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a b s t r a c t
We developed a numerical model capable of simulating the spatial zonation of nutrient uptake in coral
reef systems driven by hydrodynamic forcing (both from waves and currents). Relationships between
nutrient uptake and bed stress derived from ﬂume and ﬁeld studies were added to a four-component
biogeochemical model embedded within a three-dimensional (3-D) hydrodynamic ocean model coupled
to a numerical wave model. The performance of the resulting coupled physical-biogeochemical model
was ﬁrst evaluated in an idealized one-dimensional (1-D) channel for both a pure current and a combined wave-current ﬂow. Waves in the channel were represented by an oscillatory ﬂow with constant
amplitude and frequency. The simulated nutrient concentrations were in good agreement with the analytical solution for nutrient depletion along a uniform channel, as well as with existing observations
of phosphate uptake across a real reef ﬂat. We then applied this integrated model to investigate more
complex two-dimensional (2-D) nutrient dynamics, ﬁrstly to an idealized coral reef-lagoon morphology,
and secondly to a realistic section of Ningaloo Reef in Western Australia, where nutrients were advected
into the domain via alongshore coastal currents. Both the idealized reef and Ningaloo Reef simulations
showed similar patterns of maximum uptake rates on the shallow forereef and reef crest, and with nutrient concentration decreasing as water ﬂowed over the reef ﬂat. As a result of the cumulative outﬂow of
nutrient-depleted water exiting the reef channels and then being advected down the coast by alongshore
currents, both reef simulations exhibited substantial alongshore variation in nutrient concentrations. The
coupled models successfully reproduced the observed spatial-variability in nitrate concentration across
the Ningaloo Reef system.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Coral reefs are highly productive ecosystems with high biodiversity typically found in the high-light, low-nutrient waters of
the tropics (Odum and Odum, 1955). As natural resources, coral
reefs provide valuable economic services and products worldwide
(Moberg and Folke, 1999). Over the past century stresses, such
as overﬁshing, increased terrestrial runoff from land-use changes,
global warming, ocean acidiﬁcation, and physical disturbance, have
resulted in numerous deleterious impacts ranging from increased
coral bleaching, increased instances of disease, and decreased
rates of coral growth (Hoegh-Guldberg et al., 2007; Hughes, 1994;
Nystrom et al., 2000).
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Among coral reef ecosystem modelling studies, two types of
models have received the most attention: box models and spatially
explicit models. Box models focus on resolving the complexity of
the trophic interactions within a deﬁned ecosystem domain (e.g.,
Polovina, 1984; Porter et al., 1999; Tanner et al., 1996). These models normally assume zero mass ﬂux across the model boundaries
(i.e., they internally conserve mass) and that the properties inside
the domain are spatially homogeneous (i.e., zero-dimensional in
space). The structure and parameters used in these models are
often based on historical data rather than on mechanistic processes describing the relationship between material ﬂuxes, rate
kinetics, and environmental forcing variables (e.g., Meesters et
al., 1998; Porter et al., 1999). Box models are very effective in
describing complex ecological processes that involve a large number of state variables, especially when the intrinsic interactions
between these variables are poorly understood. Conversely, spatially explicit models extend the dimensionality of a model to
reﬂect the more realistic spatial variation in environmental conditions, such as water depth, benthic rugosity, temperature, light,
waves, currents, and water chemistry; all factors that are well-
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known for driving the spatial zonation in rates of reef growth and
metabolism (Atkinson and Falter, 2003; Hatcher, 1997; Kinsey,
1985; Monismith, 2007). Spatially explicit models of pelagic reef
communities (e.g., phytoplankton) typically couple physical transport models with biogeochemical reaction models of carbon,
nitrogen, and phosphorus (e.g., Pinazo et al., 2004), thus providing
the link to ecological processes operating at multiple spatial scales
(Hatcher, 1997). Both types of models have been effectively applied
to understand and manage reef ecosystems; the choice between the
models depends on the complexity of the ecological structure and
the required resolution of the time and spatial scales (Hatcher et al.,
1987).
As in many ecosystems, nutrients play a particularly critical role
in the dynamics of coral reef communities. Nutrient availability limits the growth of reef algae (Carpenter and Williams, 2007; Hatcher
and Larkum, 1983; Schaffelke and Klumpp, 1998) which, in turn,
provides an important food source for grazing ﬁsh and invertebrates (Carpenter, 1986; Odum and Odum, 1955). Rates of nutrient
loading can affect the sensitivity of coral growth to changes in aragonite saturation state (Langdon and Atkinson, 2005). Any changes
in nutrient loading can subsequently have an indirect but important
impact on coral reef communities: high levels of nutrient loading coupled with reduction in herbivore biomass or other stressors
(e.g., bleaching) can cause reef communities to shift from coral- to
algal-dominated (Naim, 1993; Pastorok and Bilyard, 1985; Walker
and Ormond, 1982). To properly assess the complex impacts that
human activities and environmental changes have on coral reef
ecosystems, we therefore must ﬁrst understand the factors that
control the spatial and temporal variability in nutrient dynamics
across entire coral reef systems.
The uptake of dissolved inorganic nutrients (e.g., ammonium,
nitrate, and phosphate) by reef corals and algae is limited by the
convective mass transfer of nutrients across concentration boundary layers adjacent to the surfaces of reef coral and algae (Atkinson
and Bilger, 1992; Badgley et al., 2006; Falter et al., 2004; Thomas and
Atkinson, 1997). This is due primarily to the high rates of carbon
ﬁxation being driven by high light levels and the low availability
of nutrients in the water column (Atkinson and Falter, 2003). The
kinetics of nutrient uptake by coral reef communities is thus dictated not only by nutrient concentrations, but also by local ﬂow and
mixing rates near the benthos, as well as the morphological roughness of the community itself (Bilger and Atkinson, 1992). Local
ﬂow and mixing rates (occurring over scales of meters) depend on
large-scale spatial and temporal variations in waves and currents
(occurring over scales of hundreds of meters to kilometres). Over
even larger scales (several kilometres or more), regional ocean current systems and coastal upwelling can bring nutrient-rich water
from far offshore, thereby directly impacting the nutrient uptake of
the coral reef communities living in shallow nutrient-poor water
in the nearshore (Leichter et al., 2003; Palter et al., 2005; Williams
and Follows, 2003). The spatial and temporal zonation of nutrient
uptake rates is thus mechanistically linked to physical processes
operating at multiple spatial and temporal scales. Due to this inherent multi-scale dependency, the only feasible way to accurately
resolve and predict nutrient dynamics in coral reef communities is
through the development and application of spatially and temporally explicit coupled physical–biogeochemical numerical models.
Recently, the individual components required to develop a coupled hydrodynamic–biogeochemical model for benthic coral reef
communities have been tested and made available in the literature. Modern coupled wave-circulation numerical models capable
of simulating nearshore ocean hydrodynamics, including over reefs
(e.g., Haas et al., 2003; Lowe et al., 2009; Warner et al., 2008a), can
provide the hydrodynamic foundation for such models. For many
decades, biogeochemical models coupled to hydrodynamic models have been tested and applied extensively to study plankton
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communities in pelagic systems (see review by Jørgensen, 2010),
though similar numerical models have not yet been rigorously
developed for communities of benthic primary producers. Robust
functional relationships relating the nutrient uptake kinetics by
coral and algal communities to benthic boundary layer dynamics have been well-established for nearly 20 years (e.g., Bilger and
Atkinson, 1992; Falter et al., 2004). Nevertheless, to our knowledge,
these physical–biological relationships have not yet been coupled
with a numerical hydrodynamic model to simulate the uptake of
dissolved nutrients in coral reef systems.
In this study, we describe the development of a new benthic nutrient uptake module to simulate rates of nutrient uptake
by coral reef communities within the popular, community-based,
coastal 3-D ocean modelling system ROMS (Regional Ocean Modelling System). This integrated model is capable of simulating the
complex temporal and spatial variability in nutrient uptake rates
across real reefs, driven by waves, currents, and turbulent mixing
in a deterministic way. While the focus of the model application in
this present study is on nutrient uptake by shallow coral reef communities, the modelling framework developed here can easily be
extended to investigate benthic nutrient uptake processes in other
coastal environments (e.g., seagrass systems).
This paper is organized as follows. In Section 2, we describe the
numerical ocean circulation and wave models that served as the
foundation for this study, detail the development of a new benthic nutrient uptake module, and investigate the enhancement of
nutrient uptake rate by wave-driven oscillatory ﬂow. In Section
3, results from three separate model applications are presented,
ﬁrstly to evaluate the model performance under idealized conditions, and secondly to examine the ability of the model to simulate
the spatial variability of nutrient concentrations in a real fringing reef system with complex bathymetry. Potential applications
and the scope for further development with this new modelling
framework are discussed in Section 4.
2. Methods
We developed the integrated numerical model using a 3-D
ocean circulation model two-way coupled to a spectral wave model.
The circulation model also includes a reactive tracer module capable of simulating pelagic biogeochemical cycling, in which we
inserted our new benthic nutrient uptake model. This benthic
uptake module is driven by currents, waves, and turbulent mixing
processes simulated by the two hydrodynamic (wave and circulation) models. A benthic boundary layer model, embedded in the
circulation model, calculates wave- and current-induced bottom
stresses, which predicts the nutrient uptake rate coefﬁcient. A
schematic of the modelling framework and the linkages between
its various components are summarized in Fig. 1 (for descriptions of
model variables, see Table 1). Each component in Fig. 1 is described
in detail in the following Sections 2.1–2.4.
2.1. Ocean circulation and wave models
We based the hydrodynamic modelling on a version of the
open-source, community ocean circulation model ROMS (release
3.2) coupled to the spectral wave model SWAN (Simulating Waves
Nearshore, release 40.51). ROMS is a 3-D model that solves the
primitive hydrostatic equations for momentum on a horizontal
curvilinear Arakawa C grid, with terrain-following coordinates in
the vertical, using a stable split-explicit time-stepping scheme
(Haidvogel et al., 2008; Shchepetkin and McWilliams, 2005). The
model incorporates the effects of density stratiﬁcation due to temperature and salinity ﬁelds, air-sea ﬂuxes and tidal forcing, and
has been designed to take advantage of shared-memory, parallel
computing architectures. The ROMS code is ﬂexible by providing
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Through the coupling process, SWAN passes ROMS the various wave parameters (see Fig. 1) required to compute radiation
stresses, which, in turn, generates the wave setup and mean currents based on the wave-current interaction formulations of Mellor
(2003). Wave parameters output from SWAN are also used by ROMS
to account for the wave enhancement of turbulent mixing and bed
shear stresses. Surface elevations and current vectors computed by
ROMS are passed back to SWAN to account for current-refraction
effects and, possibly, wave blocking. Given that the circulation generated within most coral reef systems is generally driven by surface
wave forcing (Monismith, 2007), the use of this coupled wavecirculation models is essential to accurately predict the dominant
transport and mixing processes that occur in most coral reef systems (Lowe et al., 2009).
2.2. Development of a benthic uptake module

