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CHAPTER 0

Preface

The first generation of CAEDYM was initiated and developed by Michael Herzfeld and David Hamilton. Later
revisions and developments were conducted by Barbara Robson and Dirk Slawinski. Following numerous appli-
cations, and based on advances in computational power, many components of CAEDYM were reorganised and
rewritten by Matthew Hipsey with Jose Romero and Jason Antenucci, which ultimately produced the CAEDYM
v2 series in 2003. Since then, numerous additions and developments have been made to this and public releases
of CAEDYM v2.1 (2004) and now v2.2 (2005) have been made. From its initial conception, scientific direction,
guidance and provision of funds for ongoing developments and improvements have come from Prof. Jérg Imberger.

CAEDYM has evolved significantly since its original inception. However, it has always aimed to be a generic and
flexible tool for use in a range of surface water environments. It has now ben applied to hundereds of lakes, reservoirs
and other surface waters around the globe for a variety of applications ranging from nutrient cycling studies, algal
succession studies, food-web investigations, pathogen dynamics investigations, suspended solids studies, and toxic
metal studies. CAEDYM is now used by research scientists, consultant engineers, and government agencies for
investigative and routine management applications. Recently, it has also been used in several online real-time
management applications as part of a larger aquatic decision support system.

It is programmed in Fortran-90 and runs on Macintosh, Linux, Unix and Windows operating systems, and the
source-code is made freely-available to scientists interested in modifying or developing the code. The purpose of
this manual is to outline the scientific theory behind the various CAEDYM modules, and to provide a detailed
account of the algorithms CAEDYM is using. Readers are also directed to the accompanying CAEDYM v2.2 User
Manual, which covers detailed technical information on how to configure, run, and analyse a CAEDYM simulation.

Modellers interested in discussing topics covered in this Science Manual are directed to the online user commu-

nity at: http://www.cwr.uwa.edu.au/services/model_forum/

xi






CHAPTER 1

Introduction

1.1 Overview

CAEDYM is an aquatic ecological model designed to be readily linked to hydrodynamic models, which currently
includes DYRESM, DYRIM and ELCOM. DYRESM is a one-dimensional model used for predicting vertical density
stratification in lakes and reservoirs (Gal et al., 2003; Yeates and Imberger, 2004). It has been coupled previously
with process representations of biogeochemical processes (DYRESM-WQ: Hamilton and Schladow (1997); Schladow
and Hamilton (1997); Hamilton et al. (1995); Schladow and Hamilton (1995)). ELCOM is a three-dimensional
hydrodynamic model applicable to lakes (Hodges et al., 2000), reservoirs (Romero and Imberger, 2003; Romero et
al., 2003), estuaries (Robson and Hamilton, 2004; Chan et al., 2002) and the coastal ocean (Spillman et al., 2005;
Hillmer and Imberger, 2005). Recently, CAEDYM has been coupled to DYRIM (a quasi-2D Lagrangian river-
floodplain model; Devkota and Imberger (2005)) to simulate biogeochemical processing in rivers. The coupling
between CAEDYM and the hydrodynamic driver is dynamic; in particular, the thermal structure of the water

body is dependent on the water quality concentrations by feeding back through water clarity.

One of the objectives during CAEDYM development was to allow flexible ecological configuration that could be
tailored for specific applications, though major elemental cycling and at least one algal group is compulsory. Hence,
the model includes comprehensive process representation of the C, N, P, Si and DO cycles, several size classes of
inorganic suspended solids, and phytoplankton dynamics. Numerous optional biological and other state variables
can also be configured. Hence, CAEDYM is more advanced than traditional N-P-Z models, as it is a general
biogeochemical model that can resolve species- or group-specific ecological interactions. CAEDYM operates on any
sub-daily time step to resolve algal processes (diurnal photosynthesis and nocturnal respiration), and is generally
run at the same time interval as the hydrodynamic model. Algorithms for salinity dependence are included so that a
diverse range of aquatic settings can be simulated. The user can prescribe whether the simulation is for freshwater,
estuaries or coastal waters, since many of the algorithms have been developed to include a salinity dependence.
With specification of the nature of the waterbody (i.e. fresh, estuarine or marine), internal checks in the model are
then activated to ensure that salinity dependence is maintained (for an estuarine case) or removed (for a freshwater

or marine water case). Further details of salinity dependence are given later in the process descriptions.

The major biogeochemical state variables in CAEDYM are given in Figure 1.1. A simple configuration file
exists that allows users to customise the model elements that should be included within any simulation. An input
file for parameters can also be adjusted rather than modifying the source code, but inevitably, a small number of
users will have specific variables of interest which have not been represented in CAEDYM, thus necessitating some

modification to the source code.
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—| Hydrodynamic Driver (1D DYRESM, 3D ELCOM) | —
Inflow Transport, mixing, temperature, salinity Outflow
Coupling
Biogeochemical Model (CAEDYM)
Transformations
DO, pH, PO4, NH4, | | DOPL, DOPR,| |POPL, POPR,||SSOL1, Bacteria | | Algae Zooplankton| |Jellyfish| |Fish Pathogens
coL NO3, Si02, | DONL, DONR, |PONL, PONR,/|SSOL2 1 group || 7 Groups | |5 groups 1 group | |5 groups| |1 groups
Dis Oxy DIC DOCL, DOCR | |POCL, POCR | | Inorganic 2 with
pH Inorganic Dis organic Part organic || suspended Sio2
Colour nutrients nutrients nutrients solids required
__u_<_mo P
IN Alg
Mac IN
Ic Alg
Mac Ic
Internal Alg
nutrients Internal
nutrients|
Macrolgae | | Seagrass Invertebrates| | Algae
4 groups 1 group 3 groups 7 groups Water Column
Sediments
E PO4, NH4, NO3, | [DOPL, DOPR, DONL,| [POPL, POPR, PONL, | [ssoL1,
SiO2, DIC DONR, DOCL, DOCR| |PONR, POCL, POCR| |ssOL2

Figure 1.1 Overview of CAEDYM state variables showing the water column, benthic and sediment components.
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1.2 Simulated Variables

CAEDYM simulates the C, N, P, DO, and Si cycles along with inorganic suspended solids, phytoplankton,

and optional biotic compartments such as zooplankton, fish, bacteria and others Figure (1.1).

1.2.1 Light Incident shortwave radiation is supplied by the hydrodynamic driver, where it is used for surface
thermodynamics calculations, to CAEDYM. For primary production, the shortwave (280-2800 nm) intensity at the
surface is converted to the photosynthetically active component (PAR) based on the assumption that 45% of the
incident spectrum lies between 400-700 nm (Jellison and Melack, 1993). PAR is assumed to penetrate into the
water column according to the Beer-Lambert Law with the light extinction coefficient dynamically adjusted to
account for variability in the concentrations of algal, inorganic and detrital particulates, and dissolved organic
carbon levels. The ultra-violet compinent of the incident light can also be used for looking at pathogen inactivation

and organic matter photolysis.

1.2.2 Inorganic Particles Two inorganic particle groups (SS) can optionally be included within the sim-
ulation, with each group assigned a unique diameter and density, and modelled as a balance between resuspension
and settling. Adsorption and desorption of aqueous-phase FRP and N H, onto inorganic particles (PIP and PIN)

can also be configured. Particle settling is modelled on the basis of Stokes Law.

1.2.3 Sediments and Resuspension CAEDYM maintains mass balance of C, N, P, Si, SS and all other
simulate variables in both the water column and a single sediment layer. The main aim in this development stage
of CAEDYM was to provide a complete description of the dominant pools and fluxes in the water column with only
sufficient complexity of the sediments to maintain mass conservation. The sediment fluxes of dissolved inorganic
and organic nutrients are based on empirical formulations that account for environmental sensitivities and require
laboratory and field studies to establish parameter values. The relative proportions of the particulate components
of the sediments are simulated to determine the appropriate resuspension parameters for each component.

Resuspension of inorganic (SS) and organic particles (POM) from the sediment-water interface require a
number of parameters including the critical shear stress and the resuspension rate constant. The composition
of the sediments is established in the CAEDYM initial conditions file for the particulate organic matter (POC,
PON, POP); and each of the inorganic suspended solids state variables (SSs). The initial C' : N : P ratio of the
organic component of the sediments is used throughout the simulation for the composition of particles that are

resuspended.

1.2.4 Dissolved Oxygen DO dynamics within CAEDYM include atmospheric exchange, the sediment
oxygen demand (SOD), microbial use during organic matter mineralization and nitrification, photosynthetic oxygen

production and respiratory oxygen consumption, and respiration by other optional biotic components. Atmospheric
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exchange is based on the model of Wanninkhof (1992) and the flux equation of Riley and Skirrow (1974). A simple
static sediment oxygen demand model is currently employed within CAEDYM that varies as a function of the
overlying water temperature and dissolved oxygen levels. Microbial activity facilitates the breakdown of organic
carbon (in particular, DOC) to COs, and a stoichiometrically equivalent amount of oxygen is removed. The
process of nitrification also requires oxygen that is dependent on the stoichiometric factor for the ratio of oxygen
to nitrogen (Yo,.n) and the half-saturation constant for the effect of oxygen limitation (Kyyr). Photosynthetic
oxygen production and respiratory oxygen consumption is summed over the number of simulated phytoplankton

groups.

1.2.5 Carbon, Nitrogen, Phosphorus and Silica Both the inorganic and organic, and dissolved and
particulate forms of C, N and P are modelled explicitly along the degradation pathway of POM to DOM to dis-
solved inorganic matter (DIM). The nitrogen cycle includes the additional processes of denitrification, nitrification
and Ny fixation that are not in the carbon and phosphorus cycles. Ny levels are not tracked by CAEDYM.

The silica cycle is simpler and includes the processes of biological uptake of dissolved Si (Si02) by diatoms into
the internal Si (IS5%) pool, dissolved sediment fluxes of SiOs, diatom mortality directly into the SiOs sediment
pool, settling of 1.5, and resuspension of 1.5¢. This relatively simple representation assumes that diatom frustules
rapidly settle into the sediments and the organic silica is rapidly mineralized.

The DIC balance additionally includes atmospheric fluxes of COs that are based on the difference between the
atmospheric and water column values of pCO,. The transfer is calculated according to Wanninkhof (1992) with
the solubility product of COy estimated from Weiss (1974). To estimate the CO; fraction of the DIC pool, the
carbonate buffer system, pH and alkalinity are modelled following Butler (1982). Gaseous and aqueous phase COs

values are related by Henrys Law for calculation of pC'Os.

1.2.6 Phytoplankton Dynamics Seven phytoplankton groups are configurable within CAEDYM that are
generic except for several diatom groups, which include internal silica stores. Algal biomass can be simulated either
in units of chla (ug chla L=1) or carbon (mg C L~!). For each phytoplankton group, the maximum potential
growth rate at 20C is multiplied by a temperature function and the minimum value of expressions for limitation
by light, phosphorus, nitrogen and silica when diatoms are considered. Phytoplankton may also be grazed upon
by zooplankton, fish, and clams.

Light limitation on phytoplankton growth can be configured to be subject to photoinhibition or to be non-
photoinhibited. In the absence of significant photoinhibition, the model of Webb et al. (1974) is used to quantify
the fractional limitation of the maximum potential rate of carbon fixation if light saturation behavior was absent
(Talling, 1957), and the equations are analytically integrated with respect to depth. For the case of photoinhibition,

the light saturation value of maximum production uses a depth integral.
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There are two options to model the C, P, and N dynamics within the algal groups: a constant nutrient to
chla ratio, or dynamic intracellular stores. For the first model (Romero et al., 2003), a simple Michaelis-Menten
equation is used to model nutrient limitation with a half-saturation constant for the effect of external nutrient
concentrations on the growth rate as for SiO5 in this application. Metabolic loss of nutrients from mortality and
excretion is proportional to the constant internal butrient to chla ratio multiplied by the loss rate and the fraction
of excretion and mortality that returns to the detrital pool. The latter model uses dynamic intracellular stores
that are able to regulate growth with the model of Droop (1974). This model allows for the phytoplankton to
have variable internal nutrient concentrations with dynamic nutrient uptake bounded by minimum and maximum
values. Nutrient losses through mortality and excretion for the internal nutrient model are similar to the simple
model described above, except that the dynamically calculated internal nutrient concentrations are used.

For diatom groups modelled in CAEDYM, silica processes that are modelled include uptake of dissolved silica,
an internal store of silica, and loss through mortality and excretion. The silica limitation function for diatoms
is similar to the constant internal cases for nitrogen and phosphorus. During diatom senescence, silica loss is
considered to be particulate (i.e. the diatom frustules) and to settle directly to the sediments.

Loss terms for respiration, natural mortality and excretion are modelled with a single respiration rate coefficient.
This loss rate is then divided into the pure respiratory fraction and losses due to mortality and excretion. The
constant fpoas is the fraction of mortality and excretion to the dissolved organic pool with the remainder into the
particulate organic pool.

There are 4 models in CAEDYM for phytoplankton migration and settling including constant settling, stokes
law settling based on dynamically calculated cell density, migration without photoinhibition, and migration with
photoinhibition. Phytoplankton that settle into the sediments are assumed to persist for a user-defined period
(usually 24 hours) when the phytoplankton may be resuspended. If the phytoplankton do not re-enter the water

column, their biomass enters the respective nutrient pools of the sediment.

1.2.7 Bacteria Bacterial biomass may also be modelled explicitly, therby allowing dynamic prediction of
organic matter mineralisation. The bacteria are prescribed a fixed C': N : P ratio that is constant over the course
of the simulation. They are assumed to primarily receive nutrients from the dissolved organic matter pool. The
incoming nutrients are converted to COy, NHy and FRP and released back to the water column. Under low
nutrient conditions they may not be able to satisfy their C': N : P ratio and their growth and ability to mineralise
organic matter will be limited.

The bacterial sub-model was implemented to account for the role of heterotrophic micro-organisms which
are responsible for decaying detrital material produced by phytoplankton and zooplankton. A special oxygen

dependence is included that accounts for bacterial activity under aerobic and anaerobic conditions. As well as the
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oxygen availability in the water, the decomposition of particulate organic matter also has a dependence on the

bacterial biomass. Zooplankton are also able to graze on bacteria and incorporate their C';, N and P.

1.2.8 Zooplankton CAEDYM assumes each zooplankton group has a fixed C': N : P ratio and depending
on the C:N:P ratio of the various food sources, the groups balance their internal concentration by excretion of
labile dissolved organic matter. The grazing preference of each group is user defined, and can be for any of the
simulated algal, zooplankton, bacterial or detrital groups. Faecal pellets can also be specified as either hard, soft

or in between, and lost to the sediment or returned to the detrital pool.

1.2.9 Higher Biology CAEDYM has the facility to model higher organisms such as fish, jellyfish, and

bethic organisms including macroalgae, benthic macroinvertebrates and clams/mussels.

1.2.10 Pathogens and Microbial Indicator Organisms CAEDYM has an optional pathogen model for
users interested in simulating microbial pollution in a lake, reservoir, estuary or coastal environment. The model
was developed based on Cryptosporidium sp. oocyst dynamics, and also contains variations for simulating indicator

organisms such as coliform bacteria.

1.2.11 Metals For reservoir applications where metal release under anoxia is important, a simple model
for iron, manganese and aluminium can be activated. This accounts for sediment release and conversion between

particulate and dissolved forms.

1.3 Analysis Tools

Several useful analysis capabilities have been incorporated into CAEDYM to allow for greater utilization of the
simulation output. Firstly, a time series location can be nominated by the user at a depth (DYRESM) or grid
cell (ELCOM) where CAEDYM provides the values of all simulated process components and limitations for algal
biology. Hence, the modeler can readily determine the dominant processes and rates at specified locations and its
variability in time. This is exemplified later by evaluating the phytoplankton dynamics of two differing reservoirs.
CAEDYM also allows the user to integrate all process rates and limitations over the entire water body. This feature
enables the user to quantify major pools, sources and sinks.

Since CAEDYM v2.0, users may also choose to output numerous ’derived’ variables. These are variables
calculated for output only that provide more specific information of interest such as rates and other information
rather than just looking at basic state variable concentrations.

Both the time-series files and derived output are discussed in more detail in the CAEDYM User Manual.



CHAPTER 2
Light

2.1 Photsynthetically Active Radiation

Incident shortwave radiation supplied to the hydrodynamic driver for the surface thermodynamics model is
passed to CAEDYM. For primary production, the shortwave intensity at the surface is converted to the photosyn-
thetically active component (PAR; 400-700nm) by assuming it composes 456% of the incident spectrum (Jellison

and Melack, 1993). It is assumed to penetrate into the water column according to Beer’s Law:
IPARZ = 0.45[06”PARZ (21)

where Ip4r, is the photosynthetically active radiation at depth z m below the surface, I is the incident shortwave
intensity, and npar is the PAR extinction coeflicient. This varies spatially and temporally within the model

according to the concentrations of algae, inorganic and detrital particles, and DOC:
Na Np Np Ns
Npar =1+ Y K20 A+ KPO“DOC;+Y " KPOCPOC, + > K988, (2.2)
a d d s

where 7,, is attenuation due to pure water (constant), and K, is the rate the extinction coefficient increases with

increasing concentration of the corresponding variable,a s listed int he superscript (g=! m3 m™1).

2.2 Ultraviolet Radiation

In addition to PAR, the photolytic decay of refractory DOC and microbial /pathogen inactivation also require
the intensity of ultra-violet (UV) radiation throughout the water column. The UV incident at the water surface
is predominantly within the UV-A band, which is approximately 3% of the incident solar radiation (Grant et al

1997). It decays throughout the water column similarly to (2.1):
Iy, = 0.03I,e"V* (2.3)

where 1y is the extinction coefficient for UV-A light. UV-B and UV-C bandwidths may also be activated within

the code easily for more detailed investigations, but are not enabled in the public release executables.
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CHAPTER 3

Inorganic Particles

Two size classes of inorganic particles may be configured within CAEDYM using the state variables SSOL1 and
SSOL2. The user may specify different particle diameters, densities and critical shear stresses for the two groups.
Note that although these groups are often termed ‘suspended solids’, CAEDYM treats these solely as the inorganic
component of what may be routinely measured as suspended solids. If this is the case, the user must add the other
particulate state variables (particulate detritus and phytoplankton for example) to the inorganic particle mass to
get the total suspended solid concentration for comparison with the field data. For this reason, SS; and 5SS, are
termed inorganic particles within this document to avoid confusion.

Inorganic particles within CAEDYM are simply modelled by accounting for settling and resuspension. Although
they are involved in the adsorption and desorption of nutrients, the adsorped (i.e. particulate inorganic) nutrients
have there own state variables (PIP and PIN) and so do not impact on the S.S masses directly (refer to Section

5. The equation for inorganic suspended solids is therefore:

QSSS Vs T — T¢ SSs_sed 1
= 58, +as, : 3.1
ot Az % rrer Kss, + 55 sed Dzpor 3.)

settling resuspension
where SS, is the concentration of inorganic suspended solids for group s (g m™3), v, is the settling velocity (m
s71), Az is the grid or layer thickness, ag, is the resuspension rate parameter (discussed in some detail in Section
10.2) which has units of g m™2 s, 7 is the shear stress (N m~2), 7., is the critical shear stress for group s, Ty is
a reference shear stress (usually set to 1 N m~2), Kgg,_ controls the effect of sediment limitation on resuspension
(9), and SSs_geq is the sediment SS mass of group s (g).

The settling velocity is calculated according to Stoke’s Law according to the user defined particle density, ps,,
and diameter, dg.:

(ps, = pu)d3

S: 75 .2
vs =g 180 (3.2)

where p,, is the density of water and p is the dynamic viscosity of water calculated internally as a function of

temperature.
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CHAPTER 4

Dissolved Oxygen

4.1 Introduction

The following processes are considered as part of the model for dissolved oxygen (DO) as shown schematically

in Figure 4.1:

a: exchange to and from the air/water interface (Section 4.2)

b: utilisation of oxygen at the sediment/water interface (i.e. the sediment oxygen demand) (Section 4.3)

c: utilisation of oxygen as bacteria degrade organic matter (i.e. the water column BOD) (Section 4.4)

d: utilisation of oxygen in the process of nitrification (Section 4.5)

e: photosynthetic oxygen production and respiratory consumption by phytoplankton (Section 4.6)

f: utilisation of oxygen due to respiration by zooplankton (Section 4.7)

g: photosynthetic oxygen production and respiratory consumption by macroalgae (Section 4.8)

h: photosynthetic oxygen production and respiratory consumption by seagrasses/macrophytes (Section 4.9)
i: utilisation of dissolved oxygen due to photosynthesis and respiration in jellyfish (Section 4.10)

j: utilisation of dissolved oxygen due to respiration of higher organisms (macroinvertebrates, fish) (Section 4.11)

The rate equation for dissolved oxygen (DO) takes the form:

oDO ATM DSF DEC NIT PHY ZOO MAC SEA JEL
at = f02 - 02 - 02 - f02 +f02 - f02 +fOz + f02 - 02 (41)
—— —— —— —— e N =~ ——

a-atm flux  b-sed lux  ¢-BOD  d-nitrification  e-phyto f-zoop g-maca  h-sea/mphyte i-jellies

and each of these functions are discussed in more detail below.

