower trophic level consumers upon each
f their prey (Christensen and Walters, 2004):

pc = Dpc · qc (1)

here Qpc = consumption matrix; consumption rate of each con-
umer c upon each producer p, Dpc = diet matrix; the fraction of each
roducer p in the diet of each consumer c, and qc = consumption
ate of consumer c. The consumption rate of each consumer qc is a
unction of its production rate pc, respiration rate in terms of metab-
lized biomass mc, and assimilation efficiency aec (aec = 1 – egested
raction of consumption):

c = pc + mc

aec
. (2)

The production rate of each group pp is calculated within ECO-
ATH from a system of linear equations that define production as
he sum of predation and fishery harvest pressure, net emigration,
enescence (non-predation mortality), and biomass accumulation
ates:

p

(
p

b

)
p

=
∑

c

bc

(
q

b

)
c
Dpc + bp

(
p

b

)
p

(
1 − eep

)
+ imp + bap (3)

here b = biomass, (p/b) = intrinsic production rate, production
ate p = b·(p/b), (q/b) = intrinsic consumption rate, consumption
ate q = b·(q/b),

∑
cbc(q/b)cDpc = predation pressure on pro-

ucer p (includes fishery pressure where b = harvest and
/b = (discard + harvest)/harvest), ee = ecotrophic efficiency (frac-
ion of group production used within the living ecosystem and
ot “lost” to detritus as senescence), im = net emigration into the
odel domain (im = immigration − emigration), ba = biomass accu-
ulation rate.
The ECOPATH expression of the food web as a consumer → pro-

ucer map  of consumption demands Qpc is then re-expressed as
 producer → consumer map  of production fate Acp following the

COTRAN technique of Steele and Ruzicka (2011):

cp = Dpcqc∑
cDpcqc

(4)
led physical-biological model. Arrows indicate advective fluxes driven by coastal
xes.

where Acp = production matrix; fraction of total production of each
producer p consumed by each consumer c. Matrix Acp is expanded
to represent the bioenergetic budget of each consumer by includ-
ing egestion flow to detritus pools and metabolized biomass flow
to nutrient pools added as explicitly defined functional groups.
Nutrients are supplied to the model via external input mediated by
defined physical processes (Eq. (5)) and via nutrient recycling medi-
ated by bacterial metabolism of detritus and, to a lesser extent, by
consumer metabolism. The end-to-end expression of the food web
Acp is donor-driven; nutrient uptake by primary producers drives
ecosystem production.

Direct modifications of E2E matrix Acp may be used to quantify
the consequences of structural energy flow rearrangements – as
from changes to the abundance, physiology, or diet of any sub-set
of functional groups (Ballerini et al., 2014; Treasure et al., 2015).
E2E matrix Acp may  also be used in dynamic simulations, allowing
for compensatory re-adjustments of community composition and
food web structure over time (Steele, 2009):

dqp

dt
= rp

[
tep

(∑
p

Qcp + ip

)
−
∑

c

Qcp + �p + (ba − im)

]
(5)

where qp = consumption rate of group p, rp = intrinsic consump-
tion rate r = (q/b), tep = transfer efficiency of consumption to next
higher trophic level (te = 1 for all groups except benthic detritus),∑

pQcp = total consumption rate by group p, ip = external input rate
of driver group p (NO3

−) to model domain (does not define export,
i.e., ip ≥ 0),

∑
cQcp = total predation rate upon of group p, �p = net

physical transport rate of group p across model domain boundaries
(see Section 2.1.3). The consumption matrix Qcp in Eq. (5) is recal-
culated at each time-step as

Qcp = Fcp · (Acp · qp) (6)

where qp is the consumption rate of group p at time t. F is the func-
tional response between producers and consumers (Steele, 2009;
Steele and Ruzicka, 2011):

Fcp = (1 + mp) · qc

(mp · qc at t=0) + qc
. (7)

Fcp is analogous to a foraging arena model as used within ECOSIM
(Christensen and Walters, 2004), where the ingestion rate of the
predator is a function of predator density rather than of prey den-
sity. The term mp is a functional response modifier corresponding
to the vulnerability term in a foraging arena model. Prey–predator

relationships are linear (Fcp = 1) when mp = 0. When mp = 1, the con-
sumer half-saturation ingestion rate equals the initial conditions
defining the mass-balanced food web, the ECOSIM default con-
dition; and as mp → ∞,  the function begins to approximate the
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Table 1
Model sub-regions and dimensions for the Northern California Current model.

Sub-region Horizontal
dimension

Vertical
dimension

I Inner shelf 0–10 km 0–30 m
II  Mid  shelf surface 10–30 km 0–15 m
J.J. Ruzicka et al. / Ecologic

uadratic form in which ingestion rate will not become satiated
Steele, 2009).

.1.3. Physical structure
The net physical flux of any functional group across model

omain or sub-region boundaries (Fig. 2) may  be treated in the
ame manner as a consumption gain or predation loss term (Eq. (5)).
hysical flux is a function of the volumetric flux rates across sub-
egion boundaries, biomass densities within source sub-regions,
nd volumes of destination sub-regions. For any group p within a
ub-region d:

pd =
∑

s(˚ds · Bps)

Vd
(8)

here �pd = net physical flux of group p into sub-region d (biomass
ensity per unit time), ˚ds = net volume flux rate from sub-region

 to sub-region d (volume per unit time), Bps = biomass density of
roup p in sub-region s (biomass per unit volume), ˚ds·Bps = flux of
iomass p per unit time between sub-regions s and d, Vd = volume of
estination sub-region d. The net volumetric flux rate ˚ds across the

ateral or vertical boundary between sub-regions d and s is the sum
f advective fluxes (ıds), vertical turbulent mixing (ˇds), horizontal
urbulent mixing (�ds), and particle sinking (�ds):

ds = ıds + ˇds + �ds + �ds. (9)

.2. Application to the Northern California Current upwelling
cosystem

.2.1. The Northern California Current food web
The Northern California Current upwelling ecosystem model

overs the region from the southern Oregon border (42.00◦ N)
o Cape Flattery, Washington (48.34◦ N) and cross-shelf from the
oastline to the shelf break (approx. 50 km oceanward). The food
eb model, including nutrient and detritus cycling pathways is
escribed in Ruzicka et al. (2012), and the full parameter set is pro-
ided in the Appendix. The model describes the trophic connections
etween phytoplankton (2 size classes), zooplankton (10 func-
ional groups), gelatinous zooplankton (3 groups), pelagic fishes
nd squids (30 groups), benthic invertebrates (11 groups), demersal
shes (7 groups), seabirds (8 groups), marine mammals (7 groups),
sheries (17 gear groups), eggs (2 pools), detritus (3 pools), and
utrients (3 pools).

