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We use a series of Monte Carlo experiments to explore simultaneously the sensitivity of the BEST marine
ecosystem model to environmental forcing, initial conditions, and biological parameterizations. Twenty model
output variables were examined for sensitivity. The true sensitivity of biological and environmental parameters
becomes apparent only when each parameter is allowed to vary within its realistic range. Many biological
parameters were important only to their corresponding variable, but several biological parameters, e.g.,
microzooplankton grazing and small phytoplankton doubling rate, were consistently very important to several
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light. Secondary productivity was positively correlated with primary productivity and negatively correlated with
spring bloom timing. Mesozooplankton productivity was not correlated with water temperature, but a shift
towards a system in which smaller zooplankton undertake a greater proportion of the secondary production as
the water temperature increases appears likely. This approach to incorporating environmental variability within
a sensitivity analysis could be extended to any ecosystem model to gain confidence in climate-driven ecosystem

predictions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In an era of unprecedented climate change, understanding and
predicting the effects of climate variability on marine food webs and
marine productivity are of great importance. This is especially true with
respect to potential consequences of climate change on commercially
important fisheries. The use of hydrographic models coupled to
Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) models to de-
scribe and predict future marine ecosystem dynamics is an approach
thatis becoming increasingly widespread. However, biological elements
have inherent variability associated with their behavior and, as such,
there is some degree of uncertainty surrounding each of the biological
model parameters used to describe ecosystem behavior. Any degree of
confidence in marine ecosystem projections requires some measure of
model sensitivity and uncertainty. Sensitivity analysis can additionally
help determine which model parameters are most important in
controlling model output. This can help focus efforts during model
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tuning to hindcast ecosystem behavior, improve predictive models, and
indicate where further efforts from field and laboratory studies would
be most beneficial. In-depth sensitivity analysis should be considered a
prerequisite for any marine ecosystem model prior to coupling with
three-dimensional hydrographic models and higher trophic level
models, which will undoubtedly have their own uncertainties.

It has become common practice to use a Monte Carlo type approach
(Sobol, 1994) to assess the sensitivity of ecosystem models. Such an
approach usually involves an initial first guess for parameter values
along with upper and lower limits to specify the parameters' possible
domains. Parameter inputs are then randomly selected from their
specified domains and used to run the model. Repeating this procedure
multiple times allows the model variance and statistical relationship
between model parameters and model outputs to be determined.
Megrey and Hinckley (2001) used a Monte Carlo approach to assess the
influence of turbulence on feeding of larval fishes. In their analysis,
biological model parameters were ranked in order of importance using
Pearson's R correlations, the premise being the greater the correlation
between a parameter and the output variable the more influence the
parameter has in controlling model behavior (Rose et al., 1991). Yoshie
et al. (2006) used a Monte Carlo approach to perform a sensitivity
analysis on the Nemuro NPZD model, but they ranked parameters in
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order of importance as determined by a normalized sensitivity measure
that was based on the fractional change in an output variable relative to
the fractional change in a given parameter. Verbeeck et al. (2006), who
used a Monte Carlo analysis to determine the sensitivity of a forest
carbon flux model, ranked parameters using a Least Squares Lineariza-
tion (LSL), a multiple regression between the parameters' deviation
from the mean and the model output. The advantage of an LSL approach
is that it splits output uncertainty into its sources, so the relative
contribution of all the parameters to the overall output uncertainty can
be assessed.

The behavior of an NPZD model should ideally be explored for
parameter sets that encompass the true variability of each of the model
parameters. However, the range of possible values for each of the
biological model parameters in an NPZD model varies quite considerably
with some parameters being well constrained while others are poorly
known. Field studies help constrain many of the ecosystem model
parameters within a biologically realistic range, but relating measured
field values to model parameters is not always straightforward. For
example, parameter rates in the model usually represent maxima that are
then ‘limited’ by various factors. By comparison, the observed field values
generally reflect the post-limited rates. Laboratory studies, such as rate
response to temperature or prey fields, are also useful for constraining
parameters and defining functional responses. However, these experi-
ments do not necessarily cover the range of temperatures found in the
study region, and the experimental conditions are often gross simplifi-
cations of reality (for instance, single species cultures and constant light).
Additionally, ecosystem models typically have a few parameters that can
only be represented by an educated ‘best guess’, e.g. ‘undefined
predation’, which is usually treated as a model closure term. This
immeasurable parameter is usually parameterized to provide optimum
model performance. Due to both known and unknown uncertainties,
some model parameters can have a relatively large (>+100% of the mean
value) potential range. This presents a challenge when selecting values
for use in modeling efforts.

The relative influence of biological and physical forcing to ecosystem
model dynamics is of great interest. A full assessment of marine
ecosystem sensitivities would require an in-depth sensitivity analysis of
coupled three-dimensional physical-biological models in which both
biological and physical parameters are varied simultaneously. At
present, such analyses are generally limited by computational con-
straints. However, the inclusion of parameters representative of the
physical environment in a sensitivity analysis of a one-dimensional NPZ
model could potentially provide numerous insights into the relative
importance of biological and physical parameters. Inclusion of such
parameters can also provide insights into the likely ecosystem response
under alternative physical conditions or in regions different from the
one for which the ecosystem model was initially developed.

Here we use a Monte Carlo style analysis to explore the sensitivity of
an NPZD type lower trophic level model developed under the Bering
Ecosystem Study (BEST) program. This model has been designed for
coupling to the Forage-Euphausiid Abundance in Space and Time (FEAST)
higher trophic level model under development through the Bering Sea
Integrated Ecosystem Research Project (BSIERP, http://bsierp.nprb.org).
Using an incomplete factorial design, we explore the relative sensitivity of
model dynamics to uncertainty in biological model parameters, initial
conditions, and environmental forcing. The approach used in our analysis
can be extended to any ecosystem model, and it would provide a measure
of confidence to any prediction of ecosystem response.

2. Methods
2.1. Model description
The South East Bering Sea plankton community can be characterized

by large and small phytoplankton (Olson and Strom, 2002; Sukhanova,
et al., 1999), microzooplankton (Olson and Strom, 2002), large and

small copepods (Coyle et al, 2007; Vidal and Smith, 1986), and
euphausiids (Coyle and Pinchuk, 2002). An NPZD model developed for
the Gulf of Alaska (Hinckley et al., 2009) with a subarctic ecosystem
structure comprising multiple nutrient, phytoplankton, and zooplank-
ton components therefore provided a convenient starting point for the
development of the BEST-NPZD model. To adapt the model to the
Eastern Bering Sea ecosystem, the model was coupled at the ocean
surface to an ice biology module and at the ocean floor to a benthic
biology module. A pelagic jellyfish component was also added, and
some of the formulations were modified to better describe the Bering
Sea ecosystem dynamics. The pertinent changes are outlined in the text
below. A schematic of the BEST-NPZD model is shown in Fig. 1. The full
set of equations is given in Table 1, with sub-equations in Table 2.

2.1.1. Water column components

2.1.1.1. Nutrients and phytoplankton. The BEST-NPZD follows the
temporal change of nitrate, ammonium, and iron throughout the water
column, all of which can impact primary production by the phytoplank-
ton. Silicon is presently not taken into account, as it is thought to be non-
limiting in our region of interest (C. Mordy, Pers. Comm.). Limitation of
nitrate uptake by ammonium follows the Lomas and Glibert (1999)
formulation that prevents the complete limitation of nitrate uptake even
at high ammonium concentrations. Ammonium uptake is constrained to
ensure that Limyos+Limyy, <1 (see Table 2 for details). The model has
two size classes of phytoplankton; ‘large’ are considered to represent the
prevalent bloom forming diatoms >10 pm, and ‘small’ represent a mixed
assemblage of smaller cells. The two phytoplankton size classes can be
differentiated by their maximum growth rates, response to nutrients and
light, and availability to zooplankton grazers. Following Denman et al.
(1998), it is assumed that at any given time phytoplankton growth is
limited only by the most limiting factor (light, nutrients, temperature).
Phytoplankton mortality due to senescence is modeled with a simple
linear rate, and phytoplankton respiration is incorporated following
Arhonditsis and Brett (2005).

2.1.1.2. Microzooplankton. Despite the diversity of microzooplankton in
the Bering Sea ecosystem (Strom and Fredrickson, 2008) BEST-BSIERP
field scientists recommended that the microzooplankton in the model
be represented by a single model component (E. Sherr and D. Stoecker,
Pers. Comm.). This reflects the community's present lack of knowledge
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Fig. 1. Schematic illustration of the structure and direction of material flow in the BEST-
NPZD model. The core pelagic model which has 12 state variables is coupled to an ice
biology model with 3 state variables and to a benthic sub-model with 2 state variables.
Arrows show the direction of material flow.
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Table 1
Model equations for the BEST-NPZD model. For clarity advection and diffusion terms have been omitted. Sub equations are presented in Table 2.
State variable Equation
. ONO; s . . Co . . .
Nitrate (NO3) T —&( PS: Pmaxps- min (Limgneps, Limno,ps, Limgeps + PL Pmaxpy - min (Limyigpepy , Limyo, pr, Limgep,)) + Nitrif
PS- Pmaxps - min (Limygneps, Limnp,ps)
+ PL-Pmaxp; - min (Limygnepy . Limyg,pr )
Ammonium (NH;) BIZHA = ¢ + Respps + Resppy + Respzu + Respzs —Nitrif
¢ + Respz + Respg + Resp; + Respy
+ Reminp + %(Remingu “fno, + Defecg)
z=1
OFe PS: Pmaxps* min (Limjgneps, Limno, ps, Limgeps)
Iron (Fe) ot _§(+ PL~PmaxPL~min(LimLigmpL~Lim;q03pL-LimFEpL)) + Nee(Fe=Feam )
oPS R . . s .
Small phytoplankton (PS) T PS- Pmaxps- (min (Limyjgeps . Limyo, ps, Limpeps) -+ min (Limyigneps, Limyg,ps) )

