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Abstract .

A simple lower trophic level, bio-physical marine ecosystem model is developed for the purpose of assessing the environmental
effects of bivalve aguaculture in coastal embayments. The ecosystem box model includes pelagic and benthic components and
describes the cycling of a most-limiting nutrient. The pelaom compartment is comprised of phytoplankton, zooplankton, nutrients
arid detritus. These populations interact following predator—prey dynamics and biogeochemical processes. Mixing processes
within the bay, and exchange of waters with the adjacent open ocean, are included. The pelagic ecosystem is coupled to a
simple benthos containing a dynamically active organic matter pool Benthic-pelagic coupling includes episodic resuspension,
remineralization, sinking, and permanent burial, A population of grazing bivalves is superlmposed on this system as a diagnostic
variable, The model is applied to a coastal bay and used to determine how bivalve populations affect nutrient cycling in the
ecosystem. This is done by examining changes in the standing stock of the various populations, as well as associated nutrient
(mass) fluxes, for cases both with and without intensive bivaive culture. It was demonstrated that bivalves divert production
from the pelagic to benthic food webs, Phytoplankton and detritus are depleted from the water by bivalve filter feeding and
biodeposited to. the benthos as fecal matter. This organic loading causes order of magritude changes in the benthic detrital
pool and the associated benthic—pelagic fluxes. It was also shown that water motion and mixing is important in structuring the
ecological dynamics in the bay. To faciliate future applications and observational studies, a reirospective analysis of parameter
identifiability and uncertainty was also undertaken.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

~The global production of marine bivalve aqua-
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ecosystem to supply food in the form of suspended .

particulate matter, both living and detrital. Large
bivalve populations can lead to a variety of ecosystem
effects. This includes the localized depletion of
suspended particulate matter in the vicinity of dense
aggregates of bivalves (Incze et al., 1981; Fréchette et
al., 1989). It has also been snggested that the grazing
activity of bivalve populations controls plankton
dynamics on the scale of entire embayments (Cloern,
1982; Dame and Prins, 1998). ‘Alpine and Cloern
(1992) conclude that the establishment of large bivalve
populations can significantly alter mass and energy
flows in coastal ecosystems. Bivalves filter particulate
matter suspended in the water column and biodeposit
it to the seabed in the form of large and rapidly sinking
fecal matter; this diverts production from the pelagic to
benthic food webs (Cloemn, 1982; Noren et al., 1999),
Such high rates of organic biodeposition have been
shown to result in anaerobic benthic environments
(Hatcher et al., 1994), and change the benthic faunal

community (Crawford et al., 2003). Benthic nutrient -

remineralization may also increase near aquaculture

" sites due to increased organic matter sedimentation
(Grant et al., 1995). Ammonia excretions associated
with bivalve culture can influence nutrient levels in
seawater in some coastal regions (Dame et al., 1991).
Harvesting activities remove biomass directly and
Kaspar et al. (1985) suggests that this may contribute
to nitrogen limitation in some systems.

Bivalve aquaculture depends on the biological pro-
duction of the coastal marine ecosystem. Mathemati-
cal models are useful for understanding and assessing
the potential interactions in these complex manipulated
ecosystems. Bio-physical models are required which
consider both interacting populations in the coastal ma-
rine ecosystem, as well as hydrodynamic influences
brought about by water circulation and mixing (Dowd,
2003; Duarte et al., 2003). Ecosystem box models that
focus on predicting bivalve growth and carrying ca-
pacity have been proposed by Raillard and Ménesguen
(1994) and Dowd (1997). Chapelle et al. (2000) also
considers an aquaculture ecosystem nsing a box model
approach with an emphasis on the ecosystem effects
of land runoff. Both Pastres et al. (2001) and Duarte
et al. (2003) present sophisticated ecosystem models
fully conpled to hydrodynamic models, and including
bivalve bioenergetics. Here, we offer a general, and rel-
atively simple, bio-physical coastal ecosystem model

for the purpose of systematically investigating the ef-
fects of infensive marine bivalve culture on its support-
ing ecosystem.

This study outlines the development and application
of a simple lower trophic level ecosystem model. The
physical sitnation is one of a shallow, semi-enclosed
embayment exchanging its waters (and the freely
floating ecosystem components) with the adjacent
open ocean. Seasonal time scales are emphasized. The
pelagic compartment is comprised of phytoplankon,
zooplankton, nutrients and detritus. The pelagic
ecosystem is coupled to a very simple, but dynami-
cally active, benthos. A population of grazing bivalves
is also included. In Dowd (1997), it was shown that
treating the bivalve population as a prognostic variable
(i.e. superimposing a biocenergetic model on one of the
supporting ecosystem) lead to a degradation in the pre-
dictive skill of the model. Since the focus here is not on
the prediction of bivalve growth and carrying capacity,
bivalve biomass is prescribed and interacts with the
ecosystern as a diagnostic variable or forcing func_tion

- (Kremer and Nixon, 1978; Chapelle et al., 2000). The

primary objective of this study is to develop and apply

‘a general mathematical modelling framework for the

assessment of ecosystem effects of marine bivalve cul-
ture. A secondary emphasis considers how one might

analyse the model dynamics in order to identify im-

portant parameters, and to determine which variables

‘should be measured in an observational program.

This paper is organized as follows. Section 2 de-
scribes the lower trophic level bio-physical ecosystem
model including a description of the various pelagic and
benthic processes. In Section 3, a specific application of
the model is outlined for a semi-enclosed tidal embay-
ment located off eastern Canada. Section 4 presents re-
sults from model simulations with an emphasis on how
bivalve culture can alter ecosystem fluxes. A retrospec-
tive analysis of the model dynamics is also undertaken.
A summary and conclusions follows in Section 5.

2. Model

The model describes a simple coastal marine
ecosystem. with bivalve aquaculture. A conceptual di-
agram showing the ecological components and their
interactions is given in Fig. 1. Population interac-
tions occur within a finite volume of water, or a box.
Pelagic ecosystem components include phytoplankton
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Fig. 1. Conceptual diagram for the ecosystem box model. Prognostic
ecosystem state variables are phytoplankton (P), zooplankton (Z),
nutrients (NV), pelagic detritus (D), and benthic detritus (B). Bivalves,
M, are a diagnostic variable. Amrows represent mass, or nutrient,
fluxes.

(P), zooplankton (Z), nutrients (N) and detritus (D).
These are suspended or dissolved in seawater and are

subject to transport throngh water motion and mixing; -

by this mechanism they are exchanged with adjacent
regions. The benthic compartment contains a detrital
organic matter pool (B). A population of spatially fixed
grazing bivalves (mussels or M) is superimposed on
© the system. Note that M is distinguished from the other
ecosystem components since its biomass i prescnbed
at a steady state level. The other ecosystem compo-
nents are prognostic variables which interact w1th one
another and dynamically co-evolve.

In words, changes in ecological state variables P2z,
N, D and B are given by,

%—‘; = +growth — losses — Z, M graziﬁg + mixing

% = +growth — losses & mixing

AN

pelagic state-vatiables and can either increase or de-
crease their concentration. Mussels are assumed to
be maintained at a constant biomass through harvest-
ing activities. Mussels then participate in material cy-
cling and interact with the ecosystem according to
the following

d :
_dﬂt{ = 0 = harvest — (ingestion — feces — excretion).

Maithematically, the prognostic ecoystem variables
within a box evolve according to the following nonlin-
ear system of ordinary differential equations:

dpP
5= SN ka}ypP — 2pP — fPikp M Z — I P
+ K(Peo — P) : (D
dz
rr e f(PikpiliZ — X2 + K(Zoo — Z) (2)
dN 1. s
'E =Nin+¢aD+ 0" "B+ ﬁzf{P;kp}IzZ
+ BuIn(P + D) — f(N; kn}VpP
" +K(Neo — N) 3)
dD o
dt = Dy, —¢dD_)LdD+}‘va+(1_Ez - B2)
X flPs kol Z+ 0ty — 1nD + K(Doo — D)
4)
% = —r—gpB—aB+nrgD

+ 1l ~ €m — Budm(P + D). &)

The steady state assumption for M growth (dM/dt =
() means that the harvest rate is balanced by the net

gp = tsources + D, Bremin + Z, M excretion — P uptake & mixing

dD

dB .