Fig. 1. Overview of the numerical modelling framework. Boxes indicate model components, arrows with numbers denote key processes (as described below), and
symbols indicate the variables exchanged during these processes. The red box and
the red arrow highlight the new benthic nutrient uptake model developed in this
paper. (1) Coupling of the ocean circulation model and wave model. The wave model
passes wave parameters required for calculating radiation stress gradients in the
circulation model, which feeds the wave model back with surface elevation () for
wave set-up and depth-averaged velocity (uc ) for current-induced refraction calculations. (2) Calculating bottom stresses and wave friction coefﬁcients. Roughness length
Z0 and simulated velocity proﬁle uc (z) from the circulation model, combined with
wave parameters (Hs , Lω , w ) from the wave model, are together passed to a bottom

boundary layer model, where the time-averaged combined bottom stress (c ), timeaveraged magnitude of the combined bottom stress (), and wave friction coefﬁcient
(fcw ) are calculated. These results are fed back to the circulation model and the wave
model respectively. (3) Modelling benthic uptake based on combined wave-current
bottom stress. The  calculated from the bottom boundary layer model is passed to
a benthic uptake model, where benthic uptake rates and nutrient concentrations
in the bottom cell (m, n) are calculated. (4) Predicting nutrient concentration in the
water column. The output Cm,n from the benthic uptake model assigns the values
for nutrient concentration at bottom cells for the pelagic biogeochemical model.
(5) Transport of nutrients. Finally, nutrients with concentration C within the whole
water column are mixed, transported and dispersed in the ocean circulation model
as conservative tracers.

users with various numerical advection schemes (Shchepetkin and
McWilliams, 1998), turbulent closure models (Warner et al., 2005),
bottom stress formulations (Blaas et al., 2007; Warner et al., 2008b)
and open boundary conditions (e.g., Marchesiello et al., 2001).
Recent developments by the ROMS community have focused
on the incorporation of nearshore processes into this model
via use of the Model Coupling Toolkit (http://www.mcs.
anl.gov/research/projects/mct/). In this conﬁguration, ROMS
is two-way iteratively coupled with the third-generation spectral
wave model SWAN (Booij et al., 1999; Warner et al., 2008c). SWAN
is a wave-averaged, wave-action balance model that solves transport equations for wave action density (energy density divided
by relative frequency) on two-dimensional (2-D) curvilinear grids
(Booij et al., 1999; Ris et al., 1999). The SWAN model accounts
for refraction, diffraction, and nonlinear wave–wave interactions,
as well as includes various wind wave growth formulations and
dissipation formulations, i.e. by white-capping, depth-limited
wave breaking and bottom friction.

