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Abstract
Nitrate and nitrite (NOx) and phosphate (PO4) dynamics over Ningaloo Reef, Western Australia, are shown to
depend on oceanographic forcing of coupled mass transfer limited (MTL) gross uptake and gross release from
remineralized oceanic particulate organic matter (POM). Estimates of gross release rates increased significantly
with increasing POM uptake and were of the same order as gross uptake rates. Gross uptake rates increased
significantly with increasing oceanic concentrations and wave energy dissipation, were 35–80% higher over the
reef crest (7–9 mmol NOx m22 d21 and 4–5 mmol PO4 m22 d21), and were significantly correlated with
independent estimates of POM-mediated gross NOx uptake, supporting both MTL uptake and the strong role of
oceanic POM supply. The relative supply of NOx and POM was linked to the seasonal dynamics of a regional
current system. In late spring, upwelling associated with seasonally strong equator-ward winds led to increased
NOx concentrations (0.71 6 0.2 mmol L21), POM , NOx and the reef was a net nutrient sink (5390 mmol NOx
m21 d21 and 270 mmol PO4 m21 d21). In contrast, during the autumn, NOx was low (0.16 6 0.06 mmol L21), but
POM . NOx and the reef was a net nutrient source (27060 mmol NOx m21 d21 and 2730 mmol PO4 m21 d21).
The autumn enhancement of oceanic POM supply to the reef can be attributed to a regional phytoplankton
bloom associated with acceleration of the oligotrophic Leeuwin Current, which may result in a significant supply
of dissolved nutrients to downstream communities.

examined, but is of particular interest given the increasing
recognition that nutrient supply is likely be to be closely
linked to variations in regional oceanographic forcing (Genin
et al. 2009; Wyatt et al. 2010).
Many early studies of reef-level nutrient dynamics
considered the so-called ‘coral reef paradox’—the existence
of highly productive benthic coral ecosystems in a lownutrient oceanic ‘desert’—but likely underestimated the
magnitude of net nutrient uptake and, therefore, the
importance of oceanic (allochthonous) nutrients (Odum
and Odum 1955; Johannes et al. 1972; Webb et al. 1975).
Mass transfer limitation (MTL) theory explains how the
formation of a diffusive boundary layer physically limits
the rate of nutrient uptake from the overlying water
column (Atkinson 1992; Atkinson and Bilger 1992; Bilger
and Atkinson 1992). Consequently, rates of dissolved
inorganic nutrient removal are often very low relative to
the advection over a reef (e.g., 5% for phosphorous;
Atkinson 1992) and, therefore, difficult to detect. Accurate
estimates of uptake have required measurements over large
distances (hundreds of meters) or in systems with very long
residence times (Atkinson and Falter 2003). MTL theory
has, thus, been challenging to investigate in the field, but
several field studies have indicated MTL uptake over coral
reef flats for both nitrate (Baird et al. 2004) and phosphate
(Falter et al. 2004; Cuet et al. 2011b). In support, numerous
laboratory flume studies have shown that nutrient uptake
increases when the boundary layer is altered due to