4.2 Atmospheric Exchange

Atmospheric exchange is based on the model of Wanninkhof (1992), where the flux of oxygen, Fp,, across the

air-water boundary (gm~2s7!) is given by:
FO2 = kOg (Cair - Cwater) (42)

where ko, (ms™!) is the oxygen transfer coefficient, Cyaser (gm=3) is the oxygen concentration in the surface
waters near the interface and Cy;,. (gm~2) is the concentration of oxygen in the air phase near the interface. A
positive flux represents input of oxygen from the atmosphere to the water. Cg;, is dependent on temperature, 7T,

salinity, S and atmospheric pressure, p, as given by Riley and Skirrow (1974):

100 9
Coir (T, S,p) = 1.42763 f (p) exp {173.4292 +249.6339 {9} +143.3483 In LO’“O}
k

91@ 91@ ak‘ ?
—  21.8492 [100] +S <—0.033096 +0.014259 [100] —0.0017 [100] (4.3)

11
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Figure 4.1 Simplified schematic of the dissolved oxygen (DO) dynamics within CAEDYM.

where 0}, is temperature in degrees Kelvin, salinity is expressed as parts per thousand and atmospheric pressure
is in kPa. The pressure correction function, f(p) varies between one and zero for the surface and high altitudes

respectively:

f(p)=m{1—m”]/{l—m”] (4.4)

psL pH bsL
Here, py is the pressure at altitude H (kPa), psr, is the sea level pressure (101.32kPa) and p,qp is the water

vapour pressure in kPa. pg is related to the altitude (m above sea level) specified in the input files following the

familiar:
pairgH
_ _ 4.
PH = PsL ~ ~500 (4.5)
where pg;- is the density of air and ¢ is aceleration due to gravity.
The value of ko, (ms™!) is given by (Wanninkhof, 1992):
e 1705
ko, = 11.16u* | — 4.
o, = 11107 | 2| (1.6
where u is the wind speed 10m above the surface and Sc is the Schmidt number determined by:
S 2 3
Sc= 09+ 0.1% [1953.4 — 128.07 + 3.99187“ — 0.05009T ] . (4.7)

where T is water temperature in degrees celsuis. In the above expression a linear dependence is assumed between the
Schimdt Number and salinity as only fresh and saltwater temperature-dependent equations are given by Wanninkhof

(1992).
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The final oxygen function in units of ¢ m™3day~' (only applicable to the surface layer of depth zgu,f), is

therefore defined according to:

86400F,
g — S00F0, (48

Zsurf

4.3 Sediment Oxygen Consumption

A simple sediment oxygen flux model is currently employed within CAEDYM and operates by assuming the flux
is simply a function of the overlying water temperature and dissolved oxygen concentration (i.e a ‘static’ model).

The change in concentration of dissolved oxygen in the layer immediately above the sediments is given by:
f5F(T,DO,0) = Ssop f56p(T) 1555 (DO) (4.9)

where Ssop is a fixed oxygen flux across the sediment-water interface and Kpog,,, is a half-saturation constant for
the sediment oxygen demand. The assumptions under which this model is constructed may be considered broad,
but ultimately the models performance dictates its usefulness. A more dynamic model for the sediment oxygen

flux is currently under development and is expected for later releases.

4.4 Oxygen Consumption Through Microbial Decomposition of Organic Material

Microbial activity facilitates the breakdown of organic carbon (in particular, DOC) to COs. This is an oxygen

consuming process:

CHQO + 02 — COQ + HQO
Therefore, for each carbon that is mineralized, a stoichiometrically equivalent amount of oxygen is removed:
Np
f8FC (1,00, B*, DOC) = > f5" (T) pprc, min (f5°F (DO), f54° (B)") DOCq Yo,.c (4.10)
d

where again Yp,.¢ is the conversion of carbon to dissolved oxygen, and upgc is the optimal mineralization rate of
DOC when it is not limited by the amount of bacteria, B, DO or temperature, T. More detail on this process is

described in Section 5.3.

4.5 Oxygen Utilisation in the Process of Nitrification

The process of nitrification requires oxygen as modelled by:
F6T = vt fiGr (T) fN7F (DO) NHy Ynn (4.11)

where Yyp is a stoichiometric factor for the ratio of oxygen to nitrogen in the nitrification process, NH, is
the ammonium concentration, uyrr is the nitrification rate coefficient (day~') and Kpoy,, is a half-saturation

constant for the effect of oxygen limitation on the nitrification process.
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4.6 Oxygen Production and Utilisation by Phytoplankton

Photosynthetic oxygen production and respiratory oxygen utilisation by phytoplankton is given by the following

equation, which sums over the number of simulated phytoplankton groups, nphy:

Na
O = Y {(parax, min[f(Da, f(N)as f(P)ay F(Si)5, FC)51ANT)) (1 = ky)
a=1

— Raf(8)a}Yo,:c YocniaAa (4.12)

where, parax, is the maximum growth rate of group a (day™!), A, is the concentration of the a‘" algal group
(9 Chla m™3), k, is the rate of photorespiration (day~'), and R, is respiration/metabolic loss rate (day~'). The
final two conversion factors, Yo,.c and Y¢.cnia, are stoichiometric factors that convert chlorophyll-a to carbon, and
carbon to dissolved oxygen (if phytoplankton are being simulated in carbon units then the latter conversion is not
included). This equation is discussed in some detail during the description of the phytoplankton model (Section

6.2).

4.7 Oxygen Consumption by Zooplankton

Respiration by zooplankton consumes oxygen as is given by the following equation, which sums over the number
of simulated zooplankton groups, nzoo:
Nz

ngOO = Z (k. 2] Y00 (4.13)

z

where, k,,. is the respiration rate of group z (day™'), Z. is the concentration of the z** zooplankton group (g C
m~3),and Yp,.c is the stoichiometric factor for carbon to dissolved oxygen. More detail on the zooplankton model

is provided in Section 6.3.

4.8 Oxygen Production and Utilisation by Macroalgae

Photosynthetic oxygen production and respiratory oxygen utilisation by macroalgae is given by the following
equation, which sums over the number of simulated macroalgae groups, Nj;:
Ny

FEAC =3 [(arax, min[f (D £ (N F(P)nl 32, (T)) = B f (S)m] Y00 Mo / Brmac (4.14)

m
where, piarax,, is the maximum growth rate of group m (day~!), M,, is the macroalgal concentration for the m!"
group (g C m™2), hynae is the height of the benthic macroalgal bed (in m), and R,, is respiration/metabolic loss
rate (day~!). The final conversion factor, Yp,.c is the stoichiometric conversion between carbon and dissolved

oxygen. This equation is discussed in some detail during the description of the macroalgae model (Section 7.2).
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4.9 Oxygen Production and Consumption by Seagrasses/Macrophytes

Photosynthetic oxygen production and respiratory oxygen utilisation by seagrasses/macrophytes is given by the

following equation, which sums over the number of simulated seagrass/macrophyte groups, nsea:

nsea

f£2EA — Z (1 - fseaOQkZOb:f (ABm/At) (415)

m

where, fseq0, is the fraction of oxygen production that is imparted to the sediments as opposed to the water column,
AB,,/At is the rate of change of biomass for the m!" group (g C m™2 day™'), zpe: is the depth of the bottom
layer (m), and ko.c is a coversion factor for seagrass/macrophyte biomass change to comparable Oy production (g
O3 (g C)71). This equation is discussed in some detail during the description of the seagrass/macrophyte model
(Section 7.3).

4.10 Oxygen Production and Utilisation by Jellyfish

The effect of jellyfish production of oxygen (via symbiotic algal cells) and respiration of oxygen is represented
by an equation similar to the jellyfish production equation, but with slight modification to remove the consumption
of organic matter by the jellyfish, which is accounted for in the POC' term, and with inclusion of a yield term to

convert jellyfish biomass changes to equivalent oxygen:
féQEL = fJ(T) [GJmaa:f(S)f(I) - er] JYo.s (416)

Here, J is the jellyfish biomass as mL medusae m™—3, Yo.; converts the net jellyfish production to an equivalent
oxygen yield, k., is the jellyfish respiration coefficient (day=!), GJyaz is the maximum relative growth rate
(day™1), f(S), f(T) and f(I) are factors that regulate the response to salinity, temperature and light respectively,
as described in section 6.5.

4.11 Oxygen Utilisation by Higher Organisms

Utilisation of dissolved oxygen due to respiration of the remaining state variables represented in the model (e.g.
bivalves, crustaceans and fish) is not considered to have a substantial influence on dissolved oxygen concentrations

in most systems and so is assumed to be negligible.
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CHAPTER 5

Elemental Cycles and Balance Equations

5.1 Introduction

Elemental nutrients cycles of the dominant macronutrients of aquatic plants (phytoplankton, macrophytes
and macroalgae) and animals (zooplankton, fish) have been incorporated into CAEDYM. Both the inorganic and
organic forms of carbon, nitrogen, phosphorus, and silica are modeled explicitly. Further, CAEDYM explicitly
simulates organic nutrients in both the filterable and particulate pools, and the labile and refractory components
can optionally be resolved (set: reff = T). Though inorganic nutrients are modelled only as filterable, there is the
provision for adsorption-desorption onto inorganic suspended solids. Atmospheric gas exchange between dissolved
carbon dioxide and the atmosphere are also explicitly modeled by CAEDYM.

To take advantage of the similarity between the various biogeochemical cycles, a series of generic parameteri-

zations are employed and described next.

5.2 Generic Parameterizations and Organic Matter Configuration

Table 5.1 provides the general equation forms of the simplest formulations used to model the:

1. temperature and oxygen dependencies (Eqgs. 5.1-5.4)

2. dissolved sediment fluxes (Eq. 5.5)

3. atmospheric gas exchange (Eq. 5.6)

4. particle resuspension (Eq. 5.7)

5. particle settling (Eq. 5.8)

6. decomposition of organic matter (equation 5.9)

7. adsorption/desorption of dissolved inorganics to inorganic particles (Eq. 5.12)
8. mortality and excretion from aquatic flora and fauna (Eq. 5.13)

9. autotrophic uptake of dissolved inorganic nutrients (Eq. 5.14).
10. respiration by algae, macroalgae, zooplankton, fish and bacteria (Eq. 5.15).

11. grazing by zooplankton and fish (Eq. 5.16)

A schematic representation of a simple generic configuration of CAEDYM is provided in Figure 5.1. CAEDYM
provides the flexibility to model the organic carbon, nitrogen, and phosphorus with different parameters as outlined
throughout this chapter. One manner to reduce the number of parameters is to link transformation rates of each of
these elements (organic carbon, nitrogen, phosphorus) into the same parameter for organic matter rates. In other

words, decomposition (particulate to dissolved organics), mineralization (dissolved organics to dissolved inorganics),

17
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Table 5.1 Generic parameterizations of processes used throughout the nutrient cycles of CAEDYM. The symbol g

is used as a generic group identifier.

Temperature: T1(7) = 972 4 ﬁ’;g(T*%) +b, (5.1)
f2(T) =05 % (5.2)
Dissolved Ozygen: o DO
7 (DO) = 55 (5.3)
g
Kpo
32 (DO) = Koo, + DO (5.4)
Dissolved Sediment Flux: K pH — ] )
DSF T2 DOS—g pi1 —
T,D H T .
(T.D0,pH) = 1220 (1) 8, (b2t 4 o WL ) 6.5)
Atmospheric Gas Exchange: atm sur
g g £ (9) = Ky (57 = g™ (5.6)
Resuspension: se
57 g = 00 7 = o) (e ) >0
sed—g se
Settling: v
g gsET (9) = Agz (5.8)
Decomposition of Organic Matter:
PO (T, D0, B g) = [upic, f5 (T) min (f8°° (DO), 5 (B)")] g (5.9)
where BAC _ B
B B) = 75 (5.10)
FEOP(DO) = f57 (DO) + fany 17 (DO) (5.11)
Ad. tion/D tion:
sorption/Desorption ngDD (SS1,552,9,y) = W (gkad—g — EOCy) — (5.12)
Biological Mortality € Excretion:
N N N
BME (A M, Z,F,B) = AE ME E, FEF E, (B
g ( ) y Ay Ly )_Z g( ll +Z +Z Z 9( f)+ 9( ) (513)
@ R f , e-bacteria
a-phytoplankton b-macroalgae c-zooplankton d-fish
Biological Uptake: Na Nt
SO (A M, B,g) = > Uy (Ad) +Y Uy (M, 4 (B) (5.14)

c-bacterial

a-phytoplankton

Biological Respiration:

b-macroalgae

Np

Z Rpic (Ff)+ Rprc (BAC) (5.15)
—————

e-bacteria

Ny
BRE
pic (A, M, Z,F, B) g Rpic (A E Rpro (M, E Rprc (Z
a-phytoplankton b-macroalgae c-zooplankton
Grazing:

GRZ ZGW
o X (Z,F,g) =

Sox

d-fish

D+ 3G (F) 11 (o) (5.16)

f

a-zooplankton

b-fish
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Figure 5.1 Generic schematic of the nutrient dynamics with CAEDYM.

and settling (particle closure) rates would all be given the same parameter values, and all variables (particulate
organic carbon, nitrogen, and phosphorus) considered one particle for these processes (Romero et al., 2003).

The oxygen and temperature dependencies, fP° and f7, are common in the decomposition and mineralisation
functions for C, N and P. The oxygen dependence allows for enhanced breakdown in high oxygen and some
ability under anoxia, i.e. microbial decoposition of organics is assumed to be primarily mediated by facultative
heterotrophs. Here fa,, is the efliciency of microbial activity when under complete anoxia, and Kpo, is the half-
saturation constant for the dependence of oxygen on detrital breakdown. The temperature function for microbial
decomposers is identical to that for algae and other biological groups, fI! (see Section 6.2).

The other functions for mortality/excretion, E,, uptake, U, and respiration, R, are defined in detail in Chapters

6 and 7 for the respective biological groups.

5.3 Carbon

Carbon is considered the primary ’currency’ within CAEDYM v2, and the carbon cycle forms the backbone upon
which the other elemental cycles are based. Although it is still common for most applications to use chlorophyll-a
as the units of the phytoplankton species, carbon is still the basic unit and the equations presented reflect this.
If the reader is using chlorohyll-a for phytoplankton (as chosen using the ’CorChla’ flag in the configuration file),
then it is important to bear in mind the chlorophyll-a to carbon ratio, Yo.cnie, for the phytoplankton balance
equation. For more information on this refer to the phytoplankton chapter (6.2).

At least 3 (if only one algal group and up to 9 with 7 algal groups) mandatory and numerous optional (refractory
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Table 5.2 Carbon state variables simulated by CAEDYM. Modelled mechanisms for each state variable are provided.
Macroalgae and all other biotic state variables have internal stores of C tracked. Sediment state variables mass

balance is maintained with interactions with the water column, however no sediment transformations occur.

Variable Name Process Description
Mandatory State Variables:
DOCL  Labile Dissolved Organic Carbon Equation 5.18: Mineralization, decomposition of POCL,

algal mortality/excretion, sediment flux, zooplankton fluzes,
photolytic decay of DOCR

POCL  Labile Particulate Organic Carbon Equation 5.20: Microbial decomposition to DOCL, settling,
resuspension, algal mortality/excretion, zooplankton fluzes,
macroinvertebrate flures

A Algal Internal Carbon (1 compulsory, Equation 5.23: Algal uptake (photosynthesis) and respi-

upto 7 available) ration, settling, resuspension, algal exretion/mortality, zoo-

plankton & fish grazing, bivalve grazing

Optional State Variables:
DOCR Refractory Dissolved Organic Carbon Equation 5.19: Mineralization, decomposition of POCR,
sediment flux, photolytic decay
POCR  Refractory Particulate Organic Carbon Equation 5.21: Decomposition to DOCR, settling, resuspen-
ston, polychaete consumption
DIC Dissolved Inorganic Carbon Equation 5.17: Algal uptake (photosynthesis), mineraliza-
tion of DOC, sediment fluz, seagrass/macrophyte metabolism,
atmospheric exhange of C Oz, zooplankton respiration
B Bacterial Biomass Equation 5.22: Consumption & excretion of DOC, respira-
tion, settling, resuspension, zooplankton & fish grazing
Z Zooplankton Biomass (0 compulsory Equation 5.24: Grazing, excretion, mortality, predation
groups, upto 5 available)
F Fish Biomass (0 compulsory groups, upto Equation 5.25: Grazing, excretion, mortality, predation
3 available)

organics, dissolved inorganic, and higher biology) carbon state variables are tracked by CAEDYM (Table 5.2). A
schematic process representation (Figure 5.2) illustrates that the sources of the labile forms include fresh senescent
organic material, whereas the refractory do not have these sources. The governing partial differential equations of
all the processes of carbon fate in the sediments and water column are summarized in Table 5.3.

The main processes involved in carbon fate in the sediments and water column are:

1. Atmospheric fluxes of DIC.

2. Carbonate buffer system induced DIC variations.

3. Mineralization of DOCL and DOCR to DIC.

4. Biological uptake of DIC by phytoplankton, macroalgae and macrophytes into the IC' pool.
5. Dissolved sediment fluxes of DIC, DOCL, and DOCR.

6. Decomposition of POCL to DOCL and POCR to DOCR.

7. Biological mortality and excretion into the DOCL and POC'L pools.

8. Settling of POCL, POCR and IC.
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Table 5.3 CAEDYM carbon cycle. All state variables also have source of inflows and loss via outflows and are

subject to advection and mixing by the hydrodynamic driver.

oDIC
ot

0DOCL
ot

0DOCR
ot

0POCL
ot

OPOCR
ot

0B
ot

0A,
ot

0Z,
ot

OF;
ot

TOC

TPOC

boor (T, DO, DOCL) + [168R (T, DO, DOCR) + fBid (T, DO,pH) +
a-labile DOC minrzn (if bacf=F)  b-refrac DOC minrzn (if bacf=F) c-sediment flux
foic (A, M,DIC) + 51 (A, M, Z,F,B) + fhic' (pCO2)

d-biological uptake e-biological respiration f-atmos flux

DEC * MIN
poct (T,DO,B*, POCL) — fpocy, (T, DO, DOCL)
a-POCL decomposition b-DOCL mineralization

BoeL (T, DO, pH) + fB8% (A, M, Z,F,B) + fb58, (DOCR,UV)

c-sediment flux d-biological mort/excr e-photolytic decay

DEC * MIN
pocr (T, DO, B*, POCR) — fpocr (T, DO, DOCR)
a-POCR decomposition b-DOCR mineralization

p6cr (T: DO, pH) = fh50R (DOCR,UV)

c-sediment flux d-photolytic decay

— P66 (T, DO, B*, POCL) + 561, (POCL) + fE58, (POC Lieq)

a-POCL decomposition b-settling c-resuspension

NZ NF
Pocs (A M, Z,F)+> knp.Go (Z.)+ Y kmp, Go (Fy)
f

e-zoop messy feeding £ fish messy feeding

d-biological mort/excr

— fP6ER (T, DO, B*, POCR) + 256k (POCR) + fE5E R (POC Ryeq)

a-POCR decomposition b-settling c-resuspension

Upocr, (B) + Upocr (B) — Epocr. (B) — Rpic (B) + 357 (B) + [ (Bsea)
—_— ——— ————

a-uptake b-excretion c-respiration d-settling e-resuspension

fgftZe (7, F, B)
N———’

e-grazing
Upic (Aa) — Epoct (Aa) — Erocr (Aa) — Rpic (Ad)
a-uptake b-mortality & excretion c-respiration

ifT (Aa) + fffs (Ased) - EGRZC (Z7 F, Aa)

d-settling e-resuspension f-grazing
1~ kpyp)Ge(Z,)—E Z,)—E Z GRZc(Z,F, Z
( - mfz) C’( z)_ DOCL( z)_ POCL( Z)_'Zz ( y L7y z)
—_———
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(1= kmg,) Ge (Fy) = Epoct (Fy) = Epoct (Fy) = fe 29 (0, F, Fy)

a-grazing b-excretion & mortality c-predation

Ny Nz
DOCL+ DOCR+ POCL+POCR+B+Y A, + Y _ Z.

Na Nz
POCL+POCR+B+Y As+Y 2.

(5.17)

(5.18)
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Figure 5.2 Simplified schematic of the carbon dynamics with CAEDYM.

9. Resuspension of POCL, POCR and IC.

5.3.1 Dissolved Inorganic Carbon - Atmospheric Fluxes: Carbon dioxide (C'O2) transfer across the

air-water interface, Fro, (gm~2s71), is calculated following (Wanninkhof, 1992):
Feo, = kco, Ko (pCO5™*" — pCO5™) (5.28)

where pC O, is the partial pressure of COs (atm), kco, is the gas transfer velocity (ms—!), calculated as:

2
u
kco, =22 x 107° 2% 5.29
where u1g is the wind speed 10m above the surface and Sc is the Schmidt number, defined as:
S 2 3
Sc= {09+ 350 [2073.1 — 125.62T + 3.62767~ — 0.043219T ] (5.30)

Here, S is the salinity of water (psu) and T is the water temperature in degress Celcius. The solubility product

of carbon dioxide, Ko (molL~tatm™!) is calculated according to (Weiss, 1974):

100 0
Ky = exp(—58.0931 4 90.5069 | — | + 22.2941n K
O 100
b 0.0277668 — 00258888 | 25| 1 0.00505785 | 2 2) (5.31)
' 100 ' 100 '
where 6 is the water temperature in degrees Kelvin.
Finally, the atmospheric flux function in equation 5.17 is defined as:
ATM 1Fco,
pic = 2.63 x 107 ——, (5.32)

Zsurf
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where zg,, s is the depth of the grid/layer closest to the surface (m) as the atmospheric exchange only operates in
the surface layer immediately adjacent to the atmosphere. The constant is used to convert the mass of C'Oy into

equivalent C, and to convert seconds to days.