— GT!IZZMPS — CraZngs — GTGZZLPS — GT(JZEPS — GraZBps N HE; 1

aPL —Respps —Mortps —Sinkps

Large phytoplankton (PL) N

= PL-Pmaxp, - (min (Limpghep,, Limno,pr, Limpept ) ~+ min (Limyigpepy , Limyg,pr) )

—1

—Grazzyp, —Grazzsp, — Grazzp, —Grazep, —Grazgp, -Hy L

2Al —Respp, —Mortp, —Sinkp,

Ice algae (AI) s Growy —Respa; — Grazagzs — Grazagz, — Grazag —Mort —Sinky — Flux
. 0ZM
Microzooplankton (ZM) o = Yam (Grazzyps + Grazzvpr) —Grazzszy —Grazzizy — Grazgzy —Respzy —Predzy
Small copepods (ZS) % = Yzs(Grazzsps + Grazzsp, + Grazzszy) —Grazzizs —Grazezs— Grazjzs —Respzs — Predzs
0ZL

Large copepods (ZL)

Euphausiids (E) O

En = Ya - (Grazzps + Grazzip, + Grazzzv)—Grazzy—Respz —Predz,

i Ye* (Grazgps + Grazep, + Grazezy + Grazezs)—Respg—Moltg—Mortz —Predg

Jellyfish (J) % =y (Grazys + Grazjy, + Grazj;) —Resp;—Pred;

Benthic infauna (B) % = Grazpps + Grazgp, + Grazgp + Grazgpr —Respg —Mortg —Predg —Defecp

Benthic detritus (BD) 63;:) = Defecy + Mortgp + Predpp+(Sinkps(z=h) + Sinkp (z=h) + Sinkp(z=h) + Sinkpr(z=h))-Hz
D —Grazggp —Remingp

Slow sinking detritus (D) F (1=Yzum)- (Grazzyps + Grazzyp) + Mortps + Mortp, + Predzy—Grazpg-H; !, —Reminp—Sinkp

Fast sinking detritus (DF) BBD%F = (1—="z) (Grazzsps + Grazzsp, + Grazzszy) + (1—"vyz) (Grazzps + Grazzp, + Grazzzw)

+ (1—yg) (Grazgps + Grazgp, + Grazezy + Grazgzs) + min(0,1—7))- (Grazjzs + Grazy, + Graz)
+ Predzs + Predz + Predp + Pred,—GrazDFBHZ‘;]—ReminDF—SinkDF

on what size class of microzooplankton eats what size phytoplankton
and the fact that all sizes of mesozooplankton appear to consume both
large and small microzooplankton. This aggregated representation of
microzooplankton in the model means that, in addition to senescence,
there is a large amount of cannibalism occurring within this trophic
level. These losses were represented by a quadratic ‘mortality’ term.
Grazing was formulated following Ryabchenko et al. (1997), which is an
extension of the Holling type Il grazing function to multiple prey
resources. Losses due to temperature-dependent respiration were
incorporated following Arhonditsis and Brett (2005) but were assumed
to be limited at low food concentrations.

2.1.1.3. Mesozooplankton. The BEST-NPZD model tracks the biomass of
small copepods, large copepods, and euphausiids. As with microzoo-
plankton, grazing for each of the mesozooplankton groups follows a
Holling type Ill formulation adapted to multiple prey sources (Ryabchenko
et al,, 1997) and respiration losses were dependent on temperature and
food availability. Small copepods graze on small and large phytoplankton
and microzooplankton. Large copepods graze on small phytoplankton but
have a preference for large phytoplankton and microzooplankton. With
varying preference, euphausiids consume large phytoplankton, micro-
zooplankton, and small copepods. All mesozooplankton groups are
potentially eaten explicitly by jellyfish and implicitly by ‘undefined

predators’. The undefined loss is represented by a quadratic closure term,
and is directed into the fast sinking detritus.

2.1.14. Jellyfish. A ‘jellyfish’ component is included in the BEST-NPZD
model because, at times, jellyfish comprise a substantial portion of
zooplankton biomass on the Bering Sea shelf and can contribute
significantly to grazing of calanoid copepods and euphausiids (Brodeur
et al,, 2002). In the model, jellyfish are parameterized to represent the
hydromedusae Chrysaora melanaster that can constitute 80% of the
overall gelatinous zooplankton biomass in the region (Brodeur et al.,
2002). The jellyfish formulations are detailed in Tables 1 and 2.
Measuring functional responses for jellyfish is difficult and compounded
by problems in determining biomass of individuals, container effects,
and experiment duration. Baseline parameters for the jellyfish equations
(Table 3) were selected to give a summertime biomass and food ration
within the range predicted by Brodeur et al. (2002).

Hansson and Kigrboe (2006) found that jellyfish that have been
allowed to adjust to their food concentrations, as would be the case in
the natural environment, exhibit a saturation feeding response to
increasing prey concentration. As such, in the model, jellyfish ingestion
is represented by a Hollings type III function similar to that used for the
other zooplankton. Copepods and euphausiids constitute 40-85% of the
prey items in the stomachs of individual C. melanaster. Other prey items
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Table 2

Sub-equations for the BEST-NPZD model. Model parameters and their values are defined in Table 3.

Description

Sub-Equations

Photosynthetically available radiation

Phytoplankton doubling rate
Maximum carbon-specific photosynthetic rate
Maximum chl-a specific photosynthetic rate

Light limitation

Nitrate limitation

Ammonium limitation

Iron limitation

Temperature function

Grazing by microzooplankton

Grazing by small copepods

Grazing by large copepods

Grazing by euphausiids

Grazing by jellyfish

Grazing by benthic infauna on pelagic food

Grazing by benthic infauna on benthic detritus

Defecation by benthic infauna
Sinking rate

Phytoplankton respiration
Zooplankton respiration

Benthic infauna respiration
Phytoplankton mortality

Zooplankton mortality

Benthic infauna mortality

Undefined predation on benthic infauna
Detrital remineralization

Nitrification

PAR, = PARjqIo-exp 2 (kv + k)

kep (PS* + PL*)°*%%, (PS* + PL*) > 1
kent, (PS* + PL")<1
Dyatex=Dix(10)?P*"T where X=PSorPL

Pmax, = (2P« — 1) where X=PSorPL
Pmaxyx=ccry* Pmaxy where X=PSorPL

. o PAR,
LiMyigny = tanh( I;(max;l> where X = PSorPL

where  k,, = {

. _ Nos (. . NH B
Limyo,x = kox + NO (1 B o NH4> where X = PSorPL
NHy4 . NHy4
0~ 0 HMnogx + o—— <1
Limny,x = kax + NHy ksz; NHq where X = PSorPL
n . A
1 leNOgX s L”"NO;X + 7k2x ¥ NH, >1
. _ Fe  kpex +2 B
Limpex = b £F 32 where X =PSorPL

T

fry = Quoy— ™" where Y = ZM, 7S, ZL,E, JorB

ezmfovau Y?
Grazyy = ML here Y = PSorPL
razzay kzv + fppszm-PS? + fppizm- PL? frau  where or
e V2
Grazzy = ezs'fvzs ¥ -ZS frzs

kzs + fopszs'PS? + fppizs PL? + fpzmzs-ZM?
where Y=PS, PLor ML

ez fovaY?

Graz, = -ZL-

7 ke + forszPSE + fppiz P2 + fozum ZM? f
where Y =PS, PLor ZM

Grazgy = egfpveY Efir

ke + fopse-PS? + forie P2 + fozue-ZM? + fozse 257
where Y=PS,PL,ZMorZS

prJ.yz '
k] +fpzsj'ZSZ +fPZLJ'ZLZ +pr]~Ez
where Y=ZS,ZLorE

Grazyy =

efy)

1
Grazgy = ep-fip-B-Fy Frc?
fove-Yz=1
where Fy = ——> "~ - Y~
Y omYoos + e fove-Yz=1
F= ) yFy and YisPS,PL,Dor DF

1
Grazgsp = ep frg'B-Fppr ————
BBD 5" fis-B-Fap Fpo + KP

‘BD
fpsg-ﬂgw “fosps*BD
Defecy=dg" Grazggp + dg* Grazgp + dg" Grazgsp + dp* Grazgpps + dp* Grazgpp;
37x
0z
Respx =X by e¥T=T) where X=PSorPL
Respy = Y-bmy-ekty <T_Trefy)

bmyg, Fy>0.01

where Fzp =

Sinkx = (wx) where X = PS, PL, D or DF

bmy = F
. Y
bmyg 001" Fy<0.01

where Fy is the concentration of available food for species Y

and Y = ZM,ZS,ZL,Eor]

Respp=B-bmg" frg+amp*yp' Fp

Morty=my X where X=PSorPL

Predy=py-Y?> where Yis ZM, ZS, ZL, Eor]
Mortg=mg" frz*B

Predg=mg" frg* B?

Reminy=Vyp ek T-X-¢ where X=D, DF or BD
NItrif = Mgy exp K0 (T=Tonin)* - N,

include juvenile pollock, gelatinous zooplankton, and crab larvae
(Brodeur et al., 2002; Trites et al., 1999). To reflect this diet, in the
model jellyfish can feed on an un-modeled food source in addition to the
explicitly represented small- and large-bodied copepods and euphau-
siids. The additional food source is represented simplistically through

the assimilation efficiency parameter (7). Assimilation efficiency
parameters usually vary from O (no material assimilated) to 1 (all
material assimilated). To provide jellyfish with additional prey 7, was
permitted to exceed 1 during the parameter selection process, thus
invoking a carbon supply to the model. Losses from jellyfish due to
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Table 3
BEST-NPZD parameter definitions and modal values. The minimum and maximum of the continuous triangular probability distributions used in Ex. Ill and Ex. IV are also shown. The
minimum and maximum of the parameter distributions in Ex. I and Ex. Il are not shown but were 4 10% and 4- 60% of the mode respectively.