Predicting how coral reefs worldwide will respond under
increasing pressure from human activities and a changing
climate requires detailed understanding of the key factors
that control reef productivity and function (Hoegh-Guldberg
et al. 2007; Mooney et al. 2009). Surprisingly, such
understanding is generally lacking at a community or
ecosystem level, because most studies have focused on
individual organisms or specific processes (reviewed in
Atkinson and Falter 2003). The major difficulty with
conducting a comprehensive community-level study of
nutrient dynamics is that reef communities continuously
take up and release nutrients from different sources,
including in dissolved inorganic (Pomeroy et al. 1974;
Muscatine and Porter 1977; Muscatine and D’elia 1978),
dissolved organic (Stephens 1960; Sorokin 1973; Tanaka
et al. 2011), and particulate organic forms (Ayukai 1995;
Genin et al. 2009; Wyatt et al. 2010). Uptake of these
nutrients often occurs under submicromolar concentrations
and at rates that are very difficult to detect in the field.
Consequently, the relative contribution of different nutrient
sources supporting coral reef communities has rarely been
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increasing nutrient concentrations, water velocity, and
surface roughness (Atkinson and Bilger 1992; Bilger and
Atkinson 1995; Baird and Atkinson 1997).
Many of the early reef studies also concluded that
oceanic organic matter inputs were not significant.
However, these studies focused almost exclusively on the
larger size-fractions of the particulate organic matter
(POM), for which uptake was quantitatively small even in
comparison to MTL dissolved inorganic nutrient fluxes
(Sargent and Austin 1949; Johannes et al. 1972). It is now
known that living POM in oligotrophic systems is mostly
dominated by the smallest size fractions, particularly the
picoplankton , 2 mm (Ducklow 1990; Ribes et al. 2003;
Wyatt et al. 2010), and benthic uptake of smaller particles
is higher independent of their concentration (Ribes et al.
2003; Houlbrèque et al. 2006; Ribes and Atkinson 2007).
Given an abundant supply and high flux of small particles,
it is not surprising that allochthonous POM alone has
recently been shown to be a significant nutrient input to
some reefs (Genin et al. 2009; Wyatt et al. 2010; Patten et
al. 2011). Furthermore, the potential for a significant flux
of dissolved organic matter (DOM) was acknowledged
early on (Odum and Odum 1955). Although DOM
concentrations surrounding reefs are generally much higher
than POM (Atkinson and Falter 2003), the lability of this
material and the relative flux over reefs remains to be
adequately quantified (but see Tanaka et al. 2011).
Despite advances in understanding the sources of
nutrients for reef communities and the kinetics governing
rates of uptake, accurate field results remain rare because
fluxes are difficult to measure over natural reefs (Atkinson
and Smith 1987). Fluxes in the field are generally estimated
based on net concentration changes in space or time and,
thus, the simultaneous release of nutrients, such as through
remineralization of significant amounts of incoming
organic matter, has the potential to further obscure the
true magnitude of gross nutrient uptake (Pomeroy 1970;
Pilson and Betzer 1973; Atkinson 1992). Consequently,
observations of net uptake rates below MTL rates may
reflect significant gross nutrient release (Baird et al. 2004).
Natural reefs are also composed of a variety of zones and
communities (Kinsey 1985), between which relative uptake
and release processes may differ markedly (Miyajima et al.
2007b). There is, thus, likely to be large spatial variability in
biogeochemical processes (Smith and Marsh 1973; Steven
and Atkinson 2003; Miyajima et al. 2007b), limiting the
applicability of flux estimates averaged over multiple reef
zones (e.g., based on ocean to lagoon concentration
differences).
Finally, natural reefs are subject to a wide range of
external forcing. While the tight coupling between dissolved
inorganic nutrient fluxes and local conditions (i.e., MTL) is
well-acknowledged, the role of broader scale oceanographic
processes in determining nutrient dynamics is less wellunderstood. If dissolved inorganic nutrient uptake is as
close to MTL as theory and laboratory experiments suggest
(Atkinson 1992; Atkinson and Bilger 1992; Bilger and
Atkinson 1992), uptake rates are likely to depend greatly
on processes that alter the incoming oceanic nutrient
concentrations (Atkinson et al. 2001; Baird et al. 2004),

as well as the hydrodynamic processes governing local
benthic flow regimes (Hearn et al. 2001; Falter et al. 2004).
Thus, nutrient dynamics on natural reefs are likely to be
highly dependent on oceanographic forcing and, thus,
unlikely to be as seasonally or spatially uniform as often
assumed in studies of reef ecology (Atkinson et al. 2001).
The effect that such seasonal variation in large-scale
oceanographic processes has on nutrient dynamics has
rarely been directly studied in a natural system.
In this study we examine dissolved inorganic nutrient
fluxes across the fore reef, reef crest, reef flat, and lagoon
zones of a section of Ningaloo Reef, Western Australia, in
the context of the relative supply of DOM and POM from
the adjacent ocean. The Ningaloo fore-reef experiences
significant variations in the supply of dissolved inorganic
nutrients and POM between seasons and over relatively
short time-scales (e.g., days to weeks) in response to
changes in a regional current system that operates over a
narrow shelf (, 30 km) separating the coastline from the
deeper Indian Ocean (Feng and Wild-Allen 2010; Wyatt
et al. 2010; Rousseaux et al. 2012). It is, thus, an ideal site
to assess reef-level nutrient dynamics in the context of
oceanographic forcing. The goal of the study was to place
spatial and temporal variations in both net and gross
dissolved inorganic nutrient fluxes in the context of
oceanographic forcing and organic matter supply.