Biomass flows to pelagic and benthic detritus pools were defined
eparately for faeces and for senescent biomass, based upon the
eneral size and life-history of individuals within each functional
roup (Appendix Table A8). Non-consumed phytoplankton produc-
ion is the largest contributor to detritus. Phytoplankton mortality
as described by two terms: senescence mortality as defined in

he NCC ECOPATH model (Appendix Table A1) and the cell sink-
ng rate (see Section 2.2.2). Bacterial metabolism of pelagic and
enthic detritus was assumed to be 50% of the detritus production
ate. Unconsumed or un-metabolized pelagic detritus flows to the
enthic detritus pool. Benthic detritus was recycled back into the
cosystem (via bacterial metabolism and consumption by meta-
oans) with a default transfer efficiency of te = 0.75 (Eq. (5), see also
ection 2.3).

All analyses presented in this study used linear prey–predator
elationships for zooplankton and benthic invertebrate consumers
mp = 0, Eq. (7)) and used non-linear relationships for mid- and
pper trophic level consumers analogous to ECOSIM default
onditions (mp = 1). However, nutrient uptake by diatoms and flag-

llates was modelled using Michaelis–Menten uptake functions
nd parameters modified from plankton models developed for the
regon coast (Newberger et al., 2003; Ruzicka et al., 2011). The
hysically coupled end-to-end (E2E) ecosystem model was run
III  Mid  shelf sub-surface 10–30 km 15–140 m
IV  Outer shelf surface 30–50 km 0–15 m
V  Outer shelf sub-surface 30– 50 km 15–250 m

under 432 alternate parameter set combinations. Each parameter
set was evaluated against bi-weekly observations of surface chloro-
phyll and depth-integrated copepod biomass (to 100 m)  along the
central Oregon shelf Newport Hydrographic (NH) Line (44.67◦ N).
Details of NH Line methodology are provided by Peterson and
Miller (1975), Peterson et al. (2002), and Peterson and Keister
(2003). Conversion from chlorophyll to nitrogen biomass was made
using standardized conversion factors: Chl a:N = 2.19 mg  Chl a
mmoles N−1 for diatoms (Dickson and Wheeler, 1995), and Chl
a:N = 0.84 mg  Chl a mmoles N−1 for flagellates (Chan, 1980). Evalu-
ation criteria were qualitative: co-existence of both phytoplankton
functional groups across seasons and over years, appropriate sea-
sonal patterns of phytoplankton group dominance, and error in
modelled phytoplankton and copepod biomass relative to time-
series and cross-shelf distribution observations. One parameter set
was selected for subsequent simulations of ecosystem behaviour
under alternate upwelling conditions (see Appendix and Table
A11).

2.2.2. The Northern California Current physical structure
To account for the physical transport of nutrients, detritus,

planktonic, and semi-planktonic groups, the NCC domain is divided
into five sub-regions (Fig. 2, Table 1): box I – the inner shelf zone of
coastal upwelling, from the coastline oceanward to 10 km;  boxes
II and III – the mid  shelf, 10 to 30 km oceanward; and boxes IV
and V – the outer shelf, 30 km to the shelf break at 50 km.  Sub-
region depths are uniform along their cross-shelf dimensions. The
inner shelf domain extends from the surface to the mean ocean
depth (30 m).  The mean ocean depths across the mid  and outer shelf
sub-regions are 140 m and 240 m,  respectively. The mid  and outer
shelf sub-regions are divided into surface (boxes II and IV) and sub-
surface layers (boxes III and V), defined by an annual mean mixed
layer depth of 15 m.

Our goal was to allow easy assimilation of the vertically
integrated ECOPATH model structure with the spatially defined
physical model. In the present application of the model, boxes I,
II, and IV (Fig. 2) represent full, vertically integrated food webs
of the inner, mid, and outer shelf zones. Each surface box has its
own food web matrix (Acp, Eq. (4)) and includes both pelagic and
benthic components. The productivity of each functional group
within the inner, mid, and outer shelf zones is driven by the rate of
nutrient uptake of phytoplankton in the surface boxes plus physi-
cal import and export of lower trophic groups (nutrients, detritus,
planktonic, and semi-planktonic groups) across sub-region bound-
aries. Sub-surface boxes (III and V) are used to account for the
physical transport of nutrients and passive particles across the shelf
at depth and the loss of sinking phytoplankton from the surface
euphotic zone. There is a limited set of trophic exchanges between
functional groups allowed within sub-surface boxes III and V: the
transfer of phytoplankton to the benthic detritus pool via sink-
ing, the metabolism of detritus by bacteria, and the nitrification
of ammonium. Each sub-surface box has its own food web matrix

(Acp), but most elements defining trophic exchanges have been set
to zero. Phytoplankton that sink or are physically transported into
a sub-surface boxes are moribund; they do not assimilate nutri-
ents unless physically transported back to one of the surface boxes.
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hen a portion of a nutrient pool, or a portion of a detrital or
lanktonic biomass pool is physically transferred from a surface
o a sub-surface box, it becomes temporarily unavailable to the
est of the food web. Nutrients and biomass within sub-surface
oxes become available to the rest of the food web through either of
hree physical processes: upwelling, vertical mixing, or the transfer
f sinking particles to the benthic detritus. The surface and sub-
urface boxes of the mid  (II and III) and outer shelf (IV and V) food
ebs each share common benthic detritus pools. Finally, note that

his model platform does allow for complete separation of pelagic
nd benthic food webs into separate surface and sub-surface boxes
f attention is paid to the vertical distribution and migration of
ndividual functional groups.