Parameter Description Units Mode Minimum Maximum
PARfrac Fraction of photosynthetically available light - 0.5 0.45 0.55
Ky Seawater light extinction coefficient m~! 0.046 0.046 0.065
Kent Phytoplankton light extinction coefficient m~! 0.0518 0.045 0.08
3 Nitrogen:Carbon ratio mmol N (mg C) ! 0.0126 0.01194 0.02016
Small phytoplankton (PS)

Dips Doubling rate for PS d-! 0.5 0.1 14
Dpps Doubling rate exponent for PS - 0.0275 0.0275 0.0631
Ops Slope of P-I curve for PS mg C (mgchl-a)"'Em~2 5 3.2 9.2
Kreps PS half-saturation constant for iron pmol Fe m~3 0.2 0.1 0.3
kips PS half-saturation constant for NO3 mmol N m~> 2 1.0 20.0
kaps PS half-saturation constant for NH, mmol N m~—3 0.5 0.2 20.0
ktps Temperature coefficient for PS respiration °C 0.03 0.02 0.069
bmps Basal metabolic rate for PS d-! 0.02 0.01 0.16
Trefps Reference temperature for PS respiration °C 10 10 10
Mps Daily linear mortality rate for PS d-! 0.01 0.01 0.1
Wps Sinking rate for PS ms~! 0.1 0.0 0.5
CCrps Carbon:Chlorophyll-a ratio for PS mg C (mg Chl)~! 65 40 100
Large phytoplankton (PL)

Dip, Doubling rate parameter for PL d—! 0.5 0.06 1.0
Dppy Doubling rate exponent for PL - 0.0275 0.0275 0.0631
oy Slope of P-I curve for PL mgC (mgchl-a)"'Em~2 2.0 0.83 44
Krepr PL half-saturation constant for iron umol Fe m~3 1 0.75 1.25
kipr PL half-saturation constant for NO3 mmol N m~—3 1.0 0.5 5.0
kopr PL half-saturation constant for NH, mmol N m—3 0.75 1.0 5.0
ktpp Temperature coefficient for PL respiration °C 0.03 0.02 0.069
Trefp, Reference temperature for PL respiration °C 10 10 10
bmpy. Basal metabolic rate for PL d-! 0.02 0.01 0.16
mpp Daily linear mortality rate for PL d-! 0.01 0.01 0.1
WpL Sinking rate for PL ms! 1 1.0 10.0
ccrpy, Carbon:Chlorophyll-a ratio for PL mgC (mg Chl)~! 25 20 50
Microzooplankton (ZM)

ezm ZM maximum specific ingestion rate mgC (mgC)~'d~! 045 0.1 1.0
Yzm Assimilation efficiency for ZM - 0.7 0.5 1.0
Qiozm Q1o for ZM growth rate - 2 1.1 2.2
Qiozvmr Temperature coefficient for Qomr °C 5 5.0 5.0
ko Half-saturation constant for ZM grazing mgCm~—3 20 5 30
fopszm Feeding preference of ZM for PS - 1 04 1.0
forizm Feeding preference of ZM for PL - 0.2 0.1 1.0
bmzy, Basal metabolic rate for ZM d-! 0.08 0.04 0.16
ktyz Temperature coefficient for ZM respiration °C 0.069 0.02 0.08
Trefzm Reference temperature for ZM respiration °C 8 8 8
Dz Daily nonlinear mortality for ZM d=! 0.005 0.002 0.1
Small copepods (ZS)

ezs 7S maximum specific ingestion rate mgC (mgC)~'d~! 04 0.08 0.7
YVzs Assimilation efficiency for ZS - 0.7 0.5 1.0
Qiozs Qo for ZS growth rate - 1.7 1.1 2.22
Qiozst Temperature coefficient for Q;ozs °C 5 45 5.5
kzs Half-saturation constant for ZS grazing mgCm3 30 12 48
fppszs Feeding preference of ZS for PS - 0.5 0.3 1.0
fopizs Feeding preference of ZS for PL - 1 0.5 1.0
fpzmzs Feeding preference of ZS for ZM - 1 0.5 1.0
bmygs Basal metabolism reference for ZS d—! 0.04 0.002 0.08
ktzs Temperature coefficient for ZS respiration °C 0.05 0.02 0.08
Trefys Reference temperature for ZS respiration °C 15 15 15
Dzs Daily nonlinear mortality for ZS d-! 0.05 0.004 0.0275
Large copepods (ZL)

es ZL maximum specific ingestion rate mgC (mgC)~'d~! 03 0.06 0.5
Yz Assimilation efficiency for ZL - 0.7 0.5 1.0
QiozL Q0 for ZL growth rate - 1.6 1.1 2.2
Qiozt Temperature coefficient for Qo7 °C 5 5.0 5.0
kz Half-saturation constant for ZL grazing mgCm~3 30 20 125
fopszL Feeding preference of ZL for PS - 0.1 0.0 1.0
forz Feeding preference of ZL for PL - 1 0.5 1.0
fozmz Feeding preference of ZL for ZM - 1 0.5 1.0
bmy; Basal metabolism reference for ZL d-! 0.03 0.001 0.06
ktz Temperature coefficient for ZL respiration °C 0.05 0.02 0.08
Trefy Reference temperature for ZL respiration °C 5 5 5

Dz Daily nonlinear mortality for ZL d-! 0.05 0.004 0.0275




G.A. Gibson, Y.H. Spitz / Journal of Marine Systems 88 (2011) 214-231 219
Table 3 (continued)
Parameter Description Units Mode Minimum Maximum
Euphausiids (E)
er E maximum specific ingestion rate mgC(mgC)~1d! 0.3 0.03 0.3
Ve Assimilation efficiency for E - 0.7 0.63 0.77
Qior Qo for E growth rate - 15 1.1 2.2
Qi0er Temperature coefficient for Qo °C 5 4.5 5.5
ke Half-saturation constant for E grazing mgCm~3 20 15 100
fopse Feeding preference of E for PS - 1 0.5 1.0
fore Feeding preference of E for PL - 1 0.5 1.0
fozme Feeding preference of E for ZM - 0.2 0.1 1.0
bmg Basal metabolism reference for E d-! 0.02 0.008 0.05
ktg Temperature coefficient for E respiration °C 0.069 0.02 0.08
Tref Reference temperature for E respiration °C 5 5 5
DE Daily nonlinear mortality for E d-! 0.05 0.004 0.0275
Jellyfish (J)
e J maximum specific ingestion rate mgC (mgC)~'d! 0.069 0.0276 0.1104
v Assimilation efficiency for J - 1 0.8 2.0
Qiore Q1o for J growth rate - 24 2.0 3.0
Qigre Reference temperature for J growth °C 10 10 10
Qo Qo for J resp rate - 2.8 2.0 3.0
Qiorr Reference temperature for J resp °C 10 10 10
k; Half-saturation constant for J grazing mgCm 3 0.01 0.004 0.016
fpzs Feeding preference of J for ZS - 1 03 1.0
fpzy Feeding preference of J for ZL - 1 0.3 1.0
fry Feeding preference of ] for E - 1 0.3 1.0
bmy Basal metabolism reference for J d-! 0.02 0.001 0.08
D Daily nonlinear mortality for J d-! 0.006 0.0024 0.0096
Benthic infauna (BI)
ep BI maximum specific ingestion rate mgC(mgC)~'d! 0.1 0.032 0.128
dp Defecated fraction of live material - 0.3 0.2 0.48
dg Defecated fraction of detrital material - 0.5 0.5 0.80
Q108e Qo for BI growth rate - 1.5 1.0 2.0
Qi08r Q10 for Bl respiration - 15 1.0 2.0
Qi07Be Reference temperature for Bl growth °C 5 5.0 5.0
Qqorsr Reference temperature for Bl respiration °C 5 5.0 5.0
fprss Feeding preference of BI for PS - 0.1 0.3 1.0
fors Feeding preference of BI for PL - 0.1 0.3 1.0
fops Feeding preference of BI for detritus - 1.0 1.0 1.0
bmg Basal metabolism reference for Bl d-! 0.25 0.1 04
amg Active metabolism reference for Bl d-1! 0.0027 0.001 0.00432
L§P Lower threshold for uptake of BD mg C m~ 2 292 116.88 467.2
LpP Lower threshold for pelagic material uptake mg Cm~?2 1 0.9 1.1
KgP Half-saturation constant for BI consuming BD mgCm~2 2000 0.0 3200
KpP Half-saturation constant for BI consuming planktonic material ~ mg C m~?2 10 4 16
mg Daily linear mortality for BI d—! 1E-3 1E—4 2E—-3
Pr Daily nonlinear mortality for BI d-! 1E—-7 9.0E—8 1.1E-7
Detritus (D and DF)
Wps Slow sinking rate for D ms~! 1 1.0 10.0
WpF Fast sinking rate for D ms~! 10 10 40.0
Vop Decomposition rate of D and BD at 0 °C d-! 0.1 0.02 0.08
kvo Temperature coefficient for Vop °c! 0.03 0.0228 0.0912
fro, Fraction lost to nitrite gas - 0.80 0.7 1.0
Nitrification
Nimax Maximum rate of nitrification rate at 0 °C d-! 0.0107 0.004 0.0171
Ir Threshold for light-inhibition of nitrification W m~? 0.0095 0.0038 0.0152
Kk Half-saturation irradiance for nitrification W m~? 4 1.6 6.4
Ktner Effect of temperature above and below Tope °c2 0.002 0.0008 0.0032
Toptner Optimal temperature for nitrification °C 28 28 28
Konit Half-saturation [NH,] required for nitrification mgNm~—3 0.057 0.0228 0.0912
Iron climatology
Feps Inshore surface iron climatology nM 2 1.8 3.2
Femp Inshore deep iron climatology nM 2 1.8 32
Fepnn inshore isobaths transition depth m 200 0 800
Feogs Offshore surface iron climatology nM 0.05 0.02 0.08
Feom Offshore deep iron climatology nM 0.6 0.24 0.96
Feogn offshore isobaths transition depth m 500 0 800
Iron:Carbon ratio nmol Fe (mg C)~! 0.000167 0.0000667 0.0002667
Ice biology
o Maximum growth rate of Al at 0 °C d-! 1.44 0.576 2.304
o Chl-a specific attenuation coefficient for Al W Im?2 0.8 0.32 1.28
B Photosynthetic efficiency of Al W™ 'm™2 0.018 0.0072 0.0288
W NH,4 inhibition of Al uptake of NO3 (mmol N)~'m? 1.46 1.0 3.0

