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Abstract

A simple model of estuarine eutrophication is built on biomechanical (or mechanistic) descriptions of a number of the key eco-
logical processes in estuaries. Mechanistically described processes include the nutrient uptake and light capture of planktonic and
benthic autotrophs, and the encounter rates of planktonic predators and prey. Other more complex processes, such as sediment bio-
geochemistry, detrital processes and phosphate dynamics, are modelled using empirical descriptions from the Port Phillip Bay
Environmental Study (PPBES) ecological model. A comparison is made between the mechanistically determined rates of ecological
processes and the analogous empirically determined rates in the PPBES ecological model. The rates generally agree, with a few sig-
nificant exceptions. Model simulations were run at a range of estuarine depths and nutrient loads, with outputs presented as the
annually averaged biomass of autotrophs. The simulations followed a simple conceptual model of eutrophication, suggesting a sim-
ple biomechanical understanding of estuarine processes can provide a predictive tool for ecological processes in a wide range of

estuarine ecosystems.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Eutrophication is the process of accelerated produc-
tion of organic matter, particularly algae, in a water
body, usually as a result of increasing nutrient inputs
(Bricker, Clement, Pirhalla, Orlando, & Farrow, 1999;
Nixon, 1995). Eutrophication is an increasing problem
in rivers, lakes and estuaries throughout the world, re-
sulting in the deterioration of the aquatic environment
(Chorus & Bartram, 1999). In the estuarine environment
the most commonly observed effect of eutrophication is
a general shift from large, slow-growing marine plants
(seagrass and benthic macroalgae) towards fast-growing
algae (Harris et al.,1996). A more detailed analysis of
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the effects of eutrophication can be found in Cloern
(2001).

The last decade or so has seen the publication of
a large number of process-based numerical models of
estuarine ecology (for example Hamilton & Schladow,
1997; Madden & Kemp 1996; Murray & Parslow,
1997). These deterministic models are based on mathe-
matical descriptions of the processes (such as phyto-
plankton growth, zooplankton grazing, etc.) which are
considered most important in determining ecological be-
haviour. In large multi-disciplinary studies of estuaries
(such as Chesapeake Bay, USA or Port Phillip Bay,
Australia), extensive field experiments and measure-
ments allow ecologically important processes to be accu-
rately modelled using empirical relationships (such as
the Monod growth equation). When the empirical pro-
cesses are combined to form a dynamic model, only a
small subset of parameters are unknown (typically those
relating to higher trophic level loss terms). The unknown
parameters are then calibrated to field data (Steele &
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Clark, 1998). This approach has led to important dis-
coveries about ecosystem function (i.e. denitrification
in Port Phillip Bay), and aided in management decisions
(Harris et al., 1996).

Only a few of the Australian continent’s approxi-
mately 1000 estuaries have extensive field programmes
capable of obtaining accurate empirical approximations
of the critical ecological processes. The use of empirical
approximation in the data-poor estuaries requires ex-
trapolation from estuaries with possibly different physi-
cal environments and biota. Alternatively, it is possible
to replace some empirical descriptions of ecological
processes with more mechanistic descriptions (Baird
& Emsley, 1999). At the scale of ecological processes,
mechanistic is used to refer to the method of equation
development. For example, using the process of diffu-
sion to the cell surface to describe nutrient uptake is
considered mechanistic because it uses a well-under-
stood physical law (Fick’s law of diffusion), and con-
tains physically meaningful parameters such as the
diffusion coefficient and the geometry of the cell
(Pasciak & Gavis, 1975). The use of mechanistic descrip-
tions of ecological processes reduces the need for extra-
polation of model parameters to simulate ecological
processes in data-poor estuaries.

This paper develops a model of estuarine eutrophica-
tion that is built on mechanistic descriptions of a num-
ber of the key ecological processes in estuaries. To
assess the model’s performance, two comparisons are
made. First, the mechanistically determined rates of
ecological processes are compared to the analogous
processes in the Port Phillip Bay Environmental
Study (PPBES) ecological model. This first comparison
sheds light on both the mechanistic model’s ability to
capture dynamical behaviour of the system, and the
PPBES model’s empirical representation of ecological
processes. Secondly, the mechanistic model’s perform-
ance is compared to a conceptual model of estuarine eu-
trophication over a range of estuarine depths and
nutrient loads.

2. Model derivation

The model developed here is a modification of the
ecological model used in the PPBES (Murray & Par-
slow, 1997). A number of compartments of the model
are unchanged (such as sediment nitrogen cycling), while
other sections (in particular, autotroph growth) have
fundamentally changed. To remain concise, this paper
will detail only the components of the model that have
fundamentally changed: the equations for light attenua-
tion through the water, autotroph growth (both benthic
and planktonic) and zooplankton grazing. A more com-
plete description of the model listing equations and
parameter values is available (http://www.marine.csiro.
au/serm/ecology.pdf).