Here, d{-}/dr represents the time rate of change.
Note: that mixing acts only: on the freely floating

G = “Fsources — remin — sed -+ P, Z losses + Bresusp — M grazing + mixing -

dr — —Tesusp — remin - burial + Dsed + M biodeposition.

rate of production, both of which are given by €, 1
(P + D). :

. reored
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All quantities used in this model are summarized in
Table 1. The exception is B, which represents a linear
transformation of B(z) and is defined in Section 2.3.
The nondimensiondl modulation functions f are of the

Table 1
Definition of quantities in the ecosystem model
Quantity Units Value Definition
(i) State variables
P gCm™> Eq. (1) Phytoplankton
Z gCm™> Eq. (2) " Zooplankton
N gCm™ Eg. (3) Nutrients
D gCm™ Eq. (4) Water column detrits
B sCm™2 Eq. (5) Benthic detritus

(ii) Parameters i .
Appendix A Exchange/flushing

K d-?
coefficient

ke gCm? 0.2 Half-saturation for N
uptake by P

yp(t, Temp) d-! Eg. (8) Pk growth rate

Ap d-!- 0.1 Lioss term for P

I d-! 0.5 Ingestion rate for Z on

) P

ky ¢Cm™? 0.1 Half-sat const for Z in-
gestion of P

é: - 0.3 Assim fraction for Z

) ingested ration

B: - 0.4 Excreted fraction for Z
ingested ration

Az da-! 0.1 Loss term for Z

do(Temp)  d~" (0.02-0.1) Remin rate of D to N

Ad d-! 0.03 Sinking rate for D

dp(Tempy) 47! 0.01 Remin rate for B o D

) eCm~3d~! Eq.(9) Resuspension flux

o - 0.05 Burial fraction

In ¢! Section3  Ingestion rate of
bivalves

Enr - 0.1 Assimilated  fraction
for bivalves

Bm - 0.1 Excreted fraction for

: bivalves
n m. 5 Water depth
(iii) External inputs

Poolt) gCm™ Fig. 4a Far-field P

Zoo(t) gCm™3 Fig, 4b Far-field Z

Neo () gCm™ Fig. de Far-field N

Dot gCm™ Fig. 4d Far-field D

Nu® ‘gCm—>3d-! Section3  External N input

Dinl) gCm™3d™! Secion3  External D input

Groupings are according to variable type. For each quantity the fol-
lowing information is given: units, its numerical value (or its source),
and a brief definition. Explicit functional dependence on time (¢) or
temperature {Temp) is indicated. Here gC denotes grams carbon, m
is metres, and d is days. See text for details.

form

FiXike) = —

ke + X

where X in the above is one of P or N. The mixing
term for the pelagic state variables has been replaced
with a gradient-flux relation of the form K(X — X)
and is discussed in Section 2.1. State variables and
model parameters are all non-negative; the sign of each
term correponds to the direction of mass flow as indi-
cated by the arrows in Fig. 1. Pelagic state variabies
are in concentration units;, while B is measvred on
a per unit area basis. Cycling of material is defined
in terms of a most limiting nutrient which for many
temperate marine systems is considered to be nitro-
gen (Parsons et al.,, 1977). Ecosystem compoenents are,
however, measured in units of carbon equivalents such
that 1 g carbon = 10 mmol nitrogen (Steele and Hen-
derson, 1981 ; Fasham, 1993; Edwards, 2001). The var-
ious bio-physical processes in the model are explained

®

.in detail below.

2.1. Exchange and mixing

The fnodt_al ecosystem (1)~(5) is. considered in the

_context of a box model. All ecological interactions oc-
cur within a finite volume, or box. Components are as-

sumed to be distributed homogeneously within a box,
and spatial gradients occur between boxes. Each of the
pelagic components of the ecosystem are exchanged
with its corresponding population in adjacent areas ac-
cording to the motion of the fluid in which they are em-

‘bedded. The horizontal exchange of material is given

by
X =KX — X) )

where X = dX/dt. Here, X represents the concentra-
tion the pelagic ecosystem components, i.e. one of
P, Z, N, or D. The corresponding value in the adjacent
box is X 0. The parameter X is an exchange coefficient
that scales the concentration difference between the re-
gions. Eq. (7) describes a gradient-flux relation consis-
tent with Fickian diffusion (Fischer et al., 1979). The
parameter X includes a variety of physical processes,

- such as tidal mixing, and can be interpreted as an in-

verse time scale for the flushing of the box. A term of
the form (7) is appended to each of (1)—(4) to represent
mixing processes. Multiple boxes can be combined to
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add a spatial aspect to the time dependent ecosystem
model.

'An illustrative example of the use of (7), which an-
ticipates the application in Section 3, is the following.
Consider a shallow, semi-enclosed embayment which
is well mixeéd in the vertical and hérizontal, and thereby
can be considered as a box. The far-field concentra-
tions of the ecosystem components in the adjacent
open ocean are Xo,. Theitr time-varying level might
be specifed as a type of boundary condition, or forcing
function. Bcological interactions described by (1)-(5)
oceur within the bay, and pelagic ecosystem compo-
nents are exchanged between the ocean and the bay. A
key element of the box model'is the control of the in-
ternal ecosystem processes by the far-field conditions,
which brings about a form of ecosystem closure. The
addition of mixing terms has been shown to lend sta-
bility to an ecosystem (Edwards et al.; 2000; Edwards,
2001). In more general ecological termis, it is an ex-
ample of an open systemn which allows components
to disperse, or exchange, outside the control volume
(lebet etal. 1997)

2.2. Pelagic processes

The pelagic part of the model includes the biotic
components, P and Z, and the abiotic components,
N and D. These are found in the water column as
suspended (P, Z, D) or dissolved () material. Con-
sider the pelagic ecosystem equations (1)~(4),-ignor-
ing the terms related to benthic—pelagic coupling (r =
¢p = 0). Also suppose that no bivalves are present
(I, = 0). The model (1)(4) then reduces t6 a basic
form of the widely used PZND model. This general-
ized predator-prey model has its roots in the classic
study of Riley (1947) and a PZN model was origi-
nally used to describe plankton dynamics in the oceanic
mixed layer (Steele and Henderson, 1981; Evans and
Parslow, 1985). Fasham et al. (1990) added a detrital
component to account for organic matter breakdown by
marine bacteria, or the so-called ‘microbial loop. Such
PZND models are now being widely applied in biclog-
ical oceanography (Kemp et al., 2001; Waniek, 2003).
Because of the complex dynamical properties inher-
ent in even the most simple PZND models (Franks et
al., 1986; Edwards, 2001}, as well as our goal of a
general understanding of aquaculture effects on the cy-
cling of matter in shallow coastal marine ecosystems,

a simple form of the PZND model is used. The pelagic
processes considered here include: (i) primary produc-

‘tion, (ii) predation, and (iif) bio geocheunstry These are

chscussed below.

2.2.1. Primary production
- Phytoplankion growth is governed by the seasonally

. varying maximum light limited photosynthetic rate y,.
_It is computed as a daﬂy and depth averaged growth
rate according to

yp (ts Temp)

) »T oy
_E‘H_Lf .[Og{l(z,t);G(Temp)}xdzdr (8)

Cn?T
where T here corresponds to one day, 7 is the depth
of the water colummn, and chl/C is the chlorophyll-a to
carbon ratio of the phytoplankton. The photosynthesis—
irradiance curve is given by g{-} and uses the functional
form reported in Platt et al. (1980). It is a function of
the seasonally and diurnally varying underwater light

field I(z, £). The photosynthetic parameters 9 are taken

from Platt and Jassby (1976) and modified using the

temperature modulation of Epply (1972).

The growth rate y, in (1) is reduced by nutrient lim-

“itation imposed by the saturation function f{N;k,}.
‘This is interpreted here in the context of Michaelis-

Menten kinetics (Caperon, 1967; Dugdale, 1967). This

- autotrophic process results in the uptake of inorganic N
- and its conversion to organic P. Phytoplan_kton losses
- oceur through mortality at a constant rate A and di-

rectly enter the detrital pool; its numieérical value in
Table 1 is taken from Le Pape et al. (1999). Note
that we do not consider self-shading in these shal-
low coastal systems where light attenutation is con-

- trolled mainly by non-plankton suspended particulate

matter.

2.2.2. Secondary production

Secondary production includes zooplankton and bi-
valve growth. Zooplankton consume phytoplankton ac-
cording to the ingestion function f{P;k,} which here
describes a Holling type II functional response where
the predator s ingestion of prey saturates with i increas-
ing prey density (Holling, 1959). This process is well
established for'Z grazing on P (Frost, 1975). The in-
gested ration is partitioned into three components: (i)
a fraction e; incorporated into biomass growth, (if) 2
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_ fraction 8, excreted into the N pool, and (iii) the remain-
ing fraction, 1 — ¢, — B, lost through fecal production
to D. A constant loss rate A, governs natural mortality
and higher order predation on Z. Numerical values for
these parameters in Table 1 follows Edwards (2001)
and references therein.

Bivalves are treated as a diagnostic variable which
affect the ecosystem through the processes of ingestion,
excretion and fecal production. Their population dy-
namics is mainly under the control of aquaculturalists
through stocking and harvesting activities and a steady
state assumption has been made for their biomass, i.e.
the instantaneous M production rate e, I,,(P + D) is
assumed to be exactly equal to the removal rate through
harvesting. Filter feeding bivalves consume both P
and D. The ingestion rate I, is based on their vol-
umetric clearance of particulates in a water mass, a
process consistent with a type I functional response
(Hassell, 1978). Knowledge of the clearance rate (mea-
sured in units of m? d~! kg~1) and the M biomass den-
sity (kg m~3) allows computation of the ingestion rate

I, (d71). Pollowing Z above, the total ingested ration

In(P + D) is partitioned into three components for
growth, excretion and feces, as dictated by the parame-
ters €y, and By, The fraction 1 — ¢, — B, is comprised
of mussel feces and pseudofeces and, unlike Z, these
particle aggregates sink rapidly and are biodeposited
directly into the benthic detrital pool B (Widdows et
. al., 1998}. The growth rate of M is constrained to bal-
ance the harvest rate so that total M biomass remains
constant. Values for €, and B, in Table 1 are taken
from Griffiths and Griffiths (1937).