(continued on next page)
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Table 3 (continued)

Parameter Description Units Mode Minimum Maximum
Ice biology

kiar Al half-saturation constant for NOs molNm~3 1 0.4 1.6

koar Al half-saturation constant for NH,4 mol N m~3 4 1.6 6.4

Tar Respiration rate parameter for Al d-! 0.05 0.02 0.08
Rgo Al mortality rate at 0 °C d-! 0.022 0.0088 0.0352
Rg Temperature coefficient °c! 0.03 0.012 0.048
Nnit Nitrification factor for Al d-! 0.0149 0.00596 0.02384
Environment parameters

P, Ice thickness parameter - See method text

Pr Ice timing parameter days See method text

Pr Temperature parameter - See method text

Ps Salinity parameter - See method text

Py Light parameter - See method text

Initial condition parameters

Py Initial nitrate parameter - See method text

Po Initial biomass for phytoplankton variables mgCm~—3 1.0 0.1 20

Zo Initial biomass for zooplankton variables mg Cm~3 0.1 0.001 1.0

respiration were simulated using a modified form of the temperature-
dependent respiration relationship developed by Uye and Shimauchi
(2005) for scyphomedusae species in Tokyo Bay. In the Bering Sea,
jellyfish are a trophic dead end with cannibalism being the only form of
predation (Pauly et al., 2009). To reflect the increased losses to
cannibalism that would occur as jellyfish population size increases, we
represent predation losses with a quadratic closure term.

2.1.1.5. Detritus. Detritus is represented by two state variables: ‘fast
sinking’ and ‘slow sinking’. Unassimilated food and deceased
phytoplankton and microzooplankton become slow sinking detritus,
while deceased mesozooplankton and waste products from meso-
zooplankton become fast sinking detritus. Both detrital components
undergo temperature-dependent re-mineralization to ammonium.

2.1.2. The benthic submodel

Benthic biogeochemical processes are explicitly represented through
inclusion of a benthic submodel that comprises benthic infauna and
benthic detritus. The benthic submodel is a single layer model with no
vertical resolution. The height (h,) of the bottom layer of the water column
is used to determine the fluxes at the interface of the benthic and pelagic
systems. Within the classification scheme for sediment-water exchange
processes by Soetaert et al. (2000), this is considered a level 3 complexity.
There is presently insufficient data to support the implementation of a
more complex representation of the Bering Sea benthos.

Phytoplankton and detritus that sink out of the bottom layer of the
water column can enter the benthic detritus. To represent the loss of bio-
available material at the M2 study site due to processes that are not
explicitly represented in the 1D model, i.e,, burial and transportation off
the shelf (Walsh et al., 1981; Walsh and McRoy, 1986) 20% of the sediment
flux to the benthos is considered biologically unavailable and removed
from the system. An additional 1% of the sediment flux to the benthos is
assumed lost through de-nitrification, a process that is relatively small in
the Bering Sea (D. Schull, Pers. Comm.).

The formulations used to simulate benthic infaunal processes are
simplified versions of those used in the vertically explicit benthic
biological submodel (Ebenhdh et al, 1995) of the European Regional
Seas Ecosystem Model (ERSEM). The benthic infauna component in the
BEST-NPZD model represents the dominant infauna groups in the Bering
Sea that live wholly or partly within the sediment, i.e., bivalves,
amphipods, and polychaetes (Coyle et al, 2007). This component is
considered to consume benthic detritus (detritivore feeding mode) as
well as a portion of detritus and phytoplankton from the bottom-most
layer of the water column (suspension feeding mode). As in the ERSEM
model (Ebenhoh et al., 1995) the infauna are able to exhibit ‘preferences’

for the alternate prey fields (phytoplankton, detritus, benthic detritus),
and uptake is temperature dependent. Defecation is calculated as a
fraction of the uptake of each food source. The assimilation efficiency for
benthic infauna consuming phytoplankton is greater than its assimilation
efficiency when consuming pelagic or benthic detritus. This reflects the
assumption that ‘live’ phytoplankton would have a higher nutritional
content. Benthic infaunal respiration is separated into temperature-
dependent basal respiration and active respiration dependent on the
assimilation fluxes. Mortality of benthic infauna is assumed to be due to
natural senescence (a linear loss term) and to predation by higher trophic
levels (a quadratic closure term). This component is assumed to be sessile
and impervious to the effects of advection, diffusion, or active migration.

2.1.3. Ice submodel

The ice submodel is a simple model, simulating nitrate, ammonium,
and ice algae within the bottom 2 cm of the ice. It is a modification of the
model by Jin et al. (2006). Notable differences are the exclusion of silicate
limitation and the addition of water column mesozooplankton grazing on
the ice algae. This addition reflects observations that in the eastern Bering
Sea, both copepod and euphausiids can exhibit high grazing rates on ice
algae (Campbell et al., 2010; Lessard et al., 2010).

2.1.4. The physical model

The BEST-NPZD model is fully coupled to the Regional Ocean
Modeling System (ROMS). ROMS is a state-of-the-art, free-surface,
hydrostatic, primitive equation ocean circulation model developed at
Rutgers University and UCLA. Details of the ROMS model can be found
in Haidvogel et al. (2008), Moore et al. (2004), and Shchepetkin and
McWilliams (2005). CORE 2 (Large and Yeager, 2009) shortwave
radiation, long-wave radiation, air pressure, air temperature, and
humidity atmospheric products were used to force the coupled ROMS-
NPZD model. However, water column temperature and salinity were
nudged daily towards the climatological values derived for each run of
the Monte Carlo simulation; see below for details. The coupled
biophysical model was implemented in a 1D mode centered on the
Bering Sea M2 mooring site (56.877°N, 164.057°W) in the middle
shelf domain. The model grid has 42 vertical levels, which follow a
stretched vertical coordinate system and has a bottom depth of 67 m.

2.2. Sensitivity analysis

We explored model sensitivity to biological parameter values, initial
conditions, and physical forcing. Four separate Monte Carlo sensitivity
analysis experiments were performed; they differed in the range from
which the biological and environmental parameters were randomly
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selected. A Latin Hypercube Sampling procedure (Megrey and Hinckley,
2001) was implemented to select the parameter values for each
experiment. By dividing parameter space into sections and sampling
from each section with a certain probability, this stratified sampling
method ensured more even coverage of parameter space than pure
random sampling.

2.2.1. Variability in biological parameters

Values for the 135 biological parameters were randomly selected
from continuous triangular probability distributions; no correlations
between parameters were assumed. The modal, or baseline, values
(Table 3) for each parameter were our best estimates for the values
based on literature reviews and on input from the BEST-BSIERP field
scientists. In the first experiment (Ex. I), the upper and lower limits of
the probability distributions were defined as +10% of the baseline
values. In the second experiment (Ex. II), the limits of the biological
parameter ranges were increased to 4 60% of the baseline values. In
the third (Ex. III) and fourth (Ex. IV) experiments, the upper and lower
limits of the parameter distributions were our ‘best guess’ of the
minimum and maximum values guided by BEST-BSIERP field
scientists and literature reviews. For those parameters whose range
was essentially unknown, we assumed it to be +60% of the baseline
value. Note, in the first two experiments (Ex. I and Ex. II), the
probability distributions were always symmetric with the baseline
values corresponding to the median values of the probability
distributions. In the later two experiments (Ex. Ill and Ex. IV), the
parameter probability distributions were not necessarily symmetric.

2.2.2. Variability in physical environment

Model sensitivity to a series of eight environmental parameters
was explored. Five of these parameters were ‘physical’ parameters
developed to explore variability in ice thickness (Pj;) and timing (Py),
water temperature (Pr), salinity (Ps), and shortwave solar radiation
(P). Three ‘initial condition’ parameters were used to explore
variability in initial nitrate (Np), initial phytoplankton (Py), and initial
zooplankton (Zy) concentrations.

2.2.2.1. Ice. The time series of ice thickness for each model iteration
was given by:

hice(ty = Mice(e + £y + e + p,) P (1)

where the time-dependent mean H,-CE([) and standard deviation (0j))
for ice thickness at the M2 site were calculated from the National Snow
and Ice Data Center ice coverage data at the M2 mooring in an unusually
cold year (1999) and an unusually warm year (2004). Following Jin et al.
(2006), ice coverage measurements were converted to an estimate of ice
thickness as:

h. = icecoverage x 1.2. (2)

Py was randomly selected from a triangular distribution with a mode of
0and an upper and lower limit of + 30 days. P, had a minimum of — 0.7,
amaximum of 1.0, and a mode of 0. The — 0.7 lower limit was selected to
prevent the instance of negative ice thickness. For Ex. IV only, the upper
limit was increased to 2.0.

2.2.2.2. Hydrology. Water column temperature and salinity were
nudged with a daily timescale towards randomly generated salinity
and temperature climatologies that were dependent on the environ-
mental parameters Pr and Ps and calculated as follows:

Ton = Ty + OppePr 3)

Sen = §(z,r) + Ogz - Ps. (4)

Mean temperature (T(,) and salinity G(m time and depth
explicit profiles and associated standard deviations (0;, 1)) for the M2
mooring were derived from FOCI (http://www.pmel.noaa.gov/foci/)
mooring and shipboard observations from 1999 and 2004. Pr and Ps
were selected at random from triangular distributions with a mode of
0 and a minimum and maximum of — 0.7 and 1.0 for Ex. I-III, The — 0.7
minimum was selected to be consistent with the parameter range
sampled for Pj,. In Ex. IV the minimum and maximum were set at + 2.0.