2.1. Light attenuation

In the model, light is attenuated through the water
column, the benthic macroalgae, the seagrass and the mi-
crophytobenthos sequentially. Photosynthetically avail-
able radiation (PAR) at the bottom of a layer of water,
Ivor (mol photon m s~ '), is approximated by:

Ibot = Itop e adz (1)

where I, is the PAR at the top of the layer (mol
photonm 2s™ "), dz the thickness of the layer (m) and
K, is the total attenuation coefficient of the water
(m™Y). K, is given by the sum of the each attenuating
component in the water:

Ky = ky + npsaAps + npLaApr + nvpsaAnps + kotmer  (2)

where k, is the background attenuation coefficient of
water (m_l), nps, aAps, npr, aApy and nypp and
aAppp are the water column concentration (cell m_3)
and absorption cross-section (m”cell ") of cells of small
phytoplankton, large phytoplankton and microphyto-
benthos, respectively, and kyper 1S the attenuation coef-
ficient due to other components in the water column
(such as dissolved organic nitrogen or suspended solids)
(m~"). While not modelled explicitly here, it is worth
noting in sediment laden estuaries, ky e can be the dom-
inant attenuating component of the water column. The
average irradiance in the layer, I,, (mol photonm s~ '),
is given by:

Itop - Ibot
Iav ="V 1. 3
KddZ ( )

In the model, light reaching the benthos is first attenu-
ated by macroalgae, and then seagrass. The light below
the macroalgae and seagrass, respectively, is given by:

—MAaA
Toctow Ma = Tvot € MA (4)

—SGaAgg
Toelow sG = Tvelow MA € sG (5)

where MA and SG are the biomass (mgNm ?); and
aApma and aAgg are the biomass-specific absorption
cross-sections (mg N~ 'm?) of the macroalgae and sea-
grass, respectively. The PPBES ecological model con-
sidered the reduced growth rate of seagrass due to
epiphytes. In this paper, epiphytes are considered to be
part of the benthic macroalgae. Epiphytes and macro-
algae both receive light before seagrass, and sharing the
same surface, have a similar effective benthic boundary
layer thickness. As epiphytes and macroalgae have sim-
ilar maximum supply rates of nutrient and light, and
shade seagrass in a similar manner, the use of one class
of autotroph for both seemed reasonable.
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Finally, the remaining light passes through a thin
layer of microphytobenthos at the surface of the
sediment:

o —n aA, dz
Inetow MPB = Thelow sG € MPBAMPBEE (6)

where nypp 1s the concentration of microphytoben-
thos cells (cellm ™) with an absorption cross-section of
aAmpp (m?cell ') in a sediment layer dz thick (m). By
including only attenuation due to microphytobenthos
in Eq. (6) it is assumed that the microphytobenthos lie

in the surface layer of the sediment. The average light
flux available to the microphytobenthos cells is given by:

 TvetowsG — Ivelow MPB
Ly = — (7)
nyippaAnvppdz

The above description of the light field in an estuar-
ine environment is significantly different from that
employed in the PPBES ecological model, and
other aquatic ecological models (Fasham, Ducklow, &
McKelvie, 1990; Madden & Kemp, 1996). Autotroph
absorption cross-sections have been used to parameter-
ize both the dependence of autotroph growth rate on
light availability (see Egs. (9) and (12)), and the attenu-
ation of light as it passes through the water column and
benthos (Egs. (2) and (4-06)).

2.2. Autotroph growth

The growth rate of each autotroph is determined
from a functional form specifying the interaction of
the maximum supply rates of nutrients and light, and
the maximum growth rate (called the CR model in
Baird, Emsley, & McGlade, 2001). Maximum supply
rates of nutrients and light are based on physical limits
which will be derived below. Maximum supply rates
determine the initial slope of the nutrient or light ver-
sus growth curve. Note that this is fundamentally dif-
ferent from the typical Monod or Michaelis—-Menton
type growth functions, which use empirically determined
half-saturation constants to determine the shape of the
curve. This CR model approach is preferred because
maximum supply rates of nutrients and light can be cal-
culated mechanistically from physical laws, without the
need for extensive calibration of parameter values. The
CR model requires the determination of the maximum
growth rate, ™, and the maximum supply rates of
nutrients, ky, and light, k;, and the elemental ratios (or
stoichiometry) of each autotroph.

2.2.1. Maximum uptake rates of algal cells
suspended in the water column

Algal cells suspended in the water column (phyto-
plankton) obtain nutrients from the surrounding fluid,
and light as a function of the average light in the layer

in which they are suspended. A physical limit to the rate
at which a cell can absorb nutrients is given by the rate
at which nutrient molecules can diffuse from the sur-
rounding fluid to the cell surface, called the mass trans-
fer limit (Pasciak & Gavis, 1975), and has been used in
this paper as the maximum rate of nutrient uptake.
For a perfectly absorbing cell, the mass transfer limit,
ky (molcell's™1), is given by:

ky = YDN 8)

where  is the diffusion shape factor (mcell™"), D the
molecular diffusivity of the nutrient (m*s~') and N is
the concentration of the nutrient in the water col-
umn (molm ™).  for a sphere is 47r, where r is the cell
radius (m).

The maximum supply rate of light, k& (mol
photoncell's™"), is given by:

k[ = Iava_Acell (9)

where aA. is the absorption cross-section of a cell
(m?cell™"), and I,, is the average PAR in the layer
(Eq. (3)) (molphotonm 2s~!). The absorption cross-
section of a spherical cell is given by Kirk (1975):

_ SCr) e—2Cr
Ecell:nrz (1 *2(1 (1+2/Cr)e )> (10)

(2Cr)?

where yC is the absorption coefficient (m™"). yC is the
rate (per metre travelled through the cell) at which light
is attenuated. The diffusion shape factor and absorption
cross-section of more complicated shapes can be found
in Baird & Emsley (1999).