2.2.3. Pelagic biogeochemistry

Particulate organic matter, D, suspended in the wa-
ter column receives inputs from the mortality of both
P and Z. Breakdown of organic D to inorganic nu-
trients, N, by marine bacteria takes place on a time
scale of days (Heip et al., 1995). This remineraliza-
tion process occurs at a rate ¢y which is proportional
to the level of D. Jones and Henderson (1986) re-
port a range for ¢4 of 0.004-0.18d~1, Here, a tem-
perature dependent remineralization rate of the form
¢q = const x exp(Q(Temp — Temp)) is used with the
coefficients determined so as to fall into this reported
range. Water column detrital matter is also exchanged
with the benthos through sinking and resuspension as
discussed in Section 2.3,

. The nutrient pool, N, receives the remineralized D,
It also receives the excretion products from Z and M, as
fractions (B;, B) of their ingested ration. The main N
sink in the water column is its uptake by P as dictated
by primary production. The benthos also provides an
N source through remineralization of benthic detrital
organic matter, B, and is discussed below.

2.3. Benthic processes

The time evolution of the benthic detrital pool, B,

is given by (5). In shallow coastal ecosystems there

is a strong interaction between the water column and
the benthos. Here, a simple benthos is coupled to the
pelagic modei to account for the major bio-physical
processes which affect the water colummn. This view-
point avoids detailed biogeochemical and sediment
transport models in favor of a very simple description
of their emergent properties,

Note that in the model (1)~(5) the pelagic compo-
nents P, Z, N, and D are measured on a per unit vol-
ume basis as concentrations (sCm~>), whereas B is
measured as mass per unit area (gC m~2). The mass
fluxes associated with benthic—pelagic coupling must
be modified accordingly: a flux from a pelagic com-
ponent to B is multiplied by the water depth 1, while
fluxes from B to the pelagic components are divided by
.

2.3.1. Sinking, resuspension and burial

The net input flux of deiritus from the water column
to the benthos is governed by sedimentation and re-
suspension. Sinking of detrital matter represents a flux
from D to B. The sirking rate of suspended particles, or
particle agaregates, is affected by both water turbulence
as well as particle characteristics, such as their density
and size. The representation of sinking in (4) and (5)
assumes it is proportional to D and occurs at a con-
stant rate Ay, Setting Ag = 0.05d7!, D=1gCm™3
and #7 = 5 m depth translates to an annual flux nig D to
the benthos of near 100 gC m~2 year—!. This is consis-
tent with the coastal sedimentation rates compiled by
Heip et al. (1995). : .

Resuspension represents a detrital flux into the wa-

. tercolumn, D, from the benthos, B. Physically, this flux

is driven by the exceedance of a critical bottom shear
stress, or near-bed erosional velocity, which can set
particles in motion and entrain them into the overlying
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fluid. This process depends on large and small scale
water motions in the benthic boundary layer, as well
as on seabed characteristics. It can be considered inde-
pendent of either D or B (except for the constraint that
B must rematin non-negative). Resuspension in shal-
Iow systems is often forced by wind driven currents
and waves. These irregular events occur on short time
scales (<1 d), and take the form of large fluxes which
distupt the equilibrium sediment distribution. Resus-
pension is therefore considered as an idealized event
based process, i.e.

r)=) c8(t—1) 9

where & is the Dirac delta fonction, #; represents the
time of a resuspension event, and ¢ is the event in-
tensity. The flux [ »(z) dt over single event cannot ex-
ceed the amount of material in B. Here, it is assumed
that the time between events, At;, is random and dis-
tributed according to an exponential distribution with
a seasonally varying width parameter. This mimics
wind driven resuspension, with Az ranging from 10
days in the summer to 4 days in the winter consis-
tent with the event frequency in meteorological band
from our region, and with the observations reported
in Edelvang et al. (2002). The stochastic process de-
scribed here resembles shot noise in electronic systems
and has been extensively analysed in this context (e.g.
Gardiner, 1997, Section 1.4).

2.3.2. Benthic remineralization

Mineralization of the benthic detrital pool, B, re-
turns nuirients, N, to the water column. Sediment pore
water containing particulate organic matter deposited
on the sea floor is transported into the sediment ma-
trix through advective and diffusive processes. This
detrital organic matter then undergoes a sequence of
biogeochemical reactions in the sediment whereupon
remineralized products are released as a diffusive flux
into the water column. Diagenetic models ‘are verti-
cally resolved sediment biogeochemical models con-
cerned with a detailed accounting of these processes
(Boudreau, 1997). Soetaert et al, (2000) reviews a se-
quence of approximations to these complex models to
facilitate the incorporation of benthic—pelagic coupling
in oceanic biogedchemical models.

Here, it is assumed that benthic organic matter de-
cornposes at a rate directly proportional to its own con-

centration, This follows the widely used one-G bio-
geochemical model, originally due to Berner (1964),
and corresponds to the level 3 model of Soetaert et al.
(2000). However, this representation is modified here
to better account for higher order effects. Specifically,
the N efflux in (5) is given as ¢y B where

B@) = fo t B(t — tx(7) dr. A‘ | (10

The quantity B(¢) is a convolution of B(z) with the ker-
nel «. In this study, we use a Gaussian kernel of the form
1(7) = exp(—72/¢2)/ [, exp(—1?/¢?) dv. Here, L hasa
mean of 20 days but varies smoothly from 10 to 30 days
in phase with the temperature. The convolution integral
in (10} acts to time shift and smooth B(#), making the
N efflux a function of the time history of the input D
influx. It is then less dependent on the episodic fluctu-
ations imparted by the 8-forcing in »(#). The tempera-
ture dependence of { means that the biogeochemistry
responds rapidly for small ¢ -(high temperature), and
slowly for large ¢ (low temperature). The representa-
tion here provides an empirical accounting of the emer-
gent effects of the reaction—diffusion processes wiich
both transport and transform particulate organic mat-
ter within the sediments. The remineralized effluxis a
smoothed and time shifted version of the depositional
influx, as is found in the fully coupled diagenetic model
of Soetaert et al. (2000, Fig. 3c). A siinilar rationale
applies to the burial process in (5), wherein a small
fraction of the organic material «B escapes reminer-
alization and enters the refractory part of the benthic
detrital pool to be permanently buried in the sediment
(Middleburg et al., 1997). Note that use of B renders
the system (1)-(3) non-Markovian, however convolu-
tion can be efficiently implemeted using the fast Fourier
transform (Press et al;, 1996, Chapter 12).

3. Application

The ecosystem box-model (1)~(5) was applied to
Tracadie Bay, located on Prince Edward Island off the
east coast of Canada (Fig. 2). This is a shallow (<7 m)
nearly-enclosed: tidal embaymeni (Fig. 3). Oceano-
graphic overviews are given in' Dowd et al. (2001,
2002). Currents are both tidal and wind driven. The
tidal reginie is comprised of mixed diurnal and semidi-
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~ Fig. 2. Location map for the study area.

urnal tides, with arange <1 m. Instantaneous exchange
of bay waters with the adjacent Gulf of St. Lawrence is
up to 500 m> s~1. Freshwater inputs are small, with cli-
matological summer values <1 m?® s—! (Gregory etal,
1993). Tracadie Bay supports extensive bivalve aqua-
culture in the form of long-line culture of the blue mus-
sel Mytilus edulis. There is-ongoing concern that the
bay has reached its carrying capacity for mussel cul-
ture (Page et al., 1999). There is also speculation on
possibles changes in nutrient cycling in the ecosys-
tem, as well as shifts in community structare, result-
ing from intensive bivalve aquaculture (Cranford et al.,
2002). BDowd (2003) calculates that in Tracadie Bay the
characteristic time scale for: (i) residence time of the
water in the bay, (ii) the filtration time for the bivalve
population to clear this water, and (iii) the production
timescale for the primary producers, are all around 5
days. This implies that water transport processes, in-
ternal biological production within the bay, and bivalve

grazing activity all play comparable roles in controlling-

in the cycling of matter in the ecosystem of the bay.
Tracadie Bay was divided into three boxes as shown
in Fig. 3. The boundaries were based on circulation
and water properties of the bay as reported in Dowd
et al. (2001, 2002). The implication is that the regions
have distinct and relatively homogenous water prop-
erties and gradients occur roughly on the boundaries.
The innerregions (boxes 2 and 3) exchange their waters
with the open ocean through the central bay (box 1);
there is little direct exchange bétween boxes 2 and 3.
Generalizing the relation in (7) and using the ecosystem

45.43-1 : : '.
- Gulf of St. Lawrence

45.41 -0

IS
o
w
w

Latitude (° N)

4637 I

-63.08 8303 - . -63 . 6297
. Longitude . © W) .

