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Abstract

The effects of the form of the grazing and mortality terms used in plankton models are well known. The same cannot be said for
ecosystem models. As ecosystem models become more popular more needs to be known about the effects of model formulation
on model behaviour and performance. The impact of the form of the grazing response function and mortality terms used in
a biogeochemical ecosystem model are considered here. We show that in the large and inter-linked webs used in ecosystem
models, model behaviour is far more sensitive to the form of the grazing term than to that of the mortality terms that close the
modelled food web.

When using biogeochemical ecosystem models in shallow marine ecosystems, the most dynamic and sophisticated functional
responses describing grazing require more parameters and validation than the simpler Holling disk equation, but usually still
lead to the same general conclusions about the system state and the effects of changes in forcing functions. Thus, the use of
more complex functional responses is not necessarily warranted in many cases. Similarly, the extra effort and data required to
explicitly represent the top predators (sharks, mammals and birds) is not necessary if they are not the focus of the study. A
guadratic mortality term applied to intermediate predators (such as piscivores) is sufficient to achieve plausible model behaviour.
It should be noted, however, that some degree of sophistication is required in the grazing and mortality terms. Use of simple
linear functional responses and mortality terms is unsuitable for models used to consider a range of nutrient loading or harvesting
scenarios.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tools. This is one of the driving forces behind the re-

centinterestin ecosystem modeélgg(ters et al., 1997,
Modern marine resource management is increas- Hollowed et al., 2000; Sainsbury et al., 200These

ingly focused upon multiple use and sustainable man- models, whether primarily biogeochemical or ecolog-

agement of marine systems. An important aspect of ical, have the potential to improve marine ecosystem

such a management approach is the use of appropriatenanagement, but several areas of their performance
and structure need investigation.
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et al., 2000. Within ecology in general, the issue of Hassell and Commins, 1978; Begon and Mortimer,
the effect of the formulation of biological processes on 1986; Legovt, 1989; Berryman, 1992; Ginzburg and
model performance has received a good deal of atten- Akcakaya, 1992; Gutierrez, 1992; Steele and
tion (DeAngelisetal., 1975; May, 1976; Hassell, 1978; Henderson, 1992; Luckyanov et al., 1995; Legaspi
Begon and Mortimer, 1986; McNair, 1986; Berryman, et al.,, 1996; Myerscough et al., 1996; Varriale and
1992; Ginzburg and Akgakaya, 1992; Legaspi et al., Gomes, 1998; Edwards and Brindley, 1999; Gao
1996; Myerscough et al., 1996; Varriale and Gomes, et al., 2000; Géek and Legow, 2001; Lima et al.,
1998. In eutrophication models the topic has also be- 2002. There are two areas in which predation and
gun to be thoroughly analysedrransz et al., 1991; its formulation must be considered in biogeochemi-
Edwards and Brindley, 1999; Murray and Parslow, cal models with multiple biological components. The
1999; Edwards and Yool, 2000; Gao et al., 2000; Tett first is the grazing terms used, which functional re-
and Wilson, 2000; Lima et al., 20D2This has not sponses are implemented and whether these responses
been the case for ecosystem models that encompasseasonably represent animal behaviour. The second is
whole food webs, however. the formulation of the mortality terms for the species
Ecosystem models are often quite large and highly or groups at the highest trophic level of the web ex-
detailed, and potentially unwieldy. A comprehensive plicitly represented in the model. Natural mortality is
sensitivity analysis of parameters used in these mod- applied to all biological components of models, but
els is often a daunting, if not impossible, task. Thus, at the highest trophic levels, extra assumptions may
the effects of alternative formulations of key processes be necessary. One important consideration is whether
may seem even less likely to be tackled. The work the effect of predators, that are not explicitly covered
of Steele and Henderson (1992, 1998jurray and in the web, is constant or reacts to the size of the
Parslow (1999andGao et al. (200Q)amongst others,  prey population, as one would expect populations of
indicates that the behaviour of eutrophication models predators to respond. As a result, linear and quadratic
can be strongly dependent on these formulations. With mortality terms are the most common means of han-
the additional groups and linkages found in ecosystem dling model closure (i.e. the mortality terms used for
models, it is unlikely that the effect of formulation is the top predators represented in the model). How-
any less importanDeAngelis et al. (1975argue that ever, it is important to assess whether the model’s
as large-scale ecosystem models are so hard to analbehaviour is sensitive to the form of the mortality
yse that the formulations used in them must be clearly term used $teele and Henderson, 1992; Edwards and
understood via mathematical analysis (primarily using Brindley, 1999; Murray and Parslow, 199Because
trophically simple models). Indeed, much of the ex- the model’'s behaviour may be more, or less, plausible
isting work has been carried out on models with few depending on the form chosen.
compartments and linear food chains. Unfortunately, it ~ Examination of water quality models has indicated
is not clear that findings from these trophically simple that the form of the grazing term used is not as impor-
models easily generalise to web-like ecosystem mod- tant a determinant of model behaviour as the form of
els. Given the increasing use of ecosystem models asmodel closure employe&(eele and Henderson, 1992;
management tools it is imperative that an understand- Edwards and Brindley, 1999; Murray and Parslow,
ing of the sensitivities of ecosystem models to alter- 1999; Edwards and Yool, 20R0Studies of the per-
native formulations is gained quickly. This means that formance of water quality models also indicate that
direct consideration must be given to the performance quadratic mortality appears to be the most appropri-
of ecosystem models using alternative formulations, ate form of closing the food web. Such studies have
even if this can currently only be done with limited been restricted to planktonic webs and as there is lit-
sophistication. tle (if any) consideration of this topic in other areas of
Over the last quarter of a century both theoreti- ecological modelling, so extension of these findings
cal and applied studies have shown that the form of to larger webs is open to doubt.
predation incorporated into models can have a large Linear mortality is used in the majority of published
effect on their performance, as measured by their ecological models without mention of its potential
stability and predictionsMay, 1976; Hassell, 1978; effects. In contrast, the effect of functional responses
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has received more widespread attentidtholling haviour. For example, using only linear mortality
(1959) classified the range of relationships between terms for the fish groups in IGBEM (i.e. linear model
consumption rate and prey density observed in nature closure) can result in unstable behaviour under some
into three “types” type | (linear increase in con- conditions Fulton et al., 2003p This finding spurred
sumption rate with prey density up to some threshold a study examining some aspects of the effect of the
density where consumption rate becomes constant);form of the grazing terms and model closure on the
type Il (smooth increase to an asymptote); and type dynamics and performance of an ecosystem model.
Il (sigmoidal). These three types are still widely used As BM2 has been found to acceptably represent real
(Legaspi et al., 1996; Bissenschiitt and Pahl-Wostl, shallow marine systems-(lton et al., 2003g it was
2000, though they have been criticised for their sim- used as the basis for using the “deep-shallow model”
plicity and dependence on prey abundance. Much of approach. This work is presented here and is one
the criticism has resulted from (1) the “boom and part of a wider study that considers the effects of
bust” predictions of models which use type | or Il model formulation and structure on ecosystem model
responsesBussenschitt and Pahl-Wostl, 20002) behaviour. Discussion of the many facets of model
the problem of the paradox of enrichment (where sensitivity investigated in the wider study are beyond
models predict only top predators will benefit from the scope of a single paper. Interested readers are,
increased primary production, while empirical obser- however, referred to the discussion of the level of
vations suggest all trophic levels benefitjajrstone physiological formulation detail used in models in
et al., 1960; Arditi and Ginzburg, 1989; Berryman, Fulton et al. (2003a}he effect of spatial resolution on
1992; Ginzburg and Akcakaya, 19923) unrealistic model behaviour detailed iRulton et al. (2003¢)and
behaviour at high predator abundanééiams, 1993; the impact of trophic resolution on model predictions
Legaspi et al., 1996and (4) a failure to detect appro- described byFulton (2001)
priate behaviour (e.g. predator switching, the basis for
type lll responses) in the field, whereas fine scale spa-
tial organisation (foraging arenas) has been detected2. Methods
(Arditi and Sdah, 1992; Walters and Kitchell, 20p1
As a result, other responses have been proposed. To consider the effects of the formulation of the
A review of all types of functional responses is grazing term and model closure on model dynam-
beyond the scope of this paper, but it can be said ics and performance, alternative forms of these terms
that there have been mixed results and the debate isare considered in the ecosystem model BM2. The ap-
far from over. For example, ratio-dependent responses proach employed to do this is a variation on the “deep
were initially promising Arditi and Ginzburg, 1989; model-shallow model” comparison, in which a com-
Matson and Berryman, 1992out their usefulness in  plex simulation model (BM2) that incorporates com-
general models (like the one considered here) has beerplex processes thought to occur in nature, acts as an
questioned Gleeson, 1994; Sarnelle, 1994; Abrams, artificial world (or deep “baseline”) against which the
1994; Abrams and Ginzburg, 2000; Bissenschiitt and performance of other (“shallow”) models are com-
Pahl-Wostl, 200D Nonetheless, functional responses, pared. In this case the “shallow” models are not sim-
which attempt to incorporate foraging arenas and the plifications of the “deep” model, rather they contain
pressure on an organism to maximise foraging time alternative grazing and mortality formulations. This
while minimising predation risk, such as the one in- approach allows a modeller to begin with a validated
cluded in ECOSIM YValters et al., 2000 have been = model and then modify it to determine the effect of