Wind-driven upwelling is the dominant physical driver of nutri-
nt input and advection in the NCC. Upwelling transports nutrient
ich sub-surface water to inner shelf box I, making nutrients
vailable for phytoplankton uptake, and drives horizontal Ekman
ransport of nutrients, detritus, planktonic, and semi-planktonic
roups across the shelf. Advective flux (ıds, Eq. (9) is the daily
pwelling index calculated after Schwing et al. (1996):

I =
(

�y

f

)
·
(

1
�water

)
· (86, 400 s d−1) · (100 m of coastline) (10)

here UI = median daily upwelling index (m3 d−1, UI < 0 during
pwelling), �y = north–south wind stress (kg m−1 s−2, �y < 0 when
inds blow to the south), f = Coriolis parameter = 1.025·10−4 s−1 at

4.65◦N, �water = seawater density (1000 kg m−3). Daily UI values
or the central Oregon coast at 45◦ N 125◦ W were obtained from
he Environmental Research Division, NOAA Southwest Fisheries
cience Center (www.pfeg.noaa.gov). The sign of the UI defines the
irection of flow through model sub-regions and the relationships
etween source s and destination d sub-regions at each time step.

Vertical turbulent mixing rates were calculated by closing salin-
ty and temperature property budgets for each model box under the
mposition of wind stress. Monthly rates were calculated using cli-

atological salinity and temperature data from GLOBEC and NH
ine surveys and climatological wind data from the National Data
uoy Center (buoys NDBC 46041, 46029, and 46050) over years
984–2009. Vertical mixing takes the form ˇds = dps·HAd, where
ds is the volumetric flux rate (m3 s−1, Eq. (9)), dds is the turbu-

ent mixing coefficient between sub-regions d and s (m s−1), and
Ad is the boundary area between sub-regions. The biomass flux

nto sub-region d due to turbulent vertical mixing (Eq. (8)) is then
ds·(Bps − Bpd)/Vd, where Bps − Bpd is the difference in the biomass
ensities of group p in sub-regions d and s. Horizontal mixing (�ds,
q. (9)) is negligible compared to horizontal advection and was
gnored. Unidirectional sinking flux rates (�ds, Eq. (9)) for phyto-
lankton were calculated from defined sinking rates (wp, Appendix
able A11) multiplied across the horizontal area of each sub-region:
ds = wp·HAd.

Zooplankton groups with low growth rates may  not be able to
aintain populations upon the shelf under high Ekman transport

ates without the action of retention mechanisms that reduce cross-
helf advection (Steele and Ruzicka, 2011). Potential retention
echanisms include diel and ontogenetic vertical migration that

ecrease the time spent in the surface layer and reduce, or reverse,
ffshore transport. We  simulated the net effect of hypothetical
etention mechanisms by applying a scaling factor to the advec-
ion rate acting upon each functional group (ıds, Eq. (9)). Effective
dvection = ıds·(1 − retention scaling factor), where the retention
caling factor is 0 for fully planktonic groups and 1 for nektonic
r sessile groups. In the general absence of accurate information

n appropriate retention scaling factors among coastal planktonic
roups, we applied a limited set of values to each simulation in this
tudy (Appendix Table A9). Phytoplankton and microzooplankton
ere assumed to be purely planktonic, and the retention scaling
delling 331 (2016) 86–99

factor was  set to 0. Mesozooplankton groups were assumed to be
weakly resistant to advection, and the scaling factor was  set to an
assumed value of 0.25. Larger macrozoplankton were assumed to
resist advection, and the scaling factor was  set to 1.

2.2.3. The Northern California Current initial and ocean boundary
conditions

The ECOPATH parameter set describing the NCC food web
defines the initial biomass of each group within the inner, mid,
and outer shelf zones (Appendix Table A1). Observed nitrate con-
centrations within each sub-region (Table 2) are used to estimate
initial primary production rates (using Michaelis–Menten uptake
kinetics; see Appendix, Eq. (A1)) that are, in turn, used to drive the
model and estimate initial consumption and production rates for
every consumer and detritus group.

External input of oceanic nitrate (ip, Eq. (5)) across the surface
and sub-surface oceanic boundaries drives ecosystem production.
The external input rate is defined by the physical flux rates across
the oceanic boundaries and surface and sub-surface oceanic nitrate
concentrations (Table 2). We  assume that the biomass of each
non-nitrate group is identical on both sides of the model’s oceanic
boundaries. There is no net oceanic input for any non-nitrate group
nor is there dilution due to advection of empty water. This allows
advection of biomass out of the model but prevents undefined
oceanic processes from affecting the model system (e.g., regional
scale transport of large water masses associated with El Niño events
or the Pacific Decadal Oscillation).

2.3. Simulations of alternate upwelling strength and event
duration

We  evaluated the importance of variability in upwelling event
strength and duration on the dynamics of groups across all trophic
levels and within both pelagic and benthic environments. As a
sensitivity analysis, rather than a specific prediction of future con-
ditions, we  drove the model system under a range of upwelling
intensities and event durations. In the first analysis, the effects of
varying upwelling strength were examined by applying scaling fac-
tors (0.25–4×)  to the amplitude of the 2006–2010 daily upwelling
index (UI) time series at 45◦ N 125◦ W (www.pfeg.noaa.gov). Scal-
ing factors were applied only during upwelling events. Relaxation
(non-upwelling) events and event durations were unaltered. This
range of scaling factors spans the 10th to twice the 90th percentile
range of individual upwelling event intensities (5.4–60.2 m3 s−1

(100 m)−1) relative to the mean 1967–2014 upwelling season
(April–Sept.) event intensity (calculated from the mean daily UI
across the duration of individual events).

These scaling factors were also applied to the turbulent vertical
mixing rate, which increases linearly with alongshore wind stress
and the UI. The advective fluxes are much larger than vertical fluxes
due to turbulent mixing, however turbulent mixing contributes to
nutrient and biomass exchange between surface and sub-surface
waters and thus, the vertical distribution of plankton groups. In
the ocean and in the model, changes in vertical distributions and
plankton concentrations affect PAR exposure for phytoplankton
and affect producer–consumer encounter rates within the plank-
ton community. Finally, as rates of detritus recycling via bacterial
metabolism (ammonium production) and, to a lesser degree, via
consumption by benthic metazoans are not well known, upwelling
simulations were repeated across a broad range of potential ben-
thic detritus transfer efficiencies: te = 0.1, 0.25, 0.5, 0.75, and 0.9.