Fig. 3. Map of Tracadie Bay ihcluding the bathymetry in grayscale
and the contour associated with the intertidal zone (depth in metres).
The three boxes and their boundaries are given. Arrows indicate
mixing between the boxes, and with the adjacent open ocean.

‘model (1)-(5) yields a three box system o_f the form,

X1 =8{[X1, BiI'} + v1 + Keo(Xeo — X1)

— K1p(X) — X2)— K13(X1 — X3) (11)
X2 = h{[X2, B2)'} + 1o + K12(X1 — X2) (12
X3 =R{[X3, B3]} +vs + K13(X) — X3). (13)

Here, the X; = (P, Z;,.N;, D;Y is a vector containing
concentrations of the pelagic state variables in box
i. The superscript ' denotes matrix transpose. The
vector function % contains the homogenous terms in
the ecosystem dynamics (1)—(5). This operator acts on
the full ecosystem state, both pelagic and benthic, for
each box. The state independent vector v; containg the
nonhomogeous terms-of (1)-(5), such as Ny, and Dy,
for box i. There are three exchange coefficients: Ko
represents mixing between the ocean and box 1; K1
represents mixing between box 1'and box 2; and K3

represents mixing between boxes 1 and 3.

Numerical . values are required for the three ex-
change coefficients. These were determined: by inver-
sion of aheat budget model using observed temperature
time series for each of the boxes. Details are given in

2 Gt
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Appendix A. The following estimates for the exchange
coefficients were obtained; Ko = 1.3, K12 = 0.4 and
K13 = 0.5 inunits d™1. The expected time for the ma-
terial to remain in each of three boxes are 0.6, 2.5 and
2.2 days, respectively. For 90% of the material to te-
moved, the corresponding timescales are 1.2, 7.6 and
6.4 days. The interested reader is referred to Takeoka
(1984) for more details on computing residence times.

The general mathematical structure for the ecosys-
tem dynamics was described in Section 2. Application
of this model to a specific situation, such as that of Tra-
cadie Bay, requires a number of quantities be specified.
These include: initial conditions for each of the state
variables; numerical values for the model parameters;
internal source or sink terms; and far-field values of the
pelagic state variables, Time integration of the model
produces predictions for each of the state variables. The
rationalization for model parameter values was given
in Section 2 and numerical values are found in Table 1.
Specification of the remaining model mputs is outhned
below.

Idealized annual cycles for each of the far-field
pelagic state variables are given in Fig. 4. These ex-
ternal source terms correspond to concentrations of
the pelagic state variables in the adjacent Gulf of St.
Lawrence, They were obtained as follows.

0 H H !
0 100 200 300
{c) day of year

331

& Py(#): The annual cycle of chlorophyll concen-
tration from the region adjacent to Tracadie Bay
was determined from bxweekly composite SeaWIFS
satellite images compiled at the Bedford Institute
of Oceanography. These were converted to carbon

* units by assuming-a carbon chlorophyll-a ratio of
50:1.

* 7o) Zooplankton are assumed to be a reduced
magnitude, smoothed and lagged version of the
phytoplankton time series. This assumption is con-
sistent with observed Gulf of St. Lawrence cope-
pod biomass (Fisheries & Oceans Canada, Atlantlc
Zonal Monitoring Program).’

* Neo(®): A compilation of nitrate and ammo-
nivm from the adjacent Gulf of St. Lawrence
yielded mean winter valnes near 5 mmole Nm—3
(or 05gCm™) and summer values near
lmmoleNm™ (0.1gCm™3), but with a high
degree of scatter (Dr. Peter Strain, Bedford Institute
of Oceanography, personal communication). These
values motivate the idealized seasonal nutrient
cycle.

* D,(#): Detritus was simply assumed to be constant '

with a level of 0.6 gCm™3. Time series of point mea-
surements made in and near Tracadie Bay exhibited
high variability and an apparent lack of a seasonal

o H B i
0 100 200 300
{d) day of year

Fig. 4. Annual cycie of the far-field concentrations of the pelagic state variables Ppo; Zoo, Nao and Dg. The time axis covers the calendar year.
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cycle. A representative annual mean value was cho-
sen.

The temperature cycle is also required for its role
in modulating the remineralization rates, as well as
the phytoplankton growth rate. A sine curve was fit
to the annual cycle of observed temperature yielding
Temp(t) = 10 + 11 sin{ewr + 4m/3), where £ is in days,
w = 2m/365 and Temp(¢} is in degrees Celsius.

Internal source terms, Ny, for nutrients were con-
sidered to be non-zero only for box 2, which receives
the bulk of the nutrient inputs from land-based sources
via the only substantial freshwater source, Winter
River. Nitrogen values measured near Winter River in
July 1999 were near 30 mmole N-m~> (or 3 gC m™>),
Gregory et al. (1993) reports a mean freshwater flux of
1 m?s~! for Tracadie Bay. Assuming this input N flux
is uniformly distributed over box 2, which has a volume
near 107 m?, yields a input flux of 0.025gC m—3d~!.
A detrital input term Dy, was also included in (4), and
in Tracadie Bay results from land-runoff and the decay
of macrophyte detritus. A value of 0.03gCm=3d~!
was assumed for all boxes. This allows interior values
of D to match far-field values Do, consistent with the
relative lack of spatial gradients in detritus as reported
in Dowd (2003). .

The phytoplankton growth rate y, was computed
according to (8). A carbon to chlorophyil ratio of 50 was
assumed. Surface solar irradiance observations from
the region were used along with astronomical relations.
The underwater irradiance field was computed using an
optical depth of 3m, as measured in various locations
during summer 1999. The resultant time series of y,, is
showninFig. 5.Itis maximal in late August, whenlight
levels are high and water teraperatures are relatively
warm; a doubling time for phytoplankton of 1 day can
be achieved during this period if sufficient nutrients are
available.

To apply the model to the present situation in Tra-
cadie Bay, the mussel grazing rate, ,,, must be speci-
fied. Government and industy communications lead us
to estimate production of mussel biomass in Tracadie
Bay at 3 x 10%kg wet weight and the standing stock
of mussels at 2 x 10%kg wet weight. Biomass is as-
sumed to be uniformly distributed throughout the bay.
I, is determined as follows. Carver and Mallet (1990)
report 80 mussels per kg wet weight in longline culture
in the region. Assume also a mean filtration rate of 1L

1,@")

0 100 200 7 300
‘ day ofyear

Fig. 5. Annual cycle of the maximum light limited phytoplankton
growth rate y;,. The time axis covers the calendar year,

per individual mussel per hour (Griffiths and Griffiths,
1987). These figures, together with the estimated stand-
ing stock and the volume of the bay (36 x 10%m?),
yields an estimate for J,, near 0.1d-1,

Numerical implementation of the ecosystem box
mode] proceeds as follows. The governing Egs. (1)-
(5) were discretized and solved using an Euler method
(Boyce and DiPrima, 1986, Section 8.2). The system
is Markovian except for the convolution in (10) which
is associated with benthic remineralization; this term
is evaluated every time step and requires past values
of the model state. The time step of the model was
0.1 d and the simulation starts at the beginning of the
calendar year. Injtial conditions for the pelagic state
variables P, Z, N, and D are set based on their cor-
responding far-field values in Fig. 4. This is reason-
able for winter periods when the internal ecology in
the bay is inactive and the system is controlled by the
far-field conditions; pelagic variables equilibrate with
the far-field conditions on a time-scale set by the mix-
ing processes (days to weeks). The benthic detrital pool
B has a much longer response timescale (months) due
to storage effects and remineralization processes. The
initial condition for B is a zero field, and the model
is integrated for three years until a seasonally varying
periodic steady state for B is reached. Mode] variables
are then recorded for one calendar year (January 1 to
December 31). -

In more general terms, the nwmerical version of the
ecosystem model can be represented by following dis-
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crete equation
X = f{6} (14)

where X is a g x 1 vector and ¢ = nmT. Hence, X con-
tains the n = 5 ecosystem state variables for the m = 3
boxes and for all model time steps 7. Here, the ¢ x 1
vector function f represents the discretized model dy-
namics. It is a function of the p x 1 vector of model
parameters & which includes all quantities which must
be specified to carry out a model run, including the tfime
dependent forcing functions. The model output is a de-
terministic function of the parameters as dictated by
the mapping described by f. To isolate a particular state
variable in 4 particular box denote X@® as the subset
of X containing the time series for the ecosystem state
variable a located in box . For example, X2 would
represents ecosystem component 1 (i.e. P) in box 2.
This 7" x 1 vector is determined as X@® = glaby,
where H@) is a sparse T x g matrix which picks out
the appropriate elements of X. This is used for model
analysis in the next section.