found to be usefulAbrams, 1993 those changes on model behaviour allowing for the
During the development of two biogeochemical identification of parsimonious models. In addition, this
ecosystem models, Bay Model 2 (BMBton et al., approach separates those parts of the model formula-

20033 and the Integrated Generic Bay Ecosystem tion issues concerned with model structure from those
Model (IGBEM) (Fulton et al., 2003)) it became of the accuracy and precision of sample data, as it
clear that the way in which feeding and mortality deals with perfect knowledge. The research discussed
is modelled can be critical to ecosystem model be- here considers only the effect of model formulation on
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behaviour and makes no attempt to consider effects of There are some effects of self-simplification in the

data uncertainty. 8-box compared with the complete 59-box spatial con-
Itis important to note that in the work discussed here figuration usually used with BMZHig. 2), but they are

the models are not being used as a simulated replica ofsmall and so the benefits of much shorter processing

any one system. For convenience, the physics of a par-times outweigh potential costs in this case.

ticular Australian bay (Port Phillip Bay, Melbourne)

are utilised, but overall the simulated system is a hy- 2.2. Grazing functions

pothetical one that has the general ecological struc-

ture and dynamics typical of most temperate bays. As  Six alternative grazing functions are trialed

BM2 employs standard biogeochemical and ecologi- (Table 4. The forms used are taken from the gen-

cal modelling structures and as it has been found to eral ecological literatureHolling, 1966; Begon and

realistically reproduce the behaviour of real shallow Mortimer, 1986 or represent grazing formulations

marine ecosystemd-(lton, 200}, the results from used in other ecological and ecosystem models

this study should generalise to other ecosystem mod- (Baretta et al., 1995; Bryant et al., 1995; Ebenhoh

els applied to marine bays. et al., 1995; Walters et al., 20p0rhe forms chosen
cover a wide range of structural assumptions, from
2.1. Model structure simple proportionality in the “type I” grazing term

to complex behaviours trading predation risk against
BM2 is a biogeochemical ecosystem model con- food requirements in the “ecosim-based” formulation.
structed as part of a wider study on the effects of model In each case the same grazing term is used for all
structure on performance. A detailed description of consumers. This assumption that a single functional
the formulation of BM2 is beyond the scope of this response is appropriate for all consumers, vertebrate
paper, but such a description can be found-uiton and invertebrate alike, is quite strong, although such
et al. (2003a)Instead, a brief overview of the model a simplifying assumption is necessary for evaluating
is given below and a summary of the major assump- the behaviour of a modelled web that is large and
tions of the model is given imable Jand the food web  complex. Future studies may benefit from considering
used is shown irfrig. 1 the effects of differing functional responses across the
BM2 is built at the level of trophic guilds and fol-  trophic levels.
lows the nitrogen and silicon pools of 21 living groups
(pelagic and benthic) and a number of detrital and nu- 2.3. Mortality schemes
trient pools [able 3. The very basic form of the equa-
tions are given iMable 3 though individual terms may Four mortality (trophic closure) schemes are also
be more detailed in some groups to reflect particular trialed. Unlike the grazing terms, the various schemes
phenomena, such as mixotropy or oxygen dependence for trophic closure do not all represent completely dif-
The fish groups represent the most extreme modifica- ferent formulations. The natural mortality term used in
tion of this general form, as the formulations for those the model for grougX has the following general form:
groups include an age structure and track the condition
of average individuals and the number of such indi- Mx = X(miin,x + mquadx X + (1 — ro,)mo,, x
viduals rather than simply following the biomass pool
in the model cell. Nevertheless, the equations given in
Table 3should convey the general level of the model wheremy, x is the coefficient of linear (or “basal”)
formulation. mortality, mquagx is the coefficient of quadratic
An 8-box form of this model is used to investigate mortality (representing predation due to groups not
the alternative grazing and mortality forms considered explicitly represented in the modelled web)g, x is
here. This spatial resolution provides a balance be- the coefficient of oxygen-dependent mortality (only
tween computational requirements and potential im- non-zero for benthic consumers) amipeciajx IS
pacts of trophic self-simplification due to system ho- the coefficient of special (group-dependent) mortal-
mogeneity and refuge losseBufton et al., 2003c ity. This rate of “special” mortality is only non-zero

+ Mspecialx + Mtop,x) 1)
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Table 1
The underlying assumptions and formulations of the standard implementations of Bay Model 2 (BM2)
Feature BM2
General features
Numerical integration scheme Simple forward difference method
Biological time step Adaptivk
Overall time step (physics and biology) D&ily
Vertical structure Single water column, epibenthic and sediment layer in each box
Biomass units mg N/f
Input forcing Nutrients and physics on interannual, seasonal and tidal frequencies
Level of biological detail Functional group (defined based on organism size and feeding guild)
Process related
Bioturbation and bioirrigation Yes
Consumption formulation Logistic (Holling-type 1I)
Formulation detail General equations: only growth, mortality and excretion explicit
Light limitation Optimal irradiance fixed
Mixotrophy Dinoflagellates
Nutrient limitation External nutrients determine uptake
Nutrient ratio Redfield
Oxygen limitation of demersal fauna Yes
Sediment burial No
Sediment chemistry Dynamic, with sediment bacteria
Shading of primary producers Yes
Spatial structure Flexible with the potential for multiple vertical and horizontal cells
Temperature dependency Yes
Transport model used for hydrodynamics fléws Yes
Model closure
Top predators represented by static loss terms Yes
Linear mortality terms Yes
Quadratic mortality terms Yes
Fish and fisheries related
Age structured fish Nine age classes
Fishery discards Target species only
Invertebrate fisheries Yes
Stock-recruit relationship Constant recruitment
Stock structure External: the reproductive stock outside the bay produces the recruits

and the oldest age classes migrate out of the bay to join this stock

2 Nominally daily, but it is reduced so that fluxes into and out of the component with the fastest turnover rates remain stable. The size
of the adaptive time step is set so that the relative change in any variable does not exceed a specified tolerance.

b Smaller adaptive time steps are repeated until a 24-h period has accumulated, then the physical mixing processes are performed as a
part of the overall daily model time step.