Biogeochemical models embedded in coastal ocean models
have mainly focused on simulating pelagic processes occurring within the water column, i.e., the dynamics of plankton
communities (e.g., Fennel et al., 2008). ROMS incorporates
several common pelagic biogeochemical models, each of varying complexity, the simplest being the four-component NPZD
(Nutrient-Phytoplankton-Zooplankton-Detritus) models (Fiechter
et al., 2009; Franks et al., 1986; Powell et al., 2006). In most coral
reef systems, the uptake of nutrients by phytoplankton is typically
negligible compared to benthic uptake (Atkinson and Falter, 2003;
Hatcher et al., 1987; Kinsey, 1985), and we thus turned off the
phytoplankton, zooplankton, and detritus components of the NPZD
model. While any biogeochemical modules within ROMS could be
used, we implemented the NPZD model proposed by Powell et al.
(2006) (denoted as NPZD POWELL within ROMS) to develop the
new benthic nutrient uptake module in the existing ROMS source
code.
The rate at which benthic reef coral and algae take up dissolved
nutrients has been successfully parameterized using ﬁrst-order
mass transfer relationships, using theory originally developed in
the engineering heat and mass transfer literature (e.g., Bilger and
Atkinson, 1992):
J = ˇ(C − Cs )

(1)

where J is the nutrient uptake rate per unit plan area
(mmol d−1 m−2 ), ˇ is the mass transfer velocity (m d−1 ) for the
nutrient, C is the ambient nutrient concentration (mmol m−3 ) in
the water column, and Cs is the nutrient concentration (mmol m−3 )
at the surface of the benthos. In the generally nutrient-poor waters
of coral reefs (Odum and Odum, 1955), the rate of nutrient removal
by reef organisms at the tissue surface is usually much faster than
the maximum rate of nutrient delivery by hydrodynamic processes
occurring in water column, such that C > > Cs (Badgley et al., 2006),
i.e., Cs in Eq. (1) is negligible, and the uptake rate becomes linear
with respect to C alone, i.e.,
J = SC

(2)

where S is the ﬁrst-order nutrient uptake rate coefﬁcient
(m d−1 ). Under conditions of nutrient mass transfer limitation, S = ˇ.
The nutrient uptake coefﬁcient S for coral reef communities has
already been successfully parameterized as a function of the total
bottom stress using empirical mass-transfer correlations (Atkinson
and Falter, 2003; Dipprey and Sabersky, 1963). For the model, we
used the following simpliﬁed relationship adapted from Falter et al.
(2004):
S=a

 2 b


Sc c

(3)
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Table 1
List of symbols.
Variable

Description

Unit

a
b
c
C
C0
Cd
Cm,n
CNO3
CPO4
Cs
C
fcw
g
h
Hs
i
î
ĵ
J
K
ks
KEc
KEcw
KEw
Lω
S
S0
Sc
SNO3
SPO4
T
Tp
ub
uc
uc (z)
u*c
x
y
z
Z0
t
z
ˇ

Constant coefﬁcient for nutrient uptake formula
Constant coefﬁcient for nutrient uptake formula
Constant coefﬁcient for nutrient uptake formula
Ambient nutrient concentration
Nutrient concentration from the inﬂow boundary
Depth-averaged bottom drag coefﬁcient for pure current
Nutrient concentration at the bottom cell with indices (m,n)
Nitrate concentration in the ambient water column above the benthos
Phosphate concentration in the ambient water column above the benthos
Nutrient concentration over the surface of the benthos
Non-dimensional coefﬁcient (≈1) in the Madsen (1994) model
Wave-friction factor
Gravitation acceleration
Water depth
Signiﬁcant wave height
Time step index
Unit vector parallel to the direction of wave propagation
Unit vector orthogonal to the direction of wave propagation
Nutrient uptake rate per unit area
Von Kármán’s constant
Nikaradse roughness length
Kinetic energy density for pure current ﬂow
Wave-averaged total kinetic energy density for combined wave-current ﬂow
Wave-averaged kinetic energy density for pure wave ﬂow
Mean wave length
Nutrient uptake rate coefﬁcient
Bottom slope or surface elevation slope
Schmidt number
Nitrate uptake rate coefﬁcient
Phosphate uptake rate coefﬁcient
Time
Peak wave period
Maximum amplitude of the near-bottom wave orbital velocity
Depth-averaged horizontal current speed
Horizontal current speed at depth z
Current friction velocity
Distance along the channel or normal to the shoreline
Distance along the shoreline
Distance away from the benthic boundary layer
Hydraulic roughness length
Time interval of a numerical simulation
Depth of the bottom cell
Nutrient mass transfer velocity
Wave breaking parameter
JONSWAP shape parameter
Constant converting days to seconds
Surface elevation
Wave propagating direction
Sea water density
JONSWAP shape parameter
JONSWAP shape parameter
Time-averaged magnitude of the combined wave and current bottom stress
Instantaneous combined wave and current bottom stress vector
Bottom stress induced by pure current
Time-averaged combined stress
Maximum amplitude of the bottom stress due to waves alone
Angle between the directions of current and waves propagation
Peak radian wave frequency

N−0.38 m0.62 kg0.38 d−1
–
–
mmol m−3
mmol m−3
–
mmol m−3
mmol m−3
mmol m−3
mmol m−3
–
–
m s−2
m
m
–
–
–
mmol d−1 m−2
–
m
J m−3
J m−3
J m−3
m
m d−1
–
–
m d−1
m d−1
s
s
m s−1
m s−1
m s−1
m s−1
m or km
km
m
m
s
m
m d−1
–
–
d s−1
m

J

ε

w

a
b


−
→
b (t)
c

c
w,max
c

ωp

where  is the time-averaged magnitude of the combined wave
and current bottom stresses (N m−2 ), including both the stresses
induced by bed form drag and bottom shear stresses,  is the seawater density (kg m−3 ), Sc is Schmidt number (i.e., the ratio of
kinematic viscosity and mass diffusivity) of a speciﬁc dissolved
nutrient, and a, b, and c are empirical coefﬁcients. Note that a is a
dimensional coefﬁcient while b and c are dimensionless (see Fig. 2).
While most prior work has focused on benthic uptake driven
by unidirectional currents, recent experimental work has demonstrated that oscillatory wave motion can signiﬁcantly enhance rates
of nutrient mass transfer (e.g., Falter et al., 2005; Lowe et al., 2005a;
Reidenbach et al., 2006). This enhanced transfer rate is due to higher
wave-driven ﬂow and dissipation within reef canopies (Lowe et al.,

◦

kg m−3
–
–
N m−2
N m−2
N m−2
N m−2
N m−2
◦

s−1

2005b); however, the rate of nutrient uptake remains functionally
dependent on the total bottom stress  induced by both steady and
oscillatory ﬂows, i.e., the rate of nutrient mass uptake is related to
the total momentum transfer to the benthos.
Adopting the convention that the positive x direction is in
the direction of wave propagation, when both waves and current present the instantaneous combined wave and current bottom
→
stress −
b (t) is equal to the vector sum of the steady current component and the unsteady wave component (e.g., Grant and Madsen,
1979):
−
→
b (t) = (c cos



c



+ w,max sin(ωp t) sin(ωp t)) · î + (c sin

c ) · ĵ

(4)
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described as:
d (Cm,n z)
= −εSCm,n
dt

(6)

where Cm,n is the nutrient concentration (mmol m−3 ) at the bottom cell (m, n), z is the depth (m) of the bottom cell, and ε is
a constant converting days to seconds. Eq. (6) can be discretized
implicitly with respect to time according to:
i+1
i
z − Cm,n
z
Cm,n

t

i+1
= −εSCm,n

(7)

so that:
i+1
Cm,n
=



i
Cm,n

1 + tεS/z



(8)

where i is the time step index and t the time stepping interval
(s). Nutrient concentrations calculated within the NPZD model are
then passed to ROMS, where they are transported and dispersed
within the model domain as conservative tracers, before they are
fed back to the NPZD model at the following time step (see Fig. 1).
Fig. 2. Nutrient uptake rate coefﬁcient S for dissolved nutrients between the water
column and experimental communities of low-relief algal-covered coral rubble,
high-relief algal-covered coral rubble, Pocillopora damicornis, and Porites compressa
as a function of total bottom stress and Schmidt number (adapted from Falter
et al., 2004) Also included are calcium uptake rate coefﬁcients for coral skeletons
coated with synthetic gypsum. The line denotes the prediction given by Eq. (3) with
a = 2850 N−0.38 m0.62 kg0.38 d−1 , b = 0.38, and c = −0.6 (r2 = 0.90, n = 31).