5.3.2 Dissolved Inorganic Carbon - Carbonate Kinetics: The non-equilibrium carbonate kinetics are
modelled using the approach of Butler (1982). The water column is modelled as a closed system, as in a titration,
where fluxes into and out of the system are specified, such as fluxes due to inflows, or atmospheric exchange. In
a closed carbonate system, the total alkalinity (T'A), dissolved inorganic carbon concentration (DIC) and pH are

related by (Butler, 1982),

ra=pro_ Bellll 1 2KaKe K

P+ KB + KKy 7] ) (5.33)

where K, is the ion product of water, K,; is the first acidity constant, K,o is the second acidity constant. pH is

calculated from:

pH = —log;o[H"] (5.34)

and DIC' is defined as:

DIC = [CO37] + [HCOz ] + [COy) + [HyCO3) (5.35)
where all concentrations are in (molL~'). Note that the concentration of hydrated carbon dioxide, [HoCO3], is
considered to be negligible and is therefore omitted.

The conversion between the carbon dioxide partial pressure, pCOs and carbon dioxide concentration (molL~1)

is given by:

[COQ] = KHpCOz (536)

where K g is the activity coefficient.

The ionic strength of the water impacts the dissociation constants. Ionic strength, I, is typically defined as

(Butler, 1982):

I=05([Na™]+ [H"] + [HCO;] +4[CO37| + [HT]/K.,) - (5.37)

Rather than model this explicitly, the ionic strength is entered into the model as a constant, and is not assumed

to vary significantly in space or time for a given system. From the ionic strength, an activity coefficient is defined

11/2 208 \?/3
(= _oor) () . .
/ <1+p/2 0 ><ec+273) (5.38)

as:
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The dissociation constants are then computed following:

logo (Ki') = logy, (K§) — bl (5.39)
logio (KL™) = logyy (KO) + (5.40)
logio (KIT') = logyo (KO)) + f+0bI (5.41)
logio (K25') = logyy (KO,) +2f (5.42)

where b = 0.105 (Butler, 1982).

For this system, if two of the three components (i.e. TA, pH or DIC) are known the third can be determined.
Therefore, within CAEDYM, pH and DIC are tracked as state variables, although for those interested, at each
time step T'A is also computed and output via the time series files.

The carbonate speciation for a given value of pH and DIC' is then estimated from:

KalKaQ

[COg_] = pIe [H+]2 + Kal [H+] + KalKa2 ’ (543)
K, [HT

[HCOs] = DIC FEEEan KMEIL]L oo (5.44)

[CO,] = DIC Ll (5.45)

[H+]2 + Kal[H+] =+ KalKaQ.

Using this framework, the inorganic carbon model within CAEDYM operates as follows:

1. from initial field measurements of TA and pH, calculate DIC using 5.33
2. calculate initial carbonate speciation using 5.43-5.45

3. calculate partial pressure of CO5 using 5.36

4. start timestep loop

5. calculate atmospheric CO2 flux using 5.32

6. calculate internal C'Oy fluxes from phytoplankton photosynthesis/respiration, zooplankton respiration and

bacterial respiration
7. calculate new DIC using 5.35

8. assuming T'A constant, as C'Os does not change the alkalinity directly, calculate new pH by iteratively solving

5.33
9. calculate new carbonate speciation using 5.43-5.45
10. calculate new partial pressure of COs using 5.36

11. update new T'A and DIC
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Table 5.4 Phosphorus state variables simulated by CAEDYM. Modelled mechanisms for each state variable are
provided. Macroalgae and all other biotic state variables have internal stores of P tracked. Sediment state variables

mass balance is maintained with interactions with the water column, however no sediment transformations occur.

Variable Name Process Description
Mandatory State Variables:
FRP Filterable Reactive Phosphorus Equation 5.47: Autotrophic uptake, mineralization, sediment

fluz, adsorption/desorption

DOPL  Labile Dissolved Organic Phosphorus Equation 5.47: Mineralization, decomposition of POPL, al-
gal mortality/excretion, sediment fluz, zooplankton € fish
contribution

POPL Labile Particulate Organic Phosphorus Equation 5.49: Decomposition to DOPL, settling, algal mor-
tality/excretion, resuspension, zooplankton & fish flures

ATP Algal Internal Phosphorus (1 compulsory Equation 5.53: Algal uptake, settling, resuspension, algal

group, upto 7 available) exretion/mortality, zooplankton & fish grazing
Optional State Variables:
DOPR  Refractory Dissolved Organic Phosphorus Equation 5.48: Mineralization, decomposition of POPR, sed-

iment flux

POPR  Refractory Particulate Organic Phospho- Equation 5.50: Decomposition to DOPR, settling, resuspen-

rus sion
PIP Particulate Inorganic Phosphorus Equation 5.51: Adsorption/desorption, settling, resuspen-
sion
BIP Bacterial Internal Phosphorus Equation 5.52: Uptake, excretion, settling, resuspension,
grazing
1P Zooplankton Internal Phosphorus (0 com- Equation 5.54: Grazing, excretion, mortality, predation

pulsory groups, upto 5 available)
FIP Fish Internal Phosphorus (0 compulsory Equation 5.55: Grazing, excretion, mortality, predation
groups, upto 3 available)

5.4 Phosphorus

At least four (if only one algal group and up to 10 with 7 algal groups) mandatory and numerous optional
(refractory organics, particulate inorganic and higher biology) phosphorus state variables can be simulated by
CAEDYM (Table 5.4). A schematic process representation (Figure 5.3) illustrates that the sources of the labile
forms include fresh senescent organic material, whereas the refractory do not. The governing balance equations for
all simulatable phoshporus variables showing all the processes in the sediments and water column are summarized
in Table 5.5.

The main processes involved in phosphorus transformations in the sediments and water column are:

1. Mineralization of DOPL and DOPR to FRP (directly or through bacteria).

2. Biological uptake of FFRP by phytoplankton and macroalgae into the internal pools.
3. Dissolved sediment fluxes of FRP, DOPL, and DOPR.

4. Adsorption/desorption of PO, onto inorganic suspended solids into PIP pool.

5. Decomposition of POPL to DOPL and POPR to DOPR.
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Table 5.5 CAEDYM phosphorus cycle mass balance equations. All state variables also have source of inflows and

loss via outflows and are subject to advection and mixing by the hydrodynamic driver.

OFRP ,

a-labile DOP minrzn (if bacf=F) b-refrac DOP minrzn (if bacf=F) c-bacterial minrzn (if bacf=T)
BUP DSF ADD
— FRP (A,M,B,FRP)"‘fFRP (T,DO,pH)“FfFRP’PIP(551,552,P04,P1P)

d-biological uptake e-sediment flux f-adsorption/desorption
O0DOPL
—%— = [pobL(1,DO, POPL) — f5p, (T, DO, B*, DOPL) + f55p, (T, DO, pH)
a-POPL decomposition b-DOPL mineralization c-sediment flux
+ fbopL (A M, Z,F,0) (5.47)
d-biological mort/excr
O0DOPR
5 = {Popr(T,DO,POPR) - {5555 (T, DO, B*, DOPR) + f55pr (T, DO, pH) (5.48)
a-POPR decomposition b-DOPR mineralization c-sediment flux
dPOPL .
——;— = —fP6bL(T, DO, B*, POPL) + {351, (POPL) + f£57, (POPLscd)
a-POPL decomposition b-settling c-resuspension
NZ NF
+  fBOPL (A, M, Z,F,0) = fE52r (Z.F,POPL) + " kimp.Gp (Z:)+ Y kms,Gp (Fy)  (5.49)
d-biological mort/excr e-grazing z f
f-zoop messy feeding g-fish messy feeding
OPOPR *
—— = ~IPopr(T,DO,B", POPR) + [55pr (POPR) + [(5pR (POPRyca) (5.50)
a-POPR decomposition b-settling c-resuspension
OPIP
5 = ~1Poipip (851,582, POy, PIP)+ fil5 (PIP)+ fE1 (PIPyca) (5:51)
a-adsorption/desorption b-settling c-resuspension
OBIP
= Upor (B) +Urrp (B) = Errp (B) + [5°7 (B) + f5"° (BIPsea) = f5"°" (Z,F, B) (5.52)
ot —_——— ——
a-uptake b-excretion c-settling d-resuspension e-grazing
BAIPG SET RES
5 = Upo4(Aa) — Epoprr (Aa) — Eropr (Aa) + fa, " (AIP,)+ fa."” (Al Pscq)
a-uptake b-mortality & excretion c-settling d-resuspension
- ffaRZP (Z7 F7 Aa) (553)
—_————
e-grazing
dZIP,
5 = (1 —=kmys.)Gp(Z.) — Eporr (Z.) — Eporr (Z.) — ngZP (Z,F,Z.) (5.54)
| —
a-grazing b-excretion & mortality c-predation
OFIP
BN L = (1=kny,) Ge (Ff) = Epopr (Fy) — Epopr (Fy) — frF (0, F, Fy) (5.55)
a-grazing b-excretion & mortality c-predation
Ny Nz

TP = FRP+ DOPL+ DOPR+ POPL+ POPR+ BIP + Z AIP, + Z ZIP, (5.56)
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Figure 5.3 Simplified schematic of the phosphorus dynamics with CAEDYM.

6. Biological mortality and excretion into the DOPL and POPL pools.
7. Settling of POPL, POPR, PIP and AIP.
8. Resuspension of POPL, POPR, PIP and AIP.

9. Grazing of POPL, POPR, BIP and AIP by fish and zooplankton.

5.5 Nitrogen

At least five (if only one algal group and up to 11 with 7 algal groups) mandatory and numerous optional
(refractory organics, particulate inorganic, and higher biology) nitrogen state variables are tracked by CAEDYM
(Table 5.6). A schematic process representation (Figure 5.4) illustrates that the sources of the labile forms include
fresh senescent organic material, whereas the refractory do not. The governing partial differential equations of all
the processes of nitrogen transformations in the sediments and water column are summarized in Table 5.7.

The main processes involved in nitrogen fate in the sediments and water column are:

1. Mineralization of DONL and DONR to NHy.

2. Biological uptake of N H, and NO3 by phytoplankton and macroalgae into the IN pool.
3. Dissolved sediment fluxes of NHy, NO3, DONL, and DONR.

4. Adsorption/desorption of N H, onto inorganic suspended solids into PIN pool.

5. Decomposition of PONL to DONL and PONR to DONR.

6. Biological mortality and excretion into the DONL and PON L pools.

7. Settling of PONL, PONR, PIN and IN.
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Table 5.6 Nitrogen state variables simulated by CAEDYM. Modelled mechanisms for each state variable are pro-
vided. Macroalgae and all other biotic state variables have internal stores of N tracked. Sediment state variables

mass balance is maintained with interactions with the water column, however no sediment transformations occur.

Variable Name Process Description
Mandatory State Variables:
NO3 Nitrate + Nitrite Equation 5.58: Autotrophic uptake, mineralization, sediment

fluz, nitrification/denitrification

NH4 Ammonium Equation 5.57: Autotrophic uptake, mineralization, nitrifi-
cation, sediment fluz, adsorption/desorption

DONL Labile Dissolved Organic Nitrogen Equation 5.59: Mineralization, decomposition of POPL, al-

gal mortality/excretion, sediment fluz, zooplankton & fish

contribution
PONL  Labile Particulate Organic Nitrogen Equation 5.61: Decomposition to DOPL, settling, algal mor-
tality/excretion, resuspension, zooplankton & fish fluzes
IN Algal Internal Nitrogen (1 compulsory Equation ??: Algal uptake, No fization, settling, resuspen-
group, upto 7 avaﬂable) sion, algal excretion/mortality, zooplankton & fish grazing

Optional State Variables:
DONR Refractory Dissolved Organic Nitrogen Equation 5.60: Mineralization, decomposition of PONR,
sediment flux

PONR  Refractory Particulate Organic Nitrogen  Equation 5.62: Decomposition to DONR, settling, resuspen-

sion
PIN Particulate Inorganic Nitrogen Equation 5.63: Adsorption/desorption, settling, resuspen-
sion
BIN Bacterial Internal Nitrogen Equation 5.52: Uptake, excretion, settling, resuspension,
grazing
ZIN Zooplankton Internal Nitrogen (0 compul- Equation 5.54: Grazing, excretion, mortality, predation
sory groups, upto 5 available)
FIN Fish Internal Nitrogen (0 compulsory Equation 5.55: Grazing, excretion, mortality, predation
groups, upto 3 available)
/\ Denitri Atmosphere
[
NO3 WWater Column
= | NH4 IN
Nitrif Uptake 7 Algae Groups
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PIN J Excr, Mort
Excr
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Figure 5.4 Simplified schematic of the nitrogen dynamics with CAEDYM.
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Table 5.7 CAEDYM nitrogen cycle. All state variables also have source of inflows and loss via outflows and are

subject to advection and mixing by the hydrodynamic driver.

ONH4
ot

ONO3
ot

O0DONL
ot

ODONR
ot

OPONL
ot

OPONR
ot

OPIN
ot

OBIN
ot

dAIN,
ot

0ZIN,
ot

OFIN;
ot

TN

pone (T, DO, DONL) + fhong (T, DO, DONR) +  fyii (0,0,0,0, B)
a-labile DON minrzn (if bacf=F) b-refrac DON minrzn (if bacf=F) c-bacterial minrzn (if bacf=T)
Nita (T, DO, pH) + f{ 0 pry (851,852, NHy, PIN) = fR55 (A, M, B, NH4)

d-sediment flux e-adsorption/desorption f-biological uptake

MNITqu\;?T (T) Jl\??:rl (DO) NH4

g-nitrification

BO8 (A, M,B,NO3) + fR8% (T, DO, pH)

a-biological uptake b-sediment flux
T2 DO1 T2 DO2
pnrrfnir (T) fnir (DO)NH4 — ppen fpey (T) foen (DO) NO3
c-nitrification d-denitrification
DEC * MIN
PONL (TaDOvB aPONL)_ DONL (TvDO’DONL)
a-PONL decomposition b-DONL mineralization

DSk (T, DO, pH) + fEME (A, M, Z, F) — f55%, (0,0, B, DONL)

c-sediment flux d-biological mort/excr e-bacterial uptake

oNr (T, DO, B*, PONR) — fi5N & (T, DO, DONR) — fE5K & (T, DO, pH)

a-PONR decomposition b-DONR mineralization c-sediment flux

— fB5K L (T, DO, B*,PONL) + 5% (PONL) + fE5N 1, (PONLycq)

a-PONL decomposition b-settling c-resuspension
NZ NF
GRZ
pont (A, M, Z,F,0) - fpopy (2, F,PONL) +Z kmp.Gn (Z2) + Z kmg G (Fy)
d-biological mort/excr e-grazing z f

f-zoop messy feeding g-fish messy feeding

— fBoNR (T, DO, B*, PONR) + fp5 5 r (PONR) + fi55 R (PON Ryeq)

a-PONR decomposition b-settling c-resuspension

— [ pin (SS1,552, NHy, PIN) + fRf (PIN) + fEES (PIN.q)

a-adsorption/desorption b-settling c-resuspension

Upont, (B) + Unos (B) + Unma (B) — Exma (B) + f5¥7 (B) + f5¥5 (BINsea)
—_— —— ——

a-uptake b-excretion c-settling d-resuspension

5" (Z,F,B)
—_—————

e-grazing
Unni(Aa) + Unos (Aa) + fAFY (A, NO3, NHA) — Epont (Aa) — Epont (Ad)
a-uptake b-N, fixation c-mortality & excretion

SET(AIN,) + fRES (AINeq) — fSRPN (2, F, Aa)

d-settling e-resuspension f-grazing
1—Fkpy)Gn(Z.)—E Z,)-E Z,)— RN (2, F, 2
( mfz) N( z) DONL( z) PONL( z) Z. ( s L7y z)
[ S —
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(1= kms,) Gy (Fy) = Epont (Ff) — Epont (Fy) — I%RZN (0, F, Fy)

a-grazing b-excretion & mortality c-predation

(5.57)

(5.58)

(5.59)

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)

(5.67)

NA NZ
NH4+ NO3+ DONL+ DONR+ PONL+ PONR+ BIN + Y AIN, + Y ZIN.(5.68)
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Table 5.8 Silica state variables simulated by CAEDYM. Modelled mechanisms for each state variable are provided.

Variable Name Process Description
Optional State Variables:
SiO02 Dissolved Silica Equation 5.69: Diatom uptake and loss, sediment flux
ISi Algal Internal Silica Equation 5.70: Diatom uptake/mortality/excretion, settling,
TESUSPENSION
Atmosphere

Water Column

Uptake ISi

2 Diatom Groups

Mortality

Settl =
Inflow Resus Outflow
Diss
Sed
Flux
M

4 Macroalgae

Sediments ISi024¢p,

Figure 5.5 Simplified schematic of the carbon dynamics with CAEDYM.

8. Resuspension of PONL, PONR, PIN and IN.

9. Nitrification of NHy to NOs.
10. Denitrification of NO3 to Na (note that N is not tracked by CAEDYM).
11. N, fixation (note that Nz is not tracked by CAEDYM).

12. Grazing of PONL, PONR, BIN and AIN by zooplankton and fish.

5.6 Silica

Up to 3 (if 2 diatom groups simulated) silica state variables are tracked by CAEDYM (Table 5.8). The
necessary silica state variables are automatically simulated within CAEDYM if either or both of the diatom species
are selected (phytoplankton groups 6 and 7), otherwise silica is not modelled. A schematic process representation
(Figure 5.5) illustrates that the sources of the labile forms include fresh senescent organic material, whereas the
refractory do not have these sources. The governing partial differential equations of all the processes of carbon fate
in the sediments and water column are summarized in Table 5.9.

The main processes involved in silica fate in the sediments and water column are:
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Table 5.9 CAEDYM silica cycle. All state variables also have source of inflows and loss via outflows and are subject

to advection and mixing by the hydrodynamic driver.

0502 sUP

o~ =~ Jf8i0; (4,0,0,58i00) + 55, (T, DO, pH) (5.69)
a-diatom uptake b-sediment flux
01Si BUP . BME SET . RES .
o fsio, (A,0,0,5i0:) = f5io, (A4,0,0,0,0) + fre;" (189) + fisi” (ISisea) (5.70)
a-diatom uptake b-diatom mort/excr c-settling d-resuspension

1. Biological uptake of Si02 by diatoms into the ISi pool.

2. Dissolved sediment fluxes of SiO2.

3. Biological mortality directly in the SiO2 sediment pool. The assumption is that the diatom frustules rapidly
settle into the sediments and are rapidly mineralized in the sediments.

4. Settling of ISi.

5. Resuspension of ISi.

5.7 Bacteria

Bacterial biomass can optionally be modelled within CAEDYM (set: bacf = T), through the state variable B
(Eq. 5.22). If bacteria are not explicitly simulated, they are still assumed to mediate the mineralization of organic
matter, but CAEDYM will directly flux DOM to the DIM pool and the conversion rate will not dynamically
account for the affect of bacterial abundance or limitiation. For most applications it is generally unnecessary to
include this functionality.

As with the other biological state variables, carbon is considered the key currency of bacterial biomass, but the
internal concentrations of bacterial N and P are also modelled using a fixed stoichiometric ratio (Si is currently not
included). The uptake and loss functions required for the bacteria mass balance equations are outlined next.

The bacteria model operates by assuming they first consume any dissolved organic matter; for carbon this is
modelled as:

Upoc (B) = fB5S (T, DO, B, DOC) (5.71)

where the decomposition function is outline in Table 5.1. Nitrogen and phosphorus are taken up to match this,

but if insufficient DON or DOP exists, then they can also take up the inorganic form. This is written as:

UDOC (B)kBIP DOP>UDOC (B)kB[p

Upor (B) = { DOP DOP < Upoc (B) kgrp (5.72)
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- Upoc (B) kBIN DON>UDOC (B)kBIN
Upon (B) = { DON DON < Upoc (B) kprn (5.73)
Upoc (B) kprp —Upor (B) Upop (B) < Upoc (B) kprp
U B) = 5.74
rrp (B) { 0 Upop (B) =Upoc (B) kgip (5.74)
NHA4 Upoc (B) kgin > (DON + NH4)
Unua(B) =< Upoc (B)ksin —Upon (B) Upon (B) < UDOC (B) kpin (5.75)
0 Upon (B) =Upoc (B) kpIn
NO3 Upoc(B)kB]N>(DON+NH4+NO3)
Unos (B) =< Upoc (B)kpin —Upon (B) —Unxnua (B) Upon (B) +Unua (B) < Upoc (B) kpin (5.76)
0 Upon (B) + Unua (B) = Upoc (B) kpin

Note also, that If bacteria are configured, then the microbial decomposition process of particulate organic matter
also have the bacterial biomass dependence added into the rate calculation (Eq. 5.9).