¢ Flows between boxes represent the effects of advection and diffusion and are calculated from particle tracking performed in a highly
spatially resolved, three-dimensional, non-linear, variable density hydrodynamic model. The hydrodynamic model gives the concentrations
of passive tracers given inputs of water, salt, heat and passive tracers, and forcing by wind, atmospheric pressure gradients and tides.

for the macroalgae, seagrass and vertebrates. Theother top predators on fish groups and is given by:
macroalgae and seagrass suffer extra mortality due to
mechanical bottom stress and fouling by epiphytes,
respectively, while the vertebrates may suffer from The difference between the “standard”, “no-linear”
death due to starvation if conditions are poor. The fi- and “no-quadratic” mortality schemes is in the value
nal term ofEq. (1)was adopted from ERSEMB(yant given to the coefficients for linear and quadratic mor-
et al., 199% to represent the impact of seabirds and tality applied to the groups explicitly listed above. In

Mitop, X = MseabirdX + Mshark x (2)
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Fig. 1. Biological and physical interactions between the components used in Bay Model 2 (BM2). The flows (arrows) in bold are the
linkages associated with the top predators (names in bold) that are not normally included explicitly in the web. Groups marked with
asterisk §¢) have both quadratic and linear mortality terms, as do those groups marked with plust+3ighhé latter have very small
(<0.000001) quadratic mortality coefficients in the “standard” run.
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Table 2

Biologically associated components present in Bay Model 2 (BM2)

Component Code Fig. 3 category

name

Diatom& PL Phytoplankton

Autotrophic flagellates AF Phytoplankton

Picophytoplankton PS Phytoplankton

Dinoflagellates DF Phytoplankton

Free-living pelagic bacteria PFB Bacteria

Pelagic attached bacteria PAB Bacteria

Heterotrophic flagellates HF Zooplankton

Microzooplankton ZS Zooplankton

Large omnivorous ZL Zooplankton
zooplankton

Large carnivorous ZLC Zooplankton
zooplankton

Planktivorous fish FP Fish

Piscivorous fish FV Fish

Demersal fish FD Fish

Demersal herbivorous fish FG Fish

Macroalgae MA Macrophyte

Seagrass SG Macrophyte

Microphytobentho$ MB Microphytobenthos

Macrozoobenthos Mz Epifauna
(epifaunal carnivores)

Benthic (epifaunal) grazers BG Epifauna

Benthic suspension feeders BF Epifauna

Infaunal carnivores BC Infauna

Benthic deposit feeders BD Infauna

Meiobenthos OB Infauna

Aerobic bacteria AEB Bacteria

Anaerobic bacteria ANB Bacteria

Cephalopods CEP -

Seabird8 SB -

Wading bird$8 WAD -

Shark$ SH -

Marine mammals MAM -

Labile detritus DL -

Refractory detritu® DR -

DON DON -

Ammonia NH -

Nitrate NO -

Dissolved silicate Si -

Dissolved oxygen 02 -

2 Also have an Si internal pool.
b Not present explicitly in the standard model, but added under
one of the alternative model closure schemes.

the “standard” run, every group in BM2 has a non-zero
coefficient for linear mortality, but only the follow-

ing groups have a non-zero coefficient for quadratic
mortality: heterotrophic flagellates, microzooplank-
ton, large omnivorous zooplankton, large carnivorous
zooplankton, microphytobenthos, planktivorous fish,

Fig. 2. Spatial structure implemented for Bay Model 2 (BM2). The
8-box configuration marked in bold is the standard structure used
for the runs discussed in this paper, while the 59-box structure is
the default for BM2.

piscivorous fish, demersal fish, demersal herbivorous
fish, macrozoobenthos (epifaunal carnivores), benthic
suspension feeders, and infaunal carnivores. In the
“no-linear” scheme, the coefficient for the linear mor-
tality term is set to zero, while in the “no-quadratic”
scheme the coefficient for the quadratic mortality
term is set to zero.

The final form of model closure considered (“top”)
considers the explicit and dynamic representation of
mortality due to predation from groups high in the
trophic web, such as waders, seabirds, sharks and ma-
rine mammals. To do this, the modelled foodweb was
extended to include more of the higher functional
groups (e.g. sharks) omitted from the “standard” ver-
sion of BM2 (these additional groups are in bold type
in Fig. 1). This was done by duplicating the general
form of the model structures used to represent the fish
groups and then adjusting diets and parameter val-
ues to those representative of waders, seabirds, large
sharks and marine mammals (in particular seals). In
addition, all of themyp x coefficients and any of the
coefficients of quadratic mortality representing preda-
tion by these groups on the other model components
were set to zero.



Table 3

Basic form of the equations used in Bay Model 2 (BM2)

Rate of change oX for

General formulation

Definitions

Primary producers

Invertebrate consumers

Fish (S for structural pool of the average
individual, R for reserve andN for
number of individuals in the age class)

Bacteria

Detritus

Nutrient

Oxygen

dx
e rRRINUTTSPXIx — My — ; Grx
dax
rrie rSP”OXXZ: Gx,zez — Mx — Fx — Zy: Gyx
dXs
S Y6
& x; x.zez
dXr
—=(01-d G
a ( X)XZ: x.zez
dXy
=N Iy~ Ex—-Mx—Fx—Y G
o x — Ex x — Fx Xy: v.X
dX—max(l A= T0¥Xlx —Mx =Y G
= . X X X a v.X
dx
G =2 Wrov =3 Grx
Y Y
dx
E:ZWY”Y—ZUZX‘FCX
Y Z
G o (2 e2lz ~ 3 Wyown - €
— = FIRRFNUT - ONH —
o ON a IRRINUTZsPZlZ a yonH — CboN

)

Gy.x = grazing onX by predatorY; |y = maximum growth
rate of X3, My = natural mortality ofX; rirg = limitation due
to light levels;ryyt = limitation due to nutrient levels;sp

= limitation due to available space (if benthic)

ez = assimilation efficiency oX when feeding orz; Fyx
= losses fromX due to fishingGx .z = grazing on preyZ by X

dy = proportion of total growth allocated to structural growth;
Ex = emigration byX; |x = immigration by X

Jx = substrate, oxygen- and temperature-dependent growth
adjustment factor foiX

oy = proportion of waste produced that is that type of detritus;
Wy = waste produced by (via excretion or mortality)

oy = proportion of waste produced that is that type of
nutrient; Uz x = uptake ofX by primary producer or bacteria
Z; Cx = production of the nutrient by chemical process, such
as mineralisation (may be a negative term for processes such
as the nitrification of ammonia)

Aon = redfield ration of oxygen to nitrogen (set to 16 her2);
= primary producerpyy = proportion of waste produced by
that is ammonia (i.e. excretionfipon = dissolved organic
nitrogen lost due to remineralisation

To conserve space, each term is defined the first time it is used and the detailed formulation of individual terms not modified in this study is nofthepvidedbe
found in Fulton et al., 2003g but details of the grazing terms are givenTable 4
2 Temperature dependent. The stand@ig temperature correction formula was used to adjust these rates, with a reference temperatf afid 8Q1 coefficient of 2.
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Table 4

Alternative forms of the grazing ternG y) per consumer considered

Name

Equatioh

Definitions

Source

Standard (type II)