2.3. Benthic boundary layer model under combined wave-current
ﬂow
In general, the bottom stress induced by a pure current  c in
shallow water over a rough bed follows a quadratic drag law:
c = Cd uc

c

(N m−2 ),

where is the time-averaged combined stress
i.e., the
steady current component, c is the angle (o) between the direction
of the current and wave propagation, which is in the range of [0,
90◦ ] (Grant and Madsen, 1979), w,max is the maximum amplitude
of bottom stress (N m−2 ) due to waves alone, ωp is the peak radian
frequency (s−1 ) of the wave spectrum, t is the time (s) from the
start of the wave period, and î and ĵ are the unit vectors parallel
and orthogonal to the positive x direction, respectively. Note that,
due to the presence of waves, c is greater than the bottom stress
induced by a pure current alone ( c ), and c = c holds only when
waves are not present.
Most references on combined wave and current bottom stress
have focused on predicting the maximum bottom stress (taking the
maximum of Eq. (4)), which is a key driver for sediment transport;
however, for benthic nutrient uptake, the most relevant term is
the average magnitude of the combined wave and current bottom
stresses (Falter et al., 2004), which can be derived by taking the
→
time average of the magnitude of −
b (t) over the peak wave period
Tp as:
1
=
Tp

Tp

−

→
b (t) dt

(5)

0

Eq. (5) is tedious to solve analytically, but a numerical integral
canbe easily estimated by generating a discrete time series
−
b (t) at a number of equally spaced t within the range of [0, Tp ]
of →
and taking the mean. The estimated integral (Eq. (5)) was implemented in the source ﬁle mb bbl.h in ROMS to calculate the mean
amplitude of combined bottom shear stress , which is required by
Eq. (3) to calculate the benthic nutrient uptake rate coefﬁcient.
The benthic uptake module was developed by allowing the
chemical processing to occur only within the bottom cell within
the pelagic NPZD POWELL module, which when coupled with the
advection, diffusion and mixing processes in ROMS updates the 3D nutrient concentration ﬁeld within the model. From Eq. (2) and
based on conservation of mass for nutrients, the rate of change
of nutrient concentration within one bottom cell (m, n) can be

2

(9)

To conform to the convention of the 2-D models frequently
applied in shallow water, the depth-averaged bottom drag coefﬁcient Cd and depth-averaged horizontal current speed uc (m s−1 )
are used in Eq. (9) to calculate the bottom stress.
In a similar fashion, the maximum wave-induced bottom
stresses w,max are also described by a quadratic drag law (e.g.,
Madsen, 1994):
w,max =

1
fcw u2b
2

(10)

where fcw is termed the wave-friction factor and ub is the maximum amplitude of the near-bottom wave orbital velocity (m s−1 ).

The parameterization of c in Eq. (4) and fcw in Eq. (10) depends
on the wave-current interaction model chosen. Within ROMS, there
are three commonly used algorithms developed by Madsen (1994),
Soulsby (1995), and Styles and Glenn (2002), respectively. The
Madsen (1994) model is only accurate when the hydraulic bottom
roughness is so small that C ub /(30ωp Z0 ) > 8 is satisﬁed across the
whole domain. Given a wave period and hydraulic roughness typical of coral reefs (ωp ∼ 0.6s−1 , Z0 ∼ 0.02m, see below), the Madsen
(1994) model would require ub > 2ms−1 . This is far higher than
values typically reported for reef systems (Monismith, 2007), therefore this model would generally not be suitable for reef systems. The
algorithm of Styles and Glenn (2002) coded in ROMS does not converge to the correct c in wave-dominated conditions. Therefore,
we chose the Soulsby (1995) model since we found it to be computationally more efﬁcient under a wide range of wave and current
ﬂow combinations and yet no less accurate than other models.
In the Soulsby (1995) formulation, the wave-friction factor fcw
is related to the ﬂow and hydraulic roughness by the empirical
equation:


fcw = 1.39

ub
ωp Z0

−0.52

(11)

where Z0 is the hydraulic roughness length (m). Note that Z0 is
related to the effective Nikaradse roughness length (m) ks commonly reported in the literature as Z0 = ks /30, which has been
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−3

40J m

−3

20J m

−3

8

5J m

−1

(m d )

NO3

6

4

10

S

τ (N m−2)

15

5
2

0
0. 0

Pure waves

0. 5

1. 0

0
0. 0

KEc/KEcw Pure current Pure waves

0. 5

1. 0

KEc/KEcw Pure current

Fig. 3. The time-averaged magnitude of the bottom stress () and related nutrient uptake rate coefﬁcient (SNO3 ) as a function of the ratio of current kinetic energy density
to the total wave-current kinetic energy density (KEc /KEcw ) where KEcw is kept constant based on the assumed depth of 1 m. (A) The dependency of  on KEc /KEcw . (B) The
dependency of SNO3 on KEc /KEcw . The legend shows the values of KEcw for each computation line.

related to the physical roughness scales of the reef (Lowe et al.,
2005a). Within the coupled wave model SWAN, Eq. (11) was also
used to parameterize wave damping, in order to ensure the consistency of the friction coefﬁcients between the models.
Soulsby (1995) parameterized the c based on the magnitudes of
the bottom stresses under pure oscillatory and pure unidirectional
ﬂows, i.e.:

 
w,max

  c = 1 + 1.2

c + w,max

3.2
c

(12)

Although both waves and current contribute to the total bottom
stress , waves are often the dominant factor controlling nutrient uptake in wave-exposed coral reef systems for several reasons
(Falter et al., 2004). Firstly, ﬂow velocities near the benthos on many
areas of the reef are dominated by wave orbital motions, especially
on the forereef and the seaward regions of the reef ﬂat (Munk and
Sargent, 1954). Secondly, the amplitude of fcw on reefs, of order
0.1–0.3 (e.g., by Lowe et al., 2005a), is typically much greater than
the magnitude of Cd (Falter et al., 2004), typically of order 0.01–0.05
(e.g., Reidenbach et al., 2006). This increased hydraulic roughness
is driven by the greater wave-driven ﬂow within the benthic reef
canopies, which also leads to the greater nutrient mass transfer
via Eq. (3). Historically, the assumption of current-driven nutrient uptake alone has led to substantial underestimation of nutrient
uptake rates when the water motion over reef communities is dominated by waves (Bilger and Atkinson, 1992).
To illustrate how waves enhance rates of nutrient mass transfer over those associated with comparable unidirectional currents,
we ﬁrst calculate the kinetic energy density for current and waves,
respectively, as:

KEc =
2h
KEw =



h

uc (z)2 dz

(13)

0

1 2
u
4 b

(14)

and then deﬁne the mean kinetic energy density for a combined
wave-current ﬂow as:
KEcw = KEc + KEw

(15)

where h is the water depth (m) and uc (z) is the horizontal current speed (m s−1 ) at depth z (m) above the benthos. Fig. 3A shows
the computed  using Eq. (5) with Eqs. (9)–(12), plotted as a function of KEc /KEcw , for various values of the total kinetic energy
density KEcw . This shows that  increases as KEcw in the overlying ﬂow increases. However both  and S also increase as the ﬂow
shifts from being current-dominated to wave-dominated, i.e., as
the ratio of KEc /KEcw decreases (Fig. 3). These results emphasize
that the nutrient uptake rate coefﬁcient induced by wave orbital
motion alone is roughly 2–3 times higher than that induced by a
steady current having the same kinetic energy; this is comparable to the 1.5–3 enhancement in dissolved species mass transfer
observed experimentally by Lowe et al. (2005b) and Reidenbach
et al. (2006). These results also emphasize the importance of
utilizing fully coupled models of wave transformations to accurately simulate benthic nutrient uptake that occur across coral reef
systems.
2.4. Model application
In all model applications presented herein, ROMS was conﬁgured according to the following speciﬁcations. We used a k − ω
genetic length scale turbulence closure scheme (Warner et al.,
2005) and a 4th order advection scheme for both tracers and
momentum. We chose a typical value of the depth-averaged bottom drag coefﬁcient Cd of 0.017 observed over coral reef ﬂats
(Lowe et al., 2009), corresponding to a hydraulic roughness length
of Z0 = 0.0166m. For simplicity, we assumed that the hydraulic
roughness was spatially uniform in all simulations; however, a
spatially-varying roughness map can easily be incorporated in
future ROMS simulations. For both the idealized and real reef examples, SWAN was conﬁgured in non-stationary mode and the less
important processes (i.e., local wind generation, nonlinear wavewave interaction and white capping dissipation) were turned off.
Incoming swell wave energy was prescribed at the open boundaries
using a speciﬁed signiﬁcant wave height, peak period, peak direction and directional spreading, by assuming a standard JONSWAP
frequency distribution ( J = 3.3, a = 0.07, b = 0.09) and a cosine to
the power 5 directional distribution (e.g., Holthuijsen, 2007). Wave
dissipation inside the domain due to depth-limited wave breaking
and bottom friction was modelled with typical parameter values
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observed on coral reefs, i.e., a breaking parameter of = 0.7 and a
wave friction factor fcw calculated by Eq. (11).
Rates of nutrient uptake by benthic reef communities have been
observed to be insensitive to diurnal changes in light under conditions of nutrient mass transfer limitation (Atkinson et al., 2001);
therefore, no diurnal dependency in nutrient uptake kinetics was
introduced. Rates of nutrient uptake in deeper communities may
begin to be affected by light attenuation. However, the relationship between the rates of nutrient uptake and optical depth remain
unclear. We have thus restricted the application of our model to
shallow reef communities less than 10 m since below this depth
both light and primary production drop substantially (Klumpp
et al., 1987). In addition, benthic communities dominate nutrient
and carbon cycling in coral reef systems (Atkinson and Falter, 2003;
Kinsey, 1985). Therefore, we turned off all the pelagic biogeochemical transformations in the NPZD POWELL model by setting light
and initial concentrations of all four NPZD components to zero in
order to focus only on benthic uptake processes.

driven only by a mean current, and a second, where an oscillatory
ﬂow driven by waves was superimposed on the mean current. Note
that to maintain the same depth-averaged current uc for the combined wave-current ﬂow case, a greater slope S0 was required to
compensate for the wave-enhancement of the mean bottom stress
c . For the combined wave-current case, we superimposed an oscillatory ﬂow with a 10 s period and a maximum near-bottom wave
orbital velocity of 0.3 m s−1 (Falter et al., 2004). The oscillatory ﬂow
was imposed uniformly over the domain (i.e., any wave-damping
by bottom friction was ignored) so that we could compare the simulation results with analytical solutions for uniform physical forcing
scenarios.
For the nutrient uptake model, we assumed that the entire
domain was covered by living benthos actively taking up phosphate (see description by Atkinson and Bilger, 1992; Falter et al.,
2004). During the simulations, a constant phosphate concentration
C0 was imposed at the inﬂow boundary. The simulations then were
run until an equilibrium nutrient concentration ﬁeld over the entire
model domain was attained.

3. Results
In this section, three model applications are used to demonstrate
both the capability and the performance of the new integrated
physical–biogeochemical model.

3.1.2. Analytical and 1-D numerical solutions
For steady open-channel current ﬂow, the bottom stress balances the component of the gravitational force along the channel
due to the slope (Warner et al., 2008b), i.e.

3.1. Example 1: Current- and wave-driven open-channel ﬂow

c = gS0 h



(16)
(=9.81 m s−2 )

For this example, we simulated the uptake of phosphate along
an open-channel of uniform depth driven ﬁrstly by a unidirectional
ﬂow and secondly by a combined wave-current ﬂow (Table 2). This
could, for example, approximate a current- and/or wave-driven
oscillatory ﬂow over a coral reef ﬂat. A steady current was generated by imposing a small constant bottom slope in the channel
(e.g., Warner et al., 2005, 2008b). We chose this gravity-driven conﬁguration instead of a constant along-channel pressure gradient
since, within ROMS, it is very easy to maintain a constant slope for
the channel bottom rather than surface elevation during the simulations; however, the ﬂows generated by both conﬁgurations are
dynamically the same.
3.1.1. ROMS simulations
The water depth h was set constant over the whole domain as
the initial condition in both simulations and the surface elevation
 was set to zero on the inﬂow boundary. Radiation boundary conditions (e.g., Kantha and Clayson, 2000) were applied to the surface
elevation on the outﬂow boundary as well as to the 2-D and 3-D
momentum ﬂuxes to allow the ﬂow to develop freely along the
channel. To make these idealized simulations similar to the predominant ﬂow conditions found on a real reef ﬂat, and to compare
with ﬁeld measurements, we conﬁgured the model to have the
approximate physical and chemical attributes as the Kaneohe Bay
barrier reef (Table 2, Atkinson, 1987; Bilger and Atkinson, 1992).
Two simulations were considered: one, where nutrient uptake was

and S0 is
where g is the gravitation acceleration
the bottom slope, which also equals the slope of the initial free surface elevation. Under unidirectional ﬂow over rough bottoms, the
velocity typically increases logarithmically with distance z away
from the boundary as (e.g., Schlichting, 2003):
uc (z) =

u∗c
ln
k

z

(17)

Z0

where k = 0.41 is the von Kármán’s constant and the friction
velocity u∗ c (m s−1 ) is deﬁned as:


u∗c =

c /

(18)