Effects were measured as the final year August biomasses of four
indicator groups: copepods and forage fishes are secondary and
tertiary producers of the pelagic food web, invertebrate epifuana
and semi-demersal fishes (dogfish, Squalus acanthias, Pacific hake,

http://www.pfeg.noaa.gov/
http://www.pfeg.noaa.gov/
http://www.pfeg.noaa.gov/
http://www.pfeg.noaa.gov/
http://www.pfeg.noaa.gov/
http://www.pfeg.noaa.gov/
http://www.pfeg.noaa.gov/
http://www.pfeg.noaa.gov/
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Table  2
Physical model parameters.

Parameter Value Units Source

UI Time series m3 s−1 100 m−1 Coastal Upwelling Index; www.pfeg.noaa.gov
f  1.025·10−4 s−1 Coriolis parameter at 44.65◦N
�y Time series kg m−1 s−2 North-South wind stress; �y = �air · Cd · �vy · ∣W∣
�air 1.220 kg m−3 Air density, (Schwing et al., 1996)
Cd ≥0.0011 Empirical drag coefficient, (Schwing et al., 1996)
�vy Time series m s−1 North-South wind speed
|W|  Time series m s−1 Wind speed
�water 1000 kg m−3 Seawater density
d  1.2–21·10−6 m s−1 Vertical diffusive mixing
b  0 m s−1 Horizontal diffusive mixing, negligible relative to Ekman advection
MLD  15 m Mixed Layer Depth
Io 30–115 W m−2 Light intensity at surface, (Brock, 1981)
kw 0.067 m−1 Light attenuation – seawater, (Newberger et al., 2003)
kp 0.0095 m2 mmol  N−1 Light attenuation – phytoplankton, (Newberger et al., 2003)

ip 20.6 (I) mmol N m−3 Initial NO3
− concentration for each sub-region; values for outer shelf

surface (IV) and sub-surface (V) sub-regions are also used as oceanic6.9  (II)
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erluccius productus,  and sablefish, Anoplopoma fimbria) are sec-
ndary and tertiary producers of the benthic food web.

In the second analysis, ecosystem dynamics across a range
f upwelling event durations were studied by driving the model
nder simulated upwelling time series. The central Oregon coast
I time-series for the 1967–2014 period (April–Sept.) was exam-

ned to determine the duration of individual upwelling events
ithin the recent past and to create simulated upwelling time

eries. An upwelling event was defined as an uninterrupted period
ith a negative median daily UI value, and hence offshore Ekman

ransport of surface water. A relaxation event was  defined as an
ninterrupted period with zero or positive median daily UI, and
nshore Ekman transport of surface water. Between 1967 and
014, the mean duration of summer upwelling events off the cen-
ral Oregon coast was 8.8 d (±11.5 d, 1 std. deviation) and the

ean duration of a relaxation event was 2.7 d (±2.4 d) (Fig. 6).
imulated time series were created by overlaying an oscillating
ycle of alternate upwelling event periods (3, 6, 9, 12, and 15 d)
pon a seasonal upwelling/relaxation cycle (Fig. 7). The positive
nd negative amplitude range of the seasonal cycle was taken
rom the 1967–2014 UI time series, smoothed using a 40-day
unning mean. The daily positive and negative amplitude range
as taken from the seasonally detrended time-series. Simulated

ime series were constructed such that cumulative volume trans-
ort rates from April–Sept. were similar: 7100 m3 s−1 (100 m)−1

ceanward for all upwelling events and 3800 m3 s−1 (100 m)−1

oastward for all downwelling events. Application of defined vol-
metric transport rates and upwelling event duration delimits
he upwelling/downwelling duration ratios. Specifically, the mean
pwelling/downwelling duration ratios (d/d) were 3/3, 6/5, 9/7,
2/9, and 15/12 for the 3, 6, 9, 12, and 15 d event time series, respec-
ively. The model was run for 5 years under the simulated time
eries. Ecosystem response was measured as the biomasses of four
ndicator groups (copepods, forage fishes, invertebrate epifuana,
emi-demersal fishes) averaged over the summer (July–Sept.) of
he final simulation year.

. Results

.1. Phytoplankton and copepod grazer dynamics
From 432 alternate Michaelis–Menten models of phytoplank-
on nutrient uptake and growth, one model set (Appendix Table
11) was selected for use in all subsequent simulations of
boundary conditions. Values are from summer NH Line observations
across central Oregon shelf (see Peterson and Keister, 2003 for NH Line
details)

ecosystem behaviour under alternate upwelling conditions. The
Pearson product-moment correlation between NH Line survey esti-
mates of total phytoplankton biomass and corresponding model
estimates for a given survey date (all seasons of years 1999–2013)
and location (inner, mid, or outer shelf) is r = 0.48 (n = 761, P < 0.01).
The correlation between NH Line estimates of total copepod
biomass and corresponding model estimates (inner and outer shelf
locations only) is r = 0.48 (n = 664, P < 0.01).

Comparisons of summer (July–Sept.) model and NH Line esti-
mates at inner and outer shelf locations are also provided in Table 3
and Fig. 3. In terms of scale, the seasonal mean modelled and NH
Line estimates of phytoplankton biomass are within 60% of each
other. Phytoplankton size-class compositions are also in agreement
over the inner shelf but diverge over the outer shelf, with the model
estimating a higher proportion of smaller phytoplankton. However,
note that the NH Line estimates were made under the assump-
tion that the cellular Chl a content of the different phytoplankton
size classes do not change with time nor with distance from the
coast and the region of active upwelling. The modelled copepod
biomass is consistently higher than estimated from the NH Line
survey with no correction for net-avoidance. The seasonal model-
to-observation comparisons have been restricted to the 2006–2013
period for consistency of the NH Line Chl a size-class sampling
protocol.