4, Results
4.1. Ecosystem simulations

Model simulations are concerned with predicting
the ecosystem effects of intensive bivalve culture, Two
cages are considered. These are set up following.Sec-
tions 2 and 3, and differ only in the Jevel of mussel
grazing Ip,. (i) Case 1: M = 0. This simulation is of
a culture free system with no mussels and I, = 0. (ii)
Case 2: M = 0. This simulation take place under the
present level of aquaculfure activity corresponding to
I = 0.1d™L. The two cases are contrasted to investi-
gate how intensive bivalve culture changes the standing
stock of the ecosystem state variables, as well as how
it affects mass flows within the ecosystem.

Results from a model simulation for the M = 0 case
are given in Fig. 6. This shows predicted time series
for the pelagic state variables P, Z, N and D for the
three boxes in Tracadie Bay. Physical control of pelagic
state variables is evident with the standing stock reflect-
ing the corresponding far-field values, particulatly the
outer bay (box 1). The innermost areas (boxes 2 and 3)
deviate more from their far-field values due to weaker

coupling with the far-field and the relatively greater im-
portance of internal ecosystem dynamics. The Z follow
closely the far-field Zo, for all boxes, The D time series

- exhibits irregular fluctuations as a result of episodic re-

suspension events, followed by slower exponential set-
tling. The mean level of D is close to the time-invariant
Doo. The dynamics of P indicate an enhanced but near
synchronous spring bloom relative to P,,. This resulis
from high Nlevels coupled with a high growth potential
¥p. After the bloom, P levels fall. However, through the
summer and fall P is enhanced by a factor of 2 to 4 rel-
ative to Poo due to the high y,. Eventually, P declines
with low light levels and temperatures. On short time
scales, irreguiarities in N and P are associated with re-
suspension of detritus, its-subsequent remineralization
to &, and eventual uptake by P. In box 2, enhanced N
and P occur due to tiverine nutrient inputs, Ni,. Rem-
ineralization of D increases N levels elsewhere. Sur-
mer N levels are controlled largely by P uptake and ex-
change processes. The winter period effectively resets
all the pelagic state variables to their far-field values,
with exchange processes dominating over the relatively
inactive biological processes.

Fig. 7 shows predicted time series of the pelagic
state variables for the case for which mussels were
present (M = 0). (Model predicted mussel harvest,
whose computation was outlined in Section 2, was
close to independent estimates, thereby providing a
consistency check for the mussel mass balance param-
eters.) In comparison with the M = 0 case, the fol-
lowing patterns are evident. D levels are depleted rel-
ative t0 Dego. This effect is most pronouced in the in-
ner bay and results from the filter feeding mussels re-
moving particulates at a rate faster than they can be
renewed by water mixing. Ingested P and D are biode-
posited to B leading to an elevated benthic detrital pool.
This' drives enhanced resuspension and greater vari-
ability in the water column D. It also leads to increased
levels of N through greater B remineralization. How-
ever, in spite of the elevated N, phytoplankton stand-
ing stock actually'decreases with any new production
being rapidly grazed down by M. The corresponding
Z levels are also lower due to depletion of their food
source.

Time seties of the benthic detrital pool, B, are shown
in Fig. 8 for both the M = 0 and M # 0 cases. Within
each case, there is relatively little difference between
the boxes and the figure reports only the time-varying
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Box 1

Box 2 Box 3
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day of year
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Fig. 6. Simulated time series of the pelagic state variables for the M = 0 case. Columns comespond to three boxes. Rows correspond to state
variables. Solid lines refer to P, Z, N and D in the box, while dotted lines are the reference far-field ( Poo, Zoo: Noo, Doo). The time axis covers

the calendar year.

mean of B over all three boxes. The B time series is

dominated by high frequency fluctnations associated -

with resuspension and settling, but also influenced by
the processes of benthic remineralization and burial.
The benthic detrital pool is an order of magnitude larger
for the M # 0 case, as compared to the M = 0 case.
For the case M = 0, little permanent detrital accumu-
lation is evident, only temporary storage of B which
is frequently resuspended. For the M = 0 case, mussel
biodeposition leads to accumulation of up to 7 gC m™2,
with the low frequency portion of B reaching a quasi-
periodic steady state for its annual cycle. The seasonal
cycle in B shows a rapid increase following the spring
phytoplankton bloom, after which a steady decay oc-

curs as sediment biogeochemistry becomes active with
increasing sumimer temperatures. .

Table 2 shows the annual fluxes for all the ecosys-
tem components for both the M =0 and M £0
cases. These are reported as areal measures (in
gC m~2 year™!) to allow direct comparison of the ben-
thic and pelagic components. (Note that each of these
mass fluxes corresponds.to one of the arrows in Fig.
1). Fluxes between the pelagic components for the
M = 0 case are dominated by nutrient uptake asso-
ciated with primary production (¥ — P), and water
column remineralization (D — N). With M = 0 sig-
nificant amounts of D are also removed from the water
colummn by bivalve filter feeding (D — M), an effect

A b e
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Box 1

Box 2 ] Box 3
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day of year
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Fig. 7. Simulated time series of the pelagic state variables for the Af # 0 case. Columns correspond to three boxes. Rows correspond to state
variables. Solid lines refer to P, Z, N and D in the box, while dotted lines are the reference far-field (Pooy Zggs Nog, Dog). The time axis covers

the calendar year,

which is most pronounced in the inner boxes. Benthic—

pelagic fluxes in the M = 0 case are such that sedi-

mentation slightly exceeds resuspension with most of
the difference being buried. With M # 0, biodeposi-
tion of mussel feces (M — B) dominates the organic
matter flux to the benthos. As a consequence the B
pool increases, and order of magnitude changes are
seen in benthic remineralization (B — N) and burial.
The resuspension flux is also doubled. These effects are
similar between boxes. Hargrave (1985) reports natural
sedimentation rates of 0.1 to 1 gCm~2d~!. By sum-
ming the D — B and M — B fluxes, it is seen that
the M = O case falls at the lower end of this range,

while the M # 0 case falls at the mid to upper end of
the range. Examination of the source and sink terms
indicate that with an increased bivalve population the
system becomes a strong importer of P and D, and an
exporter of N. The flux of Z to higher trophic levels
seems litile affected by M levels,

4.2. Model analysis

In order to facilitate further application of the
ecosystem model, an analysis of some of its dynam-
ical properties was undertaken. These were assessed in
order to better understand model structure, and to help
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Fig. & Time series for the benthic detrital paol B for the two cases
with (M 52 0) and without (M = 0) mussels present. The values of B
shown in each case are averages over all three boxes. The time axis
covers the calendar year.
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Fig.9. Observed and predicted temperature records for summer 1999

for the three boxes. Observations were low pass filtered with 100h

cutoff, Predicted temperature is based on the inverse method using
the heat equation.

Table 2
Annual fluxes in the ecosystem model in gC m~2 year™'
Flux Box 1 Box 2 Box 3

M=0 M+#£0 M=0 M#0 M=0 M#£0

(i) Pelagic fluxes
N—=P 721 55.2 104.0 657 833 54.1
P—>Z 383 30.7 423 278 393 26.5
P—D 207 - 136 28.9 i3.2 246 12.0
Z—->'N 153 123 16.9 il.l1 157 10.6
Z—=D 115 9.2 127 83 118 8.0
b— N 90.1 735 88.2 574 813 589
PaM 00 273 0.0 26.4 0.0 23.9
DM 00 141.6 00 1143 0.0 1i7.1
M->N 00 16.9 0.0 14.1 0.0 14.1

(ii) Benthic fiuxes
‘M — B 0.0 1351 0.0 1126 0.0 112.9
D->»B 434 354 435 28.6 431 29.3
B~ N 1.9 17.3 1.8 12.2 1.8 12.4
B— D 329 67.2 33.0 67.2 327 67.2
Burial 8.9 88.5 9.0 63.9 8.8 64.8

(iii) Sources and sinks
Pexport 131 -164 328 -17 194 —8.3
Zexport —1.6 -33 -03 -34 -I.1 -3.8
Nexport 35.1 646 466 725 215 41.6
Dexport =99 —1020 715 -545 27 -61.1
Ninput 0.0 00 - 438 438 0.0 0.0
Dinput 584 584 584 584 584 58.4
Zoutput 13.1 12.5 13.0 11.7 129 11.8
Moutput 0.0 16.9 0.0 14.1 0.0 14.1

These are reported for both the M = 0 and M # 0 cases for all three
boxes. The notation X — Y indicates mass flux from ecosystem
component X to Y. Fluxes are grouped by type as indicated,

guide the collection of observations which can be nsed
for validating the model. Towards these ends, two com-
plementary aspects are considered: (i) the sensitivity of
the predicted ecological state variables to variations in
the parameters, and (ii) the extent to which observations
of the state variables allow us to determine the param-
eters. Omlin et al. (2001) further discusses aspects of
parameter estimation in ecological prediction. '

The ecosystem model is governed by the determin-
istic map given by (14). The central quantity used hére
to examine properties of the ecological model is the
Jacobian matrix of partial derviatives,

Y

J
69. 6=d

(15)

PP

L e e
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Pet?
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Table 3 )
Sensitivity of the ecosystem state variables in each of the boxes (columns) to variations in model parameters (rows)