2.2.2.3. Light. The shortwave radiative forcing used for each model
iteration was randomly generated as follows:

Ry = R(t) + O - Pry (5)

where the time-dependent mean shortwave radiation Ry and
associated standard deviation Oy were determined from simulated
downward shortwave radiation (CORE 2; Large and Yeager, 2009)
for 1999-2004, and P; was selected at random from a triangular
distribution with a mode of 0 and a minimum and maximum of — 0.7
and 1.0 for Ex. I-II, and + 2.0 for Ex. IV.

2.2.2.4. Initial conditions. The sensitivity of the model to the initial
nitrate profile (No(;)) was determined by specifying the initial nitrate
profile for each model simulation as follows:

Ny = %3(2) + Oy Py (6)

Mean depth dependent initial nitrate iNO,, and standard deviation
(On(z)) were calculated from nitrate profiles taken in the vicinity of the M2
mooring before the onset of a phytoplankton bloom. March is typically the
earliest month that this region is sampled due to seasonal ice cover.
Profiles were considered for analysis if they were taken during March or
April on the Bering Sea shelf in the vicinity of the M2 mooring, specifically,
between 55°N and 58°N, eastward of 168°W, and in total water depths of
50-100 m. Profiles were included in the analysis only if the nitrate
concentration at 10 m was > 60% of the nitrate concentration at 40 m. This
was assumed to indicate that a significant drawdown of nitrate, associated
with the spring phytoplankton bloom, had not yet begun. A total of 139
profiles from five years and three projects (PROBES, 1979, 1980, 1981;
Inner Front Project, 1999; BEST, 2007) met the specified criteria and were
used in the calculation. The initial nitrate parameter Py was selected
randomly from a triangular distribution with a mode of 0 and a minimum
and maximum of — 0.7 and 1.0 for Ex. I-III, and + 2.0 for Ex. IV.

Due to harsh environmental conditions on the Bering Sea shelf in the
winter, plankton sampling at the M2 station has been sparse; thus
winter plankton biomass is poorly known. To explore model sensitivity
to initial plankton conditions, initial phytoplankton concentrations (Py)
were selected at random from distributions with a mode of 1.0 and
limits of 0.1 and 20 mg C m~3, and initial zooplankton concentrations
(Zo) were selected at random from distributions with a mode of 0.1 and
limits of 0.001 and 1 mg C m~>. Initial plankton concentrations were
assumed to be homogeneous throughout the water column.

2.2.3. Number of simulations

The sample size required for each Monte Carlo experiment was
determined by examining the variance in three representative output
variables, mean nitrate [NOs], mean large phytoplankton [PL] and mean
mesozooplankton [ZL]. Between 3000 and 4000 model simulations, the
variance in each of the output variables ceased to show any notable
decline. Therefore, each of the four Monte Carlo experiments (Ex. I-IV)
comprised 3100 iterations of the coupled ROMS-NPZD model.

2.2.4. Parameter ranking

Following the approach by Verbeeck et al. (2006), an LSL multiple
linear regression was performed to determine the regression co-
efficients and rank the parameters in terms of their influence on the
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model output variables. The uncertainties of each parameter were used
as the independent variables for the regression equation, and the model
outputs were the dependent variables. The regression coefficients (w;)
were estimated by minimizing the sum of square errors. These values
were then used to calculate the overall variance (ogy ) in model output
and the sensitivity coefficient (S,,) for each parameter, i.e.,

2 2

wi-0g, . L
S, = -100% where oOf =) w;-0j - (7)
v, 0, i o
i 02 At v

Yy

One of the key goals of the BEST-BSIERP modeling effort is to explore
the linkages among climate, physical oceanography, and lower and
upper trophic levels. We thus chose to explore the sensitivity of a broad
range of model output variables including nutrients, plankton biomass,
primary and secondary productivity, fluxes, and event timings. This
broad look at model output provided a comprehensive picture of likely
ecosystem behavior and flow of material up through the food web in the
event of climate change. The 20 output variables considered were,
annual mean nitrate [NOs],,., phytoplankton [P],, and zooplankton
[Z]we, mean nitrate [NOs];,;, ammonium [NH,],, small phytoplankton
[PS]y, large phytoplankton [PL]y, microzooplankton [ZM]y, small co-
pepods [ZS]y, large copepods [ZL]y, euphausiids [E]y, and jellyfish [J]y
averaged for the upper 40 m between May 1 and September 30, mean
nitrate below 40 m between May 1 and September 30 [NOs],, annual
benthic infaunal biomass [BI] and ice algae biomass [PI], total primary
productivity (NPP) and secondary productivity (NSP) in the upper 40 m,
benthic productivity (NBP), the flux of organic material to the benthos
(SedFlux), and the day that the phytoplankton first bloom (BloomDay),
defined as the first day when total surface chlorophyll exceeds 5 ug 1™
(Whitledge, Pers. Comm.). Parameters were ranked according to the
magnitude of their sensitivity parameter (S,,). Analysis of variance was
performed to determine the percentage of variability in each model
output variable that could be attributed to the top five and top ten
ranked parameters compared with the variability that could be
attributed to the physical and initial condition parameters.

3. Results

The sensitivity of ecosystem dynamics to physical forcing was
dependent on the degree of variability permitted in the physical forcing
relative to the degree of uncertainty in the biological parameters. When
the biological parameters varied only a small amount (+ 10%) from their
baseline values (i.e., close to our initial guess), the physical environment
was important to the ecosystem behavior. All five physical parameters
were ranked within the top ten for at least two output variables (Fig. 2a).
The temperature (Pr) and light (P;) parameters were the most far-
reaching physical parameters, ranking within the top ten for 17 and 14 of
the 20 examined output variables, respectively. Parameters controlling
ice timing (Py) and ice thickness (Py;) also had a broad reach, ranking in
the top ten for at least a third of the output variables with occurrence
scores of 7 and 8, respectively. The salinity parameter was highly ranked
for only two variables, these were [NH4], and BloomDay. As salinity does
not have a direct influence on either of these variables, this is presumably
due to its influence on vertical mixing of the water column. The
ice thickness parameter (Py,) ranked highly for both [PS]y and [PL]y
(Table 4). However, when the two size classes of phytoplankton
were considered collectively and integrated over the water column
([P]we), the temperature parameter (Pr) was the most influential
physical parameter. Conversely, while Py ranked within the top five for
the individual zooplankton variables [ZM]y, [ZS]u, and [E]y, no physical
parameter ranked in the top five for mesozooplankton as a collective
group integrated over the water column ([Z],,). Ice thickness (P;,) and
light (P;) were relatively important to bloom timing (BloomDay), but
only P; ranked highly for net primary productivity (NPP), sediment flux

(SedFlux), and benthic productivity (NBP). No physical parameters were
highly ranked for net secondary productivity (NSP).

In Ex. II, where the relatively small variability in the physical
parameters was maintained while biological parameter uncertainty
was increased to within 4 60% of baseline values, there was a notable
decline in the reach and ranking of the physical parameters (Fig. 2b).
Occurrence scores for Prand Py were reduced to 2 and 1, respectively,
and Py, Py, and Ps had occurrence scores of zero. This indicated that the
ecosystem dynamics was now controlled primarily by the biology
parameters. Implementing our ‘best guess’ to describe the range of
uncertainty in each biological parameter while retaining a relatively
small variation in the physical environment (Ex. Ill) generally gave no
change to the ranking of physical parameters relative to Ex. II;
biological parameter uncertainty continued to dominate ecosystem
dynamics (Fig. 2c and Table 4). The exception was the emergence of
the temperature parameter (Pr) as relatively important to BloomDay.

In Ex. IV, the physical parameters were allowed to vary within
a larger range (0x = 42.0), more representative of environmental
change, while uncertainty in biology parameter values was described
by our ‘best guess’ for each parameter range. This experiment gave a
different, and likely more accurate, picture of the importance of
physical forcing to ecosystem dynamics. Some physical parameters
were found to play a significant role in ecosystem dynamics, ranking
highly for several output variables, despite the increased uncertainty
in many of the biological parameters. For example, the ice timing (Py),
temperature (Pr), and light (P;) parameters had occurrence scores of
5, 6, and 11, respectively (Fig. 2d). Ice thickness (Py,) and salinity (Ps)
parameters have scores of zero, indicating their lesser role in controlling
ecosystem dynamics at the study site.

The relative importance of biological initial conditions to model
output was also dependent on the degree of uncertainty assumed for the
biological parameters. When biological parameters were varied within a
range close to their baseline values (Ex. I), parameters controlling initial
phytoplankton (Pp) and initial nitrate (Py) concentration ranked within
the top ten for twelve of the output variables, while Z, was highly ranked
for only a single output variable (Fig. 2a). A change in biological
parameter uncertainty to +60% (Ex. II) or to our ‘best guess’ (Ex. III)
caused a notable decline in the influence of the initial conditions to overall
ecosystem dynamics (Fig. 2b and c). In Ex. II, neither phytoplankton (Py)
nor zooplankton (Zp) initial conditions were important to system
dynamics, and the initial nitrate parameter (Py) ranked within the top
ten for only six output variables. Similarly, in Ex. III, the occurrence scores
for Zp, Po, and Py were 0, 1, and 5, respectively. In Ex. [V, the minimum and
maximum range for Py was increased to 4-2.0 and this parameter is seen
to have a very broad reach, ranking within the top ten for 19 of the 20
output variables examined (Fig. 2d).