Type |

Type 1lI

Ecosim-like

Bounded

Dynamic search
and handling

_ Xpx,yYcx
14 (ex/Ix) (X ex.zpx.zZ)

Gxy

. Cx
Gxy = X-min (CXPX,YK 7)

Ix
Gyy= X(pX,YY)ZCX
T L (ex/ b0 (X7 ex.z(px.22)?)
Gxy= XvxTxpxyYTy
T [(xTxpxy A+ Ty))/1+vx Y, ZTz] + vxXTy
whereTx = min [ tx, Th ' |1 —ax + ”Qé(rev)) e
>z Gyz
((Tprev Tolder) —1+ay)
ox =y, chy T /T x
ax
G pr.YYCxlx(P;yYZ/PYY+k’x)
Xy =
K+ 37 (% y 2D/ (px.2Z + Ky)
X YV
Gxy= Py Y Vx , WhereVxy andHxy are
(1+HxVxY, px.2Z)

constants for non-finfish, but are size dependent for finfish
such thatVy = v, xX¢** and Hy = hu,xxgh”’x

Ccx = maximum clearance rate of predatxﬁ; ex.z

= assimilation efficiency of predatof on preyZz; Ix

= maximum growth rate of predatof’; py.y = availability
of prey Y to predatorX; Y = biomass of prey

Ccx = maximum clearance rate of predalet‘; Ix
= maximum growth rate of predatof’; px.y = availability
of prey Y to predatorX; Y = biomass of prey

cx = maximum clearance rate of predatd?; ex ~

= assimilation efficiency of predatof on preyZz; Ix

= maximum growth rate of predatof’; px.y = availability
of prey Y to predatorX; Y = biomass of prey

ax = feeding time adjustment factor (how quickly
adjustments to relative feeding time occuny = handling
time of predatorX; G%*®" = previous per consumer grazing
for predatorX; px y = availability of preyY to predatorX;
Qx = optimal per consumer grazing for predairvy

= search rate of predatof; tx = maximum relative feeding
time allowed for predatoX; Ty = relative feeding time for
predatorX; T¢'®" = previous relative feeding time for
predatorX; T3%" = relative feeding time for predatot

from time period before lasffy = relative feeding time for
predatorY; T, = relative feeding time for predatdt; X

= biomass of predatoX; Y = biomass of preyy

Ccx = maximum clearance rate of predalet‘; kL, = lower
prey biomass threshold for feeding by predaXorky, = half
saturation coefficient for feeding by predatsr|x

= maximum growth rate of predatof’; px.y = availability
of prey Y to predatorX; py,z = availability of preyZ to
predatorX; Y = biomass of preyy

Hx = handling time of predatoX (as function of size in
finfish, constant in other groupd); x = coefficient of
handling time for finfishX; h, x = exponent of handling
time for finfish X; py.y = availability of preyY to predator
X; px.z = availability of preyZ to predatorX; Vx = search

rate of predatoX (as function of size in finfish, constant in

other groups)yp,. x = coefficient of search rate for finfisk;
vp.x = exponent of search rate for finfisi Xg = structure
weight of finfishX; Y = biomass of preyy

Murray and
Parslow (1997)

Murray and
Parslow (1997)
Murray and

Parslow (1997)

Christensen
et al. (2000)

Radford (1996)

Radford (1996)

a Additional crowding and oxygen limitation factors are not shown as they were only relevant in some groups.

b Temperature dependent. The standaigd temperature correction formula was used to adjust these rates, with a reference temperatQ afid 5Q; coefficient of 2.
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Table 5
List of the identifying names given to the runs and sets of forcing conditions discussed in this paper
Run name Run details
Standard Top predators have non-zero linear and quadratic mortality terms and all
consumers use standard (type Il) grazing terms
Grazing term runs Mortality terms for top predators as of the standard run, only grazing terms differ between runs
Bounded Uses the equation for the bounded functional response formulatiabli 2
Dynamic Uses the equation for the dynamic search and handling functional response formuldidteir2
Ecosim-based Uses the equation for the ecosim-like functional response formulafiahlén2
Type | Uses the equation for the type | functional response formulatioralime 2
Type IlI Uses the equation for the type Il functional response formulatiomainle 2
Model closure runs Grazing terms as of the standard run, only mortality terms for the top predators differ between runs
No-linear Linear mortality term is set to zero for the top predators
No-quadratic Quadratic mortality term is set to zero for the top predators
Top Marine mammals, seabirds, wading birds and cephalopods are explicitly included in the model
2.4. Definition of the “standard” and reported in the literature, rather than to match a spe-
alternative runs cific set of observationd=(ilton et al., 2003a The ad-

ditional groups added for the final mortality scheme
For convenience each model run is given an iden- are also calibrated in this same way.
tifying name {Table 9, which will be used for the re- To ensure that (as far as possible) the same sim-
mainder of this paper. The “standard” run is the run ylated system is being considered in each case, and
using the standard settings of BM2—the top predators any differences are down to dynamical differences be-
have non-zero linear and quadratic mortality terms and tween the formulations, limited re-tuning is allowed in
all consumers use standard (type Il) grazing terms. each case investigated here. That is in the runs using
This run is used as the standard to compare against forthe alternative grazing, or mortality, formulations all
the runs using alternative grazing terms and forms of parameters are held at the same value as in the standard
trophic closure. Apart from this common run, consid- run, except for those parameters directly involved in
eration of the alternative (non-standard) grazing and the alternative formulation. The tuning of the growth,
mortality terms is done separately. For all the grazing or mortality, parameters was then done to minimise
term runs, the standard trophic closure (non-zero lin- the sum of squared differences between the average
ear and quadratic mortality terms for the top predators) biomass per group over the entire bay predicted using
is used; and for all the model closure runs the standard the alternative formulations and those output by the
grazing term (standard (type I1)) is used. Considera- “standard” run. These parameter settings were then
tion of the effects of different combinations of trophic retained unchanged for the scenarios with changing
closure and grazing terms, as well as different grazing forcing conditions.
terms for different functional groups (rather than one
formulation applied to all groups), is left for future 2.6. Basal and changing forcing conditions
study.
All runs covered a 10-year simulated period (this is
2.5. Parameter tuning in addition to an initial equilibration period required
to remove the chance of confounding due to transient
The original form of BM2 is calibrated by tuning dynamics produced by initial conditions) and had a
the temperature-dependent maximum growth and mor- frequency of recorded output of 14 days. The same
tality rates for all groups and the maximum clearance light and hydrodynamic transport vectors are also used
rates of the consumer groupBulton et al., 2003a in all runs.
The final tuned values for these parameters are re- First sensitivity of the model to the different graz-
quired to lie within the range of empirical estimates ing and mortality terms is examined for “baseline”
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conditions—this represents a level of nutrient inputs effects caused by different runs predicting different
and fishing pressure typical of moderately impacted values under “baseline” conditions.

temperate marine baygjlton et al., 2003a The ex- The measures used give a good indication of the
amination is then repeated under various forcing con- effects of the various formulations on the model out-
ditions to gauge how the model’s predictions regarding put and behaviour. However, since the temporal anal-
the effect of changing environmental conditions dif- yses and the results for production and consumption
fered between runs using different forms. The changes reinforce the results based on biomass and the rela-
in environmental conditions are achieved by increas- tive spatial distributions, and do not impart any new
ing the nutrient load or fishing pressure used in the insights, they are not presented here.