P1 P2 P3 Zl z2 Z3 N1 N2. N3 D1 D2 D3 Bl B2 B3

Poo 8(10) 6(B) 70y 1L 1@ 1M 1) 22 2@ 0@ 1@ 1D 13 23 1(3)
Zeo 3(3y 5 56 9 98 %@ 1() 2@ 2 0oO® 0@ 0O o)y 02 0(2)
N 2(2) 3(3) I oM oM 0 88 e6(6) T(M 0O 0 0™ o 1) 1(1)
D 3(2) 5(H 5@ 0 1M 1) 1) 2@ 2@ 8&® TG T 11 09 910y
¥p 5 (5} TED 7 1) 12 12y 3(3) 505 4@ 0y 1) 1(D (D 1) 13)
Qo 3@ S5®W 5@ 0O 1M 1O 1M 2@ 2@ ) 3@ 3@ 21 A2 3(2)
Ko 3 2 3 o@m 1w 1M 2@ (D 1M 1@ 1 1 1(2) 1(2) 12}
K 00y 3 00 0@ 1) 0@ 0@ 2(2) 0@ 0O 1) o0 a0 12} 0
Kz 0@ 0@ 2() 0@ 0 0oy 0 0@ I 0@ 0@ I(D oM o0 12
o 2 43 4AG) 0O 1M 0 10 I{) (M 00 1@ 10 0(0) (1) 1(0)
I 5 89y 78 () 32 3(1) 212 33 32 00 OO 0O L E)] 1(3) 1(2)
k' 2() 2(d 24 00 1(D) 1) 1 1 1()y 0@ 0@ o 00 O(l) o)
Az Iy 2{3) 2@ 2 4@ 4¢3) 00 1) 1) 00 0 0(0) 0(0) o(1) oL
€z 2(1) 33 32y 2(1) 4@3) 43 0@ 1)y 1@ 0O 1O 1@ 1O 11y I
Be 1o 1 1O o0 0w 0O 0@ 0O 0@ 00 1@ 1@ 0(6) 1(0) )
Ad 0 0 oy o 0@ 0O 0@ OMm oM 1M IV 1 12(3) 14(2) 12(2)
Pa 32y 5 53 0O 1) L@ 1D 2 2 I 3 3 2N 4@ 3(2)
Dy 1(1) M- 1@y oW 0@ o0 0@ 1 1() 1) 22 2 1(1) 33) 33
) 00 o) 0Q) O 0@ OO 0@ 0 0O 1@ 1) 1} 5(5) (5} 3(5)
Nin  1(0} 2(2) Iy o@ 0@ o 0@ 1) 0 oM O{® OO 0(0) 0(1) 00y
kn 2(2) 3% gy o 1M 1) 1M 22) 2@ oM 0O OO  ®D 12 1H2)
e 0@ O 01 0@ 0@ 0 0@ 0 0@ 00O 0O 0O I A 3(8)
73 0@ O O 0@ 0@ 0¢) 00 O0( 0@ 0@ 0O 0(0 1(2) (1) 1{¢)]
. =@ - - -O - -0O) - - -0 -@ - -@ -9 -G —{6)
€ ~0 @ -0 -0 - -0 -@ -0 -0 -@ -0 -O -2) @ -2
fm -0 A O -@ -0 O -@ -© - - O -O =1y —2) —(2)

Results for the M = 0 and M =  cases are given, thh M + 0 in brackets. For presentation purposes, values for § are scaled by a factor of 10,

and rounde:i to tha nearest mteger

which is evaluated for a specific parameter set 8 = .
It takes the forms of an'g x p matrix where the i, jth
element is df;/89;, fori=1,...,gand j=1,...p.
It provides a linearization of the ecological dynamics
about &. Appendix B provides further details. Here, J
was evaluated for both the M = 0 and M 's£ 0 cases.

Sensitivity analysis identifies influential parameters
in the nonlinear ecosystem model. The idea is to look at
changes in the ecological state variables brought about
by small perturbations in the parameters. The kth col-
umn of J, denoted Ji, measires the sensitivity of the
ecosystem compornents X to variations in the kth param-
eter, 0. For the purposes of sensitivity analysis, a scaled
Jacobian, denoted: 7 is used where J; = (8;/ X:)Ji;.
The measure of sensitivity is then

S(ﬂ &)

= (HED Ty, (16)

Here, | - | represents the absolute value and (-} pro-
vides for an averaging of the time series. The quantity

S(‘z **) measures the ratio of the percentage change in the

model solution to Va percentage change in a single pa-
rameter, following the usual definition (e.g., Jorgensen,
1994). It is computed for all 5 ecosystern components

(superscript a} in all three boxes (superscript b) foreach

of the parameters contained in 4,

Results from the sensitivity analysis are shown in
Table 3. For the M = 0 case, pelagic ecosystem com-
ponents in all boxes are sensitive to their respective far-
field concentrations. The far-field D also influences
the level of the benthic detrital pool B. P in the inner
boxes 2 and 3 are sensitive to ¥p as well as to I;. The
smkmg rate b4, and to'a lesser extent resuspensmn (1),
are sensitive parameters in setting the Ievel of B. Table 3
also shows results for the M + 0 case. Here, parameter
sensivity for the pelagic components remains relatively
unchanged. The exception is Vo which is now impor-
tant for P'in the inner boxes, reflecting the increasing
importance of internal production in the poorly flushed
inner regions as grazing activity is increased. However,
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Table 4
Estimated parameter precision reported as the ratio of the mean parameter value to its standard deviation
ALL P A N D B

Py 2.99(1.69) 0.31 (0.71) 0.00 (0.00) 0.09 (0.16) - 0.02 (0.08) 0.39 (0.07)
Zoa 1.08(1.03) 0.00 (0.01) 0.27(0.57) 0.01 (0.01) 0.00(0.00) (.04 (0.00)
Nea 4.45(3.32) 0.03 (0.07) 0.00 (0.00) 1.50 (1.91}) 0.01 (0.08) (.41 (0.03)
Do 8.64(7.19) 0.00 (0.02) 0.00 (0.06) 0.04 (0.04) 1.64 (3.12) 1.69 (0.28)
¥p 1.77(1.04) 0.06 (0.17) 0.01 (0.00) 0.10 (0.12) 0.01 (0.08) 0.30 (0.08)
Koo ) 2.85(0.94) 0.07 (0.23) 0.03 (0.03) 0.21 (0.22) 0.22 (0.17) 0.89 (0.10)
K2 ) 2.73(0.85) (.08 (0.19} 0.02 (0.03) 0.16 (0.20) 0.12 (0.11) 0.73 (0.07)
K13 2.95(0.79) 0.09 (0.19) 0.02 (0.02) 0.17 (0.203 0.14 (0.13) 0.79(0.07)
Ap 0.43(0.87) 0.00 (0.01) 0.00(0.00) 0.01 (0.03) 0.01 (0.06} 0.07 (0.03)
I 0.69(0.61) 0.00 (0.01) 0.00 (0.00) .01 (0.01) 0.00 (0.00y - 0.04 (0.00)
ky 0.50(0.31) 0.01 (0.04) 0.00 (0.00) (.04 (0.03) 0.00 (0.01) 0.07 (0.01}
Az 0.29(0.27) 0.01 (0.02) 0.03 (0.03) 0.0t (0.01) 0.00 (0.00) 0.04 (0.00)
€z 0.37(0.35) 0.00 (0.01) 0.00 (0.00) 0.0t (0.01) 0.00 (0.02) 0.14 (0.01)
B: 0.39(0.35) ~  0.01(0.03) 0.00 {0.00) .02 (0.03) 0.00 (0.01) 0.10(0.61)
A 0.67(2.36) 0.00 (0.01) © 0.00(0.00) 0.00 (0.02) 0.00 (0.29) 0.11{0.23)
b 347(1.12) 0.00 (0.02) 0.00 (0.00) 0.03 (0.04) 0.37 (0.43) 1.24 (0.15)
Din 1.01(0.57) 0.00 (0.00) 0.00 (0.00) 0.02 (0.02) 0.05 (0.04) 0.28 (0.02}
r(®) 13.02(6.37) 0.00 (0.03) 0.00 (0.00) 0.04 (0.04) 1.50 (1.02) 8.86 (4.96)
Nin 1.28(0.45) 0.02 (0.08) 0.00 (0.00) 0.13 (0.18) 0.01 (0.05) 0.63 (0.05)
ko 0.92(0.59) 0.02 (0.07) ~0.00 (0.00) 0.12(0.27) 0.01 (0.03) 0.20 (0.02)
@ 1.37(0.24) 0.00 (0.02) 0.00 (0.00) 0.02 (0.02) 0.00 (0.03) 0.53 (0.01)
P - 0.26(0.05) 0.00 (0.01) 0.00 (0.00) 0.02 (0.01) 0.00 (0.01) 0.10 (0.00)
T 2.34(0.01) 0.00 (0.00) 0.00 (0.00) 0.01 {0.00) 0.01 (0.00) 0.60 (0.00)
€n 0.21(0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.06 (0.00)
Bm 0.26(0.00) 0.00 (0.00) 0.00 (0.00) 0.01 (0.00) 0.00 (0.00) 0.06 (0.00)

The column ‘ALL’ refers to observations available for all ecosystem state variables. The remaining columns assume that observations only on
the variable indicated are available. Results are reported for both the M = 0 and M # 0 cases, with M * 0 in brackets.

it is the benthos B which shows the greatest changes.
There is increased sepsitivity in B to burial e, but much
Iess sensitivity to sinking Ag. The importance of biode-
position is made evident by the fact I, strongly influ-
ences P in the inner boxes, and is also important in
determining B.