3.2. Simulations of alternate upwelling strength

Figs. 4 and 5 show the effect of re-scaling the intensity (ampli-
tude) of upwelling events upon four indicator groups: copepods,
forage fishes, invertebrate epifuana, and semi-demersal fishes. Pro-
duction rates and biomasses show dome-shaped relationships with
upwelling intensity. Increasing upwelling strength leads to greater
production for each of these groups as higher nutrient supply
rates drive higher primary and consumer production that prop-
agates through the food web (the left portion of the biomass vs.
upwelling curves, Figs. 4 and 5). Increasing upwelling strength
begins to have a detrimental effect on production when the phys-
ical export of plankton exceeds the capacity of phytoplankton to
exploit higher nutrient supply rates and the capacity of zooplank-
ton to exploit higher phytoplankton production (the right portion

of the biomass vs. upwelling curves). Over the mid and outer shelf,
net plankton production is supported by both local nutrient uptake
by phytoplankton and by advective inputs of biomass. The optimum
upwelling strength for all groups is, therefore higher with greater
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Table  3
Comparison of the median summer (July–Sept., 1999–2013) NH Line survey and model-derived estimates of phytoplankton and copepod biomasses within the inner shelf
(0–10  km)  and outer shelf (30–50 km)  zones. Ptot = biomass density of pooled phytoplankton size classes, and Ctot = total copepod biomass density (values in parentheses are
the  25th and 75th percentiles of all values pooled across years). Correlation coefficients (r) are given for comparisons between survey estimates and corresponding model
estimates for each survey date and cross-shelf location (across all seasons).

Inner shelf (July–Sept.) outer shelf (July–Sept.) Whole shelf (full year)

NH Line model NH Line model r n

Ptot (mmole N m−3) 2.8 (1.3–5.6) 6.9 (6.1–7.6) 0.6 (0.4–1.4) 2.2 (1.7–3.0) 0.48* 761
Ctot (mmole N m−3) 0.3 (0.2–0.4) 1.6 (1.4–1.8) 0.1 (0.1–0.2) 0.7 (0.6–1.0) 0.48* 664

* P < 0.01.

Fig. 3. Comparison of modelled phytoplankton biomass and estimates derived from NH Line observations. (A) One-year (2008) time series of modelled and NH Line estimates.
Modelled PL (diatoms): yellow curves; modelled PS (flagellates): blue curves; NH Line PL: yellow circles; NH Line PS: red diamonds. The r-values and sample numbers represent
correlations between NH Line estimates of total phytoplankton biomass and corresponding model estimates over years 1999–2013 (all values are significant at P < 0.05). (B)
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ummer (July–Sept.) means of modelled (blue bars) and NH Line-derived total phyt
eans. Numbers above error bars are numbers of observations.

istance from the inner shelf where upwelling brings nutrient rich
ub-surface waters into the euphotic zone (Fig. 4).

Higher rates of detritus and nutrient recycling also lead to
reater production among both pelagic and demersal groups.
nhanced ammonium supply rates drive higher phytoplankton

roduction and higher consumer production among all trophic

evels and at all simulated upwelling strengths (as shown by the
levated curves in Fig. 5). The optimum upwelling strength occurs
t a slightly lower level as recycling is increased. This is likely due
ton biomass (red bars). Error bars represent ±1 standard deviation about observed

to the lower proportion of ammonium production that is exported
from a sub-region at lower upwelling levels (Figs. 6 and 7).

3.3. Simulations of alternate upwelling event duration
When the duration of individual upwelling events was shorter
than the 9-day benchmark, the mean upwelling event duration
from 1967 to 2014, the productivity and biomass of nearly every
group increased. The strongest responses occurred within the inner
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Fig. 4. Effect of re-scaling the amplitude of 2006–2010 upwelling events (relative upwelling strength = re-scaling by factors of 0.25–4×). Relaxation events were unaltered.
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-axis  scales). Solid red line: inner shelf; dashed line: mid  shelf; dotted line: oute
ntensities across all 1967–2014 upwelling seasons (April–Sept.). Light shaded area

helf zone, and the greatest changes occurred when upwelling
vents were shortened to 3 days (Table 4, Figs. 8 and 9). While
he cumulative upwelling and downwelling volume transport rates
ere similar under the alternate event duration regimes, the trans-
ort of plankton biomass across the shelf was reduced during
horter upwelling events. This allowed for the continuity of larger
hytoplankton and zooplankton grazer populations over the inner
nd mid  shelf, which could better exploit enhanced nutrient input
ates during upwelling events before nutrients and plankton were
dvected off the shelf. Longer event durations led to greater trans-
ort of plankton production across the shelf during upwelling
vents and reduced productivity of groups across all trophic lev-
ls within the inner and mid  shelf ecosystems. The outer shelf
cosystem was much less sensitive to changing upwelling dura-
ion than were the inner and mid  shelf ecosystems, except under
hortest (3 d) upwelling event regime when the productivity of
ost groups increased by >10%. Among the higher trophic lev-

ls, most groups responded by roughly similar relative amounts.
enthic groups (benthic invertebrates and demersal fish) were
lightly less sensitive to the more extreme shortening (i.e., 3-day
vents) of upwelling event duration. The strongest higher trophic
evel responses were again evident within the inner shelf region
Fig. 9).

Event duration also affected phytoplankton community com-
osition (Fig. 8). Both diatom and flagellate biomasses were
educed within the inner shelf region under longer event duration
egimes. This may  again be attributed to greater transport of phy-

oplankton across the shelf. However, greater nitrate availability
uring prolonged upwelling events provided diatoms a competi-
ive advantage over flagellates, leading to higher diatom/flagellate
atios within the inner and mid  shelf regions as event durations
s, (B) invertebrate epifuana, (C) forage fish, (D) semi-demersal fish (note different
. Dark shaded area represents the 25th–75th percentile range of upwelling event
sents the 10th–90th percentile range.

increased (Fig. 8C). There was comparatively little change in either
diatom or flagellate biomass within the outer shelf region.