The top five (Top5) ranked parameters for each of the output
variables (Table 4) accounted for between 32 and 89% of the variability
in the output variables (Table 5) when physical variability and biological
uncertainty were small (Ex. I). There was no clear pattern in the
direction of the R? for the top five ranked parameters as the biological
and the physical parameter ranges were varied (Ex. II-IV). In general,
each of the physical parameters accounted for only a small percentage of
the variability in each of the output variables, the R? being <0.01 in most
cases. In Ex. I, temperature (Pr) did account for >5% of the variability in a
number of the output variables, but its explanatory power was reduced
to <1% when the biological parameters were selected from an expanded
range of possibilities (Ex. II-IV). Across experiments, the parameter
controlling initial nitrate concentration (Py) had some of the highest R?
values and, in addition to explaining a large percentage of the variability
in the nutrient variables ([NOs],, [NH4];, [NOs]g, and [NOs],,.), explained
7% of the variability in primary productivity (NPP) in Ex. I and Ex. IV.
Initial plankton biomass (Po+Zp) could explain up to 14% of the
variability in the output variables when biological and physical
parameters were varied only within a narrow range (Ex. I), but their
influence on ecosystem dynamics was reduced once the biological and
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Fig. 2. Number of times a parameter ranked within the top ten for the twenty output variables considered for a) Ex. I, b) Ex. II, ¢) Ex. Il and d) Ex. IV. For clarity, only parameters that
ranked within the top ten for at least two variables in at least one of the experiments are shown. Black bars indicate biological model parameters, white bars indicate environmental
parameters and gray bars indicate initial condition parameters. Parameter definitions and value ranges are presented in Table 3.

physical parameter ranges were expanded (Ex. II-IV). Initial plankton
concentrations had the largest influence on nitrate ([NOs];, [NOs]g,
[NOs],,.) and BloomDay.

Of the 135 biological parameters explored, 71 ranked in the top 10
for at least one of the output variables during one of the experiments.
Often a parameter was important only to its corresponding variable
(Table 4). For example, the grazing rate (e;) and assimilation efficiency
() of jellyfish ranked within the top five only for the output variable
([Jlu). However, there were several biological parameters that were
consistently very important to a number of the output variables across
experiments (Table 4). Microzooplankton grazing rate (ezy,), for

example, was a top five ranked parameter for more than half of the
output variables examined. The biological parameters Y, eg, Yzu, €zv
and kcp,; had the most far-reaching influence when biological parameter
uncertainty was small (Ex. I, Fig. 2a). All these parameters remained
important as parameter uncertainty increased (Ex II), and were joined
by several other biological parameters. Notably, parameters controlling
light availability in the system (PARjqc and k,,), parameters controlling
the growth of small phytoplankton (ccrps, aps and Dips), and the C:N ratio
(&) had an increased role in controlling ecosystem dynamics. Moving
from a fixed range for biological parameter uncertainty to our ‘best
guess’ at the range for each parameter (Ex. Il and Ex. IV) resulted in a
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Table 4

Top five (Top5) ranked parameters for the twenty output variables considered for each of the four sensitivity experiment (Ex.[-V); See method text for description of experiments.
Light gray shading indicated parameters that explained between 10 and 20% of output variance. Dark gray shading indicates parameters that explained >20% of output variance.
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shift in the pattern of important parameters. ez, Qps, and Dips remained
important biological parameters, but previously unimportant mps, €z,
ezs, bmps, Dipy, k1ps, and kyps had relatively high occurrence scores, while
k,, and fpar were no longer important (Fig. 2¢,d).

The range of simulated spring bloom timing (BloomDay) agrees well
with the observed March-June timing of the spring bloom on the
southern Bering Sea shelf (Fig. 3). In Ex. I, when biological parameter
uncertainty was assumed small (£ 10% of the baseline), BloomDay had a
median of 109 (April 19) and a lower and upper fence of 100-119 (April
10-29). The median BloomDay was not affected by increasing the limits
of the parameter ranges to 460% (Ex. II), but there was an increased
variability in timing. While the middle 50% of the estimates fall between
days 94-122 (April 4-May 2) the lower and upper fence extend to 52
(Feb 21) and 164 (June 13) respectively. Adjusting the biological
parameter ranges to our ‘best guess’ for each model parameter (Ex. III)
resulted in a delay of almost 3 weeks in the median BloomDay (May 8)
with an inter-quartile range of 116-143 (April 26-May 23). Very similar
results were observed for EX. IV, indicating that the additional variability
in the environmental variables did not create significant additional
variability in bloom timing. BloomDay decreases (earlier bloom) with an
increase in the light and temperature (Fig. 4a and b) and with a decrease
in the ice thickness (Fig. 4c and d). The relationship between BloomDay
and the ice timing parameter Py is less straightforward, reflecting the
complex climatological ice coverage at the M2 mooring site with

intermittent periods of ice coverage and open water throughout the
winter and spring. As Py increased from —30 to +30days, the
BloomDay transitioned from very early to late to average. These trends
were apparent in both Ex. I and Ex. IV.

The model's ability to simulate net primary productivity accurately
(Fig. 5) varied with biological parameter uncertainty. Simulated net
primary productivity (NPP) in Ex. I. had a median of 145.7gCm~2y~!
with a lower and upper fence of 96.3-211.6 g Cm ™~ 2y~ ! which agrees
very well with the observed range of primary productivity on the Bering
Sea shelf (145.7 +81.8 g Cm~ 2y~ '; Rho and Whitledge, 2007). Increas-
ing biological uncertainty to 4+ 60% of baseline values (Ex. II) reduced the
median simulated productivity slightly to 139.9gCm~2y~! but
increased the variability. The lower and upper fence (9.7 and
3054 gCm~ 2y~ !, respectively) were outside the bounds of observa-
tions, but the inter-quartile range (104.8-1852gCm~ 2y~ ') was well
within the observed range. Expanding the biological parameter range to
our ‘best guess’ (Ex. Ill and Ex. IV) resulted in median productivities of 58.4
and56.2 g Cm~ 2y~ ! respectively. In these experiments the upper fence
for NPP was 132.6 and 142.7 respectively, which is below the observed
mean. This indicates that many of the parameter combinations used in
these experiments are likely invalid for the Bering Sea ecosystem. The
scatter plots in Fig. 6 show that in the case on small biological and physical
uncertainty (EX. I) and with our ‘best guess’ for the parameter ranges
(Ex. IV) NPP was not strongly correlated with the temperature parameter
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R? values to indicate the variability in the twenty output diagnostics that can be accounted for by variability in the top five ranked parameters (Top5, see Table 4), the environmental
parameters for temperature (Pr), ice thickness (Pj,) and light (P;) and the initial condition parameters for nitrate (Py) and plankton (Py + Zp) for each of the four sensitivity experiment

(Ex. I-IV). See method text for description of experiments. R? values exceeding 0.05 are shaded gray.

[NO3]w [P] [Z] BloomDay
'c wc ‘wc
I I 11 I\Y I il 11 v [ Il 11 v I Il 11 v
Top5 0.55 0.49 0.57 0.63 0.51 0.48 047 0.45 0.54 0.61 0.45 0.42 0.33 0.31 0.41 0.44
Py 0.04 <0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 <0.01  <0.01 0.02 0.09
Py, 0.07 <0.01  <0.01 0.03 0.07 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.03  <0.01 <0.01 0.01
P, 0.03 0.01  <0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.01 0.03 0.01 <0.01 0.02
Py 0.25 0.04 0.08 0.29 0.01 0.01 <0.01 0.03 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01
Py+Z, 0.08 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.14 <0.01 <0.01 <0.01
SedFlux NPP NSP NBP
[ 1 11 I\ | 1 11 v [ 1l 11 v I 11 111 v
Top5 0.49 0.51 0.47 0.42 0.43 0.57 0.49 0.46 0.58 0.37 0.38 0.35 0.48 0.34 0.17 0.17
P; 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01 0.01 0.01 0.02  <0.01 <0.01  <0.01
Py, 0.01 <0.01 <0.01 <0.01 0.04 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 0.04 <0.01 <0.01  <0.01
P, 0.07 <0.01  <0.01 0.03 0.04 <0.01 <0.01 0.02 0.01 <0.01 <0.01 0.02 0.03  <0.01 <0.01 <0.01
Py 0.08 0.01  <0.01 0.08 0.07 0.02 0.02 0.07 0.01 0.01 0.01 0.03 0.01  <0.01 <0.01 0.01
Py+Z, <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02  <0.01 <0.01 <0.01
[BI] [PI] [Ps], [PL],
[ 1 1 \Y [ 1 11 v [ Il 11 v I 11 11 v
Top5 0.36 0.32 0.32 0.27 0.36 0.68 0.66 0.38 047 0.42 0.46 0.44 0.41 0.41 0.40 0.38
Py 0.05 <0.01 <0.01 <0.01 0.04 0.01 0.01 0.01 004 <001 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
Py, 0.08 <0.01 <0.01 <0.01 0.01 <0.01 0.01  <0.01 012 <0.01 <0.01 <0.01 0.19 <0.01 <0.01 <0.01
P, 0.04 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 0.01
Py 0.01 <0.01 <0.01 0.02 0.18 0.03 0.02 0.01 0.01 0.01 0.01 0.03 0.04 0.01 <0.01 0.01
Py+Z, 0.06 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 0.03  <0.01 <0.01 <0.01
[2m], (251, [2L], [E],
I 11 111 1\% I 11 11 v 1 11 11 v 1 11 11 v
Top5 0.32 0.43 0.45 041 0.55 0.69 0.57 0.55 0.52 0.66 0.51 0.48 0.62 0.59 0.50 0.41
P; 0.07 <0.01 <0.01 <0.01 0.07 <0.01 <0.01 <0.01 006 <0.01 <0.01 <0.01 0.08 <0.01 <0.01 <0.01
Py, <0.01 <0.01 0.01 <0.01 0.02 <0.01 <0.01 <0.01 002 <0.01 <0.01 <0.01 0.01  <0.01 <0.01 0.01
P, 0.01 <0.01  <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01  <0.01 0.01 <0.01  <0.01 <0.01 0.01
Py 0.11 <0.01 <0.01 0.01 0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 0.02 0.01  <0.01 <0.01 0.01
Py+Z, <0.01 <0.01  <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01  <0.01 0.01 0.02
U, (NO,, (NH,J, (N, ,
[ I 11 v [ I 11 v [ Il 11 v I 1l 11 v
Top5 0.89 0.60 0.63 0.58 0.59 0.50 0.56 0.59 0.52 0.41 0.30 0.30 0.52 0.45 0.49 0.62
Py 0.24 0.01 0.01 0.03 0.03 <0.01 <0.01 0.01 0.12 0.01  <0.01 0.02 0.04 <0.01 <0.01 <0.01
Py <0.01 <0.01  <0.01 <0.01 0.04 0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.08 <0.01 0.01 0.04
P, <0.01 <0.01 <0.01 <0.01 0.04 <0.01 <0.01 0.02 0.01 <0.01 <0.01 <0.01 0.02 0.01 <0.01 0.02
Py <0.01 <0.01 <0.01 <0.01 0.27 0.04 0.04 0.18 0.20 0.02 0.01 0.08 0.23 0.04 0.13 0.38
Py+Z, <0.01 <0.01 0.01 0.01 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.09 <0.01 <0.01 <0.01

(Pr) but was positively correlated with the initial nitrate parameter (Py).
NPP was also positively correlated with the light parameter (P, not
shown).