Loss process for the bacteria are modelled as:
Rpro (B) =k, f5° (T) B (5.77)
for respiration, where k,., ac is the respiration rate of bacteria (day~!), and for excretion (or mineralization):
Epoct (B) = kg, Upoc (B) (5.78)

Errp (B) = [Rpic (B) + Epocr. (B)] kprp (5.79)

Enpa(B) = [Rpic (B) + Epoct (B)] kpin- (5.80)



CHAPTER 6
Biological Variables (Water Column)

6.1 Introduction

CAEDYM allows for the configuration of several groups of ‘water column’ biology:

1. 1-7 phytoplankton groups (Section 6.2);
2. 0-5 zooplankton groups (Section 6.3);
3. 0-3 fish groups (Section 6.4);

4. 0-1 jellyfish groups (Section 6.5);

The term ‘water column’ biology is used to differentiate these species from the benthic biological species discussed
in Chapter 7; the essential difference between the two is that the water column species are modelled in each wet
cell, whereas the benthic species are only modelled in the bottom layer (i.e. cells adjacent to the sediment). The
elemental balance equations for each of these groups of variables are presented in Chapter 5. Each of processes

outlined in these tables are discussed throughout the chapter, and the necessary parameterizations are discussed.

6.2 Phytoplankton

There are seven phytoplankton groups configurable within CAEDYM. Although the seven groups are generic
and operate within the model identically (with the exception of groups 6 & 7, which also include internal silica
stores and silica growth dependence), as a guide the 7 state variables are intended to represent the groups as
described in Table 6.1, but may be configured any way the user would like.

Phytoplankton biomass is represented in terms of chlorophyll-a (ug Chla L~!) or in terms of carbon (mg C
L~1) depending on the user configuration (set: CorChla). Note however, that throughout this chapter chlorophyll-a
units are assumed - where 'carbon currency’ is used, the conversion from chlorophyll to carbon should be ignored.
In the elemental cycle descriptions (Chapter 5), phytoplankton biomass is considered to be in carbon currency
despite which units the user selects.

Algal involvement in the nutrient cycles is depicted schematically in the previous chapter. Figure 6.1 provides an
overview of algal dynamics as modelled by CAEDYM. The balance equations for algal nutrients are also presented
in the previous chapter, and the various parameterisations used in those equations are described next. Note that
at present there is no representation of heterotrophy in any of the phytoplankton groups. Such a representation

would require a change to the source code of the CAEDYM model.

6.2.1 Growth: For each phytoplankton group, the maximum potential growth rate at 20°C' is multiplied by

the minimum value of expressions for limitation by light, phosphorus, nitrogen and, when diatoms are considered,

33
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Table 6.1 Description of the seven phytoplankton groups configurable within CAEDYM.

Group, a

Identifier

Description

1

DINOF

CYANO

NODUL

CHLOR

CRYPT

MDIAT

FDIAT

Dinoflagellates: may be either freshwater (e.g. Peridinium sp.) or estuarine/marine
species (e.g. Gymnodinium sp.). Motility is a prominent feature of this group and is included
in CAEDYM as a process representation.

Freshwater cyanobacteria: The main process represented in this group is buoyancy con-
trol. As a broad generalisation this group is suited to quiescent, warm, stratified conditions.
Nitrogen fixation (e.g. by Anabaena) can be simulated explicitly. A typical genus consti-
tuting this group is Microcystis sp.

Marine/estuarine cyanobacteria: This group is represented by Nodularia sp., which
has a wide salinity tolerance. The process representation for this group includes buoyancy
regulation. In some applications of the model to freshwaters, the user may wish to simulate a
second freshwater cyanobacterial group. This is possible by specifying a freshwater case and
also denoting this group as a state variable. For example, the user might wish to examine
succession of the freshwater cyanobacteria Anabaena circinalis and Microcystis aeruginosa
in a lake, and would therefore require the two cyanobacterial groups to be simulated.
Chlorophytes: A typical member of this group is the freshwater alga Chlamydomonas sp.
This group is typically freshwater, but there is provision in the model for the group to be
estuarine or marine as required. Motility in this group is included as a process representation
in the CAEDYM model.

Cryptophytes: This group can be included either as freshwater, estuarine or marine by the
appropriate specification. Motility in this group is included as a process representation in
CAEDYM. The model gives flexibility to simulate up to seven groups and can be switched
between fresh, estuarine or marine waters by allocating the salinity of the waterbody as a
general input or by adjusting the salinity dependence of the different phytoplankton species
state variables individually.

Marine/estuarine diatoms: Process representations and assumptions included in
CAEDYM are identical to those for freshwater diatoms, but with different salinity response.
Example: Skeletonema sp.

Freshwater diatoms: Process representations included in CAEDYM are: silica depen-

dence and intolerance to salinity. This group is considered to be non-motile, e.g. Synedra.
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Figure 6.1 Schematic of phytoplankton dynamics within CAEDYM.

silica. While there may be some interaction between limiting factors, a minimum expression is likely to provide a
realistic representation of growth limitation (Rhee and Gotham, 1981), especially over the relatively small spatial
and temporal scales that are to be used for most phytoplankton simulations.

The growth rate, p, (day~') is therefore modelled as:

Hgo = parax, min[f(L)a, f(N)as f(P)as f(S0)5, F(C):] fA2(T) (6.1)

where f(I), f(N) and f(P) represent limitation by light, nitrogen and phosphorus respectively, f7* is a temperature
function defined previously and fimae (day™!) is the maximum growth rate at 20°C' in the absence of significant
limitation by light or nutrients. Note that ;4 x includes photorespiration effects inherently and a separate term
for this effect is not warranted. Each of the functions are described in more detail below.

*: f(Si) represents limitation by silica and applies only to diatoms (a = 6, 7).

**: f(C) is used where the internal carbon store is modelled explicitly (see the carbon section below). In such a

case the f(C) term will replace the f(I) term - the relation between f(I) and f(C') is given below.

Light: There are two different models for quantifying the effects of light limitation of phytoplankton. The
term light is used loosely here to refer to photosynthetically active radiation (PAR) in the waveband 400-700nm.
The majority of applications are likely to involve data collected for total daily shortwave radiation. These data are
converted to photosynthetically active radiation (PAR), based on 45% of net incoming shortwave radiation being
in the photosynthetically active wavelength (Jellison and Melack, 1993). A brief description of methods of input

of shortwave radiation is discussed in section 2.
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In the absence of significant photoinhibition (set: algt=2), the model of Webb et al. (1974) can be used to

quantify the fractional limitation of the growth rate by light:

F(I) =1—exp (II> (6.2)

k
where the term f(I) equates to pg/parax, where g is the rate of carbon fixation and parax is the maximum
potential rate of carbon fixation, I is the incoming irradiance and I}, is the light intensity at which the photosynthetic
rate is numerically equivalent to puprax if light saturation behavior was absent (Talling, 1957). The equations are
then integrated with respect to the depth, z, which refers to the grid cell depth for ELCOM, or the layer thickness

for DYRESM. The depth integral of the Webb model is calculated as follows:

Let P* = p/pvmax = f(I)
Irr = I/l
zt =z
so the Webb model can be written as:
P*=1—exp[-I"exp(—Z")]. (6.3)

Now consider the depth integrated form:

22
Let g = / P(z)dz

QU
Q
I
IS
Q
*
~
=

leaving:

If we now define ng/Ppqa. = g*, and substitute:

s e e
= [ B (T exp(—2")]E (o)
where:
- B B 6Ed7 6.6

and calculation of F;(() is done using a numerical approximation method, as described in Spanier and Oldham
(1987).

For the case of light saturation (set: algt=3), the model takes the form:

£(I) = Iisexp (1 - ;) 6.7)
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where I represents the light saturation value at which production is maximal. A depth integral is again used for
the above equation, following the method of Wallace et al. (1996). In the above two cases the value of f(I) is not
integrated over time, but I is integrated over time. Over time steps of 3 hours or less, the difference between the

integrated I and the integrated f(I) term is insignificant in terms of the value of f(I).

Temperature: To allow for inhibition of phytoplankton at higher temperatures, a temperature function is
used where maximum productivity occurs at a temperature Tppr, above which productivity decreases to zero at

temperature Thsax. Below the temperature T's7p the productivity follows the normal relation, f72:
T T-20
Aaz(T) =Uy, (6.8)

These restrictions require the following conditions be imposed:

(D). atT=Tsrp : [f(T)=1;
of(T
(2) atT:TopT f( ) _0;
ot
(3) at T = TJWAX : f(T) =0.
CAEDYM assumes a function of the form:
le (T) — 19T—20 _ ﬁk(T—a) +b (6.9)
where k, a and b are unknown, then from the first condition:
b =2+ TsTo=a) _ YTsTp=20, (6.10)
and from conditions 2 and 3:
YTlstp—=20 _ 9Trmax—20 1
a = —In
YkTsrp — YkTmax k ln(ﬂ)
19TOPT720 1
= -1 . 6.11
. { OFTorr } % In(9) (6.11)
(6.12)
This results in an equation for the unknown, k, as given by:
G(k) —_ k,ﬁkTOPT (19TSTD_20 _ 79'1"1%,4)(—20 _ 1) _ ’(9TOPT_20 (,lngSTD _ ﬁkTJWAX) , (6]_3)

which is solved numerically for k& via Newton’s method, where the initial approximation to the root is k = 6.0. The
unknowns a and b are calculated later. Using typical values of Tsrp = 20, Topr = 33 and Thyax = 39°C, then
k = 4.02, a = 34.26 and b = 0.012. The function le(T) closely follows the curve 9720 for T < Tgrp, attains a
maximum of 2.1 at Topr and decreases smoothly to reach zero at Th;4x. For some choices of Topr and Ty ax,

fTYT) may deviate slightly from the curve 97 =2 for T < Tsrp, but this deviation is minimal.
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Nitrogen: There are two options available to the user to model nitrogen dynamics within the algal groups:

1. Constant, user-defined nitrogen concentration, or

2. Dynamic intracellular store which is able to regulate growth.

For the first model, a simple Michaelis-Menten equation is used to to model nitrogen limitation:

_ NHy;+NO;
~ NH4+NOs3+ Ky,

f(N)a (6.14)

where Ky is the half-saturation constant for the effect of nitrogen on the growth rate. Nitrogen uptake during

growth is then simply the growth rate multiplied by the user-defined internal nitrogen ratio, karn:

Unn,(Aa) Py, kain, g (6.15)

Unos(Aa) (1= Pn,) karn, ig (6.16)

where Py, is the preference of the a'® group for NH, (between 0 and 1) and is defined according to the relative

abundance of the inorganic nitrogen species:

NH,; NOs3 n NHy Ky
(NH4+KN)(N03+KN) (NH4+N03)(N03+KN)-

Py = (6.17)

For this simple model, metabolic loss of nitrogen (via mortality and excretion) is the constant internal nitrogen

ratio multiplied by the loss rate:

Eponi(Aa) = foom [karn, Laf(S)a] (6.18)

Eponit(As) = (1 - fpom)karn, Laf(S)d] (6.19)

where fpoas is the fraction of excretion and mortality that enters the dissolved organic matter (DOM) pool, and
the loss rate, L, is discussed in more detail below. Although for this model no internal nitrogen state variable is
actually instantiated within CAEDYM, the state equation described by 5.65 still applies but is modelled implicitly
(i.e no state variable is generated and transported).

The dynamic internal nutrient model is more parameter expensive, but does allow for the phytoplankton to

have variable internal nitrogen concetrations. Under this model, the limitation function takes the form:

AINyax, {1 B AINIWINQ:|

N)g =
f( ) AIN]V[AXG—AINM]NQ AING

(6.20)

where AINy;4x and AI Ny are user-defined bounds for the internal nitrogen concentrations. Using this method
the internal nitrogen store for each phytoplankton group is specified as a unique state variable within CAEDYM
and is advected and settles with the phytoplankton and is grazed by zooplankton etc.. The internal store mass

balance is modelled according to 5.65, and the uptake functions are modelled dynamically:

AINyax, — AIN, NOs;+ NH,
U A,) = UN P Ty a A, 6.21
i (Ad) v P ) e e (6.21)
AINpyax. — AIN, NOs + NH,
U A,) = UN 1-P Ty a a A, 6.22
NOS( ) IMAXQ( Na)|: Aa( )AINMAXCL_AINMINE NO3+NH4+KNa ( )
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where Py is defined as above (6.17), UNjax is the maximum rate of nitrogen uptake (mg N (mg Chla)~!
day™'), and A, is the biomass of a!* phytoplankton group in chlorophyll-a units. The temperature function
includes limitation at high temperatures and is identical to that used for phytoplankton growth (6.9). Nitrogen
loss through mortality and excretion for the internal nutrient model is similar to the simple model described above

(6.19), except that the dynamically calculated internal nutrient concentration is used:

Eponi(4a) = {AiNa Laf(S)a:| fpoum, (6.23)
Eponr(As) = [AiNa Laf(S)a:| (1 - fpom,)- (6.24)

Note that settling and resuspension applies equally to the internal nitrogen concetration as to the algal chlorophyll-
a/carbon concentrations for each group.

CAEDYM v2.1 and above allows users to model Ny fixation for any algal group, as defined by the uptake
function Uy, (A,). Nitrogen fixation is considered to be optimal when the value of the nitrogen limitation function,
f(N), is zero, and it is minimum when f(IV) is 1. Note that although the limitation function is still calculated,
it is only used as an indicator of the amount of dissolved inorganic nitrogen available; no actual N limitation is
applied however. The user must provide the maximum nitrogen fixation rate, kyr, .. (mg N fized (mg Chla)™!

day~?'), which is the value when no NO3 or N Hy is present and when the internal nitrogen stores are depleted.

The amount of nitrogen fixed for the i-th group is therefore:

Un,(Aa) = knF,,,, (1= f(N),) Aa (6.25)

such that the amount of fixation is optimum when no dissolved inorganic nitrogen is present. Of course, the
metabolic capacity of the cells is compromised as the rate of nitrogen fixation increases, and the growth rate must

therefore be reduced accordingly. The growth equation for nitrogen fixing algae is therefore written as:

Hgo = Harax, min[f(Da, f(P)a, f(S0)5, F(O) fENT) [fnr, + F(N)a (1= fyr,)] (6.26)

where fyr, is the fraction of the maximum growth rate that is experienced under maximum nitrogen fixation. The
nitrogen fixation model works with both the static and dynamic internal nitrogen options. For the latter, then the
uptake functions for NO3 and N H, are calculated as described above, and the total nitrogen intake is the sum of
that taken up and the fixation component. For the static model however, a nitrogen uptake amount is dependent
only on the 4. In this case, the amount of fixed nitrogen is calculated according to Eq. 6.25, and any shortfall is

taken from the dissolved inorganic pool to maintain karn,:

Unn,(Aa) = Pn, [kain, ptg — Un, (Ad)] (6.27)

Unos(Aa) = (1—Pn,) [karn,pg — Uny(4a)] (6.28)
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Phosphorus: There are two options available to the user to model phosphorus dynamics within the algal

groups:

1. Constant, user-defined phosphorus concentration, or

2. Dynamic intracellular store that is able to regulate growth.

For the first model, a simple Michaelis-Menten equation is used to to model phosphorus limitation:

FRP

IP)e= Frp Kp,

(6.29)

where Kp is the half-saturation constant for the effect of phosphorus on the growth rate. Phosphorus uptake

during growth is then simply the growth rate multiplied by the user-defined internal phosphorus ratio, ka;p:

UFRP(Aa) = kA[paMga. (630)

For this simple model, metabolic loss of phosphorus (via mortality and excretion) is the constant internal phosphorus

ratio multiplied by the loss rate:

Eporr(As) = lkarp, Laf(S)d] fooM, (6.31)

Epopr(As) = [karp, Laf(S)a] (1= foom,) (6.32)

where fpoas is the fraction of excretion and mortality that enters the dissolved organic matter (DOM) pool, and
the loss rate, L, is discussed in more detail below. Although for this model no internal phosphorus state variable is
actually instantiated within CAEDYM, the state equation described by 5.53 still applies but is modelled implicitly.

As with nitrogen, the dynamic internal phosphorus model is more parameter expensive, but does allow for the
phytoplankton to have variable internal phosphorus concetrations. Under this model, the limitation function takes

the form:

f(P)a AIPMAXa |:1_AIPM]N(L:|

= 6.33

AIPyax, — AIPyn, AlIP, ( )
where AIPy;ax and AIPp; ;N are user-defined bounds for the internal phosphorus concentrations. Using this
method the internal phosphorus store for each phytoplankton group is specified as a unique state variable within

CAEDYM and is advected and settles with the phytoplankton and is grazed by zooplankton etc.. The internal

store is modelled according to 5.53, and the uptake function is modelled dynamically:

AlPyax, — AIP, FRP
AlPyax, — AIPyin, FRP + Kp,

Urrp(As) = UPyax, |fA(T) A, (6.34)

where UPys4x is the maximum rate of phosphorus uptake (mg P (mg Chla)~! day~!), and A, is the biomass of
a'" phytoplankton group in chlorophyll-a units. The temperature function includes limitation at high temperatures

and is identical to that used for phytoplankton growth (6.9). Phosphorus loss through mortality and excretion
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for the internal nutrient model is similar to the simple model described above (6.32), except that the dynamically

calculated internal nutrient concentration is used:

Epopr(4a.) = [AiPa Laf(S)a] fpou, (6.35)
Epopr(Asd) = [AiPa Laf(S)a] (1 - fpom,) (6.36)

Note that settling and resuspension applies equally to the internal nitrogen concetration as to the algal chlorophyll-

a/carbon concentrations for each group.

Carbon: There are several methods available within CAEDYM to model the carbon dynamics of phytoplank-

ton cells:

1. model the algal cells in chlorophyll-a units and prescribe a constant carbon to chlorophyll ratio, Ye.cnia, in
the parameters file;

2. model the algal cells in units of carbon directly (configured via the CorChla flag in the configuration file) -
this method operates similar to that above, except input and output units are in carbon currency instead of
chlorophyll-a currencys;

3. the third option is to use an equation to vary the ratio of carbon to chlorophyll-a with physiological factors;

4. the last option is to explicitly model the carbon content of the cells, so that the carbon effectively acts as an

internal nutrient.

The first model is recommended for most users. This operates similar to the simple models described above for

nitrogen and phosphorus:

Upic(4a) = Yeoichia,bg,(1—kp) (6.37)
Rpic(Aa) = Yo:onia, [fRES, Laf(S)a + kptig,] (6.38)
Epocr(4a) = [Ye:onia,(1 = frES,)Laf(S)d] fDOM, (6.39)
Epocr(Aa) = [Yo:onia,(1 = frEs.)Laf(S)d] (1= foOM,) (6.40)

where Upc(A,) is the uptake of CO; through photosynthesis, k, is the photorespiration fraction, Rprc(A,) is
the amount of carbon lost to CO5 through respiration by algal group a, frgs is the fraction of the total metabolic
loss, L, that is actual respiration and Epocr(As) and Epocr(As), is therefore the carbon that is lost from the
algal pool through mortality and excretion to DOCL and POCL respectively (refer to Table 5.3 for a complete
overview of the carbon cycle). For the second model listed above, the above functions also apply, but without the

carbon to chlorophyll-a conversion, Yo.conia-
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The third model still simulates the phytoplankton in units of chlorophyll-a, however the ratio of carbon to
chlorophyll is dynamic and calculated within CAEDYM depending upon the prevailing conditions. Therefore,
equations 6.37-6.40 still apply, but rather than use a constant value of Y¢o.cniq, it is calculated dynamically according

to (Ambrose et al., 1988):
0.001 Ko, ® I, f,

KM AX, fij (T)e (641)

Yc.chia, =

where 0.001 is a conversion from pg C' to mg C, I is the light intensity at saturation (Watts), ® is the the
maximum photosynthetic quantum yield (= 720 mg C (mol photons)™1), f. is a conversion factor of 0.9642 mol
photons m~2 Watt~—! and e is 2.7183. If the Webb et al. (1974) model for phytoplankton photosynthesis is to be
used, then I can be replaced in the above expression by a value of 2.5 I}, based on the P-I curve approaching its
upper asymptote at this value of I}.. Values of Yo.coni4 found in nature are constrained by physiological bounds so
that values determined from the above equation are also restricted to between 0.015 and 0.08.

The dynamic internal carbon model (option 4) operates similar to those for nitrogen and phosphorus. The
dynamic model has the advantage of allowing the dissociation of carbon and chlorophyll-a, which may be useful
in scientific applications, particularly in relation to adaptation to light and dark, or for examining storage of
photosynthate product. With this model, the internal carbon is modelled as a seperate state variable and operates

according to 5.23 with the uptake equation defined as:

AIC — AIC, I I
Upic(A) = UCuax, |10 (gt Y (Lew(1- 1)) 40 (a2

for the photoinhibited case, where UCj;4x is the maximum uptake rate of carbon, AICy;4x is the maximum
internal carbon to chlorophyll-a ratio, AIC;;n is the minimum internal carbon to chlorophyll-a ratio, and A must

be in chlorophyll-a units. For the non-photinhibited case (Webb et al., 1974):

AIC — AIC, I
Uprc(Aq) = UChrax, { THT) (AICM f XAXi Tic - ) (1 — exp <_Ik>)] A, (6.43)

For the respiration, mortality and excretion losses, equations 6.38 and 6.40 still apply, but with Yo.cne = AIC/A.
Settling again applies equally to the internal carbon as to the chlorophyll-a biomass of each group, as for the other
internal nutrients represented.