We  tested whether the model-predicted change towards a
higher diatom-to-flagellate community composition under longer
upwelling event conditions was evident within the 1999–2013
NH Line time series. A right-tailed Wilcoxon rank sum test was
used to test the hypothesis that community size-class composition,
the ratios of large to small phytoplankton concentrations (PL/PS)
observed throughout the upwelling season (April–Sept.), did not
differ among years of short and long event durations against the
alternative that large phytoplankton were more abundant dur-
ing years of long upwelling events. Over the 1967–2014 period
(Fig. 6), NH Line observation years 2000, 2007, 2008, and 2009 were
within the lower 25th percentile of mean summer upwelling event
durations (<7.4 d) and years 1999, 2002, and 2006 were within
the upper 75th percentile (>11.0 d). Phytoplankton concentrations
were based directly upon surface chlorophyll measurements and
not converted to nitrogen equivalents. Two distinct periods were
compared preceding and following a change in plankton filtration
protocol; phytoplankton were divided into <10 �m and ≥10 �m
size fractions through 2005 and into <5 �m and ≥5 �m size frac-
tions since 2006 (W.  Peterson, pers. comm.). Over the inner shelf,
the PL/PS ratio was  significantly higher during longer event dura-
tion years (Table 5) in both filtration protocol periods. There was
no significant difference in size composition over the mid  shelf and
outer shelf regions.
4. Discussion

Comparative studies of ecosystem structure and dynamics
using energy or tracer budgets are useful for highlighting the
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Fig. 5. Effects re-scaling the amplitude of 2006–2010 upwelling events under alternate nutrient recycling rate assumptions within the inner shelf. Responses shown are
final-year August biomasses of four indicator groups: (A) copepods, (B) invertebrate epifuana, (C) forage fish, (D) semi-demersal fish (note different y-axis scales). Solid red
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ine:  benthic detritus recycling fraction te = 0.75; dashed line: recycling fraction te
he  25th–75th percentile range of upwelling event intensities across all 1967–2014
ange.

nderlying mechanics that drive and moderate ecosystem variabil-
ty. Food web model-based studies generally focus on the evolution
f trophic relationships over time following the application of an
xternally applied pressure (e.g., fishing), but they do not incor-
orate the physical dynamics of the ecosystem into the inherent
odel structure. Consideration of the physical context of ecosys-

em structure is especially important for studying the role of lower
rophic dynamics on the upper food web and fishery production.

hysical fluxes drive the input of nutrients to the system, the export
f production from the system, and the strength of benthic-pelagic
oupling and nutrient recycling via bioturbation, diagenesis,

Fig. 6. Time series of summer upwelling (black) and relaxatio
dotted lines: recycling fraction te = 0.5, 0.25, and 0.1. Dark shaded area represents
elling seasons (April–Sept.). Light shaded area represents the 10th–90th percentile

nitrification and denitrification (Ruardij and Raaphorst, 1995). The
nutrient recycling rate is a defining feature distinguishing different
ocean ecosystems. If ecosystem response to climatic or to anthro-
pogenic perturbation is a function of the relative importance of
ecologically moderated nutrient recycling vs. the physically moder-
ated external nutrient supply rate, then water residence time-scale
becomes an important descriptor of ecosystem dynamics. For east-
ern boundary current upwelling ecosystems like the Northern

California Current residence times are short, on the order of 10–30 d
(Steele and Ruzicka, 2011), and we expect variable physical flux and
nutrient supply rates to drive high levels or interannual variability.

n (white) event durations off the central Oregon coast.
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Fig. 7. Upwelling driver time series used to simulate effects of alternate upwelling event duration. Blue solid lines represent upwelling events, and red dashed lines represent
downwelling and relaxation events. In the driver time series, upwelling events have a negative sign.

Fig. 8. Effects of alternate upwelling event duration upon August biomasses of two phytoplankton size classes, (A) diatoms and (B) flagellates, and upon (C) the
diatom/flagellate ratio at inner, mid, and outer shelf locations. Solid red line: inner shelf; solid black line: mid  shelf; dotted black line: outer shelf.
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ig. 9. Effects of alternate upwelling event duration upon August biomasses of fou
pifuana, (C) forage fish, (D) semi-demersal fish. Solid red line: inner shelf; solid bla

or large semi-enclosed systems like the North Sea residence times
re long, on the order of 300–500 days (Otto et al., 1990), and we
xpect that recycling may  be more important for defining ecosys-
em dynamics than physical flux rates across ecosystem boundaries
Steele and Ruzicka, 2011).

Physically coupled, end-to-end models are being developed
pecifically to address this issue. However, the incorporation of 3-
imensional physical processes within a trophic model adds a high

evel of complexity to model development and requires greater
omputational effort. This impedes rapid or casual exploratory
nalyses. Our goal was to build an intermediate complexity E2E
odel that integrates two-dimensional physical advection and
ixing processes with a food web model that tracks energy

biomass) flow from nutrient input, to the highest trophic lev-
ls, and back to recycled detritus and nutrients. Construction
f such models may  be greatly advanced by taking advantage
f the large set of ECOPATH models describing trophic network
elationships for diverse ecosystems around the world (www.
copath.org). The physical model is simplified by not attempting
o resolve ephemeral or detailed physical structures such as eddies
r fronts but instead concentrating on major nutrient and biomass
xchanges across lateral and vertical boundaries. Correspondingly,
he model developed here considers large (regional) along-isobath
patial scales in the expectation that averaged over large along-
hore distances, systems are reasonably two-dimensional (e.g.,
entz, 1987). That is, we have assumed that alongshore fluxes into
he model balance alongshore fluxes out of the model.
Application of this model platform to the Northern California
urrent (NCC) allowed us to look at ecosystem sensitivity and
esponse to variability in upwelling characteristics. Upwelling-
upported phytoplankton production over the continental shelf
ator groups at inner, mid, and outer shelf locations: (A) copepods, (B) invertebrate
e: mid  shelf; dotted black line: outer shelf.

is a balance between the nutrient supply rate to surface waters
and Ekman transport of surface waters and plankton biomass
off the shelf. Ecosystem productivity is hypothesized to have
a non-linear, dome-shaped relationship with upwelling inten-
sity (Botsford et al., 2003). Primary and secondary productivity
increases as phytoplankton take advantage of the increasing nutri-
ent supply rate. When Ekman transport rates begin to exceed the
ability of the phytoplankton community to utilize the increased
nutrient supply rate, production rates decline with increasing
upwelling intensity. An example of this dome-shaped relationship
has been observed between upwelling indices and phytoplankton
and euphausiid abundances off northern California (Garcia-Reyes
et al., 2014) and the recruitment of coho salmon to Oregon coastal
rivers (Rupp et al., 2012). This mechanism is different from Cury
and Roy’s (1989) hypothesis for an optimum environmental win-
dow for fish recruitment in Ekman upwelling systems. Cury and
Roy attributed observed trends of reduced fish production under
intense upwelling to the disruptive role of turbulence upon plank-
ton patch formation. Botsford et al. (2003) attribute declining
productivity under intense upwelling to increased loss of plankton
production from the shelf through horizontal advection. However,
both processes may  play a role at the same time.