In general, secondary productivity (NSP) was strongly positively
correlated with primary productivity (NPP) and negatively correlated
with BloomDay (Fig. 7); however, there is a decline in NSPin the event of
a very early bloom. Considered collectively, mesozooplankton (small
and large copepods + euphausiids) productivity was not correlated to
Py, but the distribution of the secondary production between the
zooplankton components did vary with Pr. The relative fraction of
secondary production undertaken by the small zooplankton size classes
(microzooplankton + small copepods) increases with Pr, while the
relative fraction undertaken by large zooplankton (large copepods
+ euphausiids) shows a corresponding decrease (Fig. 8). This relation-
ship held true whether parameter values were varied by only a small
amount (Ex.I) or within the full range of likely values (Ex.IV).In Ex.[,an
increasing Pr also gave rise to an increase in the contribution of the
pelagic mesozooplankton (small and large copepods and euphausiids)
to secondary production relative to the benthic infauna (Fig. 9a),

indicating a shift towards a more pelagic food web as temperature
increase. No such relationship was observed in Ex. IV (Fig. 9b).

Both mesozooplankton productivity and biomass were dependent
on the grazing rates of several of the zooplankton groups in the model
(Table 4). Mesozooplankton biomass and productivity increased with
grazing rates ez and e and decreased with increasing ezy,. However,
an increase in ezs caused a decrease in the mesozooplankton biomass
but an increase in the mesozooplankton productivity; this highlights
the non-linear complexities that arise from the linkage of multiple
trophic levels.

The LSL method in combination with Monte Carlo analysis allows
us to determine uncertainty in the BEST-NPZD model outputs as a
function of uncertainty in the parameter values. Uncertainty in
mesozooplankton biomass estimates varies throughout the year
(Fig. 10) and is generally much smaller (0=1.03-6.47 mg Cm™>)
when parameter uncertainty is small and constant (Ex. I) compared to our
‘best guess’ (Ex. IV, 0 =1.19-13.73 mg C m~>). In Ex. I the uncertainty in
biomass estimates was at a maximum during November and December
when the standard deviation exceeded 100% of the mean and was at a
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Fig. 3. Simulated variability in BloomDay, the first day of the spring phytoplankton
bloom for Ex. I-IV. See method text for description of experiments. The gray shaded
area shows the bounds of the observed spring bloom timing (Stabeno et al., 2001). On
each box, the central mark is the median, the edges of the box are the 25th and 75th
percentiles, the whiskers extend to the most extreme datum still within 1.5 IQR of the
lower and upper quartiles. Suspected outliers are plotted individually (+).

minimum from mid April through September when the standard
deviation was less than 20% of the mean. Using the ‘best guess’ at the
parameter range, the standard deviation in estimated mesozooplankton
biomass was never less than 46% of the mean mesozooplankton biomass
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Fig. 5. Simulated total annual primary production (NPP) in g C m~ 2y~ ! for each of the
four sensitivity experiments, Ex. I-IV. See method text for description of experiments.
The observed mean (thick black line) and 95% confidence interval (upper and lower
bounds of the gray shaded area) for primary production on the Bering Sea shelf (Rho
and Whitledge, 2007) are also shown. On each box, the central mark is the median, the
edges of the box are the 25th and 75th percentiles, the whiskers extend to the most
extreme datum still within 1.5 - IQR of the lower and upper quartiles. Suspected outliers
are plotted individually (+).

estimate but was highest during the spring peak biomass in May and
around a secondary biomass peak October to November. The onset of an
increase in mesozooplankton biomass in the spring was delayed in Ex. [V

b
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Fig. 4. Scatter plots showing the relationship of BloomDay to the temperature (Pr) and light (P;) parameters for a) Ex. I and b) Ex. IV and the relationship of BloomDay (year days) to

the ice thickness (Py,) and ice timing (Py) parameters for c¢) Ex. I and d) Ex. IV.
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Fig. 6. Scatter plots showing the relationship of net primary production (NPP,gCm~2y~ 1)

to the temperature (Pr) and initial nitrate (Py) parameters for a) Ex. I and b) Ex. IV. See
method text for description of experiments.

relative to Ex. I, but the peak biomass of the two experiments coincided in
mid-May. Both time series show a decline in biomass following the spring
peak that continues through the summer until a second smaller peak at
the end of September. With the exception of mid-February to mid-March,
when simulated biomass in Ex. IV was significantly less than that
simulated in Ex. I, the two time series overlap.

4. Discussion

Sensitivity analysis is a valuable tool for understanding the
dynamics of complex ecosystem models. Here we used a Monte Carlo
style sensitivity analysis to explore simultaneously the sensitivity of the
BEST-NPZD lower trophic level ecosystem model outputs to biological
model parameters, environmental forcing, and initial conditions. An
exploration of the sensitivity of ecosystem model predictions to only the
biological model parameters can be very insightful. However, the
addition of parameters representing environmental variability, as done
here, results in a more complete analysis, providing a measure of the
relative importance of biological parameter uncertainty and environ-
mental variability in ecosystem dynamics. This approach has the
potential to allow extrapolation of model output to alternate environ-
ments and provide insights into likely ecosystem responses that would
result from climatic shifts.

Caution should be taken when assessing model parameter sensitiv-
ity and impact on the ecosystem response. A typical approach to
exploring sensitivity of an ecosystem model has been to vary all model
parameters by a fixed percentage from the baseline value (Frost, 1993;
Yoshie et al., 2006). Here we have shown that such an approach may not
cover the full range of response of the model and may not reveal the true
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Fig. 7. Relationship between mesozooplankton production (mgC m~2 y—!) and
BloomDay (black data points) and NPP (gray data points) for a) Ex. I and b) Ex. IV. See
method text for description of experiments.

robustness of the model to parameter variation. This becomes apparent
only when each parameter is allowed to vary within a more realistic,
parameter specific, range. For example, in the BEST-NPZD model,
parameters determining the fraction of light that is photosynthetically
available ( PARc), the seawater light extinction coefficient (k,,), and the
Carbon:Chlorophyll-a ratio for phytoplankton (ccrps, ccrp;) all ranked in
the top ten for more than half of the output variables when all
parameters were varied by a constant fraction (4-60%). Correspond-
ingly, a sensitivity analysis of an ecosystem model with only a single
phytoplankton and zooplankton (Frost, 1993) found that a 10% change
in attenuation coefficient of irradiance had a near commensurate
inverse effect on the rate of primary production, and the Carbon:
Chlorophyll-a ratio had a near commensurate effect on depth integrated
phytoplankton standing stock. However, we have shown that once each
parameter was varied within a more realistic range none of these
parameters are highly ranked for any output variable and that
parameters previously un-ranked, such as half saturation nutrient
uptake coefficients for small phytoplankton (kips, k2ps), are revealed as
important to model output sensitivity.

The only sensitivity study that we found to vary baseline parameters
by non-constant values was an exploration of the sensitivity of a zero
dimensional, seven component NPZD model applied to Bermuda Station
“S” (Fasham et al, 1990), which corresponds to an oligotrophic
environment. Using what appears to be a best guess at the parameters'
maximum and minimum values, Fasham et al. (1990) found that the
most sensitive parameters NPP were the slope of the PI curve, the
phytoplankton mortality rate, the seawater attenuation coefficient, the
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Fig. 8. Fraction of total secondary production (NSP, mg C m~ 2y~ ') undertaken by small zooplankton (microzooplankton + small copepods; blue points) vs. large zooplankton (large
copepods and euphausiids; red points) for a) Ex. I and b) Ex. IV. See method text for description of experiments.

half saturation uptake for phytoplankton and the sub mixed layer nitrate output but we did find the slope of the PI curve for small phytoplankton
concentration. As discussed above, with our ‘best guess’ we did not find (aps) to rank in the top 5 for NPP along with Dips, a parameter used to
the seawater attenuation coefficient to be that important to model calculate the small phytoplankton uptake rate in the BEST-NPZD model.
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Fig. 9. Fraction of total secondary production (NSP, mg C m~ 2y~ ') undertaken by mesozooplankton (small and large copepods and euphausiids; red points) vs. benthic infauna
(blue points) for a) Ex. I and b) Ex. IV. See method text for description of experiments.
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Fig. 10. Mean time series of water column integrated mesozooplankton (Small and
large copepods and euphausiids) biomass (mg C m~?2) for Ex. I (blue) and Ex. IV (red).
Shaded regions indicate 4 1 standard deviation from the respective means.

We did not find phytoplankton mortality to rank highly. However, in the
BEST-NPZD model phytoplankton respiration is explicitly defined and
this parameter was a top five ranked parameter for NPP. There is no such
explicit representation of respiration rate in the Fasham et al. (1990)
model so the relative importance of this process could not be
determined. The BEST-NPZD model is depth explicit so nitrate below
mixed layer evolves rather than being explicitly defined. However, in
addition to being the number one parameter for nitrate concentration
below mixed layer ([NOs]g), the parameter used to calculate the initial
nitrate profile Py was a top five ranked parameter for NPP.