Methods
Site description—The following provides a brief description of the regional oceanography and study site, with the
same site and sampling stations described in greater detail
in Wyatt et al. (2010). Oceanographic conditions offshore
from Ningaloo are influenced for much of the year by the
warm poleward (south) -flowing Leeuwin Current (LC),
which suppresses upwelling along the entire Western
Australian coast and leads to relatively low dissolved
inorganic nutrient concentrations in shelf waters (Pearce
1991; but see Rousseaux et al. 2012). However, in the
austral summer equator-ward (north) -flowing water may
occur inshore of the LC during periods of relatively strong
southerly winds. This northward flow, often described as
the Ningaloo Current, can episodically generate localized
upwelling along the Ningaloo coast (Woo et al. 2006),
leading to large daily-scale variations in reef-slope dissolved inorganic nutrient and phytoplankton concentrations (Hanson et al. 2005; Wyatt et al. 2010). Nevertheless,
on average, the greatest fluxes of POM occur during the
austral autumn rather than during the summer upwelling
season, attributed to a large-scale autumn bloom resulting
from mixed-layer deepening associated with the acceleration of the LC (Wyatt et al. 2010; Rousseaux et al. 2012).
The study site at Sandy Bay is located near the center of
the North West Cape (22u13.59S 113u50.29E; Fig. 1a) and
exhibits a typical reef morphology and composition for
Ningaloo Reef, generally (Cassata and Collins 2008; Wyatt
et al. 2010). A roughly 1 : 30 fore-reef slope rises to a
shallow (, 1.5 m) reef flat stretching , 500 m shoreward of
the surf zone to a , 500-m-wide, , 2–3-m-deep lagoon
(Wyatt et al. 2010). Reef-flat and slope communities at
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Fig. 1. The study site at Sandy Bay, Ningaloo Reef, Western Australia showing (a) sampling locations 1 to 6 across the reef (in red),
overlain with the paths taken by GPS drifters during Lagrangian sampling (color detail given in Fig. 5), and (b) the bathymetry (in m)
between Sta. 1–4 (open circles). For further details on the consistent shoreward cross-reef flow along the sampling path see Wyatt et al.
(2010). The results of a daily one-dimensional wave model (Lowe et al. 2005) during May 2008 show (c) the change in modeled wave
heights (Hsig in m) and (d) wave-induced MTL uptake coefficients (SMTL in m d21, see Table 3 for more detail). Note that a distance of
0 m corresponds to the location of the reef crest.

Sandy Bay are typical of the Ningaloo region as a whole,
dominated by scleractinian hard corals (Acropora spp.)
with increasing dominance by Porifera (sponges) and
Alcyonaria (sea whips and gorgonians) below 30 m
(Colquhoun et al. 2007; Wyatt et al. 2010). Scleractinian
corals (Acropora spp.) dominate live cover over the depth
range (, 20 m) at which sampling was conducted in this
study (Wyatt et al. 2010). Circulation within the reef–
lagoon system is primarily driven by wave-breaking along
the reef crest, which drives flow over the reef flat, into the
lagoon, and back to the ocean through channels in the reef
(Wyatt et al. 2010; Taebi et al. 2011). The consistency of
wave forcing and the small tidal range (averaging 0.7 m)
results in consistent unidirectional cross-reef flow over the
reef flat (ocean to lagoon) that varies little over tidal cycles
(i.e., the circulation is primarily controlled by variability in
the incident wave conditions [for further detail see Wyatt
et al. 2010; Taebi et al. 2011]).
Field experiment overview—Four separate field experiments of , 3–6-weeks duration were conducted in both
autumn (May) and spring (Nov) in both 2007 and 2008.
During each experiment, water-column sampling was

regularly conducted at six fixed stations along the
dominant cross-reef flow path (see below, Table 1, and
Fig. 1a). These data were used in conjunction with
measurements of currents on the reef flat to calculate
nutrient fluxes into the benthos across the reef. This was
supplemented by sampling of water following drifters
across the reef, undertaken in November 2007 and May
2008 (see below).
Hydrodynamics—During each experiment, a suite of
hydrodynamic measurements were obtained to characterize
waves, tides, and currents across the field site (Wyatt et al.
2010). Mean current velocities were separated from the
unsteady, oscillatory motion associated with waves by
treating the current as the steady component (i.e., by
averaging velocities for long enough to remove wave
motion [, 15 min]), and the wave motion then treated as
the unsteady component (Grant and Madsen 1986). Mean
currents on the reef flat (of mean depth , 1.5 m) between
Sta. 3 and 4 were measured continuously during 2008 using
a bottom-moored 2-MHz Nortek Aquadopp profiler
(ADP) sampling over the full water column using 0.1-m
bins. Global Positioning System (GPS) –tracked drifters

404

Wyatt et al.