Note that with all but the dynamic model, the only carbon dependence for growth is that there must be sufficient
DIC available if inorganic carbon is configured, otherwise carbon is assumed to be non-limiting. For the dynamic

model, carbon limitation is calculated as done for the nutrients:

f(C)a

AlICm ax, [ B AICMINQ:| (6.44)

T AICyax, — AICy N, AIC,
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Silica: The silica model within CAEDYM allows for uptake of dissolved silica, an internal store of silica, and
loss through mortality and excretion (Figure 5.5). Note that silica dynamics (and the SiOy state variable) are
only included if the diatom species are modelled - phytoplankton groups 6 & 7 (MDIAT & FDIAT). For all other
species, silica is not considered important and is therefore not modelled. For the diatom species, the silica limitation
function is similar to that for nitrogen and phosphorus:

Si0s — SiOs,
(S’LOQ — SiOQU) + KSia

f(Si)a = (6.45)

where Si0;, is minimum concentration of silica at which growth ceases, and Kg; is the half-saturation constant
for the effect of silica on the growth rate. No dynamic model for internal silica concentrations exists within
CAEDYM, so the internal silica concetration is simply the growth rate mutliplied by the user-defined internal
silica to chlorophyll-a ration, kyg;:

Usio,(Aa) = krsi, ttg, - (6.46)

During algal senescence, silica loss is considered to be particulate (i.e. the husks of the cells) and to settle directly

to the sediments. The loss is modelled similar to the other nutrients:

ESi02 (Aa) = kISi,,, Laf(S)a' (647)

6.2.2 Respiration, Mortality & Excretion: Loss terms represented in the model include a lumped
term for metabolic loss, and grazing (discussed later). The metabolic loss term, L, is a lumped parameterization

of respiration, natural mortality and excretion, and takes the form:
L=k, 972 (6.48)

where k,., is the ’respiration’ rate coefficient (although it also includes the effects of mortality and excretion).
Values of k,, as a fraction of production, have been established for many marine and estuarine phytoplankton by
Langdon (1993) and many others. Note that CAEDYM also employs a constant, frrs, that is used to isolate
true respiration losses from the lumped parameterization. In addition, the constant fpoas is also used to isolate
the fraction of mortality and excretion that goes into the dissolved organic pool, and the fraction that enters the

particulate organic pool.

Effect of salinity: The loss term is multiplied by f(S), defined as the respiration response to salinity. For

freshwater phytoplankton (e.g. cyanobacteria, chlorophytes and freshwater diatoms), the function takes the form:

f(S) = 1.0 2S5 < Sopt
—1)8? —1)SoptS (ﬁfl)szpt
f(S) = (Sn(sz_l)Sopt)z o (?s(rfazl_)sopt)Q + (Smam_sopt)2 + 1 : S > Sopt (6'49)
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where § is the value of f(.S) when salinity is maximal (taken as 36), and S, is the salinity at which f(S) is 1.0 (i.e.
the minimum value of f(S)). This expression is parabolic, so that the effect of f(S) is to increase the respiration
rate as salinities increase above Sop;.

Changing the type of freshwater environment will allow marine phytoplankton groups to be simulated as fresh-
water and vice verse, without any limitation by salinity. The type of salinity environment is set via the variable
wmode to either freshwater, marine or estuarine. Only in the case of estuarine applications is the salinity function
activated if the wmode variable is set to an estuarine application. In addition, the flag phsal enables complete
freedom to be able to assign the salinity preferences as appropriate for each phytoplankton group simulated, with
the salinity parameters then set for each phytoplankton group. This mode of operation may be useful when, for
example, there is an application involving simulation of two freshwater cyanobacterial groups or species.

For marine groups (dinoflagellates, cryptophytes and marine diatoms) the salinity response is given by:

f(S) = 1.0 28 < Sopt

f8) = @GNS 20005 g5 (6.50)

opt

where (3 is the value of f(S) when the salinity is zero for these marine groups and Sopt is the salinity at which
f(S) is 1.0 (i.e. the minimum value of f(S) ). This expression is a parabolic one, so that the effect of f(.9) is to
increase the respiration rate as salinities decrease below S,p; (Fig. 5).

The remaining f(S) term applies to Nodularia or an estuarine cyanobacterial group for example and is given

by:

f(8) = (8 ;21)5 - 2(BS; DL (6.51)

opt opt

It should be noted that this expression is symmetrical about Sy, with 8 being the value of f(.S) when the salinity
is zero or when the salinity is 2 x S, (Fig. 6).

If the application is for freshwater and the user wishes to simulate two freshwater cyanobacterial groups, then
specifying a freshwater case with intention to simulate both of these groups in the parameter input file (phsal set

to freshwater).

6.2.3 Vertical Migration, Settling & Resuspension: There are 4 models available to the user for

phytoplankton migration and settling:

1. constant, user-defined settling velocity;
2. settling velocity based on stokes sedimentation kinetics;
3. migration without photoinhibition; and

4. migration with photoinhibition
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Vertical migration without inhibition (intended for cyanobacteria for example) has been quantified numerically

using the model of Kromkamp and Walsby (1990). This model gives the rate of change in density with time (kg

m=3 min~!) as:

dp I
_ _ 52
at {IKJFI} “ (6.52)

where ¢; is the rate coefficent that determines the decrease in density with time (given by Kromkamp and Walsby
(1990) as 0.132 (kg m™3 min~1), I is the irradiance (uE m~2 s71), Ik is the half saturation constant for the
rate of increase in density with time (given by Kromkamp and Walsby (1990) as 25 uE m~2 s71), and c3 is
the minimum rate of density increase (given by Kromkamp and Walsby (1990) as 0.132 kg m~3 min~!). To be
consistent with the formulation used previously to describe the photosynthetic response of phytoplankton to light,

the above formula is modified to include the Webb et al. (1974) formulation for the light response:

d I
P [1 e (_IKH . (6.53)

This change may effect small deviations in the values of ¢; and c3 from those given by Kromkamp and Walsby
(1990), necessitating some calibration of the model parameters.
If it is decided to base the change in density is dependent on the rate of accumulation of photosynthate, then

the internal carbon store, IC, is used to determine density as follows:

i —aic (6:54)

d AIC

£_62 {1_ MIN]_CS
where AIC) ;N is the minimum permissable internal carbon to chlorophyll-a ratio. This expression implies that
the cells will migrate upward progressively more weakly as they accumulate photosynthate. Again, ¢; and ¢3 may
require some fine tuning in this mode.

For the case of darkness (again, for cyanobacterial cells for example), the rate of decrease of density after four

hours was found by Kromkamp and Walsby (1990) to be a linear function of previous irradiance, I,:

dp

dt = CQIa — C3 (655)

where ¢ is the rate coefficient for light-dependent changes in density with time (given as 7.67 x 1075 kg m~3

min~t (uE m~2 s~1)~1). This expression says nothing about the time dependence of density changes for periods
other than four hours. Re-evaluation of the expression has resulted in assigning the rate of density change in the

absence of light to a constant:

dp
— = —c3. 6.56
di C3 ( )
Vertical migration of dinoflagellates, chlorophytes and cryptophytes is represented numerically on the basis of

the balance between irradiance and internal nitrogen stores. The model used to determine the response to light

is similar to that used by Kromkamp and Walsby (1990). The migratory response to nutrients is regulated by
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the internal nitrogen store in the cell and the external nitrogen supply to the cell. The combination of the two is

represented for the case without photoinhibition as:

dp I AIN — AINy N

e ) —es 1= .

ar { P ( IKH “ [ (AINMAX - AINMAXH ’ (6.57)
and for the case which includes photoinhibition as:

dpi I I AIN*AIN]\/[]N

it |:Is exp <1 — Is>] —c5 [1 — <AINMAX — AINMIN)} , (6.58)

where ¢, is a calibrated rate coefficient for light-dependent changes in migration velocity (m min=!) and cs is
a calibrated rate coefficient for nutrient-dependent changes in migration velocity (m min~!). The appropriate
expression is activated by the user depending on which choice is made with respect to inhibition. Application of
this formulation in the model involves first determining the maximum nitrogen concentration in any layer over the
depth of the water column. In the rare instance in which this layer is above the layer under consideration, then the
sign of ¢5 is changed to negative. For the case where carbon accumulation is to be used, the velocity is determined

as:

dpal[lAIcMm}%[l( AIN — ANy >( NH; + NOy )] (6.59)

dt AIC AINyax — AINyin ) \Kn + NH; + NO3
In this expression the first part of the equation reduces to zero at night so that there is no upward migration at
this time.

The velocities generated from the dinoflagellate, chlorophyte and cryptophyte phytoplankton models can be
used to determine the vertical distance moved over each time step, and to recalculate the position of cells relative
to the model layers. The calculated value of v4, is used to determine the distance migrated by the dinoflagellates,
cryptophytes and chlorophytes over each time step. If this distance exceeds that required to reach the maximum
light field (i.e., the water surface) or if it exceeds the distance to reach the maximum nitrogen concentrations (i.e.,
typically the bottom) then phytoplankton migration distances are curtailed to maintain them within the prescribed
model boundaries.

For the stokes settling model cell densities are generated dynamically from the above expressions and a Stokes

settling formula is invoked to determine the vertical velocities:

9(pa, — pw) d4
18p

A = o (6.60)

where g is acceleration due to gravity, pa, is the density of phytoplankton group, a, p, is the density of water,
da, is the diameter of the phytoplankton group and p is the viscosity of water.

Where phytoplankton settle into the sediments they are assumed to live for a period of time (usually one
day) in the sediments. During this period, the phytoplankton may be resuspended into the bottom layer of the

water column. If the phytoplankton do not re-enter the water column, their biomass enters the respective nutrient
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pools in the sediment. Resuspension is calculated as for other particles based on a critical shear stress, 7., and

resuspension rate constant, a4:

RES T~ Tcaa AaSED :|
=« ; 6.61
an A |: Tref :| |:KTAa + AGSED ( )

more information on resuspension is provided in Section 10.2.

6.2.4 Grazing

Zooplankton: Five zooplankton groups are included in the model and are discussed in some detail in Section
6.3. There is substantial flexibility as to how these groups can be partitioned by the user.

The rate of removal of phytoplankton from the water due to grazing by these groups is determined using the
following model. Each zooplankton group, z, has a grazing preference for a particular phytoplankton group a,
denoted by P.,, P.. for zooplankton grazing on other zooplankton, and for detrital material (POM), denoted by
P.q. The weighted grazing function, fZ¢W by zooplankton group z on each of the phytoplankton groups a is

therefore denoted by:

Pza A YC :Chlag
ZNA [Pza A Ye. Chlaa] + Zk [ zk Zk] + Z [ zd POCd]

ECW (7., Ay) = (6.62)

where A, is the chlorophyll-a (ug Chla L~') associated with each phytoplankton group a, Z, is the biomass of
zooplankton group z as mg C' L™, Yo.cnia is the mass of carbon (mg) to chlorophyll-a(ug) in phytoplankton, Np is
the number of detrital groups. Appropriate choice of parameters in this expression (i.e. setting grazing preferences
solely to phytoplankton by setting the remaining grazing preferences to zero) will limit grazing by zooplankton to
phytoplankton.

fGRZ

The grazing function, , is used to describe the rate of removal of phytoplankton group a due to grazing

by all zooplankton groups is thus:
FRIx (2,0, Ag) ZGX Z.) 5" (2., 9) (6.63)

where X is the nutrient of interest: C, N or P. The above fomula sums over each zooplankton group z in order to

1

determine the total removal of phytoplankton group a; f¥ $¢RZ has units of mg Chla L™ day~!'. For more detail

on the estimation of G, see Section 6.3).

Bivalves: The rate of removal of phytoplankton from the water due to grazing by bivalves is determined
similarly but only applies in the benthos (that is the water cell located immediately above the sediment). Bivalves

have a grazing preference for a particular phytoplankton group a, denoted by Pp,,, and for detrital material
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(POM), denoted by Py,q. The weighted grazing function, fZ4%W by bivalves on each of the phytoplankton groups
a is therefore denoted by:

vaa Aa YVC’:C’hlu,(z
ZszA [vaa Aa YC:Chlaa] + ZilvD [vad POCd]
where A, is the chlorophyll-a (ug Chla L=!) associated with each phytoplankton group a, Yo.cnia, is the mass of

HEW (BVy, Ag) = (6.64)

carbon (mg) to chlorophyll-a (ug) in phytoplankton, and Np is the number of detrital groups. Appropriate choice
of parameters in this expression (i.e. setting grazing preferences solely to phytoplankton by setting the remaining
grazing preferences to zero) will limit grazing of bivalves solely to phytoplankton.

Therefore equation to describe the rate of removal of phytoplankton group a due to grazing by bivalves is thus:

GRZx _ GBZ f(Zpv) f(W)pwi BV fv(T)
fA,77F (BV, Aq) = Aoy Yoromn (6.65)

where GBV has units of mg Chla day~™', GBZ is the grazing rate coefficient as mg phytoplankton C' (mg bivalve
C)~Y day™!, Yo.onia is the internal carbon (mg C' (mg chlorophyll —a)~'), BV is the bivalve biomass (g C m~2)

and f(Zpy) is the Michaelis-Menten function for bivalve grazing (discussed in more detail in Section 7.4.1).

6.2.5 Algal Toxin & Metabolite Production: Each algal group can be configured to produce metabo-
lites for applications examaning taste and odour compounds or algal toxin dynamics. The water column concen-

tration of the toxin/metabolite, X, (mg L™1), is estimated from:

X,
= AME — RN (6.66)
ot N N

cell lysis & excretion  microbial decay

MIN

where is the metabolite contribution from mortality and excretion by A,, and fy'* is the bacterially

7R
mediated decay of metabolites. Although the processes introduced here are similar to those described earlier, they

are not described by the generic parameterizations described in Table 5.1, and are defined as:

FRME = IXq Aa (1= fres,) La f(S), (6.67)

N = —mx T X, (6.68)

where I X, is the internal metabolite concentration of group a (mg L= (mg Chla L=1)~1) and mx is a degradation
rate constant.
The metabolite concentration within the algal cells, X, is considered to be a linear function of the growth

rate, piy (see Long et al. (2001):

IXy = IXo min + —12— (IXo_prax — IXa_piin) (6.69)
MMAXa

where IX,_prn is the minimum internal metabolite concetration (i.e when the growth rate is zero), IX,_prax
is the internal metabolite concetration during maximum production. The linear dependence can be avoided by

setting the max and min parameters to be the same value.



6.3. Zooplankton 49

Atmosphere
Predation Water Column
IC:IN:IP ratio same
as zooplankton
Mortality Messy Feeding
IC:IN:IP same as 2 food returned as POM
zooplankton ’
Respiration - 4. Zooplankton 1. Grazing
DIC loss only IC:IN:IP fixed IC:IN:IP same variable
5 sources include detritus, | ——
p bacteria, algae, zooplankton
Inflow Egestion s Outflow
Faecal pellets same ’
IC:IN:IP ratio as
food source
Excretion
Faecal pellets N
IC:IN:IP ratio of
to sediments
Faecal pellets excretion set to maintain
to water column . .
as POM fixed zooplankton ratio
Sediments

Figure 6.2 Schematic of zooplankton dynamics within CAEDYM.

6.3 Zooplankton

6.3.1 Overview: Upto five generic zooplankton groups are configurable within CAEDYM (state variables
ZOOP1—ZOOPS5). All of these groups have the same functionality, as outlined throughout this section. Therefore
the groups can be used to model several unique species, or different size classes of a single species for example.
Figure 6.2 provides an overview of zooplankton dynamics as captured by CAEDYM, and mass balance equations
for zooplankton carbon nitrogen and phosphorus are listed in the previous chapter. The remainder of the section

outlines in detail the estimation of the process influencing zooplankton behavior.

6.3.2 Grazing: Zooplankton graze on phytoplankton (which may be simulated with or without dynam-
incally calculated internal nutrient supplies), detritus (made up of particulate carbon, nitrogen and phosphorus,
bacteria, and on other zooplankton. Grazing preferences are assigned to each food source (A, Z, POCL, POCR
& B), and the overall potential rate of carbon consumption is regulated by a Michaelis-Menten function, f ZZZF D for

available food supply:

SN AYecnia, + 507 Zi + 0P POC, + B
Kz + SN AYeonta, + 307 Z. + Y07 POC, + B

f2FP(A, Z, B, POC) = (6.70)

where Kz, is the half-saturation constant for the effect of food abundance on grazing. Each zooplankton group, z,
has a grazing preference for a particular phytoplankton group a, denoted by P,,, P, for zooplankton grazing on
other zooplankton, and for detrital material (POM), denoted by P.4. Therefore, we can calcuate the total amount

of carbon grazed, G, from:

G (Z:) = guax. f21(T) f77P(A, Z, B, POC)Z, (6.71)
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where gprax is the grazing rate coefficient (mg consumed C (mg zooplankton C)~! day~!), and fgzl(T) is a
function for temperature dependence of grazing (refer to phytoplankton temperature sub-section for information
on fT1). Nutrient accumulation through grazing is more complicated since the sources may have different nutrient
concentrations. A grazing function for nutrients is therefore requires knowledge of the relative contribution of each
food source, defined using a weighting function:

P.,Y
SNAPL, Aw Yoonia,) + S8 7 [Pok Zi] + 0P [Pa POCY)

where y is a generic group index and Y is the substance of concern(i.e. A,, Z,, POCy or B in carbon units). Using

ZGW (7,.Y) = (6.72)

this weighting function, the nitrogen consumption is modelled as:

Nz

AIN,
Pza"’ZGC f (Zz;Zk)kZINszk

ZGC AT (2 A) =

a-N from phytoplankton a-N from zooplankton

oL PON
ZGW ZGW d
+ Gal(Z.)f5 (ZmB)kBINsz"'ZGC )I560,(Z2, POCq) ——— POC,

a-N from bacteria

Py (6.73)

a-N from POM

where kzrn. is the user-defined internal nitrogen concentration (mg N (mg C)~!) of the 2" zooplankton being
consumed and AIN, is the internal algal N concentration (see Section 6.2). Similarly, the phosphorus intake

equation is written as:

ZGC fZGW(ZuA ZGC 2135 (22, Zi)kz1p, Pk
a-P from phytoplankton a-P from zooplankton
Ak POP,
Ge(2.)fESY(Z., B)kprpP, G ZsW (7., POC, 4P 6.74
+ Go(Z)f57" (Z, B)kpip b+§ c(Z) froc,( d)POC’ (6.74)

a-P from bacteria

a-P from POM

where kz7p, is the user-defined internal phosphorus concentration (mg P (mg C)~1) for the 2" zooplankton being

consumed and and AIP, is the internal algal P concentration (see Section 6.2).

6.3.3 Predation: It is assumed in the model that consumption by fish is a major zooplankton loss from
the water column. To model fish grazing, a weighted preference is first assigned to each zooplankton group:

sz Zz
S VA Pra Aa Yeicnta,) + Son 2 [Pri Zi) + 00 P [Pra POC4)

FCW (P 7,) = (6.75)

where Py, is the preference of fish group f on zooplankton group z relative to the total composition of their diet.
For grazing by other zooplankton, a weighted preference is allocated to each zooplankton group according to
6.72.

Therefore the total loss of zooplankton through grazing by fish and other zooplankton is given by:

Ng
fR%x (2, F, z.) ZGX 72 Zk) + > Gx (Fy) 158 (Fy, Z2) (6.76)
f
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where X is the nutrient of interest: C, N or P. The above formula sums over each zooplankton group k, and each
fish group, f, in order to determine the total removal of zooplankton group z. For more detail on the estimation

of G by the fish, see Section 6.4).

6.3.4 Respiration: Respiration is modelled by using a respiration rate coefficient, k,r_ for each zooplank-

ton class, z, and assigning the usual temperature dependence:
RDIC(ZZ) = szzﬁT_m) Zz (677)

The carbon lost to C'Os is used to increment the DIC' concentration if DIC is being simulated, and the equivalent

mass of O is also consumed. No nutrients are lost through respiration.

6.3.5 Mortality, Excretion & Egestion: Zooplankton losses through mortality, excretion and egestion

(i.e. faecal pellets) are modelled according to:

Epoci(Z,) = kg Ge(Z.) (6.78)
—_———
excretion
EPOCL(ZZ) - kze GC(ZZ) + kz]bfz 19T_20 Zz (679)
faecal pellets mortality

where k,p. and k,r, are fractions of the grazed food that are lost to excretion and faecal pellets respectively, and
k., is the mortality rate coefficient (day—1!).