2.2.2. Maximum uptake rates of benthic macroalgae

Benthic macroalgae reside on the top of the sediment,
take nutrients out of the water column, and are exposed
to light that reaches the bottom of the water column.
Like nutrient uptake to algal cells, the supply rate of nu-
trients to benthic surfaces also has a mass transfer limit
(Sanford & Crawford, 2000). Both the mass transfer
limit, and the biomass of macroalgae, are quantified
per square metre. The maximum rate of nutrient up-
take to benthic macroalgae, ky (molm >s~'), can be cal-
culated as a diffusion rate through an effective diffusive
boundary layer thickness, é (m):

ky = %N (11)
where D is the molecular diffusivity of the nutrient
(m?s™"), and N is the concentration of the nutrient in
the water column (molm ™). The effective thickness of
the diffusive boundary layer, 0, is strongly influenced
by shear stress (itself a function of surface roughness
and water velocity) at the water—benthos interface
(Hurd, 2000). For typical hydrodynamic environments
of aquatic benthos, the effective diffusive boundary



688 M .E Baird et al. | Estuarine, Coastal and Shelf Science 56 (2003) 685-695

layer thickness is of the order of 0.l mm for a typical
benthic macrophyte (0.22-0.68 mm for oxygen transfer
in lake periphyton [(Riber & Wetzel, 1987) and 0.04—
0.15mm for CO, transport in seagrass (Smith & Walker,
1980)].

The maximum light capture by the macroalgae, k;
(mol photonm s~ "), is given by:

ky = Tpoy (1 — = #AMaMA) (12)

where I,o; 1s the incident radiation at the top of the
macroalgae (Eq. (1)) (mol photonm 2s™"), MA the bio-
mass of macroalgae (mg Nm ?) and aAya is the nitro-
gen-specific absorption cross-section of macroalgae
(m?’mgN~"). This approach is similar to that used
by modellers of terrestrial canopies: it is assumed that
the projected area of the benthos is fully covered by the
macroalgae, but the macroalgae has varying thickness,
and therefore, absorbance depending on the biomass.

2.2.3. Maximum uptake rates of seagrass

In the model, seagrass obtain nutrients from the sedi-
ment, and light after it has passed through the water
column and benthic macroalgae. The present under-
standing of nutrient uptake through a root system
was considered too limited to justify a mechanistic de-
termination of the maximum uptake rate. Instead, a
maximum supply rate was ‘back-calculated’ from a
half-saturation constant and a maximum growth rate
obtained from the PPBES ecological model using:

SGumaX
k =
N K

N (13)

where SG is the biomass of seagrass (mol Nm™?), g™~
the maximum growth rate (s~'), N the sediment pore-
water nutrient concentration (molm ™), and K, 12 18 an
experimentally determined half-saturation constant of
nutrient-limited growth when fitted to the Monod
growth equation (molNm™3). The implication of the
last equation is that the rate of nutrient uptake per
square metre increases with biomass. The increase in up-
take with biomass is probably realistic, as a higher bio-
mass of seagrass would have a larger root system (in the
same way that a higher biomass of phytoplankton cells
would have a larger surface area). The maximum rate
of light uptake by seagrass is obtained by the same
method as macroalgae (Eq. (12)).

2.2.4. Maximum uptake rates of benthic microalgae
Benthic microalgae are suspended in the top layer of
the sediment. The maximum nutrient uptake (from the
sediment porewater) takes the same form as for sus-
pended algal cells, ky = W DN, although the diffusion

coefficient is reduced by the longer diffusional pathways
required for diffusion in a porous medium:

9D
Dporewaler = 7 ( 14)

where 9 is the porosity, and 0 is the tortuosity (both
dimensionless), which can be approximated by 6=
1 —In(¥9?) (Boudreau, 1996). Light capture by micro-
phytobenthos is modelled using Egs. (7) and (9) as for
algal cells suspended in the water column.

2.2.5. Growth rates of autotrophs based on maximum
uptake rates and a maximum growth rate

It is not possible to continue a mechanistic approach
to modelling intracellular autotrophic processes, which
are well studied, but far more complex than the extra-
cellular processes described above. Instead, to combine
the effects of extracellular physical limits to nutrient
and light uptake with a maximum growth rate, an em-
pirical approach is undertaken (the comparison with
data is found in Baird et al., 2001). This empirical ap-
proach is somewhat different from other growth mod-
els (such as Droop, 1968). We justify the introduction of
a new growth model scheme because it allows the logical
use of mechanistically determined maximum uptake
rates and the maximum growth rate to determine an au-
totroph’s growth rate. The derivation takes two slightly
different paths, depending on whether biomass is quan-
tified per cubic metre, as for planktonic (suspended)
autotrophs, or per square metre, as for benthic plants.