(Wyatt et al. 2010) were also deployed periodically during
the study (Fig. 1a). Hourly depth-averaged current speeds
Ur across the reef were computed from raw threedimensional velocity profiles recorded by the ADP. Timeseries of the local water depth hr (inferred from the ADP
pressure sensor record) were used to calculate a volumetric
flow rate per unit reef width qr 5 Urhr. In May and
November 2008, a 1-MHz Nortek Acoustic Wave and
Current (AWAC) profiler and directional wave gauge was
deployed on the fore reef at a depth of , 20 m near Sta. 1
(Fig. 1a). Hourly wave spectra were computed using raw
time-series of water-surface variability derived from acoustic surface tracking. These spectra were used to compute
time-series of significant wave height Hs and peak period
Tp for the waves incident to the reef.
Reef-flat velocities were not measured during May
2007; however, because Ur is significantly correlated with
Hs, Ur for May 2007 was estimated from Hs using the
empirical relationship Ur 5 6.5 Hs + 5.0 (Wyatt et al.
2010). Hs was not measured directly on the Sandy Bay fore
reef during May 2007; therefore, offshore wave data were
obtained from the Department of Planning and Infrastructure (DPI) wave rider buoy located near the tip of the
North West Cape (21u42.09S 114u5.929E). Despite being
roughly 50 km north of Sandy Bay, Hs(buoy) from the wave
rider buoy was significantly correlated to Hs measured at
Sandy Bay in May 2008 and close to a 1 : 1 relationship
(Hs 5 0.866 Hs(buoy); r2 5 0.548; F1,341 5 413, p , 0.001).
This same relationship was used to estimate Hs for
November 2008, because the pressure sensor on the
AWAC (and, hence, the acoustic surface tracking) failed
during that deployment.
Wave heights (Hs in m) and root-mean-squared nearbottom wave orbital velocities (Urms in m s21) derived
from linear wave theory were estimated across the reef
(fore reef, reef crest, and reef flat) during May and
November 2008 using a one-dimensional wave model
identical to that described in Lowe et al. (2005). The wave
model was applied to a cross-reef transect extending from
Sta. 1 (fore reef) to the shore, and was run daily based on
offshore wave heights determined from the AWAC or
DPI buoy. Wave-induced bottom stresses predicted
across the transect using Urms and the wave-bottom
friction formulation described in Lowe et al. (2005) were
archived daily and used to provide an estimate of
theoretical maximum nutrient uptake rates across the
reef (see below). Previous detailed two-dimensional wave
modeling of the Sandy Bay region (S. Taebi unpubl.)
evaluated against an extensive hydrodynamic field data
set described in Taebi et al. (2011), best predicted the
distribution of wave heights over the reef using a
characteristic bottom roughness length of k 5 0.25 m,
comparable to the order k , 0.1 m reported for other
reefs (Lowe et al. 2005). However, to account for
uncertainty in k, and investigate how it affects the
predicted mass-transfer–limited nutrient uptake rates,
the model sensitivity was examined for three different k
values: 0.05 m, 0.25 m, and 0.50 m. Dissipation by depthlimited wave breaking was parameterized using an
empirical breaker coefficient c 5 0.5 (Lowe et al. 2005).

Sampling and analysis procedures—Two replicate 20-liter
surface-water samples were taken at each station over a
period of , 2.5 h. Surface sampling assumes a vertically
well-mixed water column, which is supported by previous
studies over shallow reef habitats (Atkinson and Smith
1987; Falter et al. 2008; Wyatt et al. 2010) and CTD casts
across the site, which indicated no stratification even on the
fore reef (data not shown). Samples were filtered onshore
within 2 h for dissolved nutrients (20 mL), chlorophyll a
(Chl a; 1 liter) and particulate organic carbon and nitrogen
(POC and PON) concentrations (4 liters). POC, PON, and
Chl a data are presented in detail elsewhere (Wyatt et al.
2010). Dissolved nutrient samples were filtered (glass-fiber
filter [GF/F], 0.7 mm) and stored frozen until analysis.
Nutrient uptake—The net nutrient uptake mi (in units of
mmol m22 d21) by the benthos can be estimated based on
the fact that, between each pair of sampling stations
situated within adjacent fluid streamlines (i.e., oriented
along the dominant flow path), the volumetric flow rate qr
(but not the current speed Ur) will be roughly conserved
(Wyatt et al. 2010). We note that the total transport qr
across the reef, in general, reflects the sum of an Eulerian
current component (e.g., as measured by a current meter)
and wave-induced Stokes drift (Monismith 2004; Lowe
et al. 2009). Thus, at the ADP site where wave heights (and,
hence, Stokes drift) are negligible, the mean transport
measured by the ADP alone approximately equals to qr.
However, along the dominant flow path where qr is roughly
constant, the partitioning of the transport is free to vary
(e.g., near the reef crest where waves are much larger, the
Stokes drift contribution may dominate [Lowe et al. 2009]).
Therefore, using the concentration Ci (in units of mmol L21)
measured at each Sta. i:
mi ~qr DCi=Dxi

ð1Þ

where DCi 5 Ci 2 Ci+1 is the concentration difference
between adjacent stations and Dxi 5 |xi 2 xi+1| is the
distance along the flow path between stations. Note that
positive values for m correspond to a removal of nutrients
from the water column (i.e., uptake). To investigate
spatial variability in m, values were calculated for four
distinct regions: ‘fore reef’ (Sta. 1–2), ‘reef crest,’
including the surf zone (Sta. 2–3), ‘reef flat’ (Sta. 3–4),
and ‘lagoon’ (average of Sta. 4–5 and 5–6). For the case
where uptake rates are physically controlled (i.e., MTL),
uptake is often related to the water column concentration
C such that