“baseline” run by fivefold (N x 5” and “F x 57,

respectively). This degree of change in forcing con-

ditions has previously been found to cause the stan- 3. Results

dard form of BM2 to predict a change in system

state, marked by substantial shifts in the biomass and 3.1. Sensitivity to grazing terms

spatial distribution of many of the modelled groups

(Fulton et al., 2003a They also represent the range The relative differences between the average (or
of conditions experienced by some of the most inten- median) biomasses in the alternative rumable 9
sively exploited and impacted shallow marine systems indicates that under “baseline” conditions the “type
around the world Fulton et al., 2003 By consid- I” grazing term produces results that are closest to
ering the results across such a wide range of condi- those of the “standard” run (usually30% differ-
tions, it is possible to draw some potentially general ence). The run using a “bounded” grazing term shows

conclusions. the greatest overall divergence from the results of the
“standard” run (with only 44% of the groups having
2.7. Comparing the runs predicted biomasses within 50% of the estimates from

the “standard” run). This run is the only run where

Several measures are used to compare the varioughe majority of groups in the run is not within 50% of
runs. These include the baywide average biomass perthat predicted in the “standard” ruifdble §. How-
group, relative spatial distributions (% area agree- ever, even in the runs where the majority of groups
ment between spatial distributions predicted by the are within 50%, there are a few groups (in particular
“standard” and alternative runs), the form of the those with high turnover rates) where the difference
temporal dynamics of each group (assessed usingcan be much larger (peaking at 507.95 times larger for
cross-correlations and cross-spectral analysis, as ofmeiobenthos in the “type 1lI” run). The tendency for
Chatfield, 1989 and overall levels of pelagic, benthic  groups with higher turnover rates to be more heavily
and bacterial production and consumption. impacted by a change in the grazing term is illustrated

As the predicted value of the model comparison in Fig. 3, where the infauna and bacteria (in particu-
measures may differ between the various runs underlar) dominate the relative proportional differences be-
“baseline” conditions, simply repeating these com- tween the “standard” run and those using alternative
parisons for the runs under altered forcing conditions grazing terms.
is not informative. Runs predicting the same effects  There is spatial conformity between the runs for
of changing forcing conditions may end up with many of the modelled groups, as indicated by the num-
different absolute results, because their “baseline” ber of groups with predicted relative spatial patterns
estimates differ and so the estimates also differ un- that match those given by the “standard” ralfle §
der changing forcing conditions. Thus, under altered for 88% or more of the modelled area. Nevertheless,
conditions the relative change of a measure (averageit is clear that the spatial distribution of some groups
value under changed conditions/average value underis influenced by the choice of grazing term and as
“baseline” conditions) is a better choice, as it allows a result there are some differences in spatial distri-
for the assessment of the predicted system changes irbutions between runs. The distributions for the “type
each run and it removes any potentially confounding 1” run matches those of the “standard” run for all



168 E.A. Fulton et al./Ecological Modelling 169 (2003) 157-178

Table 6
Summary statistics for the proportional difference between the biomass predicted in the “standard” (std) run and those runs using alternative
grazing terms

Run Minimum Mean Maximum Mean (median) Groups differ Groups with
(group) (median) (group) with no infauna  from “std” spatial match of
or bacteria by <50% 100/88/50k50%
Type | <0.01 (BC, BG, FD, MZ)  0.12 (0.06) 0.91 (OB) 0.09 (0.08) 24 22/3/-I-
Type llI <0.01 (BG, FD, M2) 20.80 (0.27) 507.95 (OB) 0.51 (0.17) 19 14/8/1/2
Ecosim-like 0.01 (AF) 13.81 (0.50) 220.73 (OB) 0.87 (0.35) 13 9/6/7/3
Bounded 0.07 (FD) 15.34 (0.86) 261.18 (OB) 1.03 (0.49) 11 9/4/7/5
Dynamic <0.01 (FD) 3.87 (0.32) 53.43 (ANB) 0.82 (0.19) 17 11/5/712

Note that there are 25 groups in the these runs and that the group(s) that recorded the minimum or maximum difference is noted. Codes
for the components are as ®&ble 2and codes for the runs are as Tible 5

but three zooplankton groups, where there are somelates,Fig. 4). It is noteworthy that the groups that show
minor differences. The other runs show more differ- the least spatial conformity between the “standard”
ences in their spatial distributions, primarily within and alternative runs are those groups with fast turnover
those groups with faster dynamics. The run employing rates (such as bacteria, plankton or infauna).

the “bounded” grazing term shows the greatest degree  With changing nutrient loads and fishing pres-
of spatial divergence from the “standard” run. The sure [Table 7, some of the groups in the runs using
“bounded” grazing term tends to lead to predictions of alternative grazing terms have predicted biomass
evenly distributed populations where the use of other trends that diverge from the predicted trends in the
grazing terms produces stronger spatial structuring “standard” run under the same change in forcing con-
with local peaks in density (e.g. heterotrophic flagel- ditions. When nutrients increase, the run employing
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Fig. 3. Average proportional difference between the biomass predicted in the “standard” run and those runs using alternative grazing terms
for each category of model groups (séeble 2for category definitions).
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Fig. 4. Proportion of the total average biomass of heterotrophic flagellates in each box for each run with alternative grazing terms: (a)
standard (type Il), (b) type I, (c) type lll, (d) ecosim-like, (e) bounded and (f) dynamic.

the “ecosim-like” grazing term shows the greatest I” run. Under “baseline” conditions, the relative dis-
divergence from the “standard” run under the same tributions of all groups in the run with “type 1" graz-
conditions. In contrast, the run using “type I” grazing ing terms conform with the relative distribution in the
terms is the most different to the “standard” run when *“standard” run for 88% or more of the modelled area.
fishing pressure increases. The majority of groups in In contrast, when nutrient loading increases fivefold,
most runs using alternative grazing terms did follow the number of groups in the run using “type I” graz-
the same general trends as for the “standard” run un- ing terms that show this degree of spatial conformity
der the same changing forcing conditions. However, drops to only 17 of the 25 groups. Generally, with
with an increase in fishing pressure, the predicted a change in forcing conditions, the groups with fast
trend for the benthic deposit feeders in each of the turnover rates are consistently the most heavily af-
runs using alternative grazing terms is consistently fected by the use of an alternative grazing term (with
more than 1880 times the size of the trend predicted regard to overall average biomass, spatial and tempo-
by the “standard” run. The differences in the trends ral conformity). However, the effects are not restricted
in biomass in the various runs are not just in size; to these groups, with more of the groups with slower
for a small number of groups the predicted direction dynamics diverging from the “standard” run, particu-
of change is also different. For example, with an larly in those runs using complex grazing terms (i.e.
increase in nutrient loading, the predicted change in “ecosim-like”, “bounded” and “dynamic”).
biomass for the picoplankton, in the run employing
“ecosim-like” grazing terms, is not only about three 3.2, Sensitivity to the form of mortality used in
times the magnitude of the trend in the “standard” model closure
run with an increasing nutrient load, but it is in the
opposite direction (an increase rather than a decrease). The relative difference between the baywide mean
With a change in forcing conditions in the runs us- (or median) biomasses of the “standard” run and the
ing the alternative grazing terms, there is an increase runs using alternative forms of model closure indicates
in the number of groups with spatial patterns that do that, under “baseline” conditions, the greatest changes
not conform with those of the “standard” run under occur when the linear mortality term is set to zero
the same change in forcing conditior&ble 7. The for those groups which have predators not explicitly
most notable differences are for groups in the “type represented in the modelled wekaple §. Generally,



Table 7

Summary statistics for the proportional difference between the size of the trend in “average biomass under changing conditions/average éeidinasslineti conditions”

predicted in the “standard” (std) run and those runs using alternative grazing terms when nutrient load or fishing pressure has increased fivefold