2.2.6. Planktonic autotrophs

For planktonic autotrophs, the uptake rate of nu-
trients and light is assumed to be a linear function of the
resource already stored (although light cannot be stored,
energy from light can be stored as fixed carbon). For a
light- and a single nutrient-limited system, uptake of

RMax _ p
N =ky (N—N> mol N cell ™' s7! (15)
R}n\)dx
and
Rmax _ p
I=k (’RTMI) mol photon cell ' 57! (16)
1

where R (molcell ™) are reserves of a nutrient and light
available for growth, and R™ represents the maximum
values of R. Now assume that growth rate, x™ (s7"), is
determined by the product of the reserves of both light
and the nutrient:

max Ry R,
max pmax
RN R[

H=p (17)
where ™ is the maximum growth rate of a cell (s™").
The quantity of a nutrient or energy in a cell is given
by u(m+ R), where m is the stoichiometry coefficient
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specifying the number of moles per cell when the re-
serves are zero. In other studies m is sometimes referred
to as the minimum quota. m is obtained from a cell ra-
dius, r (m) and the cell radius to cellular carbon content
relationship of Strathmann (1967) given in Hofmann
et al. (2000), multiply by the Redfield ratio of that nu-
trient to carbon (= my/mc):

my = 1.32((4/3)7r*)*" (my /mc) mol N cell ™! (18)

The quantity of a nutrient or photons required to main-
tain a growth rate of u (s ') is u(m + R) (molcell's™ ).
To determine the growth rate at a particular combina-
tion of k;, ky and u™*, a steady-state solution is ob-
tained by equating uptake and consumption of each
nutrient (or light):

Rxax - RN a RN RI
kN <Rr]\1,‘1dx> = um X (mN +RN)R}-\;}ax R}nax (19)
Rmax _ RI ; RN RI
k 17 — max R —_— 20
'( R ) R+ R s e .

where my and m; are stoichiometry coefficients specify-
ing the number of moles of N and photons per cell.
For simplicity, we have set the maximum capacity of
the nutrient reserves to equal that of the minimum quota
(R™** =m). While this may be appropriate for carbon,
other nutrients can be stored by cells in quantities much
greater than the minimum quota (i.e. Vitamin B12
Droop, 1968). Approximating R™* by m is not limiting
in this paper because we consider only steady-state
growth of cells (so there is no explicit intracellular stor-
age of nutrients). For planktonic autotrophs the units of
m, R, R™* and k are per cell.

2.2.7. Benthic autotrophs

For benthic autotrophs, uptake of nutrients and light
are also assumed to be a linear function of stored reserves,
although the units of uptake have changed. Uptake of

RMax _ p
N =ky <NRT3XN) mol Nm 2! (21)
N
RMax _ p
ki ~-——") mol photon m 2 s~ (22)
R;nax

For benthic autotrophs, the balance between growth
and uptake becomes:

Ry™ —R Ry R
(LY _ o, )

Rwax N RR/’I&X R;nax
Ry™ —R Ry R
kl < IRmax 1> = umaxml RmA;.X leax (24)
1 N 1

The units of m, R, R™** and k are all per square metre
for benthic autotrophs. m and R™* are equal to the

biomass of the benthic autotroph. The CR model for
benthic autotrophs has not yet been compared to empiri-
cal data, although studies like Fong, Kamer, Boyer, and
Boyle (2001) introduce this possibility, and allude to
the influences of the diffusive boundary layer. The dif-
ference between benthic and planktonic formulations
arises because planktonic reserves are specified per
cell, with the number of cells changing, while benthic
reserves are specified per unit area, with area being
constant. As a result, to balance nutrient uptake with
growth, uptake equals wm for benthic autotrophs, but
w(m+ R) for planktonic autotrophs.

To obtain a growth rate, u, from Eq. (17) requires
knowledge of Ry and R; (and parameters RY** and
RP*). Ideally, in an ecological model Ry and R; will
be state variables, with their values tracked through time
(as in Baird & Emsley, 1999). However, with five auto-
trophs this is computationally expensive. Instead, if it
is assumed that the autotroph has reached an equili-
brium growth state (which we have already done by
equating uptake with growth in Egs. (19), (20), (23)
and (24)), Ry and R; can be determined at every time
point if ™, m;, my, ky and k; are known. The equili-
brium state is obtained by solving two non-linear simul-
taneous equations (Egs. (19) and (20) for planktonic
autotrophs and Eqgs. (23) and (24) for benthic auto-
trophs) (Baird & Emsley, 1999, p. 111). Again, this
is a computationally expensive procedure. However,
if the rates are non-dimensionalized, a generic look-up
table can be created, and the solution of the simultane-
ous equations quickly referenced.

2.3. Planktonic grazing

In the model, large zooplankton graze on large phy-
toplankton and microphytobenthos, while small zoo-
plankton graze on small phytoplankton. Grazing rates
are determined as the minimum of the maximum growth
rate of the zooplankton (i.e. how quickly the prey can be
ingested) and the maximum encounter rate between the
predator and prey. Maximum growth rate of small and
large zooplankton are parameters (Table 1). The maxi-
mum encounter rates between predators and prey are
calculated based on summing the rectilinear encounter
rate of spheres due to three processes: diffusion,
relative motion (swimming and sinking) and fluid shear
(Baird & Emsley, 1999, Table 2). The encounter rate be-
tween one predator and a population of prey cells (cell
(P)s™!) is given by:

encounter rate = np@, p (25)

where ¢z p is the encounter rate coefficient between spe-
cies Z and P (m*s™') (Baird & Emsley, 1999), and np is
the concentration of prey cells (cell (P)m ™).
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Table 1