Si ~mi C
i

ð2Þ

where mi is the flux defined in Eq. 1 above, C̄i can be
estimated from the average concentration each day
between adjacent stations (i.e., C̄i 5 (Ci + Ci+1)/2, and
Si is an uptake coefficient [in units of m s21]).
As detailed in Wyatt et al. (2010), the m estimated in Eq.
1 can be spatially integrated to provide an estimate of the
total nutrient removal rate M, per unit of alongshore reef
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Statistical analysis—Statistical analysis was performed
in SPSS version 18.0. A general linear-model ANOVA was
used to check for significant differences between groups
after confirming homogeneity of variance using Levene’s
test. Post hoc differences were examined with Fisher’s Least
Significant Difference test.

width, by the active zone of the reef (Wyatt et al. 2010:
from Sta. 1 to 4):
M~

3
X

ðmi Dxi Þ

ð3Þ

i~1

Maximum MTL uptake rates were also predicted for each
nutrient based on a simplified version of equation 8
described in Falter et al. (2004) that retains accuracy but
eliminates the second-order effect of the Reynolds roughness term:

b
2tb=
r
S&a
ð4Þ
Sc0:6

Results
Hydrodynamics—Additional details on the hydrodynamics at the site during the same study period are provided in
Wyatt et al. (2010). In summary, the measured significant
wave heights, Hs, ranged between 1 m and 3 m during May
and November 2008. For all experiments, the depthaveraged current speed across the reef flat Ur (between
Sta. 3 and 4) varied between , 10 cm s21 and 30 cm s21.
Currents were always oriented directly across the reef
(shoreward) and never reversed due to the dominance of
wave forcing, even under ebbing spring tides. Water, thus,
flowed along a transect from Sta. 1 through 6 (total
transect length , 3000 m; Fig. 1a), with a residence time in
the reef–lagoon system (from entering the reef to exiting the
channel) of , 2–6 h (Wyatt et al. 2010; Taebi et al. 2011).
Drifter tracks along which Lagrangian sampling was
undertaken (Fig. 1a) confirmed the consistent shoreward
wave-driven flow across the reef, which then traveled south
in the lagoon toward the Sandy Bay channel before
returning to the ocean.

Here, S is the uptake coefficient for the dissolved nutrient
in question, a and b are empirical constants equal to
2850 m0.24 d20.24 and 0.38, respectively, tb is the bottom
shear stress, r is the density of the fluid, and Sc is the
Schmidt number for the dissolved nutrient. Full definitions
are provided in Falter et al. (2004). Molecular diffusivity
coefficients for determining Sc were 19 3 10210 m2 s21 for
NO3 and 7 3 10210 m2 s21 for PO4 (Bilger and Atkinson
1992). Bottom shear stresses tb were calculated separately
for waves and currents, respectively, based on the onedimensional wave model described above, and ADP
velocities assuming a quadratic drag law with an empirical
drag coefficient Cd 5 0.02 (Lowe et al. 2008).
As introduced above, the net uptake m calculated across
a reef using Eq. 1 may actually reflect the simultaneous
gross uptake (J+ . 0) and gross release (J2 , 0) of a
nutrient. However, if it is assumed that gross nutrient
uptake is occurring near the maximal MTL uptake rate
(i.e., J+MTL 5 SMTL 3 C̄ with S from Eq. 2) then the gross
release rates J2MTL can be estimated as
{
z
JMTL
~m{JMTL
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Dissolved inorganic nutrients: seasonally averaged patterns and daily variability—Cross-reef patterns in dissolved
inorganic nutrient concentrations were evident during each
study period (Fig. 2). The average gradients in nitrate +
nitrite (NOx) across the reef showed a distinct seasonality,
with a significant interaction between season and location
(F10,97 5 2.67, p , 0.01); therefore, data collected in each
season were analyzed separately (Fig. 2a). In both May
2007 (F5,40 5 5.43, p , 0.005) and May 2008 (F5,19 5 6.86,
p , 0.005), average NOx concentrations increased significantly between the fore reef (Sta. 1 and 2) and the reef flat

ð5Þ

A list of symbols and definitions for the variables
introduced above is summarized in Table 2.