Conditions Run Minimum Mean Maximum Mean (median) Groups differ Groups where Groups with
(group) (median) (group) with no infauna  from “std” trend is opposite spatial match of
or bacteria by <50% direction to “std” 100/88/50k50%
Nutrientsx 5 Type | <0.01 (BG, FD, 0.93 (0.05) 10.52 (MB)  0.67 (0.04) 19 AEB 15/2/4/4
MZ, PFB, ZLC)
Type I <0.01 (DF, MZ, 0.42 (0.20) 1.00 (FD, FG, 0.43 (0.17) 16 MB 11/7/5/2
PFB) FP, FV, OB)
Ecosim-like 0.01 (DF) 2.52 (0.60) 24.47 (FD) 3.01 (0.61) 11 AEB, ANB, BF, FD, 7/4/10/4
MA, PS, ZLC, ZS
Bounded 0.01 (DF) 0.96 (0.70) 5.61 (AEB) 0.82 (0.74) 12 AEB, BF, MB, PL, 6/5/10/4
PS, ZS
Dynamic <0.01 (FD) 0.65 (0.32) 3.85 (2S) 0.65 (0.33) 16 AF, BF, MB, MZ,  9/6/6/4
PS, ZS
Fishingx 5  Type | 0.01 (FP, PFB)  150.23 (0.18) 3739.49 (BD) 0.43 (0.16) 17 AEB, ANB, BD, 15/6/2/2
BF, MB, OB, ZS
Type Il <0.01 (FD, PFB) 75.77 (0.25) 1887.85 (BD) 0.24 (0.23) 21 BD 15/3/2/5
Ecosim-like 0.01 (DF) 133.03 (0.31) 3312.18 (BD) 0.58 (0.22) 14 BG, HF, MB, 8/5/8/4
MZ, PFB, PS
Bounded <0.01 (AF) 133.25 (0.22) 3321.52 (BD) 0.38 (0.16) 16 MB 8/4/9/4
Dynamic 0.01 (DF, PFB) 142.38 (0.45) 3543.97 (BD) 0.69 (0.28) 13 - 10/7/6/2

Note that there are 25 groups in these runs and that the group(s) that recorded the minimum or maximum difference is noted. Codes for the compauiefdablarg a

and codes for the runs are as Tible 5
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Table 8
Summary statistics for the proportional difference between the biomass predicted in the “standard” (std) run and those runs using alternative
forms of model closure

Run Minimum Mean Maximum Mean (median) Groups differ Groups with
(group) (median) (group) with no infauna from “std” by spatial match of
or bacteria <50% 100/88/50k50%
Top <0.01 (AF, BC, BF, 0.10 (0.01) 1.11 (OB) 0.02 (0.01) 23 240 /-

BG, DF, FD, FG, FP,

HF, MZ, PFB, ZL)
No-linear <0.01 (FD, FP) 0.69 (0.34) 355 (OB)  0.43 (0.23) 13 10/9/5/1
No-quadratic  <0.01 (FD, FP, PFB)  0.39 (0.16)  2.45 (OB)  0.29 (0.07) 19 15/6/3/1

Note that only the 25 groups found in all runs are referred to here and that the group(s) that recorded the minimum or maximum difference
is noted. Codes for the components are aJaifle 2and codes for the runs are as Tible 5

the run (“top”) where the top predators (sharks, mam- a more widespread population, or one that is centred
mals and birds) are included explicitly, shows the least in a different part of the bay, to that predicted by the
divergence from the “standard” run, with predicted “standard” modelrunfable §. The spatial conformity
biomasses usually within 5% of the “standard” run. of the run with “no-quadratic” model closure is bet-
There is no run using an alternative form of model clo- ter, with the relative distributions of a majority (84%)
sure for which the predicted biomasses of the majority of the groups matching the distributions predicted by
of the groups are not within 50% of the estimates in the the “standard” run for 88% or more of the modelled
“standard” run. However, there are still some groupsin area. The “no-linear” and “no-quadratic” model clo-
each run that differed substantially from the estimate sure runs do not conform as well with the “standard”
in the “standard” run. The infauna, bacteria, micro- run as the “top” run, but they are closer than some of
phytobenthos and macrophytes show the greatest dif-the runs using alternative grazing terms. In the runs
ferences between the “standard” run and those usingusing “ecosim-like”, “bounded” or “dynamic” grazing
alternative model closure. The largest difference is for terms, 36—48% of the relative distributions differ by
benthic deposit feeders in the run with the “no-linear” more than 12% of the modelled area from the distri-
model closure, which differ from the “standard” run bution predicted by the “standard” rufigble §.
by more than threefold. When fishing pressure is increased, there is little
While there are some dissimilarities among the rel- difference in the overall performance of the runs using
ative spatial distributions of the “standard” run and the the alternative forms of model closure, though the run
runs using alternative forms of model closure, these employing the “no-quadratic” model closure diverges
differences are not as large as for some of the runs us-slightly more from the “standard” run than the others
ing alternative grazing functions. The relative spatial (Table 9. When nutrient loading is increased, the run
distributions of each group, in the run where the top using “no-quadratic” model closure diverges from the
predators are included explicitly (“top”), are identical “standard” run much more than either of the other two
to those of the “standard” run, except for the meioben- alternatives. An increase in nutrient loads or fishing
thos where the distribution matches that of the runs pressure can cause the predicted trends for the sedi-
using the other alternative forms of model closure. ment infauna (macro- or microscopic) to be orders of
The runs where there is “no-linear” or “no-quadratic’ magnitude larger in runs using alternative model clo-
mortality do not show as much spatial conformity sure than for the “standard” run, under the same con-
(with the “standard” run) as the “top” run. The run ditions. For example, when fishing pressure increases
using an alternative model closure scheme that hasfivefold the change in biomass for the benthic deposit
the poorest spatial conformity with the “standard” run feeders is more than 3000 times that of the “standard”
is the “no-linear” run. In this run only 40% of the run in all the runs using alternative forms of model
groups have relative distributions which match the closure. Once again there are a few cases where the
“standard” run and 24% of the groups (all with high differences in the trends go beyond differences in mag-
turnover rates) have spatial distributions that suggest nitude. The only groups for which the predicted trend



Table 9

Summary statistics for the proportional difference between the size of the trend in “average biomass under changing conditions/average éichessinedconditions”

predicted in the “standard” (std) run and those runs using alternative forms of model closure when nutrient load or fishing pressure has inwkhsed fivef

Conditions Run Minimum Mean Maximum Mean (median)  Groups differ Groups where Groups with
(group) (median) (group) with no infauna  from “std” by trend is opposite spatial match of
or bacteria <50% direction to “std” 100/88/50k50%
Nutrientsx 5 Top <0.01 (AEB, ANB, BC, 1.28 (<0.01) 31.23 (OB) 0.02 (0.01) 24 - 23/1A4/
BF, BG, DF, FD, FG,
FP, FV, MB, MZ, PFB)
No-linear <0.01 (DF, FD, MZ) 0.32 (0.17) 1.00 (OB) 0.19 (0.12) 18 MB, OB 9/7/8/1
No-quadratic <0.01 (BG, FD, M2) 2.13 (0.06) 38.02 (AEB) 0.17 (0.06) 18 AEB, ANB, BF  15/3/5/2
Fishingx 5  Top <0.01 (AF, FG, PFB) 137.95 (0.05) 3442.71 (BD) 0.15 (0.03) 19 - 18/3/4/
No-linear <0.01 (FP, FV, ZL) 133.62 (0.09) 3333.79 (BD) 0.18 (0.05) 19 - 10/6/7/2
No-quadratic <0.01 (FD, FP, PFB) 143.73 (0.08) 3587.31 (BD) 0.18 (0.05) 20 - 13/4/6/2

Note that only the 25 groups found in all runs are referred to here and that the group(s) that recorded the minimum or maximum difference is noted.tl@ode:

components are as dlable 2and codes for the runs are as Td#ble 5
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in biomass is in the opposite direction to the trend (the same bay used as a basis for the hypothetical sys-
in the “standard” run, under the same conditions, are tem considered here) and did incorporate at least part

in the runs employing “no-linear” and “no-quadratic”
mortality when nutrient loading increasegable 9.
Generally, for the runs using “no-linear” model
closure or explicit top predators (“top”), spatial con-
formity with the patterns predicted by the “standard”

of the benthic ecosystem. Consequently, it is more
likely that the differences between the finding of pre-
vious studies and this one is a reflection of the web
used here, which incorporates many more consumers
in a more highly interconnected web than the simple

run are as close under changing forcing as under linear food chains considered previously.