List of parameter values used in the mechanistic formulations

Parameter Symbol Units Value
Background light attenuation coefficient kw m~! 0.3
DON-specific light attentuation coefficient kpon m~! (mgNm3)~! 9e—4
Detrital N specific light attentuation coefficient kpL m~! (mgNm3)~! 38e-3
TSS specific light attentuation coefficient ktss m~! (kgm3)~! 30.0
Absorption cross-section of macroalgae aAya m’mgN~! le-3
Absorption cross-section of seagrass aAgg m?mgN~! le-5
Absorption coefficient of large phytoplankton 7Crp m~! 50,000
Absorption coefficient of small phytoplankton yCgp m™! 50,000
Absorption coefficient of microphytobenthos 7Cpn m! 50,000
Maximum growth rate of macroalgae UMA d! 0.2
Maximum growth rate of seagrass usG™ d! 0.1
Maximum growth rate large phytoplankton st d! 1.25
Maximum growth rate of small phytoplankton Usp™ d™! 1.25
Maximum growth rate of microphytobenthos UMDB d! 0.35
Maximum growth rate of large zooplankton Uz d! 0.375
Maximum growth rate of small zooplankton 7 d! 3.0
Radius of large phytoplankton rLp m 10e—6
Radius of small phytoplankton rsp m 2.5e—6
Radius of microphytobenthos 'MPB m 10e—6
Radius of small zooplankton rzs m 12.5¢e—6
Radius of large zooplankton rzL m 50e—6
Effective encounter velocity of ZS and PS Uzs/ps ms! 1.9¢e—4
Effective encounter velocity of ZL and PL Uz pL ms™! 2.7e—4
Effective encounter velocity of ZL and MB Uz mB ms™! 2.7e—4
Turbulent kinetic energy dissipation rate £ m?s 10°°
Kinematic viscosity v m?s~! 1076
Molecular diffusivity of nitrate D m?s~! 17.5% 1077
Effective boundary layer thickness 1 mm 0.063

Notes: ky, kpon and kpp from Murray and Parslow (1997); krss unpublished data from Gippsland Lakes, Australia; aAya from Enriquez,
Agusti, and Duarte (1994); aAsg fitted; maximum growth rates within ranges of Murray and Parslow (1997); 6 = 0.063 mm from Baird and Atkinson
(1997), with friction coefficient, c¢;=0.005, water velocity, U,=0.1 ms~! and sand-grain roughness length, k;=0.1 m. Maximum growth rates are
within the ranges used in estuarine models (see PPBES), and encounter velocity were based on size dependent rates.

Table 2

For the 70 simulations in Fig. 1; this table gives the parameter to which total water column microalgal biomass is most sensitive. Each column lists
the simulations with a specific depth of the lagoon (m), and each row lists the simulations with a specific point source nutrient load specified per unit
area (mg Nm2d™"). The number in brackets is the normalized relative sensitivity of the listed parameter. Definition of parameters is given in Table 3

Depth
Load 2 3 5 10 20
0.1 rys(1.43) rys(1.05) r75(0.55) r71(0.46) r71(0.72)
1 ng(1.35) rzs(0.85) rzs(0.42) rZL(0.49) rZL(0.75)
2 rgs(1.13) rys(0.63) rys(0.34) 771(0.53) 7,1(0.78)
3 rzs(0.60) rzs(0.48) rZL(0-39) rZL(O.SS) rZL(O.Sl)
4 r25(0.63) rys(0.43) rz1(0.45) r71(0.58) r71(0.84)
5 rZS(O.SS) rzs(0.39) rZL(O.Sl) rZL(O.Gl) rZL(0.86)
10 r71.(0.79) r71.(0.75) r71(0.75) r1(0.77) 771(0.97)
20 HZEN(—1.60) HZEN(=0.54) rz1(1.34) rz1(1.00) rzi(1.13)
30 1nipe(0.71) HNiB(—0.58) HzE(=0.79) rz1(1.06) rz1(1.26)
40 unips(11.25) wnipp(1.31) 1z1(=0.62) HZL(=2.03) rzi(1.35)
50 ky(=0.08) 1nipe(0.063) HZEY(—0.34) HZE(=1.79) rzu(1.37)
60 ky(—0.08) ky(—0.06) 1E2¥(—0.06) 1Z35(—0.47) 1Z(—1.86)
80 #pE0.10) ky(=0.06) 1zL(—0.06) HZE(=0.07) HZE(—2.36)
100 #pEN0.14) ks(=0.06) HZEN(=0.04) HZE(=0.10) HZEN(=3.67)
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2.4. Comparison of parameter values between a
mechanistic approach and the PPBES ecological model

The Monod growth curve used in the PPBES ecolog-
ical model is given by:

Hmaxs
H:K
12 +8S

(26)

where S is the substrate, and could be nitrate, light, etc.
and K, is a half-saturation constant. The initial slope
of Monod growth versus substrate curve, a,, is given (us-
ing the quotient rule) by Healey (1980):

_ d ‘ l'll"l'lzl)(s - l’ll"l’lzl.)(
“dSPKih+S T K

(27)

e

In fact, Healey (1980) points out that ¢, is a more robust
parameter than K, although the initial slope has not
generally been adopted by ecological modellers. The ini-
tial slope of the Monod growth curve, o,, can be com-
pared to the mechanistically determined rates, o,,, which
also represent the initial slope for the growth versus
substrate curve. o, is a calculated physical limit, and
cannot be exceeded by a biological process. If o, > a,,,
the value of the half-saturation constant should be ques-
tioned. If a,, > ,, the empirical data would suggest that
uptake is not operating near its physical limit, and an-
other limit (such as a biochemical one) may be determin-
ing the growth rate. If the rates are similar (say within a
factor of two or three), the two approaches are probably
quantifying the same phenomena by different means.