Table 1. The number of replicate water samples (2 3 20 liters) collected for dissolved inorganic nutrient (Inorganic) and dissolved
organic matter (Organic) analysis during each of the four field experiments for Eulerian (totals and samples per station) and
Lagrangian sampling.
Eulerian
Experiment

Total

1

2

3

4

5

6

Lagrangian

Inorganic
May 07
Nov 07
May 08
Nov 08
Total

43
0
23
43
109

8
0
4
8
20

7
0
4
9
20

7
0
5
11
23

10
0
5
10
25

7
0
4
3
14

4
0
1
2
7

0
13
12
0
25

Organic
May 07
Nov 07
May 08
Nov 08
Total

0
0
25
31
56

0
0
3
6
9

0
0
3
7
10

0
0
7
7
14

0
0
7
7
14

0
0
4
2
6

0
0
1
2
3

0
0
12
0
12
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Symbol
hr
Hrms
Hs
J+MTL
J+obs
J2MTL
J2obs
k
m
M
mPONb
mPONp
qr
S
SMTL
Ur
Urms

Wyatt et al.
List of derived variables, including symbols, definitions, units and equations (— denotes not applicable).
Definition

Units

Water depth, measured on the reef flat between Sta. 3 and 4
Root mean squared offshore wave heights
Significant wave heights, measured on the fore reef at Sta. 1
Modeled gross uptake rate, estimated from mass transfer limitation theory
‘Observed’ gross uptake rate, estimated from observed net uptake
m assuming release J2obs driven by particulate nitrogen remineralization
Modeled gross release rate, estimated from observed net uptake (m)
and modeled gross uptake (J+MTL)
‘Observed’ gross release rate, estimated assuming release due to complete
remineralization of phyto- and bacterioplankton
Characteristic bottom roughness length scale
Observed net flux, based on measured qr and nutrient concentration
changes between stations
Total nutrient uptake rate, per unit reef width integrated over the
‘active zone’ of the reef (Sta. 1–4)
Observed net flux of heterotrophic bacterioplankton nitrogen
(from Patten et al. 2011)
Observed net flux of phytoplankton nitrogen (from Wyatt et al. 2010)
Mean cross-reef volumetric flux per unit reef width based on
measured Ur and hr
Observed uptake coefficient based on the observed net flux m and average
concentration between stations
Modeled uptake coefficients estimated from mass transfer theory
Mean depth–averaged cross-reef current velocities, measured
on the reef flat between Sta. 3 and 4
Wave-induced root mean squared cross-reef velocities based on
one-dimensional wave model

(Sta. 3) with no significant differences in seasonally
averaged concentrations between Sta. 4 through 6 inside
the reef. NOx concentrations increased from , 0.18
mmol L21 (6 0.09) on the fore reef to a peak of
0.82 mmol L21 (6 0.2) at the reef crest in May 2007, with
a similarly large increase from 0.12 (6 0.01) to 0.48 (6 0.06)
mmol L21 in May 2008.
In November 2008, fore-reef NOx concentrations were
markedly higher than in May (0.71 6 0.2 mmol L21 vs. 0.15
6 0.01 mmol L21). Concentrations appeared to decline
across the reef crest but, due to high fore-reef variability at
a daily scale (see below), location differences were not
significant in November on a seasonally averaged basis
(F5,38 5 0.859, p 5 0.517). In contrast to the fore reef, reefflat NOx concentrations in November were similar to those
in May by Sta. 4 (0.41 6 0.05 mmol L21). In contrast to
May, when the cross-reef pattern for NOx varied minimally
between days (Fig. 3a), there was distinct daily variability
during November (Fig. 3b, see below). Fore-reef NOx and
cross-reef uptake was particularly elevated on the 08
November 2008 (Fig. 3c).
In contrast to NOx, there was little evidence of cross-reef
changes in phosphate on a seasonally averaged basis (PO4;
Fig. 2b). Although PO4 was significantly higher in May
2007 than in May or November 2008 (F2,96 5 5.53, p ,
0.01), there was no season 3 location interaction (F10,96 5
1.52, p 5 0.145). When averaged across seasons and
locations, PO4 was low at 0.10 6 0.004 mmol L21. Similar
to NOx, an increase in PO4 was evident across the active