The nutrient loss due to mortality contributes to (labile) particulate N and P, and because zooplankton internal
nutrient ratios are fixed, the nutrient loss due to mortality is expressed as the amount of carbon lost to mortality
multiplied by the zooplankton internal nutrient concentration (kz;ny, and kzyp.). For nutrient loss via faecal
pellets, the nutrient concentration is assumed not be the zooplankton internal nutrient concentration, but the
mean nutrient concentration of all the grazed food. Therefore, the loss of nutrients from the zooplankton pool to

particulate detritus is calculated from:

Eponi(Z.) = kur. GN(Z) + ka9 kgin. Z. (6.80)
faecal pellets mortality
for nitrogen, and:
Epopr(Z.) = kor. Gp(Z.) +kore. 9T kizrp, Z. (6.81)
faecal pellets mortality

for phosphorus. The loss of nutrients via excretion to the dissolved organic pool however, is more complicated as
this term is used to maintain the user-defined constant internal nutrient ratio within the zooplankton. Therefore,
each of the processes described above are performed first and stored in an auxiliary /buffer(*) array, and then any

excess N or P is removed. In the case of a nutrient limited system, excess carbon must also be removed. There are
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therefore 4 possible scenarios: both N and P are in excess, P is limiting, N is limiting or both N and P is limiting.
For the first case it is simply a matter of removing the excess nutrients to maintain the internal ratio:

ZIN} — Z 7 kg,

Epont(Z.) = At (6.82)

for nitrogen, and:

ZIP* — Zt+1 k
Epopr(Z.) = z Azt ZIP, (6.83)

for phosphorus, where ZIN and ZIP are concetrations of zooplankton internal nitrogen and phosphorus respec-
tively, the * indicates that value has already been update by grazing, mortality and egestion, Z!™! is the zooplankton
concentration at the forward timestep (i.e. after it has been updated with the carbon fluxes previously described
in this section). For the case where phosphorus is limting (i.e. insufficient phosphorus uptake to maintain internal
homeostasis), then some extra carbon must be excreted (as DOCL). The nitrogen excreted is then same as for
6.82, but using the incremented carbon concentration, and EFpopr = 0. For the case where nitrogen is limting
(i.e. insufficient nitrogen uptake to maintain internal homeostasis), then some extra carbon must be excreted (as
DOCL). The phosphorus excreted is then same as for 6.83, but using the incremented carbon concentration, and

Eponr =0. If both N and P are limiting, DOCL is excreted until the kz;n and kz;p are satisifed.

6.4 Fish

6.4.1 Overview: Upto three generic fish groups are configurable within CAEDYM (state variables FISH1—
FISH3). All of these groups have similar functionality, although, unlike zooplankton, fish are capable of recruiting
from different fish classes. Therefore the groups can be used to model several unique species, or different size/age
classes of a single species can be explicitly modelled. Figure 6.3 provides an overview of fish dynamics as captured
by CAEDYM, and balance equations for fish C, N and P are presented in Chapter 5. The remainder of the section

outlines in detail the estimation of the process influencing fish behavior.

6.4.2 Grazing: Fish can potentially graze on phytoplankton (which may be simulated with or without
internal nutrient supplies), detritus (made up of particulate carbon, nitrogen and phosphorus), on zooplankton,
other fish, on benthic macroinvertebrates and macroalgae and macrophytes. Grazing preferences are assigned to

each food source (4, Z, POC, F, BV, GZ, PC, M and SG), and the overall potential rate of carbon consumption

F

is regulated by a Michaelis-Menten function, fﬁf D for available food supply:

fﬁfFD (A, Z,POC,F,BV,GZ,PC, M,SG) = (6.84)
SN AYeiChia, + X8 7 Zk+ Y0P POCs+ Y03 Fy + YNV My, + SG + BV + GZ + PC
KFf =+ Z(JIVA AQYC:Chlaa + E;CVZ Zi + ZilVD POCy + Z}vf Ff + ZanM M, +SG+ BV +GZ + PC
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Figure 6.3 Schematic of fish dynamics within CAEDYM.

where K, is the half-saturation constant for the effect of food abundance on grazing. Each fish group, f, has a
grazing preference for a particular phytoplankton group a, denoted by Pj,, Py, for fish grazing on zooplankton,
Py for fish grazing on other fish, Py, for fish grazing on bivalves, Py, for fish grazing on polychaetes, Py, for
fish grazing on crustaceans, Py, for fish grazing on macroalgae, Py, for fish grazing on seagrasses/macrophytes,
and Pjgq for fish grazing on detrital material (POM). Therefore, we can calcuate the total amount of carbon grazed,

denoted f?fRZ @, for each fish group from:
Go (Fy) = guax, fi)(T) f£/P(A, Z, POC, F, BV,GZ, PC, M, SG) Fy (6.85)

where garax is the grazing rate coefficient (mg consumed C' (mg fish C)~! day~!), and f;fl(T) is a function
for temperature dependence of grazing (refer to phytoplankton temperature sub-section for information on f71).
Nutrient accumulation through grazing is more complicated since the sources may have different nutrient concen-
trations. A grazing function for nutrients therefore requires knowledge of the relative contribution of each food

source, defined using a weighting function:

Na Nz Np
1§'GW (Ffa Y) = Pny {Z[Pfa A, YC:Chlaa} + Z[sz Zz] + Z[Pfd POCd]
z d

a
-1

Ng N
+ 3 [Ppx Fi] + Y _[Prm M) + PpoSG + Py BV + Pppe PC + PfngZ} (6.86)
k m
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where y is a generic group index and Y is the substance of concern (i.e. A,, Z,, POCy, Fy etc. in carbon units).
Using this weighting function, the nitrogen consumption is modelled as:

Nz

AIN,
—Pra+t Z Go(Fy) 25" (Fy, Z)kzin. Py

Gy (Fy) = ZGC Fp) fal™ (F, Aa)——

a-N from phytoplankton b-N from zooplankton

PONy

+ ZGC(Ff)fggg;(FfaPOCd)POC

Py +ZGC (Fp) el (Fp, Fy)kprn, Py

c-N from POM d-N from fish
+ Go(Fp) fEGY (Fy, BV)kpyvin Py +Ge(Fp) fES Y (Fr, GZ)kGzin Pyy-

e-N from bivalves f-N from crustaceans

+ Ge¢ (Ff) FGW(Ff,PO)kPCINprC+GC(Ff) FGW(Ff,SG)kSGINPfsg

g-N from polychaetes h-N from seagrasses

Ny
MIN,,

m

i-N from macroalgae
where kzin, krin, kvin, kpcrn and kgzrn is the user-defined internal nitrogen concentration for zooplankton,
fish, bivalves, polychaetes, and crustaceans respectively (mg N (mg C)~'). Similarly, the phosphorus intake

equation is written as:

AIP,
GP(Ff> = ZGC Ff FGW(Ff,A ) A Pfa"l‘ZGC Ff FGW(Ff,Zz)k‘ZIPZPfZ
a-P from phytoplankton b-P from zooplankton

AL POP,

d

+ Y _ Ge(F )fES(%Z(FﬁPOCd)POC PN"’ZGC Fp) fECY (Fy, Fy)kprp, Prr
d
c-P from POM d-P from fish

+ G (Ff) FGW(FfaBV)kBVIPbev+GC(Ff) FGW(Ff,GZ)kGZ]prgz

e-P from bivalves f-P from crustaceans

+ Go(Fp) 8" (Fy, PO)kperpPrpe + Go(Fy) f6§" (Fy, SG)ksarp Pysg

g-P from polychaetes h-P from seagrasses

MIP,,
My,

N

+ ZGC Fp) fEEY (Fy, M,y,) Pfm (6.88)

i-P from macroalgae
where kz;p, krrp, kpvip, kporp and kg z;p is the user-defined internal phosphorus concentration for zooplankton,

fish, bivalves, polychaetes, and crustaceans respectively (mg P (mg C)71).

6.4.3 Predation: The model allows predation by birds and by other fish groups. Anthropogenic losses
(i.e. fishing) are not currently modelled although the predation function here could be modified to include this.

The function f;(K) is used to quantify the degree to which the loss term is enhanced due to light exposure of
fish. This term may be particularly important for fish which, because of unfavourable oxygen concentrations or

salinities, may have to migrate into an illuminated zone where they would be at far greater risk of predation from
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birds. This term is represented as:

Iy

fr(K)=1- T+ 1 (6.89)

where ), determines the way that predation is enhanced according to the available light.
For grazing by other fish, a weighted preference is allocated to each fish group according to 6.86. The loss of

fish through grazing by other fish is given by:
Np
FEIZx (0, F, F) = Gx (Fy) fi0" (Fy, Fy) - (6.90)
k
The total predatory loss is the sum of that be other fish and by birds.

6.4.4 Respiration: Respiration is modelled by using a respiration rate coefficient, kg, for each fish class,

f, and assigning the usual temperature dependence:
RD[C(Ff) ZkfRfﬁT_m Ff. (6.91)

The carbon lost to C'Os is used to increment the DIC' concentration if DIC is being simulated, and the equivalent

mass of Os is also consumed. No N or P is lost through respiration.

6.4.5 Mortality, Excretion & Egestion: Fish losses through mortality, excretion and egestion (i.e.

faecal material) are modelled according to:

Epoci(Fy) = ke, Go(Fy) (6.92)
| ——
excretion
Epocr(Fy) = kyr, Go(Fy) + ke, 9" 720 Fy [1 4 fPON(DO)] f(S)y (6.93)
faecal pellets mortality

where ks, and kyp, are fractions of the grazed food that are lost to excretion and faecal pellets respectively, and
kgar, is the mortality rate coefficient (day~1). Mortality is enhanced by a dissolved oxygen sesntivity where Kpo ;
is the oxygen dependency for group f. This function operates above a minimum DO threshold supplied by the
user; below this value the function returns 2.0, and at high DO it will return 1.0 (i.e. no mortality enhancement).

Salinity also effects mortality via a salinity function f(5)y:

f(8), = (6.94)

The nutrient loss due to mortality contributes to (labile) particulate N and P, and because zooplankton internal
nutrient ratios are fixed, the nutrient loss due to mortality is expressed as the amount of carbon lost to mortality
multiplied by the fish internal nutrient concentration (k‘]NFf and k]PFf). For nutrient loss via faecal material,
the nutrient concentration is assumed not be the fish internal nutrient concentration, but the mean nutrient

concentration of all the grazed food. Therefore, the loss of nutrients from the fish pool to particulate detritus is
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calculated from:

Eponi(Fy) = kip, GN(Fyp) + ke, 972 kpn, Fr[1+ fJPm(DO)] J(S)y (6.95)
faecal pellets mortality
for nitrogen, and:
E F = k Gp(F T-20 DO1
popL(Fy) = kpr, Gp(Fy) + ke 0777 kprp, Fy [L+ f777(DO)] f(S) (6.96)
faecal pellets mortality

for phosphorus. The loss of nutrients via excretion to the dissolved organic pool however, is more complicated as
this term is used to maintain the user-defined constant internal nutrient ratio within the fish species. Therefore,
each of the processes described above are performed first and stored in an auxiliary/buffer(*) array, and then any
excess N or P is removed. In the case of a nutrient limited system, excess carbon must also be removed. There are
therefore 4 possible scenarios: both N and P are in excess, P is limiting, N is limiting or both N and P is limiting.

For the first case it is simply a matter of removing the excess nutrients to maintain the internal ratio:

FIN; — F{™ kpin,

Eponr(Fy) = AL (6.97)

for nitrogen, and:

FIP; — Fi* kprp,

Epopr(Fy) = At (6.98)

for phosphorus, where F'IN and FIP are concetrations of fish internal nitrogen and phosphorus respectively, the
* indicates that value has already been update by grazing, mortality and egestion, F;H is the fish concentration
at the forward timestep (i.e. after it has been updated with the carbon fluxes previously described in this section).
For the case where phosphorus is limting (i.e. insufficient phosphorus uptake to maintain internal homeostasis),
then some extra carbon must be excreted (as DOCL). The nitrogen excreted is then same as for 6.97, but using
the incremented carbon concentration, and Epopr, = 0. For the case where nitrogen is limting (i.e. insufficient
nitrogen uptake to maintain internal homeostasis), then some extra carbon must be excreted (as DOCL). The

phosphorus excreted is then same as for 6.98, but using the incremented carbon concentration, and Eponr = 0.

If both N and P are limiting, DOCL is excreted until the kr;ny and kp;p are satisifed.

6.4.6 Recruitment & Spawning: The three available fish groups within CAEDYM can be used as unique
species with no interaction with the other groups (aside from possible predation), or it can be used to model three
size/age classes of a single species. If the latter is the intended application then transfer from one size/age class
to the next is included through the adoption of ‘recruitment’ functions. CAEDYM allows users to specify unique
grazing and loss rates for each size class so that older fish can have a higher mortality rate for example. In addition,

the fish model includes a spawning function that allows carbon in older fish to be reallocated into juveniles.
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The recruitment function currently adopted within CAEDYM employs a simple transfer equation, however,
increased functionality may be added as experience develops. The transfer function from F3 to Fy (i.e. smallest to

fREC

medium) is denoted fz*“ and is calculated according to:

fREC = ko Fy (6.99)
where k1_5 is a user-defined transfer rate (day~!). Similarly, F3 recruits from Fy:

FREC = ka3 Fy. (6.100)

The recruitment function for the first group is zero, fI%EC =0.

Reproduction by older fish is simulated by redistributing some of the older/larger fish biomass (i.e. F3) into the
smallest class (F7). Note however, that as fish only spawn during particular periods of the year, the user must also

specify a begin and end julian day (JD) for spawning to occur. Therefore the spawning function takes the form:

FREP = se ka1 Fy (6.101)
fEEP =0 (6.102)
JEPP = —ks 1 Fs (6.103)

for JD; <t < JDy, where s, is the spawning efficiency (note that (1 — s.) k3—1 F3 is returned to the water column
detrital pool), and k3_.; is the reproduction rate (day~1).

If it is intended for the fish classes to not interact, then the constants ki _.2, ko_.3 and k3_,; must be set to zero.

6.4.7 Fish Numbers: It is often the case that not only fish biomass, but also fish size is of interest. For
example, many small fish are of less interest to fishermen than a few large fish. CAEDYM therefore instansiates a
‘fish number’ state variable with each fish state variable (NF'SH1 - NFSH3) that records the number of fish in
each group. The number of fish starts based on the initial condition and then is updated at each timestep based on
recruitment, spawning and losses due to mortality and predation. All other process have no effect on fish numbers,
only fish biomass. The evolution of fish numbers is simply updated proportionally based on the relevant carbon
transfer, e.g. if 25% of fish biomass is loss to mortality, then the number will also decrease by 25%. For the case
of spawning however, fish biomass is taken from the large class and then placed in the smaller class. The user
must therefore provide a parameter, denoted the ‘fishlet density’ (number fish (g spawned C)~1), that converts

reproductive carbon into number of offspring.

6.5 Jellyfish

The CAEDYM jellyfish model was developed for the Swan River in Western Australia. This state variable could
potentially be adjusted to be another species of jellyfish or even another member of the planktonic community in

another application.
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The following description applies specifically to the Swan River. The two species of Scyphozoan medusae in the
estuary are Aurelia sp. and Phyllorhiza punctata . These species are quite different in their ecology. Phyllorhiza
occurs in the Swan River from early summer to late autumn and lives in a symbiotic relationship with the unicellular
dinoflagellate Symbiodinium sp. Aurelia is a predator-grazer and primarily exerts a 'top-down’ predation effect
on zooplankton and larval fish. Aurelia is far less abundant than Phyllohiza and, as there are difficulties with
accurately quantfying its ecological effects and abundance, it is not included in the CAEDYM model.

For Phyllorhiza also, relatively little is known about its physiology, which necessitates making a number of
assumptions when attempting a numerical model of its abundance and response to the prevaling environmental
conditions.

It is reasonably well established that Phyllorhiza is only prevalent when the salinity exceeds 25ppt and also when
temperatures are greater than 200C. The numerical representation below assumes that there is equal weighting
between nutrition, which is acquired through the water column in the form of organic material, and that which is

derived from the symbiotic alga. Change in biomass can therefore be represented as:

oJ

9J _ fO) + F(IT)
ot

G']maz fJ(S) fJ(T) )

— b, £1(T)T — ke, F2(T)T (6.104)
where: J is the jellyfish biomass as mL medusae m~3 (note that the chlorophyll content of the medusae is not
explicitly represented and that the medusae are over 99% water), and G Jp,4, is the maximum relative growth rate
(day=1). £;(S) is a factor to regulate the response to salinity as follows:

f(S) = O0for S < 25ppt

S —25
f(8) = (K —25) 7 (5 —a5) o ¥ > 2owwt (6.105)

where K is a rate constant. The temperature function is f;(T) = J7 25 (note that the usual 'T - 20’ term has
been replaced by 'T - 25’ so that greater limitation of growth is invoked for lower temperatures. Limitation of
growth by high temperatures is not expected to occur in the Swan River, particularly as high temperatures would
be more likely to be associated with salinities that are lower than the usual jellyfish temperature range (i.e. well

upstream in the estuary). The function f(O) represents the intake of organic material from the water column:

POC

10) = Kpoc + POC

(6.106)

where POC is the organic material and Kpoc is the half-saturation constant for nutrition derived from organic
material. F(L) represents the nutrition of the medusae derived from the symbiotic algae, which in this case is

assumed to be related solely to the light received by the jellyfish:
F(L)=1—e 1/ (6.107)

where Ik is the parameter controlling the response to the light climate. Finally, k., is the respiration rate constant

and k. is the excretion rate constant.
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The sum of these terms can be derived indirectly from the change in BOD of the medusae-exposed water
against controls (see Rippingale, 1996), with a stoichiometric factor used to convert the BOD to carbon (and hence
to biomass) for comparison against the total biomass of the medusae.

Motility, of course, greatly increases the complexity of attempts to model the jellyfish biomass. The factors
governing motility are not well understood at the present point in time. A preliminary model of motility is used in
CAEDYM where the medusae are assigned with an excess density over water from which the settling velocity can
be determined from Stokes’ Law (although it should be noted that the medusae are close to iostonic with seawater,
Rippingale, 1996). Counterbalancing the downward settling velocity will be an upward swimming velocity (vy,)

which depends on the light exposure as follows:
ve = k (1 - e_I/IK) (6.108)

where k is a calibratable constant (ms—!). The calculated v, is then added to the downward settling velocity,
with provision that jellyfish cannot settle below or rise above the vertical water confines in the model. Note that
horizontal movement is not included in the formulation and that the enegy requirements of motility are also not
considered. Finally, it should also be noted that mortality of jellyfish, through being washed up on beaches, has

not been included.
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CHAPTER 7

Biological Variables (Benthic)

7.1 Introduction

CAEDYM allows for the configuration of several groups of ‘benthic’ biology:

1. 0-4 macroalgae groups (Section 7.2);

[\

. 0-1 seagrass/macrophyte groups (Section 7.3);
3. 0-3 macro-invertebrate groups (Section 7.4);

4. 0-3 Clam/Mussel groups (Section 7.5);

Benthic biology only operates in the cell/layer that is adjacent to the sediment and so all the functionality
described within this chapter only refers to these cells. The state equations for each of these groups of variables are

presented in Table 7.1. Each of processes depicted in the table and figure are discussed throughout the chapter.

Table 7.1 Summary table of equations for the benthic biological groups configurable within CAEDYM. M is the
total macroalgal biomass (mg C m~2), SG is the total seagrass/macrophyte biomass (mg C m~2), INV is the

total macroinvertebrate biomass (mg C m~=2) and CLM is the total Clam/Mussel biomass.

oM,

5 = Upic(M;) = Rpic(M;) = EpocL(M;) = Epoci(M;) — G (7.1)
photosynthesis respiration mortality & excretion grazing
0SG
ot = UDIC(SG) —Rpic(SG) — EPOCL(SG) (7.2)
photosynthesis respiration mortality & excretion
OINV GRZc
= -R INV)—-FE INV)— GINV 7.3
5 INV p1c(INV) = Epocr(INV) - Gi (7.3)
grazing respiration mort/excr predation
= -R CLM)—-FE CLM)—-GecLM 7.4
g CLM prc( )— EpoctL( ) c (7.4)
grazing respiration mort/excr predation

7.2 Macroalgae

Macroalgal biomass, M, is quantified on an areal basis as ¢ C m~2 of sediment. Four macroalgal groups
can be configured within the model. As an example, in the Swan River estuarine system, Gracillaria, Cystosira,

Chaetomorpha and Ulva (membranous, tubular and attached to hard substrates) are represented.

7.2.1 Growth The maximum potential growth rate is multiplied by the minimum value of expressions for

limitation by light, phosphorus and nitrogen. While there may be some interaction between limiting factors, a
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minimum expression is likely to provide a realistic representation of growth limitation over the relatively small
spatial and temporal scales that are used for the macroalgae simulations (Rhee and Gotham, 1981).

The growth rate or gross production, pi4,, (day™') can be represented as:

Hgrr = Hmaz; min [f (1), f(N), f(P)] far, (T) (7.5)

where f(I), f(N) and f(P) represent limitation by light, nitrogen and phosphorus respectively, fas,(T) is a

temperature function and fi,,q; i the maximum growth rate.

Light: There are several different models for quantifying the effects of light limitation of macroalgae. Pre-
suming that macroalgae are not photoinhibited, then the Webb et al. (1974) model can be used to quantify light

dependence:

F(I) =1 —exp [_ﬂ (7.6)

k
where I is the photosynthetically active radiation (PAR) integrated over the depth of the bottom-most layer to the
height of the macroalgae bed, and I}, is a parameter that controls the initial slope of the photosynthesis-irradiance
curve.