The biological model parameters that were highly ranked
depended on the model output to be analyzed. Highly ranked
parameters for an output variable were often directly related to this
variable, i.e. the biomass of each of the zooplankton groups was
influenced by that zooplankton group's own grazing rate, assimilation
efficiency and mortality. But, in agreement with Yoshie et al. (2006),
we found that the parameter sensitivity structure was often complex
in that some parameters had a broad influence, ranking highly for
other output variables. For example, the phytoplankton growth
parameters (Dips and Dip;) and microzooplankton grazing rate (ezy)
were ranked within the top five for many of the output variables
considered. The physical environment parameter associated with water
temperature, salinity, light availability, and ice cover generally did not
rank highly for the majority of the considered output variables. This is not
to say that these physical characteristics may not be important for
ecosystem dynamics, rather that relative to the uncertainty in the
biological parameter values the variability in the physical environment
plays a more minor role in output uncertainty. The ice thickness (Py,) was
a highly rank physical parameter that could explain >20% of the observed
variability in ice algae biomass and potentially 10-20% of the variability in
both phytoplankton size classes at the study site. The M2 mooring is
located on the middle Bering Sea shelf towards the southern extent of the
seasonal ice edge and thus experiences high interannual variability in ice
cover. Our results indicate that this variability may play an important role
in the phytoplankton dynamics in this region. Strom and Fredrickson
(2008) found that warm temperatures, weak winds, and strong
stratification are likely to lead to strong nutrient limitation of phyto-
plankton growth during summer months. However, our analysis in-
dicates that the M2 site will likely see little change in total primary
production due solely to rising water temperatures. Sensitivity of the
BEST-NPZD model to wind forcing was not explored but the lack of
temperature control on total productivity suggests that it is the timing
and strength of wind events that are more important than temperature in
determining water column stratification, nutrient replenishment of the
upper mixed layer, and thus overall production of the Bering Sea shelf.

Although total simulated secondary productivity at the M2 study
site was not impacted strongly by changes in temperature, there was a
shift in the relative contributions of the producers. Our results suggest
a shift towards a food web with an increased proportion of the
secondary productivity being undertaken by the small zooplankton as
water temperature rises. This result is corroborated by Coyle et al.
(2008) who found that warmer, more stratified conditions, on the
Bering Shelf resulted in significantly enhanced densities of the small
copepods and reduced biomass of large copepods and euphausiids
relative to colder, less stratified, conditions. As the large bodied
zooplankton form an important part of the diet of many Bering Sea
fish stocks, i.e., pollock (Moss et al., 2009), such a forecast could have
serious implications for the commercial fishing industry in this region.

In the northern Bering Sea ecosystems changes in biological
communities contemporaneous with shifts in regional atmospheric
and hydrographic forcing have already been observed (Grebmeier et al.,
2006). The benthic community and bottom feeders are being replaced
by an ecosystem dominated by pelagic fish (Grebmeier et al., 2006). It is
not yet known whether the observed decline in prey for benthic feeders,
such as whales and walrus, is due to declining productivity and reduced
food supply or to top-down control from the benthic feeders themselves
(Grebmeier et al., 2006). Our analysis indicates that benthic infaunal
production would likely be higher with cooler temperature, and that
warming water will cause a shift in the Bering Sea towards a more
pelagic-dominated food web. Nonetheless, this temperature response
may be outweighed by the inherent variability in the benthic infauna
biological process rates. Due to sparse data for the benthic infaunal
component, most of the benthic biology parameters were varied within
+60% of their baseline values even within the ‘best guess’ scenarios.
Additional constraints on the benthic infaunal biological process rates
would be required to further clarify the relative importance of
temperature to the benthic/pelagic shift.

Eastern Bering Sea shelf waters are known to be enriched each
winter with deep ocean nutrient-rich water (Whitledge and Luchin,
1999) but winter measurements in the Bering Sea are sparse, making it
difficult to develop initial conditions or validate model behavior for this
time period. Our results show that initial (winter) nitrate can play an
important role in determining the amount of annual net primary
production on the Bering Sea shelf. This model sensitivity suggests that
changes in the resupply of nutrients to the Bering Sea shelf in winter
could have significant consequences for the annual net primary
production of the region. Phytoplankton and zooplankton initial
conditions were included in our analysis to provide an indication of
the sensitivity of model output to the plankton concentrations that
remain after winter. Our results indicate that, while these concentra-
tions are not important for the total annual productivity of the
ecosystem, they may play a significant role in determining the overall
timing of the spring bloom and the biomass of both ice algae and
benthos at the study site. Thus, any effort to predict the interannual
variability in ecosystem dynamics in high latitude environments needs
to carefully consider the biological processes and rates that impact the
biomass of overwintering plankton populations.

Our study explored the influence on the lower trophic level Bering
Sea ecosystem only within the range of historic temperature variability
and present ecosystem structure. We cannot be certain how ecosystem
dynamics will respond if, as predicted by some global climate models
(IPCC, 2007), water temperatures continue to rise beyond historic levels.
It is possible that we will see an introduction of new, better adapted,
species with alternate parameter ranges and temperature preferences.
Such complexities are not presently captured within the model.

A number of the parameter combinations randomly selected in this
study were likely not valid for the Bering Sea ecosystem, as indicated
by simulated mean net primary productivity significantly less than
the observed net primary production (Rho and Whitledge, 2007)
when using the ‘best guess’ for the parameter ranges (Fig. 5). Strong
correlations between input parameters may influence output correlations
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(Hamby, 1994); however, correlations between the parameters in lower
trophic level marine ecosystem models are not generally known.
Therefore, we assumed that all parameters were independent with no
correlation among themselves. The addition of correlation information
would be of great benefit to sensitivity experiments of this nature by
reducing the number of ‘false’ parameter sets generated and strengthen-
ing any conclusions drawn from correlations between parameters and
output variables. Determination of parameter correlations would require
simultaneous observations for each parameter that are rare or nonexis-
tent. To impose such relationships when selecting input parameter sets
would essentially be guess-work and would pre-select for certain
ecosystems while eliminating others that may be perfectly valid.
Phytoplankton growth and microzooplankton grazing, two of the most
sensitive parameters in the BEST-NPZD model, have actually been found
to be un-correlated, at least at times, on the Bering Sea shelf (Olson and
Strom, 2002). Observational data can help constrain ecosystem models by
determining which parameters are correlated and which parameter sets
are most probable (e.g. Dorner et al., 2009; Matear, 1995, Spitz et al., 1998;
2001). However, parameter optimization was beyond the scope of this
study.

Sensitivity analysis, such as the one presented here, helps address
uncertainty in ecosystem model outputs due to numerical uncertainty
in the parameter values. However, it does not address the additional
uncertainty that is inherent in model outputs due to uncertainty about
the choice of structural form to represent key biological processes
(Walters and Martell, 2004; Wang et al., 2011) nor the choice of the
model pathways (Friedrichs et al., 2007; Spitz et al. 2001). Structural
uncertainty is much harder to quantify although attempts are being
made (Wang et al., 2011). Despite differences in model structure,
there is underlying agreement of the most sensitive parameters in the
BEST-NPZD model and the Nemuro model (Yoshie et al., 2006), a
marine ecosystem model of similar complexity. In both instances the
parameters determining maximum phytoplankton growth and
zooplankton grazing rates were sensitive parameters for many of
the output variables examined.

The influence of structural form on ecosystem model dynamics
has been explored in some detail for both the zooplankton grazing
term (Gibson et al., 2005; Ryabchenko et al., 1997) and the higher
level predation (model closure) term (Edwards and Brindley, 1999;
Edwards and Yool, 2000). The grazing and predation terms implemen-
ted in the BEST-NPZD model were selected based on their tendency to
promote structurally stable equilibrium solutions comprising all
model components with minimal unforced periodic oscillations
(Gibson et al., 2005). The BEST-NPZD has been designed for coupling
with a higher trophic level fish model (FEAST) under development
through the BSIERP research program (http://bsierp.nprb.org). In the
one-dimensional uncoupled version of the model presented here,
top-down control by higher trophic levels was not explicitly
represented. Instead, higher trophic level predation pressure was
represented by quadratic model closure terms whose magnitude was
influenced by the mortality parameters (mgzs, mz, and mg) and
temperature. This structural form essentially represents a predator
that exhibits an ambush feeding strategy— a predator attracted to
large concentration of zooplankton and less inclined to feed at low
concentrations. The mortality parameters ranked within the top five
for small and large zooplankton and euphausiid biomass, indicating
the potential importance of top-down control in the Bering Sea
ecosystem.

Agreement among ecosystem projections from alternative coupled
physical-biological models could help gage uncertainty and lend
some degree of confidence to ecosystem projections. Although it is
becoming increasingly common to consider ensembles of climate
forcing scenarios when predicting the likely impact of climate change
on physical ocean dynamics (i.e., Wang et al., 2010), this expression
of uncertainty is seldom extended to predictions of likely future
marine ecosystem dynamics. Fisheries managers have to make

difficult decisions related to fisheries openings and total allowable
catch in order to balance the sustainability of a fishery with people's
livelihoods. To be useful for management applications, confidence
estimates or error bars should be a part of any ecosystem projection so
that fisheries managers are aware of the associated uncertainty.
Although only performed for a one-dimensional version of the BEST-
NPZD model, our analysis has shown one way in which this can be
achieved and the degree of uncertainty in model output that can be
expected depending on the uncertainty associated with the model
input parameters. To have a true indication of the spatial robustness
of the model, this type of sensitivity analysis would have to be
performed for the fully three-dimensional physical-biological model.
Computational expense at this time precludes running the thousands
of three-dimensional model iterations needed for this type of
experiment but, if computer development continues at its present
rate, this will soon be feasible.
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