Our model simulations also showed dome-shaped relationships
between upwelling strength and biomass across all trophic lev-
els. With greater distance from the coast, maximum potential
production rates were realized at greater upwelling intensities
(Fig. 4). The physical export rate of passive particles during a typ-

ical NCC upwelling season can exceed the production rate of the
more slowly growing zooplankton groups, making the populations
unsustainable without the action of behavioural retention mech-
anisms (Steele and Ruzicka, 2011). Diel and ontogenetic vertical

http://www.ecopath.org/
http://www.ecopath.org/
http://www.ecopath.org/
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Table  4
Percent change in simulated summer productivity (July–Sept.) under alternate upwelling event durations relative to a 9-day event benchmark.

3 d 6 d 12 d 15 d

Inner shelf Primary prod: diatoms 23% 6% −7% −13%
Primary prod: flagellates 62% 33% −13% −20%
Mesozooplankton 29% 11% −7% −14%
Macrozooplankton 29% 10% −6% −12%
Euphausiids 31% 12% −7% −13%
Gelatinous zooplankton 28% 9% −6% −12%
Large  jellyfish 26% 7% −3% −8%
Squid 32% 11% −7% −12%
Forage  fish 31% 10% −6% −11%
Piscivorous fish 31% 9% −6% −9%
Benthic invertebrates 29% 10% −6% −11%
Semi-demersal fish 31% 9% −6% −9%
Demersal fish 28% 8% −5% −9%
Seabirds 33% 11% −7% −12%
Mammals 32% 10% −6% −10%
Fisheries (constant effort) 29% 10% −6% −10%

Mid  shelf Primary prod: diatoms 9% −2% −3% −5%
Primary prod: flagellates 28% 18% −5% −6%
Mesozooplankton 24% 7% −5% −8%
Macrozooplankton 22% 6% −3% −6%
Euphausiids 16% 4% −2% −5%
Gelatinous zooplankton 27% 8% −5% −8%
Large jellyfish 32% 8% −5% −9%
Squid  29% 7% −4% −6%
Forage  fish 28% 6% −4% −6%
Piscivorous fish 32% 7% −4% −6%
Benthic invertebrates 23% 6% −3% −6%
Semi-demersal fish 31% 7% −4% −6%
Demersal fish 27% 6% −3% −5%
Seabirds 40% 9% −5% −8%
Mammals 38% 8% −4% −7%
Fisheries (constant effort) 25% 6% −3% −6%

Outer  shelf Primary prod: diatoms 2% −6% 3% 4%
Primary prod: flagellates 15% 6% 0% 3%
Mesozooplankton 16% 1% 0% 1%
Macrozooplankton 14% 1% 0% 1%
Euphausiids 6% −2% 2% 3%
Gelatinous zooplankton 22% 3% −1% −1%
Large  jellyfish 33% 6% −3% −4%
Squid  19% 1% 1% 2%
Forage  fish 19% 1% 0% 1%
Piscivorous fish 26% 5% −1% −1%
Benthic invertebrates 15% 1% 0% 1%
Semi-demersal fish 26% 5% −1% −1%
Demersal fish 23% 5% −1% −1%
Seabirds 29% 2% 0% 1%
Mammals 29% 4% −1% 0%
Fisheries (constant effort) 22% 5% −1% −1%

Table 5
Comparison of phytoplankton community size-class composition along NH Line stations in years of long mean upwelling event duration (1999, 2002, 2006) and years of
short  event duration (2000, 2007, 2008, 2009). Surface phytoplankton concentrations are based upon Chl a (mg Chl a m−3). Large (PL) and small (PS) phytoplankton were
divided  into <10 �m and ≥ 10 �m size fractions (1999–2005) and into <5 �m and ≥5 �m size fractions (2006–2013).

Inner shelf (NH 5) Mid shelf (NH 15) Outer shelf (NH 25)

Year group PL/PS n PL/PS n PL/PS n

1999–2005 Long duration 6.8 (4.9–17.2)a 18 3.6 (0.7–8.3) 15 2.1 (0.6–6.1) 4
(PL Chl a ≥10 �m)  Short duration 2.0 (0.9–6.7) 11 0.2 (0.2–0.7) 7 – 0
2006–2013 Long duration 1.4 (1.0–2.7)a 18 1.0 (0.2–1.3) 12 0.1 (0.1–0.6) 11
(PL Chl a ≥5 �m)  Short duration 0.9 (0.5–1.7) 56 0.8 (0.4–1.0) 39 0.4 (0.1–0.8) 41
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a PL/PS ratio is significantly higher during long upwelling event duration years tha
est.

igration are recognized mechanisms by which zooplankton popu-
ations may  minimize time spent in the surface layer, reducing
r reversing offshore transport (Batchelder et al., 2002; Lamb and

eterson, 2005). Greater zooplankton resistance to advection leads
o greater fish production and fishery yield at a given upwelling
ate and greater potential fish production rates as upwelling inten-
ity increased (Steele and Ruzicka, 2011). Higher rates of detritus
ng short duration years (P < 0.05) as determined by right-tailed Wilcoxon rank sum

and nutrient recycling in the present model simulations also lead
to greater potential production rates, at optimum upwelling inten-
sities, among both pelagic and benthic groups (Fig. 5).
How are local upwelling dynamics expected to change in the
future within the framework of a globally changing climate, and
what will be the consequences to NCC ecosystem productivity and
structure? Bakun (1990) speculated that global warming would
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ead to steeper temperature gradients between the ocean and
he land, leading to greater alongshore wind-stress and increased
pwelling intensity within eastern boundary current ecosystems.
hile model projections of upwelling conditions under future cli-
ate change scenarios have been inconsistent (e.g., Snyder et al.,

003; Wang et al., 2015), a meta-analysis of published wind-trend
tudies (Sydeman et al., 2014) show that seasonal alongshore winds
ave indeed been increasing among the major eastern boundary
urrent upwelling ecosystems (California, Humboldt, Canary, and
enguela Currents) over the past half-century. Based on observed
ind data, the mean seasonal upwelling strength within the NCC
as been gradually increasing. At the northern extent of the NCC,
ff southern Vancouver Island (48.8◦ N), the mean daily upwelling
ate has increased at a rate of ∼ 0.3% per year over the past half-
entury (Foreman et al., 2011). At the southern extent of the NCC,
ff northern California (41.8◦ N), the mean daily upwelling rate has
ncreased at a rate of ∼ 4% per year over the past quarter-century
García-Reyes and Largier, 2010).