The value of light reaching the top of the bottom layer is determined following:
I(1) = 1(2) exp(—K4Az) (7.7)

where I(1) is the PAR at the top of the bottom layer as a mean for each hour, I(2) is the PAR at the top of the

second layer as a mean for each hour, Az is the grid cell depth and K is the attenuation coefficient, arrived at as:

K, = K,(attenuation due to pure water - constant)
nphy
+ Z K 4,specific attenuation due to phytoplankton groups
i

ndom
+ Z Kpoc,specific attenuation due to dissolved organic carbon
b

npom
+ Z Kpoc,specific attenuation due to particulate organic matter
b

nsol
+ Z K g, specific attenuation due to inorganic particles

S
nmac

+ Z K, specific attenuation due to macroalgae (7.8)
J

The next step is to determine the height (h) of macroalgae in the water column, which is simply a linear function

of the biomass of each group:

nmac

hmac = Y kj M; (7.9)
J
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here k;is a coefficient for each of the four macroalgae groups, with units of m g=!. Once the height in the water
column of the macroalgal bed (h.,q.) has been determined, the light reaching the top of the macroalgal bed, I(mb)
is determined as:

I(mb) = I(1) exp[—K4(z — h)] (7.10)

where again, I(1) is the light reaching the top of the bottom-most layer.
The next step is to determine the value of f(I) integrated over the macroalgae bed depth and based on the

integrated light for the time step duration (all using the Webb function).

Temperature: Temperature dependence is modelled as for phytoplankton (Section 6.2.1).

Nutrients: Macroalgae have compulsory internal nutrient state variables for nitrogen and phosphorous, MIN
and MIP respectively. The uptake functions are modelled similar to the dynamic internal nutrient model for

phytoplankton. For nitrogen:

MIN, 0w — MIN NOs; + NH,
MIN g — MIN NOs;+ NH,
UNH4(Mj) = PNJ- UNmaa:j |:fM] MINmag; — MIlen KN. T N03 n NH4:| j (712)

where Py, is the preference of group j for NHy as defined in equation 6.17, U Ny, is the maximum uptake rate
of inorganic nitrogen (g N (g C)~! day™!), and MIN,,4, and MIN,,;, are maximum and minimum values of

macroalgal internal nitrogen. For phosphorous:

MIP,,.. — MIP PO,
U M;) = UPmaa:' 1;
Po.(M;) | TPy — My B p, + PO,

M; (7.13)

(7.14)

where U Pp,q.; is the maximum uptake rate of inorganic phosphorous (g P (g C)~ ! day™'), and MIP,,q, and
MIP,,;, are maximum and minimum values of macroalgal internal phosphorous.

The nutrient dependences in growth equation are calculated based on the internal nutrient concentrations:

MINp oz

FIN) = MIN,,4e — MIN,,in [1 ~ MIN } (7.15)
MIPmaz MINmin
1) = SN, [1 T TMIN ] (7.16)

7.2.2 Respiration, Mortality, Excretion & Beach Wrack: Loss terms represented in the macroalgae

model include a lumped (salintiy dependent) metabolic loss term (respiration, mortality and excretion), loss as
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beach wrack, and loss through grazing (discussed in the next section). The lumped metabolic loss for macroalgal
group j, Lj, is modelled as:

Lj = kenay, 977 a1, (S) (7.17)
where ks, is the ‘respiration’ rate coefficient and fas, (S) is a response of respiration to salinity, as given by:

g—1
52

opt

2(6-1)
Sopt

fu, (S) = S2 — S+p (7.18)

This expression is a parabolic one, so that the effect of fi,(S) is to increase the respiration rate as salinities
increase above and decrease below S,,;. Here the value of 3 is set to 2.0.
Using these expressions, the respiration and biological mortality and excretion functions (equations 5.15 and

5.13) for macroalgae are:

M,
Rprc(Mj) = fresm; Lj Azbjot (7.19)
M.
Epocr(M;) = (1~ fresm;) Lj Fljt + Epber(M;) (7.20)
Mk )
ENH4(MJ) = PNM(]- - freij) Lj % (721)
Zbot
Mk )
Bnoy(My) = (1= Pyy)(1 = freans;) Ly =5t (7.22)
bot
M; krpu;
EPO4(Mj) = (1 - freij) L; JAi (723)
Zbot
E (M;) = EBY (M) (7.24)
PONL\4j PONL\j .
Epopr(M;) = EpSpr (M) (7.25)

where fresnr; is the fraction of the total loss that is respiration of CO, for macroalgal group, j, BBV (M),
EBY L (M;), EBYL, (M;) are the contribution of dead macroalgae to POCL, PONL and POPL respectively,
created through the process of beach wrack (see below), and the nutrient parameters have been defined previously.

When the hydrodynamic driver is three-dimensional (e.g. ELCOM), a transfer function is adopted that trans-
ports macroalgae between grids based on a fixed fraction of the horizontal velocities at the sediment-water interface.
The velocities are computed by the hydrodynamics module. For the purposes of the macroalgae model, additional
grid points are added surrounding the water, to constitute ‘beach’. When the computed position of macroalgae
indicates that the biomass is outside the usual boundaries for water in the model, macroalgae are removed from the
water. The material removed constitutes beach wrack (the removal will implicitly include an adjustment for the
fact around 10% of the macroalgal biomass is returned to the water column as viable biomass). The beach wrack
is incremented over the course of the day until midnight, when it is reset to 5% of its mass at that time. This is
done to represent return of dead macroalgae to the water at high tide. The dead macroalgae is then represented in
terms of their nutrient content and equivalent POC. Therefore there is a change in nutrient concentration in the

layer nearest the shore, which is associated with the entry of nutrients and POC from the beach wrack, modelled
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as:
WL,
Epber(M)) = ;— (7.26)
WL krnwm.
EgngL(Mj) = % (7~27)
WL;krpm,
EBSp (M) = ——L (7.29)

where WL = 0.9M;, h is the depth of the layer closest to the shore and k]NM,- and :ZC]PMj represent ratios of
internal nitrogen and phosphorus in the beach wrack. The beach wrack functions are added to the water over the

six hours following midnight to avoid a sudden pulse of nutrients or carbon entering the water.

7.2.3 Grazing: Removal of macroalgae through grazing is solely via crustacean grazers, GZ. For crus-
taceans the weighted grazing f(7W) on macroalgae (since they may also graze on epiphytes associated with sea-

grasses) is:
Pyzi M
2 [Pz Myl+ (1= 32 Pyzj) feSG

fw); = (7.29)

where P,.; is the preference of crustacean grazers for macroalgal group j, (1 — > P,.;) is the preference of crus-
taceans for seagrass epiphytes, f. is the ratio of carbon of epiphytes to carbon of seagrass, and SG is the seagrass
biomass. The overall rate of grazing by crustaceans is regulated according to a Michaelis-Menten function of the

form:

25 (M) + £5G

J

fGZ(Z): KGZ+Z;LmaC(Mj)+feSG

(7.30)

where K¢ is the half saturation constant for crustaceans grazing on seagrass and macroalgae (g C m~2). Therefore

the equation to describe the rate of removal of macroalgae due to grazing by crustaceans is:

G, = GRZfaz(Z)f(W);faz(T)GZ (7.31)

where GZ is the crustacean biomass (¢ C m~2), GRZ is the maximum consumption rate (¢ C' consumed (g
crustacean C)~! day~!) of the grazers, which is regulated by a temperature function fgz(T), which includes

inhibition at high temperatures.

7.3 Seagrass & Macrophytes

CAEDYM includes as a state variable one group of seagrasses or macrophytes. Much of the following intro-
duction and the derivation of algorithms is adapted from Hillman et al. (1995). The main factors influencing the
biomass and production of Halophila ovalis in the Swan-Canning are light, temperature and salinity. Therefore,
for any application where macrophyte abundance is not controlled by nutrient limitation (since the roots have free

access to the sediments), this state variable may be considered appropriate.
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The biomass of this state variable is represented as g C' m~2. The seagrass algorithm is based on the study of
Hillman et al. (1995), in which laboratory experiments were conducted to relate productivity to changes in light,
temperature and salinity. These experiments were based on a constant light source over a 12 hour photoperiod
and provided net productivity over a 24 hour period. It is desirable to simulate macrophyte growth over a much
smaller time scale so that chemical interactions (specifically denitrification) can be resolved during times when
seagrass are net consumers of oxygen (night-time) and net producers of oxygen (day-time). The equation for

seagrasses/macrophytes is written as:

05G

T emaz fsc(I) fsa(T) = krge 9772 fsa(S) (7.32)

where SG is the seagrass/macrophyte biomass (g C m™2), €ae is the maximum productivity (day=!), fsa(I) is

the Webb et al. (1974) light limitation function, defined as:

fsa() = 1—exp <II) (7.33)

k

where I is the photosynthetically active radiation (mE m~2 s=1) and I} is a constant. The function, fsq(T) is

a temperature function of the form of 6.9 and solved in a similar manner. The parameter, k is the respiration

tel
rate (day~'), and fsg(9) is a salinity, S, dependence of the form:

(8—a)
52

opt

f—a)

g2 _ !
Sopt

fsa(S) = S+p5 (7.34)

where S,p; is the optimum salinity for maximum growth, § = f(0) and a = f(Sop:). The constants were set
so that when the seagrass model was used subject to the same conditions imposed by Hillman et al. (1995), the
resulting productivity correlated with that measured by Hillman et al. However, Hillman et al. (1995) used a base
respiration of -0.67 mg dw apex~! day~! (for I = 0), which was derived via a linear regression on the measured P-I
curve. Since the P-I curve is non-linear, it is appropriate to fit a non-linear curve of the Webb et al. (1974) form
to approximate production in the absence of light, which gives a base respiration of -0.93 mg dw apexr™' day=*.
The P-I data suggests that the upper limit of production approaches 3.1 as I — inf . Also the data of Hillman
et al. (1995) exhibit inconsistencies when experiments were conducted with overlapping data (i.e. production was
measured as 1.1, 2.1 and 2.4 dw apex™' day~' when I = 120 mE m~2 s~!, T = 25°C and S = 35ppt in three
different experiments, the mean, equal to 1.9, of these was used). A modified P-I curve was generated taking
the above into consideration, and the model constants were chosen so as simulated production correlated with
production measured by Hillman et al. (1995).

The photoperiod correction is used to allow application of the P-I curve given by Hillman et al. (1995) was

arrived at for simulated photoperiods of 12 hours. The depth-integrated mean PAR over the photoperiod is arrived

at from the depth of water and the light extinction coefficient.
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The value of light reaching the top of the bottom layer is determined as:
I(1) = 1(2) exp(—Kq Az) (7.35)

where I(1) is the PAR at the top of the bottom layer as a mean for each hour, I(2) is the PAR at the top of
the second layer above the bottom as a mean for each hour, Az is the grid cell depth and K, is the attenuation

coefficient, and is arrived at according to:

Ky, = K, attenuation due to pure water - constant
nphy
+ Z K 4, specific attenuation due to phytoplankton groups

K2

ndom
+ Z Kpoc, specific attenuation due to dissolved organic carbon
b

npom
+ Z Kpoc, specific attenuation due to particulate organic matter
b

nsol

+ Z Kgs, specific attenuation due to inorganic particles (7.36)

S

The height of the macroalgae layer, h is determined (see Section 7.2 and the light reaching the top of the macroalgal
I(mb) is determined as:

I(mb) = I(1) exp[—Kd(Az — h)] (7.37)

where I(1) is the light reaching the top of the bottom-most layer, K, is the light attenuation coefficient determined
as given by the formula above, and Az is the grid thickness of the bottom-most layer.

A new value of K, is defined for within the macroalgae bed:

K, = K,(attenuation due to pure water - constant)
nphy
+ Z K 4,specific attenuation due to phytoplankton groups
i
ndom
+ Z Kpoc,specific attenuation due to dissolved organic carbon
b
npom
+ Z Kpoc,specific attenuation due to particulate organic matter
b
nsol
+ Z K g, specific attenuation due to inorganic particles

S
nmac

+ Z K, specific attenuation due to macroalgae (7.38)
J

The light available to the seagrasses is then determined (macroalgae are ignored if they are not present). Note

that the attenuation is identical to that used for phytoplankton except for the inclusion of macroalgal biomass

1 1

(as gm~2), with specific attenuation coefficients expressed in mg~! instead of m? g~—! as for light attenuating
components of the water column. Epiphytes are not considered to be very important in colonising Halophila and

influencing the availability of light (Hillman et al., 1995).
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7.4 Macroinvertebrates

7.4.1 Bivalves: The bivalve model includes grazing on phytoplankton and detritus, respiration and pre-

dation by fish. This is represented as:

OBV MY (A Youona) + S0P POC,
—— = |GBZfpy(T) BV fpv(S) > éphy C:Chia) + 2y — b
ot Kpy + " (AYc.cna) + 2, POCY
— k9" fBy(DO) BV — Gy (7.39)

where BV is the bivalve biomass (¢ C m~2), GBZ is the maximum consumption rate (g C' consumed (g bivalve
C)™1), fv(T) is a temperature function of the form of 6.9, and fgy (S) is the grazing response to salinity, defined

as:

fBV(S) = 1.0: Shin <5 < Snaa
S S
fev(S) = 5 + 2Smin : 8 < Spmin
—82 4+ 25428 — 2Smazmazs + maz?
va(S) = 3 : 5’>;Sma$

(Smaz — maxs)
where mazxs is the upper limit of salinity where no grazing occurs. The parameter Kpgy, is the half-saturation
constant for bivalve grazing response to food abundance, and k,.,, is the respiration rate constant (day~!) and

the repiration losses are mediated by a dissolved oxygen dependence:

Kpo_Bv

DO)=1-f——""""""—— 7.40
fev(DO) ﬂKDO—BV + DO (7.40)
where K po_py regulates the response of respiration losses to DO in the bottom layer.
Predation by the fish, Ggy, is modelled as:
nfsh
Gpy = Y ky [1(F) f(W)pv f4(T) Fy (7.41)
f

where ky is the rate of grazing of fish group f (g C consumed (g fish C)~!), F} is the fish concentration for group
[ (mg C L™Y), f¢(F) is a Michaelis-Menten function that controls the rate of the fish groups, defined as:

_ S AiYoiona + Sop - Zi + 37" POC), + Z;fSh Fy+ BV +GZ + PC
Kp, + Z?phy AYeona + D07 Z + 3,7 POCy, + E}’fSh Fy+ BV +GZ + PC

f(Fy) (7.42)

where K controls the fish grazing, and finally, The function f(W)pc is the weighted grazing function for each

fish group on polychaetes and is defined by equation 6.86 with G' = Py, BV.

7.4.2 Polychaetes: Polychaete biomass, PC, is expressed as ¢ C m~2 as with the other benthic variables.
Polychaetes are modelled similar to bivalves, except their food preference is slowly decomposing (refractory) detrital
material. The equation therefore takes the form:

orPC POORsed

- = |6PZ frc(T) PC Koo POCE| ™ Erpe 91720 fp(S) PC — Gpe (7.43)
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where GPZ is the maximum consumption rate of detritus (¢ C' consumed (g polychaete C)™1), fpc(T) is a
temperature function of the form of 6.9, Kpc is the half-saturation constant for polychaetes grazing on detrital

material in the sediments, k is the respiration rate coefficient (day~!), Gpc is a loss term due to predation by

rpc
fish (discussed below), and fpc(S) is a salinity dependence for respiration efficiency, given by:

B—1
52

opt

frc(S) = S+ 2(211)

S+p (7.44)

where § is the value of fpc(S) when the salinity is zero, and S,y is the salinity at which fpc(S) is 1.0 (ie.
the minimum value of fpc(S)).This expression is parabolic, such that it acts to increase the respiration rate as
salinities decrease below S,y or as they increase above Spp¢.

The mortality due to predation by fish, G p¢, is described by:

nfsh

Gpe =Y [ks f+(F) f(W)pc f;(T) Fyl (7.45)
7

where ky is the maximum grazing rate of the fish (g C' consumed (g fish C)~!), Fy is the fish concentration for

group f (mg C L™1), f¢(F) is a Michaelis-Menten function that controls the rate of fish grazing, defined as:

XM AYGona + X1 Z + Y7 POCy, + Y3 Fy + BV + GZ + PC
Kpy + S0 AiYeiona + X107 Zi + 337" POCy + 17" Fy + BV + GZ + PC

f(Fy) (7.46)

where K, controls the fish grazing. The function f(W)pc is the weighted grazing function for each fish group on

polychaetes and is defined by equation 6.86 with G' = Py, PC.

7.4.3 Crustacean Grazers: The biomass of crustacean grazers will be regulated largely by the epiphyte
biomass and the macroalgae density. Epiphytes are not at present represented explicitly in the model. However,
in the case of the Swan River, for example, most of the epiphyte biomass in the is associated with seagrasses.
Hillman et al. (1985) suggested that epihpytes associated with Halophila ovalis were relatively unimportant due
to the fast growth of the seagrass. More recent evidence indicates that epiphytes are in fact quite abundant on
Halophila around May, although it is not known if this is a regular annual occurrence. A compromise is currently
proposed; epiphytes will not be simulated as a state variable, but the biomass increment of crustacean grazers will
be dependent on the biomass of seagrasses, assuming that there is a direct linear dependence between epiphyte

and seagrass biomass. The equation for crustacean biomass is therefore:

9G7 SmaC vy £ SG
=2 - Z foz(T) GZ —=2
ot GR fGZ( ) G KGZ Z;Lmac Mj + feSG
kra, 0T faz(S) GZ — faz(DO) — Gaz (7.47)

where GRZ is the maximum grazing rate (g C' consumed (g crustacean C')~1), fgz(T) is a temperature function of

the form of 6.9, K¢z is the half-saturation constant for crustaceans grazing on epiphytes and macroalgae, f. is the
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ratio of carbon of epiphytes to carbon of seagrasses/macrophytes, k.., is the respiration rate coefficient (day=!),
G¢z is a loss term due to predation by fish (discussed below), and fgz(S) is a salinity dependence for respiration

efficiency, given by:

2
S opt S opt

faz(S) = S+ (7.48)

where [ is the value of fgz(S) when the salinity is zero, and S,y is the salinity at which fgz(S) is 1.0 (i.e. the
minimum value of fgz(.9)).This expression is parabolic, such that it acts to increase the respiration rate as salinities

decrease below S,p: or as they increase above S,p;.. The dissolved oxygen function, fgz(DO) is of the form:

Kpo-cz

DO)=1-f——"""T"—
faz(DO) ﬂKDofcz—FDO

(7.49)

where Kpo_gz is a value of dissolved oxygen that regulates the shape of the response curve and 3 dictates the
sensitivity of the response to a depletion in DO.

The mortality due to predation by fish, Gp¢, is described by:

nfsh

Gaz =Y lky [1(F) f(W)az f(T) Fy] (7.50)
f

where ky is the maximum grazing rate of the fish (g C' consumed (g fish C)~!), Fy is the fish concentration for

group f (mg C L™1), f¢(F) is a Michaelis-Menten function that controls the rate of fish grazing, defined as:

XM AYGona + X0 Z+ 7" POCy, + Y3 Fy + BV + GZ + PC
Kp, + 30" AYeiona + S0 Z + 07" POCy + " Fy + BV + GZ + PC

f(Fy) (7.51)

where K, controls the fish grazing. The function f(W)gz is the weighted grazing function for each fish group on
polychaetes and is defined by equation 6.86 with G = P4, GZ.

7.5 Clams and Mussels

The clam model includes grazing on phytoplankton and detritus, respiration and predation by fish. This is

represented as:

ﬁphy AV npomP
8CLMC — (1 — kec) UCLM, fC(T) fc(S) Zz (nplhyc.c'hla) + Zb np?nLC’b CLMC
ot Keom, +227 Y (AiYe.chia) + 2o POCY
— (kp, + km,) 97 f.(DO) CLM. — Gep, (7.52)

where C LM, is the clam biomass (g C m~2) for clam group ¢, ucras, is the maximum consumption rate (g C
consumed (g clam C)~1), f.(T) is a temperature function regulating consumption, and f.(S) is the grazing response

to salinity for group ¢, defined as:

0.0 S < Suin
—(S—SA{IN)z/S§C+2(S—SJ\4IN)/SQC
(S, —521n5)2/52_+2(Sa.—Sar1n)/Sa. Suin <8< Sau
fe(8)=1 1.0 Sa, <S5 <85, (7.53)
—S524285.5-258.5 52
G s  ouax Sp, < S < Smax

0.0 S > Syax
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where S, is the minimum salinity within the optimal range, Sg is the maximum salinity within the optimal range
and Spsax is the maximum tolerable salinity, beyond which, the clam shells are considered to be completely closed
and food intake doesnt occur. Clams feed within the bottom layer only, on all simulated algae, A, and detrital,
POC, groups (nphy and npom indicate the number of simulated phytoplankton and detrital groups respectively).
Since they are filter feeders, no preference is given to particular food groups and food is ingested indiscriminately.
Algal and detrital uptake is in carbon units so Y¢o.cnie is used to convert algal chlorophyll to carbon, and the
uptake is modelled using a Michaelis-Menten function with K¢y, .defined as the half-saturation constant for clam
grazing response to food abundance (g C' m~2) for group c. Of the food that is ingested, a prescribed fraction, ke,
is lost directly as faecal pellets via egestion and returned to the detrital pool within the benthos.