By taking the depth-average of Eq. (17), we obtain:
uc =

u∗c
k

 h
ln

Z0

−1+

Z0
h



(19)

Now substituting Eqs. (16) and (18) into Eq. (19), we obtain:
uc =

gS0 h
k

 h

· ln

Z0

−1+

Z0
h


(20)

From Eq. (20), we can see that, for a given hydraulic roughness
Z0 , any target depth-averaged velocity uc can be obtained by simply
varying the bottom slope S0 . For the unidirectional ﬂow simulations
with uc = 0.06 m s−1 (modelled after Bilger and Atkinson, 1992), a
bottom slope S0 = 6.4 × 10−6 was therefore applied.
For steady shallow water ﬂow where the water column is vertically well-mixed, the nutrient mass balance along the channel is

Table 2
Model set-up for the uniform open-channel ﬂow examples.
Model parameter

Length, width, and depth
Number of cells for length, width and depth
Time step
Time interval
Depth-averaged velocity
Bed slope
Inﬂow tracer boundary condition
Oscillatory ﬂow peak frequency, bottom orbital velocity

Variable

L, W, h
Lm , Wm , Nm
ntimes
Dt
uc
S0
PO4
Tp , ubw

Value
Pure current

Combined wave-current

12,000, 1200, 1 m
50, 5, 50
20,000
12 s
0.06 m s−1
6.4 × 10−6
0.116 mmol m−3
–

2800, 280, 1 m
50, 5, 50
40,000
28 s
0.06 m s−1
1.3 × 10−5
0.116 mmol m−3
10 s, 0.3 m s−1
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bottom stresses is critical to modelling rates of nutrient uptake in
coral reef environments whenever waves are present.

0.12
analytical
ROMS (pure current)
measured by Atkinson
ROMS (wave current)

−3

CPO4 (mmol m )

0.10

3.2. Example 2: Idealized fringing reef
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Fig. 4. Simulated and measured phosphate concentration (CPO4 ) as a function of
distance (x) from the inﬂow boundary for the open channel ﬂow examples. Actual
concentrations of phosphate across the Kaneohe Bay barrier reef ﬂat as ﬁrst reported
by Atkinson (1987).

governed by the 1-D differential equation (e.g., Atkinson and Bilger,
1992):
d(Ch)
SC
=−
dx
uc

(21)

where C(x) is the nutrient concentration (mmol m−3 ) that varies
with distance x (m) down the channel.
The analytical solution of Eq. (21) predicts an exponential decay
in nutrient concentration down the channel according to:

 Sx 

C(x) = C0 exp −

uc h
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(22)

where C0 is the initial (incoming) nutrient concentration at x = 0.
Therefore, for an inﬂow phosphate concentration of
C0 = 0.116 mmol m-3 (from Fig. 2 in Bilger and Atkinson, 1992)
with uc = 0.06ms−1 , Eq. (22) predicts the analytical nutrient depletion curve shown in Fig. 4. The surface phosphate concentration
simulated by ROMS (see also Fig. 4) was clearly in excellent agreement with this analytical solution. The simulated concentration at
the bottom (not shown) deviated from that at the surface by only
2%, conﬁrming that the water column was indeed well-mixed.
3.1.3. Combined wave-current case
For the case when a wave-driven oscillatory ﬂow was superimposed onto the mean current, the same number of grid cells was
used, but the length of the channel was shortened (thus increasing the grid resolution) to account for the expected more rapid
decline of phosphate concentration down the channel due to the
wave enhancement of nutrient uptake (see Table 2).
The ROMS simulation predicted a nutrient uptake rate coefﬁcient SPO4 = 7md−1 , which agrees very well with the ﬁeld estimate
of SPO4 = 9md−1 made by Bilger and Atkinson (1992). The discrepancy between the two may be partially explained by the simpliﬁed
steady ﬂow and 1-D assumption used in this example. In reality, wave heights, water depth, bottom roughness, and currents
are known to vary slightly both spatially and temporally over this
section of the reef ﬂat (e.g., Lowe et al., 2005a). Nonetheless, the
simulation of phosphate uptake in the presence of wave-driven
oscillatory ﬂow agreed more closely with the actual observations
(Fig. 4), indicating that proper inclusion of surface wave-induced

To investigate nutrient uptake and concentration distributions
for an idealized coastal fringing reef, we applied our model to the
reef morphology used in the hydrodynamic reef study of Lowe et al.
(2010). The main advantage in investigating nutrient dynamics for
this simple reef conﬁguration is, by removing the site-dependent
details of the complex ﬁne-scale topography in real reef systems,
it focuses on the ﬁrst-order spatial variation of nutrient dynamics,
and thus clearly illustrates the mechanistic link between nutrient
dynamics and hydrodynamic processes.
The idealized reef was comprised of a linearly-sloping forereef
(1:30 slope), a shallow reef ﬂat, a lagoon separating the reef from
the shore, and a channel extending through the reef from the lagoon
offshore to deeper water (see Fig. 5A). The dimensions of the reef are
summarized in Table 3. We chose to model nitrate at a temperature
of 25 ◦ C (Sc = 510.5) to facilitate comparison between uptake in the
idealized reef and a real fringing reef system (see Section 3.3).
Overall, the hydrodynamic model conﬁguration followed Lowe
et al. (2010). We thus deﬁned three isolated reef blocks, separated by channels, in the middle and two half reef blocks on
the northern and southern ends (see Fig. 5A). Walls were added
on the northern and southern boundaries extending from the
shoreline to the reef crest. This ensured the symmetrical structure of the reef bathymetry, but kept the forereef section open
to allow an alongshore current to transport nutrients through the
domain (see Lowe et al., 2010 for details). We also added walls
on both eastern and western boundaries to deﬁne the shoreline
and the offshore boundary, respectively. The offshore wall was
intentionally placed far enough offshore so that it did not affect
the wave-driven circulation; subsequent simulations showed that
the current strength in the cross-shore direction close to the offshore boundary remained one order of magnitude lower than that
encountered on the reef ﬂat. The Flather boundary condition (e.g.,
Blayo and Debreu, 2005; Marchesiello et al., 2001) was applied for
the 2-D momentum ﬂux at both the northern and southern boundaries and a radiation boundary condition was applied for the 3-D
momentum ﬂux and surface elevation. The surface elevation and
momentum ﬂuxes along the open lateral boundaries can thereby
adjust freely to wave set-up yet maintain constant alongshore
currents.
The imposed alongshore current was modelled by assuming that
the bottom stress balances the alongshore pressure gradient (e.g.,
Thompson, 1987), similar to the force balance in the open-channel
ﬂow example (see Eq. (20)).
A constant concentration of nitrate (Table 4) was released from
the northern boundary (the inﬂow boundary) and transported
southward by the alongshore current. At the northern, western and
eastern boundaries, we applied a uniform incident wave condition
with the wave direction being normal to the shore (see Table 4).
Benthic nitrate uptake was only allowed to occur on the reeftop and forereef area since, based on common reef zonation, reef
lagoons and channels are generally comprised of sandy substrate
with low levels of metabolic activity (Atkinson and Falter, 2003).
Wave set-up and associated wave-driven circulation over the reef
Table 3
Lengths, widths and heights for the idealized reef example.
Reef dimension