Equation

m
m
m
mmol m22 d21
mmol m22 d21

—
—
—
Eq. 2 and Eq. 4
Eq. 7

mmol m22 d21

Eq. 5

mmol m22 d21

Eq. 6

m
mmol m22 d21

Eq. 1

mmol m21 d21

Eq. 3

—

mmol m22 d21

—

mmol m22 d21
m2 s21

—
—

m d21

Eq. 2

m d21
m s21

Eq. 4

m s21

—
—

zone (Sta. 1–4) in May 2007 and 2008, but station
differences were not significant (F5,96 5 1.51, p 5 0.193).
Similar to NOx, PO4 was more variable during November
2008 (especially on 08 Nov 2008; Fig. 3d) than May 2008
(apart from one outlier; Fig. 3b).
Ammonium (NH4) concentrations were measured across
the reef during each season but appeared to change little in
comparison to NOx. In May 2007, NH4 concentrations
were low (0.15 6 0.02 mmol L21) and did not change
significantly between stations (F5,40 5 2.12, p 5 0.083).
NH4 concentrations also varied little with location or time
during a brief survey made in November 2007 (0.18 6
0.01 mmol L21, n 5 25, data not shown). NH4 data from
2008 were anomalously high and variable, and were not
supported by concurrent (independent) sampling undertaken offshore (including at Sta. 1; C. Rousseaux unpubl.),
suggesting those particular NH4 samples were contaminated (Miyajima et al. 2007b).
In contrast to NOx, dissolved organic nitrogen (DON)
did not display any significant temporal or spatial patterns
on a seasonally averaged basis, although it appeared to
increase in the lagoon (Fig. 2c). DON concentrations were
highly variable and were not significantly different between
seasons (F1,44 5 3.00, p 5 0.0901) or stations (F5,44 5 1.01,
p 5 0.425), with no significant season 3 station interaction
(F1,44 5 0.314, p 5 0.902).
Nutrient fluxes—Net nutrient fluxes m (units of
mmol m22 d21) were highly variable within and between
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stations and seasons (Fig. 4). Net NOx fluxes mNOx showed
a distinct seasonality (season 3 location interaction; F6,59
5 2.79, p , 0.05); therefore, each season was analyzed
separately (Fig. 4a). In May 2007, net NOx release
(negative mNOx ) was observed over the fore reef and reef
crest, which was significantly different to the uptake
(positive mNOx ) generally observed over the reef flat and
lagoon (F3,23 5 6.68, p , 0.01). Although a similar pattern
was evident in May 2008, differences in mNOx between
zones were not significant (F3,13 5 2.77, p 5 0.084). In
November 2008, minimal release was evident on the fore
reef or crest, and zones were not significantly different
(F3,27 5 0.184, p 5 0.91). Lagrangian observations of NOx
and PO4 concentrations across the reef showed a similar
pattern to the Eulerian observations (Fig. 5).
Despite the spatial and temporal differences in fluxes,
the relationship between m and water column concentrations was consistent between seasons for both NOx
(Fig. 6a; r2 5 0.681; F1,32 5 68.2, p , 0.001) and PO4
(Fig. 6b; r2 5 0.381; F1,36 5 22.2, p , 0.001). The
relationship also did not vary between the reef crest and
flat (e.g., analysis of covariance [ANCOVA] interaction
terms: [NOx] 3 season, F2,28 5 2.10, p 5 0.141; and [NOx]
3 zone, F1,30 5 0.686, p 5 0.414).
The integrated uptake M (mmol d21 per m reef width) of
dissolved inorganic nutrients across the shallow reef
communities (Sta. 1–4; Eq. 3) showed strong daily
variability during November 2008, varying over two orders
of magnitude and switching from a net sink to a source
(Fig. 3c,f). While both were variable, the total NOx, and
PO4 removal appeared to change concomitantly: the sink
for both was highest at the beginning of the study on 08
November 2008, decreasing such that on 18 and 19
November the active zone was a net source of both
nutrients (Fig. 3c,f, respectively). On an average basis (6
SE), the active zone was a sink for 5390-mmol m21 d21 (6
3900) of NOx and 270 mmol m21 d21 (6 170) of PO4
during November 2008. Sta. 1–3 were not sampled on a
daily basis during May 2008; therefore, cumulative reef
uptake estimates are sparse, but indicate that the reef was a
net source of both NOx and PO4 with little day-to-day
variability: 27060 mmol m 21 d 21 (6 560) and
2730 mmol m21 d21 (6 310), respectively.
Relationships between inorganic and organic nutrient
fluxes—There was a very strong negative relationship
between net NOx uptake (mNOx ) and net Chl a uptake (mchl)
over the reef crest and flat during May 2008 (Fig. 7a; r2 5

r
Fig. 2. Eulerian sampling showing average (a) nitrate + nitrite
(NOx), (b) phosphate (PO4), and (c) dissolved organic nitrogen
(DON) concentrations (mmol L21) over Ningaloo Reef in May
and November 2007 and 2008. (d) Concomitant change in
concentration of small phytoplankton (Chl a , 5 mm) is also
shown. Distance is measured along the dominant flow path
relative to the reef crest and data points represent sampling
stations (see Fig. 1a). Data are mean 6 SE (n as per Table 1).
Note DON not measured during 2007.
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Fig. 3. Temporal variability in cross-reef total nitrate and nitrite (NOx) and phosphate (PO4) concentrations during May (a and d,
respectively) and November 2008 (b and e, respectively). Corresponding variability in (c) NOx and (f) PO4 removal rate per unit
alongshore reef width (M, in mmol m21 d21) during November 2008.