The loss terms in 7.52 include respiration, k,., and natural mortality, k,,. The loss rates are mediated by a

temperature dependence and are enhanced under poor oxygen conditions according to:

K
DO (7.54)

DO) =1+ f,——29%
fe(DO) +ﬁCKDOC+DO

where DO is the dissolved oxygen concentration (g O» m~3), Kpo regulates the effects of anoxia and 3 is the
maximum possible respiration/mortality enhancement under complete anoxia. If required, CAEDYM also allows

for clam predation by fish, Gopas, as an additional loss mechanism and this is modelled as:

nfsh
Gorar. = ) kpfy (F) f(W)ewa, £1(T) Fy; (7.55)
f
refer to the fish section for more detail.
So that the average clam size/length can be determined, CAEDYM additionally simulates a state variable for

each group that models the evolution of clam numbers, NC LM, simply modeled as:

NCLM, _
agit = — (km, 9" ?°£.(DO) + Germ,) NCLM.,. (7.56)

Note that clam numbers only change due to mortality; respiratory losses do not reduce clam numbers, only clam

biomass. Currently the effects of spawning and reproduction as increases to the number of clams is not included.
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CHAPTER 8

Metals

8.1 Iron

A simple formulation for iron is used here. The model is to be replaced in CAEDYM v3 where a full geochemistry
sub-model has been linked in. The effect of oxidation of metals is not included in the oxygen budget at present as
changes due to this process are generally 2-3 orders of magnitude less than those commonly observed with changes
oxygen due to mineralisation of organic matter or photosynthesis. The equation for the change in Fe?T is given

as:

2
OFe + T—-20 KFeR

— kj 19 T—-20 DO
ot FeRTFeRr Kper + DO

TFe — Fe?t) — kpeotTo 20— 2
( € € ) FeOVFReo KF80+DO

(Fe™) + frat (8.1)

where Fe?T is iron in dissolved form (mg L~1), TFe is total iron (including Fe?* and Fe3T), kp.g is the maximum
reduction rate of Fe?t at 20°C (day~1), kreo is the maximum oxidation rate at 20°C' (day™!), 9rcr and Irco
are temperature multipliers for the oxidation and reduction reactions and Kp.r and Kp.o regulate transitions
between Fe?t and Fe3t according to the availability of oxygen.

DSF

Release of iron from the sediments, f;37 is in the dissolved form and is modelled within the layer/cell adjacent

to the sediment only as with the nutrient fluxes:

DSF _ g Kpo_re |pH — 7| 1
Fe2+ — PFe
Kpo—re + DO KpH—Fe + |pH - 7| dzpot

(8.2)

where Sp. is the release rate (g m™2 day_l) and Kpo—_re and K. regulate the release rate according to the
dissolved oxygen and pH in the layer above the sediments (which has depth dzpet).
The total iron equation includes fluxes for resuspension and sedimentation of the particulate iron, and the

sediment flux from the dissolved component:

OTF )
G = JEBE 4IRS 4 TE(TFe - P (8.3)

where vg, is the settling velocity for particulate iron, which adjusted to account for changes in the density and
viscosity following similar equations as outlined above for other particulate components within CAEDYM. The

resuspension of iron by currents and wave action is also modelled as with the other particulate variables:

RES T — Tepe (TFe = Fe)seq !
o5 _ 8.4
Jress = are { Tref } {KFE + (TFe — Fe*")sca] dzpot o

where a . is the resuspension rate constant (disscussed in more detail in Section 10.2), which has units of g m =2

571, 7., is the critical shear stress for particulate iron (N m~2), 7, 1 is a reference shear stress and Kp. controls

the rate of resuspension based on the amount of sediment mass available.
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8.2 Manganese

Manganese is modelled in a similar fashion to iron. Again, the model is intended to be further developed and
increased process representation added with successive applications. The equation for the change in Mn2t is given

as:

2
OMn + T-20 K]MnR

_ DO
ot = k]MnRﬁMan(TMn — Mn2+) — k‘]MnOfﬁT 20

MnOm(Mn2+) + fias (8.5)

where Mn?T is manganese in dissolved form (mg L), TMn is total manganese (including Mn?** and Mn3*),
karnr is the maximum reduction rate of Mn3t at 20°C' (day~?), kuymo is the maximum oxidation rate at 20°C
(day’l), Yynr and Va0 are temperature multipliers for the oxidation and reduction reactions and K,z and
Km0 regulate transitions between Mn2t and Mn3t according to the availability of oxygen.

DSF

Release of manganese from the sediments, fy;75, is in the dissolved form and is modelled within the layer/cell

adjacent to the sediment only as with the nutrient fluxes:

FDSF Kpo-wmn \pH — 17| 1

= Sun 8.6
Mn2¥ MU Kpo—am + DO Kpm—nvn + |[pH = 7] | dzpor (8.6)

where Shr, is the release rate (g m=2 day_l) and Kpo—mn and Kpg—yy regulate the release rate according to
the dissolved oxygen and pH in the layer above the sediments (which has depth dzpet).
The total manganese equation includes fluxes for resuspension and sedimentation of the particulate manganese,

and the sediment flux from the dissolved component:

oTM s
- D _ pRES 4 gDSE LT St (I Mn — Mn™*) (8.7)

where v,,,,. is the settling velocity for particulate manganese, which is adjusted to account for changes in the density
and viscosity following similar equations as outlined above for other particulate components within CAEDYM. The
resuspension of sediment manganese by currents and wave action is also modelled as with the other particulate

variables:

(8.8)

fRES’ _ T~ Teyn (TMTL — Mn2+)sed 1
Mn3+ — QMn K — or
Tref Mn + (TMn Mn )sed dzbot

where ay,, is the resuspension rate constant (disscussed in more detail in Section 10.2), which has units of g m ™2

s71, Tc,.. is the critical shear stress for particulate manganese (N m™2), 7,.¢ is a reference shear stress and K,

controls the rate of resuspension based on the amount of sediment mass available.

8.3 Aluminium

Aluminium is modelled in a similar fashion to the other metals, but instead of representing oxidation states,

the particulate and dissolved components are used to represent precipitate and dissolved phases. Again, the model
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is intended to be further developed and increased process representation added with successive applications. The

equation for the change in AT is given as:

DO
(TAl — AP = kajo9 ;20 o (APPF) 4 fREF (8.9)

o+ DO

where Al3T is aluminium in dissolved form (mg L~1), T Al is total aluminium, k4; g is the maximum dissolution rate
of AI3T at 20°C' (day~!), kajo is the maximum precipitation rate at 20°C (day =), Y4z and ¥ 4;0 are temperature
multipliers for the conversion processes and K 4;r and K 4;0 regulate transitions between dissolved and precipitate
components according to the availability of oxygen (as a proxy for pH).

DSF

Release of aluminium from the sediments, f,)3{ is in the dissolved form and is modelled within the layer/cell

adjacent to the sediment only as with the nutrient fluxes:

Kpo-a lpH — 17| 1

o8 =S
Al Kpo—ai+DO  Kyg_ai+|pH — 7| dzpot

(8.10)

where S4; is the release rate (g m2 day_l) and Kpo— a1 and K,p_4; regulate the release rate according to the
dissolved oxygen and pH in the layer above the sediments (which has depth dzpet).
The total aluminium equation includes fluxes for resuspension and sedimentation of the particulate aluminium,

and the sediment flux from the dissolved component:

OTAl  pps

ot — JAl

+ fO5F + UAAZ’ (T Al — AIP*) (8.11)

where v; ,, is the settling velocity for particulate aluminium, which is adjusted to account for changes in the density
and viscosity following similar equations as outlined above for other particulate components within CAEDYM.
The resuspension of sediment aluminium by currents and wave action is also modelled as for the other particulate

variables:

RES
Al T oAl {

_ _ 3+
T TCAL:||: (TAl Al )sed 1 (8.12)

KAl + (TAl - Angr)sed dzbot

Tref

where a4; is the resuspension rate constant (disscussed in more detail in Section 10.2), which has units of g m =2

s71, 7.,, is the critical shear stress for particulate aluminium (N m™2), 7, ¢ is a reference shear stress and K 4

controls the rate of resuspension based on the amount of sediment mass available.
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CHAPTER 9

Pathogens

9.1 Cryptosporidium

The Cryptosporidium model developed within CAEDYM is discussed in some detail in Hipsey et al. (2004), and
a comprehensive review of pathogen dynamics in lakes and reservoirs is given by Brookes et al. (2003). The model
allows for oocyst settling and resuspension, and inactivation via natural mortality (temperature dependent) and
through exposure to different bandwidths of ultra-violet (UV) light (Figure 9.1):

aoC Vs
S = [ OV) = AT + 32| + 18 (9.1)

where C' is the Cryptosporidium oocyst concentration (oocysts (10L)71), fINA(UV) is a function that models
the inactivation through UV exposure, féN A(T) is a function that models inactivation through exposure to non-

optimum temperature, vy is the oocyst settling velocity (m s~!) and ngS is the usual resuspension function,

defined as:

RES T — Teo Csep ]
=« ; 9.2
fe ¢ [ Tref } |:KTC +Csep (9-2)

2 s71), 7., is the critical shear stress (N m™2), 7,5 is a reference

where a is the resuspension rate constant (g m~
shear stress and Kt controls the rate of resuspension based on the amount of sediment mass available.
In the code their is capacity to model inactivation by light for upto three different bandwidths, but in the

CAEDYM v2.2 public executables only one bandwidth is enabled. In this version, the inactivation functions are

modelled as:

NAUY) = ehuviovt (9.3)
FENNT) = et (9-4)

where kyy is the sensitivity parameter of the occysts to the particular bandwidth of UV light, Iy is the intensity

of the incoming UV (W m~2), t is time, and kr is defined empircally as:

kp = 1072991000987 (9.5)

where T is temperature in degrees Celcius. The pathogen module within CAEDYM allows for 3 different pathogen
classes, each of which have state variables for the viable and inactivated oocysts. This way, oocyst distribution can
be compared with fate processes. If the user enables more than two groups, the oocysts will dynamically aggregate
onto the suspended particles, SSOL1 and SSOL2. The attached group will then settle at the rate of the suspended

particles. For more information refer to Hipsey et al. (2004).
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Figure 9.1 Schematic of Cryptosporidium dynamics within CAEDYM.

9.2 Faecal Bacteria

In the CAEDYM v2.2 code, facility exists to switch the pathogen model from Crypto to coliform (or other)

bacteria. The model is basically similar to that described above, however, the bacteria are also sensitive to visible

light, and have a mortality temperature function of the form of f72.

For this release however, users must have

access to the source code and compile in specific parameter values. Future releases will expand the usability of this

model.
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Sediment

10.1 Sediment Composition

CAEDYM v2 differs significantly from previous versions, as now all simulated variables have a sediment com-
ponent that is fully conserved. The sediment is considered to be a matrix of particulate elements, some of which
are captured within CAEDYM and some of which are not. Therefore, CAEDYM requires the user to supply an
initial value for the fraction of sediment mass that is organic in nature, for4, and the porosity, ¢seq. The user is
then required to provide values for the particulate sediment components as fractions of the total sediment compo-
sition (via the initialisation file). This way CAEDYM can construct a sediment profile and estimate a density that

correclty acounts for the various constituents:

_ a- " POML n POMR
Psed = Psed) § forg | PPOML POML + POME T PPOMR BOIIL + POMR
551 SSZ
s 5% L 10.1
+ ( f g) (PSS 55 + S5, + pss SS, —I—SSg)} ( )

The density of the particluate species (e.g. POCL, POPL, PONL, SSOL1, SSOL2 etc) is then equal to the user

supplied initialisation fraction, v, multiplied by pseq:

Psedpocr. = YPOCL Psed (10.2)
Psedpocr = VPOCR Psed (10.3)
Psedpopr, = YPOPL Psed (10.4)
Psedpopr = YPOPR Psed (10.5)
Psedponr, = YPONL Psed (10.6)
Psedponr = 7VPONR Psed (10.7)
Psedssor = VSSOLL Psed (10.8)
Psedssorz = VSSOL2 Psed (10.9)
Psedre = 7VFe Psed (10.10)
Psedprn = YMn Psed (10.11)
Psedar = VAL Psed - (10.12)

10.2 Resuspension

10.2.1 Master Resuspension Rate: It is unrealistic to expect users to have resuspension rates for the
various classes of particulate species in the sediment (e.g. POM, SSOL etc.). Therefore, CAEDYM only requires

a ‘master’ resuspension rate, «, that applies to the overall sediment resuspension:

RES _ T —Te psedA

10.13
sed Tref KT + psedA ( )
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where A is area, K7 limits resuspension according to sediment abundance. CAEDYM then proportions the master
resuspension rate into its components (excluding phytoplankton and pathogens) according to the compositions

discussed above in Section 10.1:

apoML = 7YPOML (10.14)
QPOMR = 7POMRX (10.15)
assorLl = 7SSOL1 & (10.16)
assorL2 = 7SSOL2 & (10.17)
QFe = YFel (10.18)
OMn = YMn QO (10.19)
QA = YA (10.20)

where 7 is defined as the mass of the species divided by the total sediment mass for that computational unit

(i.e. the fraction of the sediment that is that species). Similarly the half-saturation constant K7 must also be

proportioned:

Kpomr = ~vpromr Kr (10.21)

Kpomr = ~vpomr Kr (10.22)

Kssor1 = vssori Kr (10.23)

Kssorz = 7ssor2 Kr (10.24)

Kpe = 9re Kr (10.25)

Ky = yun Kr (10.26)

Kar = nyaKr. (10.27)

Note that the critical shear stresses are still configurable for each species via the parameters file. The user however,

is only required to supply the master resuspension rate, & and a master K.

10.2.2 Bottom Shear Stresses: The bed shear stress due to currents and waves is related to the shear
velocity, as described by the familiar:

T = puu? (10.28)

where 7 is the shear stress (N m™2) and u, is the shear velocity in the bottom waters. If we disaggregate the shear
velocity into the component caused by steady currents u.., and that caused by wave-induced oscillatory currents

Uy, , then Beach and Sternberg (1992) defines:

7= pu (U, Tui). (1029)
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Shear stress for unidirectional steady currents: The shear velocity of a steady current is calculated using the

—2
U = |/ fcg (10.30)

where U is the mean current velocity and f, is a friction factor defined according to:

von-Karman-Prandtl ”law of the wall” :

foo 0 (10.31)

2
s (222)]
where h is the mean water depth, ks is the bed roughness, given under a flat bed condition as ks = 2.5D where D

is length scale associated with the sediment particles (Engelund and Hansen, 1972).

Shear stress due to oscillatory wave currents: Wind induces a shear on the water surface creating oscillatory
wave currents that propogate downward and contribute to the shear stress experienced at the bed. This stress can
be estimated by wave-forecasting equations, which are dependant on wind speed, fetch and water depth. The shear

velocity created by oscillatory wave currents is estimated from:

Uy =1/0.5 fu, U2, (10.32)

where U,y is the maximum orbital velocity (as described below), and f,, is the wave friction factor, defined as

(Swart, 1974):
0.194
fw =exp [5.213 <as) - 5.977] (10.33)
with a given as the maximum bottom amplitude, calculated from linear wave theory:

H
= 10.34
“ 2sinh (%) ( )

where L is the wave length and H is the wave height. The wave period T is then calculated from

) 0-333
U 0.0379 (%)
T =1221 — tanh tanh 10.
™ ; anh (§) tan fanh (&) (10.35)
with:
gh\ %37
€ = 0.833 (U2> (10.36)

where U is the wind velocity 10 m above the water surface, F' is the fetch and g is acceleration due to gravity. The

wave height is estimated as:

h 0.5
2 0.00565 (7% )
H = 0.283 — tanh () tanh
0.283 ; anh (¢) tan tanh (O)

(10.37)
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with:

The wave length can be assumed as:

and

gh 0.75
¢ =0.53 (U?) (10.38)
o7h
~ Lo 1 [tanh | 222 10.39
L~L h
Lg
gT”
Lo=2"". 10.4
o= (10.40)

The wind-driven surface waves lead to an orbital movement that is translated to the wave bottom or the wave

base. The maximum bottom boundary velocity U, is estimated according to:

Uorb =

mH

_— 10.41
Tinh (0 (10-41)
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CAEDYM Publications

Table 11.1 brifely summarizes articles where CAEDYM has been presented or used within the literature. If your
application/article is not listed here and you would like it to be, please post a message on the online CAEDYM
forum: http://www.cwr.uwa.edu.au/services/model_forum/ - Many other un-published applications on a range of

water bodies are discussed online.

Table 11.1 Summary of CAEDYM applications published within the literature.

Reference Focus Location Version

Hamilton and  Schladow Nutrient Cycling, Algal Dy- Misc DYRESM-

(1997) & Schladow and namics wQ

Hamilton (1997)

Robson and Hamilton (2002) Algal Succession, Bloom Dy- Swan River Estuary, Aus- vl1.4

& Robson and Hamilton namics tralia

(2003) & Robson and Hamil-

ton (2004)

Chan et al. (2002) & Chan Algal Succession, Bloom Dy- Swan River Estuary, Aus- vl.4

and Hamilton (2001) namics tralia

Antenucci et al. (2003) Eutrophication Amelioration = San Roque Reservoir, Ar- v1.4

gentina

Romero and Imberger (2003)  Nutrient Cycles, Algal Dy- Lake Burragorang, Australia  v1.4
namics

Romero et al. (2003) Nutrient Cycles, Algal Dy- Lake Burragorang, Australia v1.4
namics

Hillmer and Imberger (2005)  Nutrient =~ Dynamics and Perth Coastal Waters, Aus- vl1.4
Patchiness tralia

Gal et al. (2002) Nutrient Cycles, Algal Dy- Lake Kinneret, Israel v2.0
namics

Bruce et al. (2005) Zooplankton & Phytoplank- Lake Kinneret, Israel v2.0
ton Dynamics

Hipsey et al. (2004) Pathogen (Cryptosporidium) Myponga Reservoir, Australia v2.1
Dynamics

Spillman et al. (2005) Nutrient Budgets, Algal Dy- Northern Adriatic Sea, Italy — v2.1

namics
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Notation

Table 12.1 variable notation used throughout the CAEDYM v2.2 Science Manual.

Table 12.1: Summary of CAEDYM variable notation.

Variable Description Units
A Phytoplankton C biomass concentration mg C L1
AIN Phytoplankton internal nitrogen concentration mg N L1
AIP Phytoplankton internal phosphorus concentration mg P L™}
a Phytoplankton group index -
Ny Number of phytoplankton groups being simulated -
Z Zooplankton C biomass concentration mg C L1
ZIN Zooplankton internal nitrogen concentration mg N L1
ZIP Zooplankton internal phosphorus concentration mg P L™!
z Zooplankton group index -
Ny Number of zooplankton groups being simulated -
F Fish C biomass concentration mg C L1
FIN Fish internal nitrogen concentration mg N L1
FIP Fish internal phosphorus concentration mg P L1
f Fish group index -
Np Number of fish groups being simulated -
B Bacterial C biomass concentration mg C L1
BIN Bacterial internal nitrogen concentration mg N L1
BIP Bacterial internal phosphorus concentration mg P L™}
M Macroalgal C biomass concentration mg C m™—2
MIN Macroalgal internal nitrogen concentration mg N m=2
MIP Macroalgal internal phosphorus concentration mg P m™?
m Macroalgae group index -
Nys Number of macroalgae groups being simulated -
BV Bivalve C biomass concentration mg C m™2
PC Polychaete C biomass concentration mg C m—2
GZ Crustacean Grazer C biomass concentration mg C m™2
SG Seagrass/Macrophyte C biomass concentration mg C m™2
Np Number of organic matter groups being simulated -
d Detrital organic matter group index -
DOCL Dissolved organic carbon concentration (labile) mg C L~}
POCL Detrital particulate organic carbon concentration (labile) mg C L1
DOCR Dissolved organic carbon concentration (refractory) mg C L1
POCR Detrital particulate organic carbon concentration (refractory) mg C L71
DIC Dissolved inorganic carbon concentration mg C L7!
CO, Carbon dioxide concentration mg C L~}
pCOq Partial pressure of carbon dioxide atm
pH Measure of acidity based on the hydrogen ion concentration, [HT] -
TA Total alkalinity mg CaCO3 L™1
TN Total nitrogen concentration mg N L1
PONL Detrital particulate organic nitrogen concentration (labile) mg N L1
DONL Dissolved organic nitrogen concentration (labile) mg N L1
PONR Detrital particulate organic nitrogen concentration (refractory) mg N L1
DONR Dissolved organic nitrogen concentration (refractory) mg N L~1

Continued on Next Page. ..
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Table 12.1 — Continued

Variable Description Units
PIN Particulate inroganic nitrogen concentration mg N L1
NH, Ammonium concentration mg N L™1
NOs3 Nitrate concentration mg N L1
TP Total phosphorus concentration mg P L7!
POPL Detrital particulate organic phosphorus concentration (labile) mg P L™}
DOPL Dissolved organic phosphorus concentration (labile) mg P L~}
POPR Detrital particulate organic phosphorus concentration (refractory) mg P L™1
DOPR Dissolved organic phosphorus concentration (refractory) mg P L1
PIP Particulate inorganic phosphorus mg P L™!
FRP Filterable reactive phosphorus mg P L7}
DO Dissolved oxygen concentration mg O L7}
SS Suspended sediment concentration mg L1
Ng Number of suspended solid groups being simulated -
s Suspended solid group index -
Ipag, I Light (PAR) intensity uwE m™2
Iyvy Ultra-violet light intensity W m=2
T Temperature °C
S Salinity psu
At Computational time step day s
Az Vertical thickness of computational cell m
Apot Vertical thickness of computational cell overlying sediment m
Agyry Vertical thickness of computational cell adjacent to water- m

atmosphere interface
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