2.4.1. Maximum nutrient uptake rates by phytoplankton
Table 3 compares the mechanistic calculation of the
initial slope of the growth versus nutrient concentration
curve based on diffusion to a perfectly absorbing sphere,
o, with the PPBES ecological model empirical approx-
imation of the initial slope, o,, for two size classes of
phytoplankton. The mechanistic rates of small and large
phytoplankton nutrient uptake were 20 and five times
greater than the PPBES ecological model (Table 3). This
suggests a process not accounted for in the mechanistic
formulation (such as enzyme-mediated intracellular pro-
cesses) is limiting nutrient uptake. However, Port Phillip
Bay did not show extreme nutrient stress (the lowest
nitrate levels were ~1 mg N m ), while other Australian
estuaries are regularly reduced to below detection limit
(such as Wilson Inlet, Western Australia and Gippsland

Table 3

Lakes, Victoria), suggesting a lower half-saturation con-
stant, perhaps of the order of the diffusion limit. Given
this uncertainty, and the desire to have only one pro-
cesses limiting uptake (instead of a combination of dif-
fusion resistance and enzyme control) the diffusion
limit alone was used to calculate «,,. Future work could
incorporate a combination of intracellular and diffu-
sional processes (Smith & Walker, 1980).

2.4.2. Maximum light capture rates by phytoplankton

The mechanistic formulation attenuates light due to
phytoplankton in the water column at a rate of naA,
where n is the number of cells. The PPBES model uses
a nitrogen-specific attenuation coefficient, which can
be compared with the mechanistic absorption cross-sec-
tion, aA, calculation (Eq. (10)) divided by my. For small
phytoplankton, my = 1.1 x 107 mol Ncell ' =1.5 x
10" mgNecell ™' (Eq. (18)), so aA/my = 0.002m’>mg
N~'. For large phytoplankton, my=2.5x10"">mol
Neell ' =3.5x10"*mgNcell ' (Eq. (18)), so aA/my =
0.0013m’mgN~". These are comparable with the
PPBES value of 0.0035m’>mgN~". Table 4 compares
the maximum light uptake based on the absorption
cross-section, o,, = aAcq/my, with the initial slope of
phytoplankton growth versus irradiance curve, a,, used
in the PPBES ecological model. The mechanistic calcu-
lation of light penetration through the water column
and light-limited growth are comparable with the analo-
gous processes in the PPBES ecological model.

2.4.3. Maximum nutrient uptake by macroalgae

The mechanistic calculation of the initial slope of
growth rate versus substrate concentration is based on
mass transfer limited uptake through an effective bound-
ary layer 0.1 mm thick. The mechanistic calculation of
nutrient uptake produces an initial slope of nutrient up-
take per square metre, d,,. &,, is based on an areal flux of
nutrient uptake, is independent of algal biomass and
takes the units of ms~'. In contrast, the empirical
approach of the PPBES calculates an initial slope of
uptake rate, o,, which is a linear function of biomass,
and has units of d”'mgN"'m’. To compare these two
approaches, the biomass of macroalgae required by
the empirical approach to give the same nutrient uptake
as the mechanistic approach is calculated (i.e MA =
o /o). For the mass transfer limited case, o, = D/6 =
19 % 107°/10~* = 19 x 103 ms ' (assuming 6 = 0.1 mm).
From the PPBES ecological model, the macroalgae had

Comparison of mechanistic and empirical descriptions of maximum nutrient uptake, based on the initial slope of growth versus nutrient

concentration

Cell radius WD my (Eq. (18)) o =Y D/my e ="Ky )2
(um) (m3cell™'s7h (mgNcell™) (mgN~"'m%) (mgN~"'m?)
2.5 0.60 x 10~ "* 0.15x107* 3.4 0.18

10 24x1071 3.5x 1078 0.59 0.11
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Table 4

Comparison of mechanistic_and empirical descriptions of maximum light capture, based on the initial slope of growth versus irradiance curve.
The absorption coefficient, yC, of a cell with a chl a-specific absorption of y =0.05m?mg(chl @)', and a pigment concentration of C=10 x 10°mg

(chl @)ym™ is 50,000m~". 1 Wm~2=2.17 x 10° mol photonm s~

Cell radius yC aA my (Eq. (18)) aA/m; = o, o = H™/K 1)

(pum) m™) (m?cell™) (molcell™!) d ' wm3h d ' wm3h
2.5 50,000 3.0x 10712 7.1%x 10712 0.162 0.124

10 50,000 47 x 107" 4.5x%1071° 0.416 0.170

a Ky, of 200mgNm— and g™ of 0.1d"", so using Eq.
27, % =5x103d ' mg N~!' m?® The MA biomass
that would give equal rates of nutrient uptake per square
metre is given by:

D/s

MA=—F"—
umax/Kl/z

=3283mg Nm™ (28)

Above a macroalgae biomass of 3283mgNm 2 the
mechanistic rate calculation would predict a lower
nutrient uptake rate than the PPBES, and below 3283
mgNm 2 a higher rate. The value of 3283 mgNm 2 is
a medium density benthic community.