Our model simulations then suggest that as seasonal upwelling
ntensifies, we will see increasing NCC ecosystem productivity in
he future. Most individual upwelling events over the 1967–2014
pwelling season (April–Sept.) fall within the portion of the

ntensity vs. productivity curve where stronger upwelling drives
tronger production (Fig. 4). However, the broad distribution of
pwelling event intensities suggest that during the strongest
vents the NCC already realizes the negative effects of lost plankton
roduction via Ekman export. As the proportion of strong upwelling
vents increases beyond current conditions, overall ecosystem pro-
uctivity will decline (Fig. 4). Rupp et al. (2012) report reduced
ecruitment of coho salmon to Oregon coastal rivers in years
hen the mean summer (July–Sept.) upwelling strength exceeds an

ptimum ∼50 m3 s−1 (100 m)−1; for reference, the upper 75th per-
entile of daily July–Sept. 1967–2014 upwelling strengths exceeds
his value at 61 m3 s−1 (100 m)−1.

Besides variability in upwelling intensity, seasonal wind-driven
pwelling is episodic. The alteration of upwelling and relaxation
vents plays an important role in the strength and cross-shelf posi-
ion of phytoplankton blooms (Wilkerson et al., 2006), the retention
f planktonic groups on the shelf, and the recruitment of oceanic
arvae transported back to the coast (Barth et al., 2007). Alteration of
pwelling and relaxation events serves to increase the transit time
f plankton across the shelf, allowing increased time for develop-
ent of phytoplankton blooms and time for grazers to utilize this

esource over the inner shelf (Botsford et al., 2006). Under iden-
ical levels of cumulative upwelling, shorter and more frequent
pwelling events would lead directly to higher primary produc-
ion and higher upper trophic level production over the inner and

id  continental shelf. Our five simulated upwelling time series
ere created such that each had similar cumulative upwelling

ver the April–Sept. season, but the time series with shorter
pwelling event durations had the higher ecosystem production
ates.

The duration of wind-driven summer upwelling events in the
CC occurs on two time scales, 20-day oscillations in the posi-

ion of the jet stream and 2- to 6-day “weather-band” fluctuations
Largier et al., 1993; Bane et al., 2007). Between 1967 and 2014, we
ound that the median upwelling event duration was  9 days and
he median downwelling event duration was 3 days (Fig. 6). Differ-
ntial warming of the Arctic relative to the whole of the northern
emisphere is predicted to lead to slower oscillations in jet stream
osition and prolonged weather conditions (Francis and Vavrus,
012), and this could mean longer duration upwelling and relax-

tion events. Iles et al. (2012) analyzed trends in the event-scale
haracteristics within the California Current. Upwelling events in
he California Current have become stronger, less frequent, and
onger in duration over the past four decades. In the NCC (45◦ N),
delling 331 (2016) 86–99

the mean upwelling event duration has increased by 26% (Iles et al.,
2012).

From our model simulations (Figs. 8 and 9), longer upwelling
events in the future would imply an overall reduction of ecosystem
productivity and a shift towards mid  and outer shelf production, or
a lesser reduction of productivity away from the coast. All trophic
levels would experience these effects. The long period over which
these simulations were run, 5 years, was  sufficient for groups
across all trophic levels to reach new, stable biomasses. All func-
tional groups showed responses upon a similar scale, reflecting
the decline in total production at the base of the food web. There
were some differences among mid  and upper trophic level group
responses. For example, benthic groups supported by the detritus
production (benthic invertebrates and demersal fish) were slightly
less sensitive to the more extreme changes (i.e., 3-day events)
in upwelling event duration. This perhaps reflects the fact that,
in the model, all unconsumed production in the whole ecosys-
tem becomes homogenized into a single benthic detritus pool
that supports the benthic food web, and most fine differentiations
between alternate primary and secondary production pathways are
lost.

There was  also a shift in the composition of the phytoplankton
community towards greater diatom production relative to flagel-
lates, especially inshore (Fig. 8C). This predicted shift was supported
by ocean observations (Section 3.3). We did not investigate the con-
sequences of this, but a shift towards a larger-sized phytoplankton
community would imply a shift towards a larger-sized grazer com-
munity, fewer trophic steps between primary and fish production,
and a more efficient ecosystem. However, we speculate that a less
diverse phytoplankton community could mean a less diverse mix-
ture of fixed essential fatty acids with lower food quality per unit
of biomass (e.g., El-Sabaawi et al., 2009) propagating up the food
web.

5. Conclusion

Our hope is that the intermediate complexity end-to-end model
platform developed here will complement more complex “vir-
tual world” models such as ATLANTIS (Brand et al., 2007; Link
et al., 2010) through their relative ease of use, portability between
systems, and the clarity they provide for revealing the underly-
ing mechanisms of observed dynamics. The use of models simple
enough to allow comparisons among regions but sufficiently real-
istic to allow testing against data, while necessarily limited, allow
ecosystem control concepts to be explored within ecologically
interesting and societally important arenas. Our application to
the Northern California Current allowed us to simulate ecosys-
tem response to upwelling conditions that are expected to change
into the future with the progression of global climate change,
e.g., upwelling strength and the duration of upwelling/relaxation
events. Applications of this model platform are being extended to
comparative studies of the Georges Bank, Gulf of Alaska, and North
Sea ecosystems. With a comparison of these ecosystems under
identical physical frameworks, we hope to evaluate the relative
roles of the physical setting against the trophic network structure
in the dynamics of diverse coastal ecosystems.
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