Variable

Value

Depths of reef-ﬂat, lagoon, and off-shore
Lengths of reef-ﬂat, lagoon, and forereef
Widths of reef-ﬂat, and channel

hR , hL , hS
LR , LL , LS
WR , WC

1.5, 3, 50 m
500, 500, 2500 m
1000, 250 m
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Fig. 5. Example of a hydrodynamic model simulation for the idealized reef morphology. (A) Bathymetry. (B) Signiﬁcant wave height (Hs ). (C) 2-D reef circulation. The vector
plot indicates direction and magnitude while the colour contours indicates the magnitude only (positive values represent current in the shoreward direction). (D) Ratio of
KEc /KEcw . The black boxes in all the subplots highlight the shallow reef ﬂats. The boundary conditions are also highlighted in (A).

was simulated using the two-way coupling of ROMS and SWAN.
The various model parameters are summarized in Table 4.
Outputs from the hydrodynamic models (signiﬁcant wave
height, current, and energy density ratio KEc /KEcw ) are shown in

Fig. 5B–D. Wave breaking along the reef crest (Fig. 5B) drove the
shoreward ﬂow across the reef, and this ﬂow returned to the ocean
through the channel. The coupled wave-current model successfully
reproduced the wave-driven reef circulation patterns simulated in

Table 4
Model set-up for the idealized reef and for the Ningaloo Reef examples.
Model parameter

Variable

Length, width
Number of grid cells
Time step
Time interval
Two way coupling time interval
Inﬂow tracer boundary condition
Wave direction, signiﬁcant wave height, wave period at the boundaries
Alongshore pressure gradient

L, W
Lm, Mm, Nm
ntimes
Dt
TimeInterval
NO3−
w , Hs , Tp
S0

Value
Idealized reef

Ningaloo reef

2.45, 4.93 km
98, 197, 10
69,120
1.25 s
300 s
1 mmol m−3
90o , 1.6 m, 12 s
3.6 × 10−7

7.27, 15.92 km
140, 289, 10
207,360
1.25 s
300 s
2.65 mmol m−3
270o , 1.7 m, 12 s
3 × 10−7 (northern) 5 × 10−7 (southern)
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Fig. 6. Simulation of wave-current interaction and nutrient uptake on the idealized reef. (A) Simulated time-averaged magnitude of the combined wave and current bottom
stress (). (B) Nitrate uptake rate coefﬁcient (SNO3 ). (C) Nitrate concentration (CNO3 ). (D) Nitrate uptake rate (J).The black boxes in all the subplots highlight the shallow reef
ﬂats.

Lowe et al. (2010), using the same idealized reef morphology, albeit
using a different hydrodynamic model and with an added alongshore current. In the present model, the inclusion of this alongshore
current towards the south caused the channel outﬂows to deﬂect
southwards as they moved offshore (Fig. 5C).
Wave-driven orbital motions dominated the ﬂows on the forereef and reef ﬂat (KEc /KEcw < 0.5 in Fig. 5D), where active nitrate
uptake was taking place. The spatial pattern of the bottom stress
(Fig. 6A) in this area was strongly dependent on the local depth
and signiﬁcant wave height (Fig. 5A and B). As a consequence,

nutrient uptake rate coefﬁcient S increased with decreasing depth
and the relatively constant wave height on the forereef before
the breaking point (Fig. 6B), and then decreased rapidly inshore
due to the substantial reduction in wave height shoreward of the
surf zone.
While the steepest gradients in simulated nitrate concentration
occurred in the cross-shore direction, there was still substantial
variability in nitrate concentration alongshore (Fig. 6C). Analogous to the open-channel examples, nutrients became gradually
depleted across the reef ﬂats as the wave-driven mean ﬂows moved

1466

Z. Zhang et al. / Ecological Modelling 222 (2011) 1456–1470

Fig. 7. Bathymetry of a section of the Ningaloo Reef (22◦ 13 S, 113◦ 50 E) at Sandy Bay in Western Australia. (A) The whole model domain. (B) Close-up showing the locations
of observation stations T0, T1, T2, T3, T4, T5, and T6. Wave spectra and currents were measured at T0, whereas nutrient concentrations were measured at T1–T6.

shoreward. Low nutrient water was then transported out of the
lagoon through the channels between reef ﬂats, and once emerging from the channel, got deﬂected southward by the alongshore
current. Finally, this nutrient-poor lagoonal efﬂuent was partly
re-entrained back onto the reef ﬂat, thus reducing the uptake of
nutrients by reef communities further downstream (Fig. 6C). The
spatial-variability in nitrate concentration and uptake rate coefﬁcient led to elevated nitrate mass ﬂuxes on the forereef areas and
away from the channels (Fig. 6D).

by diverse coral assemblage, soft coral, sponges, and macroalgae
(Cassata and Collins, 2008).
A current proﬁler/directional wave gage (1 MHz Nortek AWAC)
was deployed at the location indicated by T0 on the forereef to

Measured
Simulated
2

We applied the integrated models to a 7km × 16km section of
Ningaloo Reef off Sandy Bay, using representative conditions of the
daily-averaged measurement of waves and alongshore current on
8Nov2008 (Fig. 7).
Sandy Bay is an ideal study site, as it has a fairly typical morphology and hydrodynamic forcing of a tropical fringing reef. The
reef morphology is relatively uniform along the domain, composed
of a sloping forereef (1:30 slope), a shallow reef ﬂat (∼1.5 m depth)
and lagoon (typically ∼2–3 m depth) separating the reef from the
shore (Fig. 7). Incident waves of ∼1–3 m height occurring yearround drive the dominant mean reef circulation (Taebi et al., 2011),
while the shelf circulation offshore is inﬂuenced by two opposing seasonal coastal alongshore currents: the Leeuwin Current in
winter and wind-driven Ningaloo Current in summer (Woo et al.,
2006). The highest coverage of benthic living organisms at this site
are found near the reef crest (mainly coralline algae) and reef ﬂat
(mainly Acropora) due to the favourable high light and strong wavedriven bottom orbital velocity (Wyatt et al., 2010). While the lagoon
area is covered mostly by sand and patches of algae (Wyatt et al.,
2010), the forereef, though poorly studied, is known to be covered

Nitrate concentration (mmol m−3)

3.3. Example 3: Ningaloo Reef
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Fig. 8. Comparison between simulated and measured nitrate concentration along
stations T1–T6 for the day of 8Nov 2008.