2.4.4. Encounter rates of predators and prey

The biomechanical calculation of the initial slope be-
tween grazing rate and prey concentration, ¢, can be
directly compared with the PPBES clearance rate, C,
which is an empirical parameter also representing the
initial slope of the grazing rate and prey concentration.
In the PPBES, clearance rate for small zooplankton
(feeding exclusively on small phytoplankton), Czg, was
0.4m>mgN~""'d"!, where m* mg N~' is per phytoplank-
ton biomass. Converting to per cell per second (one
2.5um cell=1.5x 10 mgN using Eq. (18)), Czs=
6.9 x 10" m?cell (P) "' s~'. Asa comparison, the relative
motion and shear stress levels required in the mecha-
nistic calculations to obtain the PPBES clearance rates
is determined below.

The PPBES clearance rate would be found at a rela-
tive velocity (due to sinking and swimming) of small
phytoplankton and small zooplankton of (Baird &
Emsley, 1999, Table 2):

b Cs 6.9 x 1015
T (res +rs)> w(2.5 % 106+ 12.5 x 10-6)?
=10pms™! (29)

Large phytoplankton cell being grazed by a large zoo-
plankton cell gives:

v Ca 2.5% 1072
T (oL +r)® w(10 x 106+ 50 x 10-6)?
=220 ums™! (30)

Both of these calculated effective swimming velocities are
within the range that could be expected of 10 and 50 um
zooplankton preying on 2.5 and 10um phytoplank-
ton, respectively, (of up to 10 zooplankton diameters
a second).

The PPBES clearance rate for small phytoplankton
and small zooplankton would be found at a shear stress,
measured as the rate of turbulent kinetic energy dissipa-
tion, ¢, of Baird & Emsley (1999) (Table 2):

2
_ Czs
eE=Y 3
1.3(}’])5 —|—rzs)

2
_ 10-¢ 6.9 x 107"
1.3(2.5 x 10-6 4 12.5 x 10-6)°

=74%x10°m>s™? (31)

Large phytoplankton cell being grazed by a large zoo-
plankton cell gives:

2
_ CzL
E=YV PP
1.3(}’})]_ —|—rZL)

2
10~ 2.5x 10712
1.3(10 x 10-6 + 50 x 10-6)°

=79%x10° m?>s™? (32)

These are relatively high values for ¢, suggesting that
only under highly turbulent conditions is shear stress de-
termining grazing rates. Nonetheless, the reasonable
values taken by Uy indicate that the clearance rates
empirically determined in the PPBES are probably captur-
ing encounter rate-limited phenomena.

In summary, while including mechanistic functional
forms aims to replace many of the empirical forms in
the PPBES ecological model, the good correspondence
between o, and «,, and C and ¢ values, respectively, im-
plies that the empirical model was doing a good job of cap-
turing the underlying processes. The mechanistic rates of
light capture of phytoplankton, gazing rates and nutrient
uptake by macroalgae are consistent with the parameter
values used in PPBES. The uptake rates of phytoplankton
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seem to be consistently overestimated (by a factor of five
and 20) when using the mass transfer limit.

3. Simulations of a coastal lagoon

To illustrate the behaviour of the model over a range
of estuarine depths and nutrient loads, 70 simulations
were run to a stable annual oscillation (the results of a
further 20,880 simulations, and comparison with data
sets from five Australian estuaries can be viewed at the
CSIRO Simple Estuarine Response Model site: http://
www.marine.csiro.au/serm. The runs were of one-box
coastal lagoons with depths of 2, 3, 5, 10 and 20 m.
For each lagoon, 14 nutrient loads of 0.1, 1, 2, 3, 4, 5,
10, 20, 30, 40, 50, 60, 80 and 100mgNm >d~" were
applied. The residence time of the lagoon was 50 days
(other SERM parameters were inflow colour=0.2m™",
climate zone=uniform rainfall distribution (UNR),
freshwater replacement time = 100 days, oceanic flushing
time =100 days, catchment 2% cleared). Simulations
were run for 10 years, after which the time-averaged
biomass of the state variables in the 10th year was cal-
culated. Fig. 1 plots time-averaged biomass as a function
of load (i.e. each point represents a different simulation).

Features which emerge are: (1) the presence of seagrass
in shallow water and low loads only; (2) the bloom of
benthic macroalgae at intermediate loads being limited
by nutrient and light supply; and (3) at high loads the
die off of benthic plants due to large-celled algal blooms.
This is consistent with a simple conceptual understand-
ing of estuarine eutrophication (Harris et al., 1996).

A sensitivity analysis was undertaken by changing
individual parameters by +10%. Following Murray
and Parslow (1997), sensitivity is reported as a normal-
ized relative sensitivity (RS) approximately equal to
9(In S)/0D(In P) where S is the state variable, and P is
the parameter. At the specific set of parameter values
and forcings at which the sensitivity analysis was under-
taken, S is proportional to PRS. A sensitivity analysis
was completed for a subset of model parameters which
are emphasized in this paper (ugE™, up™, Hnpe> HMAs