To determine how the ecosystem state vanables are
related to the parameters the asymptotic error covari-
ance matrix, %, for the parameters was determined.
This used the Jacobian matrix in (15) together with
some basic principles in nonlinear regression, as out-
lined in Appendix B. Examining % shows the ex-
tent to which information on the ecosystem state vari-
ables allows us to determine model parameters, and
hence predict the ecosystem state. The diagonal ele-
ments of ¥ provide an estimate for the variance of
the model parameters 6. The off-diagonal elements
provides information on how they are related, or co-
vary. It is important to note that we do not need ac-
tual observations for this exercise; only information
on which variables are measured and their error statis-

tics is required (see Appendix B). Here, the covari-
ance matrix ¥ was computed assuming a complete
set of observations on the ecosystem state, X, as well
as for limited sets of observations, i.e. X For
simplicity, a unit variance for the observation errors
was assumed, which is reasonable starting point for
variables having the same order of magnitude. How-
ever, in reality, observation errors will be unequal
and depend on sampling variability and measurement
precision.

Table 4 shows information on parameter uncer-
tainty. These are reported as the ratio of the param-
eter values to their estimated standard deviation, and
can be interpreted as 4 measure of the relative pre-
cision of the parameters. First, consider the situation
where a complete set of observations of X is available
(the ‘ALL’ column in Table 4). For both the M =0
and M # 0 cases, it is seen that the far-ficld pelagic
components arc well determined, as are the parameters
for resuspension and water column remineralization.
In contrast, parameters associated with Z tend to be
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poorly determined, Comparing the M = O and M # 0
cases indicates that the precision of nearly all param-
eters inereases with greater bivalve biomass. This is
particularly evident for the exchange coefficients, the
mussel parameters, and all parameters associated with
benthic~pelagic coupling. The exceptions are Az and
Ap. The remaining columns in Table 4 report precision
estimates where observations on only one ecosystem
component is available. As expected, the precision is
reduced with the tendency that only parameters directly
linked to the observables are well determined. Obser-
vations of pelagic variables are more important for the
M = 0 case, while observations of the benthic detrital
pool ate relatively more important for the M = O case.

The estimated correlation matrix for the parameters
is shown in Table 5. Correlation measures the linear
dependence amongst the parameters. A value close to
zero indicates parameters are nearly independent. Ab-
solute values near one indicates parameters may not be
independent, i.e. varying these parameters canleadtoa
similar model predictions for the time evolution of the
state variables. Correlations were computed for cases
with M = 0 (above the main diagonal) and M # 0 (be-
low the main diagonal), assuming a full observation set.
For both cases, the majority of parameters have rela-
tively low correlations (< 0.5); high correlations are
evident only amongst the Z parameters, between the
D source/sink terms (,;, Dig), and between the B loss
terms (e, ). For the M + 0 case, high correlations are
evident arnongst the M parameters, the source/sink and
loss terms for Z (Z o, Ay} and P (Pog, A p), and the in-
terior exchange coefficients (K12, K13). Examination
of the eigenvalues and eigenvectors of the covariance
and correlation matrices did not prove informative as
a means of identifying important parameter dependen-
cies.

5. Summary and conclusions

This study has presented a bio-physical ecosystem
model for assessing environmental effects of intensive
bivalve culture in shallow coastal bays, It is motivated
by the potential of dense aggregates of bivalves to de-
plete suspended particulates and increase biodeposi-
tion (Cloern, 1982; Dame and Prins, 1998; Noren et al.,
1999). This can alter nutrient cycling in coastal ecosys-
tems (Hily, 1991; Alpine and Cloern, 1992). Ecosys-

tem effects have been widely documented for cases
where bivalve populations have exploded as invasive
species (Nichols, 1985; Nichols et al., 1990), or have
been decimated as a result of disease (Ulanowicz and
Tuttle, 1992). Bivalves have been termed “ecosystem
engineers” as a result of this ability to alter environ-
mental conditions in their favour (Jones et al., 1994
Seed, 2000). .

Quantitative approaches are useful for examining
aquaculture ecosystems and environmental manage-
ment (Kishi etal., 1994). Brando et al. (2004) presentsa
mass balance model of trophic flows for management of

a lagoon system as an extensive aquaculture operation,

Congleton et al. (1999) considers a spatial modelling
framework to take account habitat variability in siting
bivalve aquaculture. A population dynarmics model of
clam culture is developed by Solidoro et al. (2003) and
coupled to one of individual bio-energetics; this was
applied to the identification of fearing strategies to bal-
ance ecological and economic considerations. Ecosys-
tem models of bivalve aquaculture ecosystems have
been focused mainly on predicting bivalve growth and
carrying capacity. One approach is to couple bivalve

 bioenergetic models with models of the supporting ma-

rine ecosystem (Raillard and Ménesguen, 1994; Dowd,
1997). Increasingly the trend is to integrate complex
ecosystem and bioenergetic medels with physical med-
els of hydrodynamic processes (Solidoro et al., 2000;
Duarte et al., 2003). In our study, we emphasize envi-
ronmental effects of bivalve culture. Towards this end,
we identify a general mathematical modelling frame-
work for quantifying ecosystem effects of bivalve aqua-
culture from a nutrient cycling perspective.

The bio-physical model used in this study describes
the dynamics of interacting populations in a semi-
enclosed embayment. The focus is on variability on
subtidal time scales, with a particular emphasis on sea-

~sonal effects. Spatial aspects are incorporated using a

box model framework which allows for redistribution
of ecosystem components by water motion and mixing.
The pelagic compartment is comprised of phytoplank-
ton, zooplankton, nutrients and detritus in keeping with
current representations used in modelling pelagic bio-
geochemistry (Fasham, 1993). The model was targeted
atshallow coastal systems by coupling the pelagic com-
ponents to a simple, but dynamically active, benthos.
Novel aspects for the benthic. compartment includes
episodic resuspension of benthic detritus based on a

e e Zi
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stochastic (Poisson) process consistent with wind forc-

ing; the model ecosystem appeats toberesilientto these
short time scale perturbations, in the sense-defined by

Stone et al. (1996). In addition, remineralization of ben-
thic detritus was represented using a convolution inte-
gral which mimics the effects of finite reaction times
and sediment pore water diffusion as represented in
complex diagenetic models stich as those in Soetaert et
al. (2000). Considerable dynamical simplification was
also achieved by superimposing a fixed population of
grazing bivalves which interacts w1th the ecosystem as
a forcing function.

A specific case study was undertaken for Tracadie
Bay, a shallow semi-enclosed tidal embayment off the
east coast of Canada. The purpose was to illustrate ap-
plication of the general model to a specific sitnation,
as well as to generate and test some hypotheses on po-
tential ecosystem effects resnlting from intensive bi-
valve culture. Recently, an extensive bio-physical field
study of Tracadie Bay was initiated, and this work
provides an initial application to help focus the field
program and interpret results. At this stage we make
use of preliminary observations, information from re-
gional databases and reports, and literature values to
specify model inputs, as well as to calibrate the model
output. '

Effects of intensive bivalve culture were investi-

* gated by applying the aquaculture ecosystermn model
to cases both with and without a population of graz-
ing bivalves. Zooplankton play only a minor role in
nutrient cycling and, from this perspective, could be
justifiably neglected (but are important if production
at higher trophic level is of interest). Major ecosys-
tem effects of bivalve populations are concentrated in
the benthos where bivalve biodeposition leads to an
accumulation of organic matter. Biological production
is in fact diverted from the pelagic to the benthic food
web. In the biologically active summer period, the dom-
inant nutrient cycle is the following, Seston (phyto-
plankton and detritus} is depleted from the water col-
umn by grazing. Bivalves produce feces and pseudo-
feces from this ingested matter and which are rapidly
blodeposued to the seabed. Benthic accumulation of
organic detritus on the seabed enhances water column
nutrients due to benthic remineralization. This drives
increased phytoplankton: production in this normally
nutrient limited system. However, phytoplankton are
simultaneously prazed down by bivalves so that their