Z. Zhang et al. / Ecological Modelling 222 (2011) 1456–1470

measure alongshore currents and incident waves. Water column
nutrient samples were taken daily at six locations, indicated by
T1–T6 (Fig. 7B) along the dominant cross-reef pathline, to determine the spatial variability of the nitrate concentration.
From the measured time series of water surface at station T0,
the daily-averaged values for signiﬁcant wave height, peak period
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and peak wave direction were 1.5 m, 12 s and 270 ± 20◦ (rotating
clockwise from the north) respectively. We directly imposed these
measured Tp and w to SWAN as the boundary condition, and raised
the offshore boundary value for Hs slightly to 1.7 m to compensate
for the bottom damping before the waves reached the measuring
station. To represent the dominant poleward-ﬂowing Leeuwin Cur-

Fig. 9. Simulated nutrient uptake across the section of Ningaloo Reef. (A) Signiﬁcant wave height (HS ). (B) Nitrate uptake rate coefﬁcient (SNO3 ). (C) Nitrate concentration
(CNO3 ). (D) Nitrate uptake rate (J). The black lines in all subplots indicate the 1.5 m water depth contour (i.e., the reef ﬂat area).
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Fig. 10. Close-up views of Fig. 9 highlighting the ﬁne-scale spatial variability in parameters within the observation region outlined in Fig. 7B.

rent along the West Australian coast (Feng et al., 2007), we set up
an alongshore current using a similar set up of boundary conditions
as in the idealized reef example above. Surface elevation slopes S0
at both northern and southern boundaries (Table 4) were carefully
chosen so that the simulated depth-averaged velocity was in close
agreement with the measured alongshore current at T0 during the
ﬁeld experiment (uc ≈ 0.08ms−1 ). Tidal forcing was not included,
as it played a much secondary role in driving the circulation of
Sandy Bay compared to the effect of wave breaking, i.e., as indicated
by Fig. 3 in Wyatt et al. (2010), where wave height alone explained
greater than 60% of the measured cross-reef current variance at
this particular site. However, in other coral reef systems, tidal
forcing can become comparable with the wave forcing, and thus
should be included in hydrodynamic models for these cases. Different values of boundary nitrate concentration were tested until
a magnitude close to the initial value measured at the single site
T1 (2.1 mmol m−3 ) was obtained. The measured nitrate values at
all other stations (T2–T6) were then used to test and evaluate the
accuracy of the model spatial predictions. For simpliﬁcation, we
assumed uptake was active only for water depths less than 10 m
due to the effects of light limitation on the metabolism of benthic coral and algae. However, the explicit effects of light limitation
could be added to the existing model.
The simulated nitrate concentration agreed well with the
observed concentrations (Fig. 8) using this universal (siteindependent) parameterization of physically driven benthic
nutrient uptake (Eq. (3)). The nitrate concentration distribution
also showed spatial variability broadly similar to that of the idealized reef (Figs. 6C, 9C, 10C): a shoreward decrease in nutrients,
due to benthic uptake, and an alongshore variation in nutrients
due to the continual partial re-entrainment of nutrient-depleted

water exiting the channel back into the downstream reef section.
The results also reveals that the area surrounding the reef crest
would receive the highest nutrient uptake (Figs. 9D and 10D), as
suggested by Falter et al. (2004). The similarity between the contours of wave height and uptake rate coefﬁcient in the reef areas
(Figs. 9A and B, 10Aand B) also emphasizes the dominant role of
waves in controlling benthic uptake processes.
4. Discussion and conclusion
Our simulations demonstrate the ability of a new benthic
nutrient uptake module, incorporated into an existing coupled
wave-circulation numerical model (ROMS and SWAN), to describe
the complex and spatially variable nutrient uptake dynamics that
occur within real coral reef systems. In all of the examples shown,
there was a general pattern of the highest nutrient uptake near
the reef crest and decreasing nutrient concentration across the
reef. There was good quantitative agreement between the simulated nutrient concentration and existing ﬁeld observations from
two different reef systems in entirely different oceanic provinces,
yet no tuning of the model parameters taken from these independent experiments was required (Figs. 4, 9C and 10C). This highlights
the universal nature of such a process-based model, which should
make it applicable to other reef systems with even different benthic
community compositions.
The simulated spatial distributions of nutrient concentration
and uptake rate exhibited similar variability in both the idealized
and real reef simulations. In both systems, decreasing bottom stress
from the forereeef to backreef caused a similar trend of decreasing benthic nutrient uptake rates in the cross-shore direction
(Figs. 3A and 6A). Given the typical currents and waves observed
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across coral reefs, our simulations indicate that waves are the dominant physical factors driving benthic uptake (Figs. 5B, 9A and 10A).
This agrees with the observation from the laboratory ﬂume experiments by, e.g., Reidenbach et al. (2006). It therefore follows that
shallow areas with the highest wave heights (e.g., the shallowest
regions of the forereef) correspond with areas with the highest
nutrient uptake rates (Figs. 6D, 9D and 10D). In turn, elevated
nutrient ﬂuxes on the forereef support the high net productivity
observed in these communities (Atkinson and Falter, 2003).
In the alongshore direction, partial re-entrainment of increasingly nutrient-poor water offset the delivery of nutrient-rich water
from offshore, thus causing a general decline in nutrient concentration downstream (Figs. 6C, 9C and 10C). This suggests that
regional-scale ocean currents may have a signiﬁcant impact on the
distribution of nutrients across reef systems, acting as a mechanism both for the delivery of oceanic nutrients as well as removing
nutrient-depleted water. In addition to offshore physical and biogeochemical oceanic drivers, the patterns of the reef wave-driven
circulation are known to depend strongly on the speciﬁc morphology of the reef system (Lowe et al., 2010). As a consequence, we
expect the spatial nutrient distribution within reef-lagoon systems
to be additionally dependent on the morphology of the reef system
as well. While models lacking this spatial-explicit hydrodynamic
forcing may be custom-tailored to suit particular reef communities,
they are unlikely to be applicable to new reef systems differing in
their bathymetry and hydrodynamic forcing. The highly spatiallyvarying nutrient patterns observed in this study emphasize that it is
essential to use an integrated type of numerical model, such as the
one presented here, to capture the spatial complexity of nutrient
dynamics within real reef systems.
The simulation with a simple idealized reef bathymetry captured the key features of hydrodynamic processes and nutrient
dynamics of a complicated reef, such as Ningaloo Reef (Fig. 7).
Hypothetical simulations on idealized reefs under various combinations of reef morphology and physical forcing are thus essential
to investigate not only the physical dynamics of reef systems (Lowe
et al., 2010) but also the associated biogeochemical dynamics.
Knowledge gained from simulations on an idealized reef with the
equivalent basic reef dimensions and representative forcing for a
real reef can provide a simpler and focused examination of nutrient
dynamics or even be used to guide new surveys on as yet unstudied
coral reef systems prior to their study.
Progress in ecological modelling has been made to include
higher trophic complexities in coupled hydrodynamicbiogeochemical models in pelagic systems (reviewed by Jørgensen,
2010). With the implementation of a benthic uptake module, our
modelling approach is a ﬁrst and an important step towards
more sophisticated coupling of hydrodynamic and ecological
processes in coral reef ecosystems. This numerical model can be
further improved by including particulate grazing (Genin et al.,
2009; Wyatt et al., 2010) and coupling it with mesoscale physical
and ecological processes occurring offshore. Knowledge on the
response of different benthic species to nutrient loading (e.g.,
Ferrier-Pages et al., 2000) and the impact such loading has on
higher trophic levels (e.g., reef ﬁshes) could also be incorporated
in the biogeochemical sub-model to examine spatial variation
in the response of reef trophic dynamics to physical forcing
(e.g., Bradbury and Young, 1981; Polovina, 1984). Regardless, we
believe that the present model provides the necessary foundation
for exploring the impact that variations in ocean physics and
chemistry will have on the growth of coral and algal communities.
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