ma a ma N
USGs Mzs™s MZEY, Tsp, TLP» TMPB» Tzss TzL» VCsps YClrps

7Cmpp> aAMA, aAsG, & Uzsps, Uzipr, Uzimpess Cf
U, and k). As the sensitivity of parameters changes de-
pending on the forcing, the sensitivity analysis was com-
pleted for each of the 70 simulations. Table 2 lists the
parameter to which water column microalgal biomass
is most sensitive, and its normalized relative sensitivity,
for all 70 different simulations in Fig. 1. The sensitivity
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Fig. 1. The biomass of autotrophs in five simulated coastal lagoons (with depths of 2, 3, 5,10 and 20 m) versus increasing nutrient loads. The lines
join simulations at nutrient loads of 0.1, 1, 2, 3, 4, 5, 10, 20, 30, 40, 50, 60, 80 and 100 mgNm’2 d~! for each depth. Each graph depicts, in the
clockwise direction from the top left, the annual average of the following model state variables: water column dissolved inorganic nitrogen
concentration (mg N m ), small phytoplankton (+ = 2.5 pm) biomass (mg N m™>), large phytoplankton (+ = 10 um) biomass (mgNm>), seagrass
biomass (mg N m~2), benthic macroalgae biomass (mg Nm~?), large zooplankton (r = 50 um) biomass (mg Nm~>).
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of water column microalgal biomass varies from being
most sensitive to the physical size of grazers at low loads,
to depending primarily on growth rates of phytoplank-
ton and zooplankton at high loads.

4. Discussion
4.1. The mechanistic approach

When compared to commonly used empirical de-
scriptions, the mechanistic approach results in sig-
nificantly different functional forms for describing
autotrophic growth. The most significant difference be-
tween the mechanistic and empirical approaches was
in the representation of macroalgal growth. In the
PPBES ecological model (as well as Madden & Kemp,
1996 and other models), growth rate of macroalgae is
an exponential function of the biomass of the autotroph
under all nutrient and light levels. In contrast, the mech-
anistic formulation requires that the rate of biomass
increase varies from being an exponential function
of biomass at nutrient and light-saturating conditions
(AMA = i), to being independent of biomass at
nutrient-limiting conditions (AMAaDN/J), to having a
complex exponential relationship with biomass at
light-limiting conditions (AMAaZye(1 — e®AvaMAY)),

The mechanistic approach uses a set of parameter
values quite different from the empirical approach. Sig-
nificantly, half-saturation constants, which are often
both poorly constrained, and can impact significantly
on model output (Murray & Parslow, 1997) are replaced
by parameters with very specific physical interpreta-
tions. These parameters can often be measured accu-
rately, and in many cases, will take similar values in
all estuaries. The biggest disadvantage of the mechanis-
tic approach is the underlying assumption that all
important processes have been captured. Empirical
models, while perhaps theoretically less attractive, are
constrained by observations. The empirical descriptions
of ecological processes need not represent an accurate or
complete description of the system being modelled. As
long as the empirical model behaviour does not deviate
far from the calibration data set, the model should per-
form well. The mechanistic approach, in contrast, does
rely on the modeller capturing the important processes.
Another disadvantage of the mechanistic approach is
the introduction of a new parameter set. While mecha-
nistic parameters can be constrained by theoretical
interpretations, this exercise has received little atten-
tion in the literature. In contrast, empirical models have
been well explored, and literally hundreds of estimations
of parameter values undertaken (i.e. Hamilton &
Schladow, 1997).

The choice between mechanistic and empirical de-
scriptions in an ecological model should depend on the

purpose of the model, the understanding of processes
within the system and the data available. This model
was developed for a broad look at autotrophic responses
in the Australian continents approximately 1000 es-
tuaries: the variety of environments and lack of data
justifying a mechanistic approach. Nonetheless, it is
expected that some of the mechanistic equations devel-
oped here will be useful for complex ecological models
of estuaries with comprehensive data sets.

4.2. Comparison with simple conceptual model
of estuarine eutrophication

A common conceptual understanding of estuarine
eutrophication is the switch from biomass being
dominated by slow-growing plants to fast-growing
planktonic algal cells with increasing nutrient loads
(Harris, 1999; Harris et al., 1996). The model of estua-
rine eutrophication presented in this paper captures the
switch from slow-growing benthic plants to fast-growing
algal cells, revealing some of the underlying physical
processes that control the ecological response of estua-
rine systems. In particular, the presented model is based
on maximum uptake calculations which depend on the
morphology and location of the autotroph, while quan-
tifying the autotroph’s intracellular processes with a sin-
gle growth rate parameter for each autotroph. The
model nonetheless followed the simple conceptual model
of eutrophication mentioned above. This suggests that
the ecological responses of estuarine systems to nutrient
loads (which are fairly ubiquitous), are determined, to
a significant degree, by the physical properties of the
autotrophs and their maximum growth rates.

5. Conclusions

This paper presented a new model of estuarine eutro-
phication. Key processes involved in estuarine eutrophi-
cation such as nutrient uptake and light capture of
autotrophs and predator—prey interactions were repre-
sented by more mechanistic descriptions than commonly
employed. A comparison of mechanistic and empirical
process rate calculations demonstrated similarities in
outputs between the two approaches and sheds light
on the meaning of the parameters values chosen in em-
pirical models. This framework provided a prognostic
model of eutrophication which is compatible with a sim-
ple conceptual understanding of eutrophication, and
that worked over a broad range of estuarine environmen-
tal forcings. Further developed, the use of mechanistic
descriptions in models of estuarine eutrophication may
provide predictive capabilities beyond the present
suite of models with empirical descriptions and more
thoroughly test our knowledge of the workings of
estuarine systems.
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