standing stock actually decreases. Coastal eutrophica-
tion thus appears to be partially mitigated by bivalve
mediated sinks for excess nutrients, mainly the stor-
age of bicdeposited organic matter in the sediments
and its burial (note that only a relatively small amount
of nutrients are removed directly through harvesting).
However, the major nutrient sink is through export to
the offshore, consistent with the findings of Le Pape
et al. (1999). The phytoplankton to detritus ratio may
be thought of as a measure of food guality and is an
important determinant of bivalve growth (Penney et
al., 2001). Simulations suggest ‘that bivalve popula-
tions increase this ratio and therefore alter the envi-
ronmental conditions in their favor, consistent with
their hypothesized role as ecosystem engineers. As
the fall period progresses, internal biological dynam-
ics in the bay are weak, the system moves from net
autotrophic to heterotrophic, and bivalves increasingly
rely on offshore productmn for The:r maintenance food
ration. :
In a semi-enclosed coastal embayment, ecologi-
cal dynamics are determined both by local processes
within the bay, as well as by the dynamics of the
larger scale oceanic ecosystem. These local and re-
mote forcings are linked through water motion, which
redistributes and exchanges freely floating ecosystem
components. The importance of this physical oceano-
graphic aspect in structuring the ecological system led
us to propose a unique means-of determining the ex-
change coefficients based on an inversion of observed
temperature records. This data-driven estimation of the
mixing coefficients contrasts with other methods based
on tidal prism calculations (Dowd, 1957} or analysis
of numierical circulation mode] cutput (Chapelle et al.,
2000; Thompson et al., 2002). The limited-area model
used in this study clearly shows how far-field condi-
tions influence the internal biological dynamics. Mix-
ing processes may also lend stability to the ecosystem
dynamics through the gradient-fiux relation which gov-
erns exchange, similar to the way in which a pelagic
ecosystem model can be stabilized by the addition of
diffusive physics (Edwards et al., 2000). Water mo-
tion and mixing also means that the inner portions of
the bay are decoupled from the far-field, and internal
ecosystem processes play a relatively more important
role there (Dowd, 2003).

The aquaculture ecosystem imodel presented in this
paper is intended to be applied to similar situations
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with minor modification to its basic structure. Towards
this end, an brief analysis of some model properties
was undertaken. Since the model provides a determin-
istic map from the parameters to the ecosystem state
variables, we examined aspects of parameter estima-
tion using quantities derived from the Jacobian matrix
of partial derivatives. Overall, the parameter sensitivity
was found to be fairly uniform. More sensitive param-
eters were associated with the major pathways of mass

flow in the system, i.e. the mussel energy balance pa- .

rameiers and the parameters governing benthic—pelagic
coupling. More sophisticated sensitivity analysis for
ecological models considers interactions, or dependen-
cies, amonst the parameters (Omlin et al., 2001; Betes
and Hawkins, 2001; Barlund and Tattari, 2001). To ad-
dress such parameter identification and uncertainty is-
sues, we computed the asympfotic covariance matrix
for the parameters, assuming availability of observa-
tions on some or all of the ecological state variables.
The covariance mdtrix is the inverse of the Hessian ma-
trix, which was used by Marsili-Libelli et al. (2003) to
determine confidence regions for ecological parame-
ters..Not surprisingly, it was found that parameter vari-
ances, or precision, estimates were often dependent
on having direct observations of the associated state
variable. The majority of parameters turned out to be

quasi-independent for this estimation problem which -

is encouraging for future applications. Only minor dif-
ferences in the covariance structure were evident for
the two bivalve population levels considered.
Quantitative descriptions of aquaculture ecosystems
are important tools to further the scientific understand-

ing and the management of these manipulated ecosys-

terns. Parsimonious models of such inherently com-
plex ecological systems, such as the approach offered
in this stady, offer simplicity by including only dom-
inant processes and by using reliable, robust parame-
terizations and approximations. Although some real-
ism is sacrified for generality, there are important ad-
vantages over their highly complex and case-specific
counterparts: simple models are more easily validated,
their dynamical properties can be better understood and
analysed, and hypotheses can be systematically tested.
Such models thus both complement, and provide the
basis for, the more complex systems-based models in
ecology (see Wu and Marceau, 2002). However, an-
other reason exists for using simple, but non-trival, bio-
logical models: they provide a practical basis to investi-

gate emerging areas in predictive ecosystem modelling
which are presently characterised by formidable com-
puational requirements. In ecological modelhng, these
include stochastic sm’lulatlon (Marion et al., 2000) and
inverse problems (Vallino, 2000; Dowd and Meyer,
2003). In marine ecology spemﬁcally, a major thrust is
the coupling of biologicat dynarmics to high dimension,
fluid dynamical models of ocean circulation (Hofmann
and Lascara, 1998). It is hoped that the bio-physical
ecosystemn. mode] proposed in this study proves use-
ful, both for its present practical application, as well as
for future developments towards the goal of predictive
marine ecosystem modelling.
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Appendix A. Deterirﬁning the exéhange
coefficients

To implement the ecosystem box model (11)-(13)
requires numerical values for the three exchange
coefficients: Koq, K12, K13. These were determined
using observed temperature time series for each of the
boxes, designated Temp (), Tempz(r) and Temps (),
respectively. Fig. 9a shows the observed low frequency
temperature variations recorded in summer 1999 in
Tracadie Bay. These have been zero-phase, low pass
filtered with 100 h cutoff to eliminate tidal variations.
This procedure is consistent with considering only

subtidal variability in the box model. The major

feature in the temperature regime of the bay is a spatial
gradient of a few degrees Celsius: the temperature in
offshore waters (Tempy,) is lower than the central bay
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(Temp;), which is in turn cooler than the inner regions
(Temps and Tempa).

The time evolution of temperature can be modelled
by transforming (11)~(13) into a heat equation as fol-
lows. Let X; = Temyp; and #{-} = 0. The term v is in-
terpreted as a heating rate common to all boxes. A typ-
ical summer value for the net heat flux for the region
is 150Wm~2 according to the NCEP/NCAR 40 year
global heat flux analysis for this area in the months JTuly
and August, as reported in Kalnay et al. (1996). The
heating rate is v = &/(HpC)), where @ = 150 Wm—2
is the input heat flux, C, = 4000T kg=! °C~! is the
specific heat of seawater, and p = 1025kg m~ is the
density of seawater. Using a water column of depth
7 =5m yields a heating rate of 0.75°Cd~!. An in-
verse method was used to determine the exchange co-
efficients. Specifically, the scalar quantity’

V= Z{ _[ (TemPi(t) — Tomp;(0)? dt} . (;7)

was minimized with respect to Koo, K12, K}3. This
minimization is subject to the predicted 'I"Elqﬂﬁi satis-
fying the heat equation. In other words, the exchange
coefficients are chosen such that they provide pre-
dicted temperatures which best fit, in a least squares
sense, the observations. Carrying out the above pro-
cedure resulted in the following estimates for the ex-
change coefficients: Koo = 1.3d7F, Bp =04 d7L,
an Kj3 = 0.5d7", These values were used in the box
model. The associated predicted temperatures are given
inFig. 9b.

Appendix B. Model analysis using nonlinear
regression

Consider the .nonlinear regressibn equation
y=Hf{f}+¢ ' ' (18)

where y represents a k& x 1 vector of observations on
the ecosystem state variables and 0 is the p x 1 pa-
rameter vector. The g x 1 vector function f{-} oper-
ates on 6§ and corresponds to the discretized ecosys-
tem dynamics as in (14). The & x g matrix H picks out
model counterparts to the observations (note that the
case where H = I implies measurements of all ecosys-
tem components in all boxes at all model time steps).

The k x 1 error vector & is assumed, for simplicity, to
be independent, zero-mean and normally-distributed
with common variance . Ordinary least squares non-
linear regression is concerned with choosing an esti-
mate for # so as to minimize the error sum of squares
SO = ||y — Hf {9}"2. The interested reader is referred
to Chapter 24 of Draper and Smith (1998) for a more
detailed introduction to this problem.

Here, we are concerned with an examination of the

properties of this estimation problem independent of

any particular set of observations. That is, we use only
knowledge of the observing array (H) and the error
statlsncs (e ~ N(O, o°T )). Suppose then we have an es-
timate & obtained by either minimizing $(8), or simply
as a prescribed baseline parameter set. A linearization
(truncated Taylor series) of f (6} about @ yields

af ,

& = Fior + = % ¢ 0. (19
f==6

The Jacobian matrix of partial derivatives is given by

theg x pmairix J = 8f706. Itz §, jth element is defined
as - '

i _
%, = oim, M ~g A+ a8p)— file) @)
where Af; is a p x 1 vector with all zero elements
excepting the jth element, A9 ;. Using the formula (20),
J is readily approximated using finite differences (e.g.
Gill et al., 1986, Section 8.6).

Define the increments 8y = y — {6} and 56 = 6 —
B. The linear regression 8y = HJS6 + ¢, which is lo-
calized about f, yields

o~

50 = ST H'Sy @n
where
=8 ENL

assuming the quantity in brackets is non-singular. The
quantity 023 represents the covariance matrix for 5.
It also provides an approximate covariance matrix for
2 asymptotically valid in the vicinity of 8. The p x 1
vector of parameter variances is then

var(®) = o diag(E). (22)
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A linearized correlation matrix I" for the & can also be
defined. This p x pmatrix has elements

Xy s
i — LB 23
7T Bax Tt @
fori, j=1,..., p. The eigenvalues and eigenvectors
of %, or I', may prove useful in identifying parameters
sets which are poorly determined by available obser-
vations.
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