“baseline” conditions. This is not the case for ei-
ther of the runs using “no-quadratic” mortality when
forcing conditions change. When nutrient loads or

It can be argued that generalities cannot be drawn
from the consideration of variants of a single ecosys-
tem model. While there is truth in this, and future

fishing pressure increase, there is a reduction in the work considering other models can only further our

number of groups for which the patterns predicted
by the run with “no-quadratic” mortality match those
of the “standard” run Table 9. More generally, un-
der changing forcing conditions, any differences in
the spatial patterns observed in the runs employing
alternative forms of model closure are stronger than
under “baseline” conditions. While this means that
more of the groups with slower dynamics are affected
by a change in model formulation under altered con-
ditions, the groups with high turnover rates remain
the most strongly impacted by the use of alternative
forms of model closure.

4. Discussion
Given their direct impact throughout the web, rather

than just at higher trophic levels, it is not surprising
that the effects of alternative grazing terms were larger

understanding, the work presented here is a useful
first step. As the ecosystem model used in this study
is an extension of biogeochemical model structures
used routinely in water quality and marine ecological
modelling, and as it is used in a simulation frame-
work to consider the results for a hypothetical system
with behaviours typical of real shallow marine sys-
tems Eulton et al., 2003g the findings should extend
beyond theoretical undertakings and be typical of how
such models perform at the ecosystem level.

4.1. Functional responses

The sensitivity of model behaviour to the form of
the grazing term, especially under changing ecosys-
tem conditions, indicates that careful thought must be
given to the choice of grazing term and the associated
assumptions and data requirements. For the simpler
“Holling-type” functional responses, the behaviour of

and more pervasive than those due to using different the model under “baseline” conditions indicates that

forms of model closure. This does not agree with the
findings of Steele and Henderson (199@) Murray
and Parslow (1999however. They found that the form
of the model closure was generally far more impor-
tant in determining model behaviour than internal de-

the biomasses of the various prey groups are at a level
where the potentially destabilising nature of the sim-
pler functional responseBégon and Mortimer, 1986

is of little importance. There are the occasional ex-
ceptions (like meiobenthos when using the “type III”

tails, such as the functional responses of consumers.response) but, overall, there is very little difference in

While it is possible that the prevailing physical condi-

the outcome of the standard, “type I” and “type IlI”

tions represented in each model may have contributedruns under “baseline” conditions. This is because the

to their results it is unlikely to be the primary reason.

While many of the plankton models that have been
used to consider the effects of the grazing and mortal-
ity terms on model performance lack a benthic compo-

prey biomasses keep the functional response curves
within a section where they are similar to each other
(Fig. 5. This finding is similar to that of previous
model studiesl(egaspi et al., 1996; Gao et al., 2000;

nent and have been applied in purely pelagic systemsTett and Wilson, 2000and has also been found un-

(Steele and Henderson, 1992; Edwards and Brindley,

1999; Edwards and Yool, 20pthe work ofMurray
and Parslow (1999yvas set in a shallow marine bay

der experimental/iedenmann and Smith, 19p&nd
field conditions Carpenter et al., 1994This is why
evaluating models over a range of conditions is cru-
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Fig. 5. The “type I", “type II" (the response used in the standard run) and “type llI” functional responses for the large omnivorous
zooplankton (ZL). The range of prey biomasses shown covers the typical levels of available prey biomass, although the available biomass
can jump to much higher levels (two- to fivefold higher) for short periods during bloom events.

cial because, as highlighted balters (1986)and The simple “Holling-type” functional responses are
Carpenter et al. (19943ubstantial contrast in the state  still used widely in food chain and ecosystem models
variables is required to discriminate between alterna- (Blussenschitt and Pahl-Wostl, 200®ut they are
tive models. This is particularly true when consider- not the only functional responses employed. Other
ing the effect of grazing terms, as model sensitivity to functional responses in use include: the modified disk
these (usually saturation-based) terms varies stronglyequation that incorporates threshold?aflach and

if prey become much more (or less) abundant than Moll, 1993; Baretta et al., 1995; Tett and Wilson,
average $lobodkin, 1992 This is illustrated here by ~ 2000; the Ivlev formula McGillicuddy et al., 199},

the finding that it is only under increasing nutrient ratio-dependent functiong\(diti and Ginzburg, 1989;
loads and/or fishing pressures that the differences in Matson and Berryman, 1992and a two-dimensional
the curves substantially influence overall model be- function of the biomasses of predator and prey
haviour as the biomasses become very large or small (Bussenschiitt and Pahl-Wostl, 200Consideration
(depending on the prey groups in question). Notably, of the complete list of functional responses is beyond
in this case, even under these more extreme condi-the scope of our work and recent work suggests that
tions there is little to recommend the general use of a ratio-dependent functions may not be suitable for
type Il curve over that of a type Il if coefficients of use in general models, such as BMzl¢eson, 1994;
prey availability feature in the formulations (as they Sarnelle, 1994; Abrams, 1994; Abrams and Ginzburg,
do here). In the mixed case, however, where the same2000; Bissenschitt and Pahl-Wostl, 200Con-
functional response is not applied to all groups, selec- versely, the arguments regarding the effects of thresh-
tive use of a type Ill curve may prove to be beneficial olds Frost, 1975; Bryant et al., 1995heterogeneity
for those groups whose behaviour in the field matches (Arditi and Sadah, 1992; Berryman, 19%2and the
the underlying assumptions. impacts on behaviour and feeding of groups other
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than the predator and preilframs and Ginzburg, empirically the nature of functional responses in real
2000; Walters et al., 2000are well made. For this  systems. It is likely that, unlike the model presented
reason, we examined the effects of using “bounded”, here, in real systems different groups will have differ-
“dynamic” and “ecosim-like” functional responses. ent types of functional responses. Furthermore, many
The effects of using these forms are often greater than bay ecosystems are changing and, given the sensitiv-
moving from the standard to “type I” or “type llI” ity of models like BM2 to the form of functional re-
functional responses. They also tend to have great- sponse used, there is a real need to properly establish
est impact on groups that are poorly known or are the nature of the functional responses in real systems.
only beginning to attract attention in biogeochemical This is particularly true for groups with rapid rates of
models (such as infauna, flagellates and bacteria). Forturnover, which are often poorly known, as they are
many of these groups the behaviour under the more most responsive to changing conditions and the most
sophisticated functional response is no closer to real sensitive to the model formulations used.
biomass dynamics than that achieved with the simpler
standard functional response. The performance of the4.2. Model closure
benthic deposit feeding group is substantially im-
proved, however, particularly when nutrient loading Plankton modellers recognise that the form of
increases. The behaviour of this group is a weaknessmodel closure used requires careful consideration.
of the standard form of BM2Hulton et al., 2003a While it is notable that the form of model closure does
which seems to be corrected if the additional checks not have the dominating effect on the BM2 ecosys-
inherent in the more complex functional responses are tem model that it has on simpler mode&téele and
added. By itself, this is no reason to include high lev- Henderson, 1992; Edwards and Brindley, 1999;
els of added complexity in functional responses across Murray and Parslow, 1999; Edwards and Yool, 2000
all groups as a matter of course. While the “type I” it remains an important feature of the model. Detailed
functional response is obviously insufficient if the bifurcation analysis, such as Edwards and Brindley
model is to behave realistically as conditions change, (1999) is not possible for a model of this size, so
careful thought must be given to how much flexibil- our conclusions must be based on the simulation
ity should be added, that is, to how many feedbacks, runs. Previous papers on the subje&tegle and
thresholds and inflexion points are added when more Henderson, 1992; Edwards and Brindley, 1999;
sophisticated responses are uséggdrgensen (1994)  Murray and Parslow, 1999; Edwards and Yool, 2000
amongst others, has advocated structurally dynamic have concentrated on the steady-state stability status
models (models where parameters change accord-achieved when using different closure terms. The
ing to a goal function) as the best way of capturing present paper has concentrated on the overall effects
changes in species with changes in conditions. With- on model dynamics. Despite these differences, com-
out going to that extent, functional responses with the parison of conclusions from the different studies is
flexibility of the “ecosim-like” response used here, instructive.
set within a multi-linked web, are also able to reflect ~ The necessity of including responsive top predators
the more dynamic changes that may occur within a (either explicitly or implicitly via a quadratic mor-
web as ecosystem conditions change. Despite thesetality term) agrees with the general findings of the
considerations, given the high number of parameters earlier studies. The change in behaviour of the run em-
biogeochemical models can require and given that ploying “no-linear” model closure under “baseline”
trends, rather than specific quantitative values, are conditions also gives some support for inclusion of
usually sufficient for model interpretation and sub- separate natural mortality (linear) and higher predation
sequent recommendations, “Holling-type” functional (quadratic) termsMcGillicuddy et al. (1995)Murray
responses may still suffice. As stated above, this topic and Parslow (1997and Brostrom (1998)have suc-
requires careful thought and should be a key part of cessfully used this division of mortality terms, and the
any discussion about model formulation. findings ofEdwards and Brindley (199@ndEdwards
One recommendation that can be made here is thatand Yool (2000)also recommend itEdwards and
there is a clear need for research aimed at determiningBrindley (1999)and Edwards and Yool (2000how-
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ever, caution that the use of both mortality terms unless the top predators are of particular concern in
requires the estimation of two (rather than one) poorly themselves (due to being a large component of the
known parameters, which may mitigate against its system, a conservation concern, or harvested group),
use. Thus, given our results, the argument for the usetheir explicit inclusion in biogeochemical models is
of both terms is not overwhelming, and use of the not required. In terms of model behaviour, quadratic
linear term may not be necessary. Caution is required, model closure appears to be acceptable regardless of
however, as this may not be the case under olig- the size of the web being considered.
otrophic conditions or extreme overfishing. In both
of these cases the biomasses of many groups may be
very low, which is precisely the situation in which 5. Conclusions
guadratic mortality alone may yield unrealistic dy-
namics Edwards and Brindley, 1999Further work
to address this issue is required. vocated for ecosystem managemewialters et al.,
Fieldwork undertaken to elucidate the form of func- 1997; Sainsbury et al., 20R0Trhe impact of formula-
tional responses in real systems will also be helpful tion decisions on their behaviour therefore needs to be
with regard to the issue of model closure, since it has considered carefully to ensure that they facilitate im-
been suggested that the use of quadratic closure mayprovements in management. Predation, in the form of
be an artificial solution to the issue of model stability grazing terms and model closure, is a crucial part of
(C. Walters, personal communication). For the preda- ecosystem models that incorporate ecology or biogeo-
tors implicitly represented by the quadratic closure chemistry Edwards and Yool, 2000; Tett and Wilson,
terms to respond this quickly they would probably 2000. The work discussed here indicates that unless
have to employ type Il switching between prey items. the top predators of a system are of particular inter-
However, prey switching of this form has rarely been est the additional complexity of their explicit inclu-
detected in field data/alters and Kitchell, 2001 In sion can be avoided by the use of a quadratic term for
contrast, fine scale spatial organisation (e.g. school- model closure. The use of a quadratic mortality term to
ing) is more easily detected. Foraging arena functional close the model allows for realistic predictions across
responses, like the one used in ECOSIM, are based ona range of conditions.
the assumption that trophic interactions at these fine  The specification of a suitable grazing term is more
spatial scales can limit interaction rates. While spatial complex. Whereas linear plankton models have pre-
organisation in marine systems clearly arises, the ef- dicted that the grazing term has little real effect on
fect of this structure on interaction rates is not well model behaviour, our results for more complex webs
elucidated empirically. Therefore, any data to indicate indicate otherwise. Thus, careful consideration must
the validity of type IIl functional responses or “forag- be given to this part of the model. There are biologi-
ing arena” (“ecosim-like”) functional responses will cally and mathematically sound arguments for includ-
also be an important contribution to solving thexed ing the more sophisticated dynamics of functional
issue of model closure. responses, such as the “bounded”, “dynamic” and

Ecosystem models are one tool that has been ad-

One final concern about model closure is whether
the top predators must be included explicitly. A com-
parative analysis of the application of BM2, IGBEM
and ECOSIM to Port Phillip Bay suggested that the
implicit representation of the top predators (sharks,
mammals and birds) in the biogeochemical models
may not be capable of capturing some of the dynam-
ics of that part of the webHulton, 200). This sug-

“ecosim-like” responses, trialed herBrgant et al.,
1995; Walters et al., 2000; Abrams and Ginzburg,
2000. Given the extra detail and increased infor-
mation required to parameterise and validate these
formulations, however, a simpler “Holling-type” func-
tional response may be sufficient. This is particularly
true if preliminary studies or modelling exercises indi-
cate that the “Holling-type” functional responses will

gests that the top predators might need to be includedlead to the same general conclusions and behaviour

explicitly, but the expansion of BM2 to explicitly rep-

as more sophisticated functional responses. Neverthe-

resent the top predators did not cause any substantialless, some degree of sophistication is required in the

shifts in model behaviour. The clear indication is that

functional response employed because the simple ap-
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plication of a “type I” response is unlikely to be useful

under changing ecosystem conditions (e.g. increasing

nutrient loads or fishing pressure). It is doubtful that
any one functional response will be suitable for all
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Bryant, A.D., Heath, M.R., Broekhuizen, N., Ollason, J.G., Gurney,
W.S.C., Greenstreet, S.P.R., 1995. Modelling the predation,
growth and population dynamics of fish within a spatially-
resolved shelf-sea ecosystem model. Neth. J. Sea Res. 33, 407—
421.

groups, models and environments. The demonstrationBussenschitt, M., Pahl-Wostl, C., 2000. A discrete, allometric

here, that model behaviour can be sensitive to the

form of the grazing terms used, warrants efforts to de-
termine empirically the form of functional responses
in real systems. Along with the topology and the form
of the trophic web that defines the framework of the
model, the grazing terms deserve particularly care-
ful consideration during the conceptualisation and
development of ecosystem models.
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