0.862, F1,5 5 31.2, p , 0.005). For each unit increase in mchl
(in mg m22 d21) there was a , 3-fold decrease (slope of
22.70, with SE of 6 0.48) in mNOx (in mmol m22 d21), such
that when Chl a uptake increased above , 6.3 mg m22 d21
net NOx uptake was negative (i.e., net release occurred).

Given the much lower Chl a concentrations, and therefore
fluxes, during November 2008 there was no evidence of a
significant relationship between net NOx uptake and Chl a
uptake (r2 5 0.085; F1,8 5 0.740, p 5 0.415). In contrast to
Chl a, there was no corresponding evidence of a relationship
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Fig. 4. Mean uptake rate m (mmol m22 d21) for (a) nitrate
and nitrite (NOx), (b) phosphate (PO4), and (c) dissolved organic
nitrogen (DON) measured for each field experiment, calculated
for the fore reef (between Sta. 1–2), reef crest including the surf
zone (between Sta. 2–3; note no data for May 2007), reef flat
(between Sta. 3–4), and lagoon (average between Sta. 4–5 and
5–6).

between mNOx and DON uptake on either the reef crest or
flat during 2008, or any evidence of any zone or season
interactions.
Wave model and theoretical MTL uptake rates—The
model predicted that waves made a dominant contribution
to the total bottom stress (waves + currents) for the fore-reef
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and reef-crest regions, with currents making a comparable
contribution for the reef-flat region (Table 3). On the fore
reef in May 2008, modeled wave heights, Hsig, averaged 1.0 m
(6 0.1 SE). Wave heights on the reef flat were largely limited
by the water depth over the reef (and, hence, controlled by
the depth-limited breaking coefficient c). Predictions of
reduction in wave heights across the reef were, thus, only
mildly sensitive to the value of roughness length scale k
chosen, with only a two-fold change observed for an order of
magnitude change in k: for example, in May 2008, reef-flat
wave heights were 0.3 m (range 5 0.29–0.31 m) for k 5
0.05 m and 0.12 m (0.11–0.13 m) for k 5 0.50 m. Due to the
small effect of the choice of k, further analysis below focuses
on results with k 5 0.25 m. With Urms decreasing with
decreasing wave height, yet increasing in shallower water,
values of Urms were similar on the fore reef and reef flat (see
Fig. 1b for bathymetry and Fig. 1c for cross-reef wave
heights). In May 2008, fore-reef Urms, with larger waves and
deeper water (, 15 m), averaged 0.34 m s21 (0.23–0.52),
while on the reef flat the shallow water (, 2 m) led to similar
Urms despite the reduction in wave height to 0.27 m s21
(0.25–0.29). Urms were more than doubled over the reef crest
relative to the fore reef and reef flat, averaging 0.70 m s21
(0.57–0.85) in May 2008.
Maximal MTL rates based on the wave model and Eq. 4
predicted that nutrient mass-transfer rates on the reef were
mostly driven by the wave-induced bottom stresses
(Table 3). MTL uptake rates driven by currents alone were
predicted to be only a fraction of that predicted for waves
alone, with wave-only MTL rates a high percentage of the
combined uptake rates for the fore reef (100%), reef crest
(. 99%), and reef flat (. 98%). As noted above, the choice
of roughness length scale did not make a large difference to
the wave model or to MTL rate estimates. Interestingly,
higher roughness was actually predicted to decrease the
MTL rate on the reef flat. This was due to higher roughness
causing more frictional wave damping and making the
waves somewhat smaller on the reef flat (Fig. 1b and
Table 3). For k 5 0.25 m, MTL uptake coefficients for
NOx, SMTL, were similar on the fore reef and reef flat (e.g.,
10–13 m d21and 10 m d21, respectively, in May 2008; see
Fig. 1d) and significantly higher (, 50%) over the reef crest
(e.g., 14–17 m d21 in May 2008) than the reef flat (F1,30 5
900, p , 0.001). SMTL was not significantly different
between seasons (F1,30 5 0.101, p 5 0.752), with no season
3 zone interaction (F1,30 5 0.008, p 5 0.931), lying in the
range 10–17 m d21 for both May 2008 and November 2008
(Table 3).
Gross release rates (J2MTL)—Gross release rates (J2MTL
in mmol m22 d21) for both NOx and PO4 (estimated using
Eq. 5) were of a similar order of magnitude to J+MTL (see
Table 4 and Table 5 for NOx and PO4, respectively). Gross
release of NOx was similar to J+MTL on most occasions,
excluding the reef crest in May 2008 when J2MTL release
was triple the J+MTL uptake, with release of , 19 mmol
NOx m22 d21 compared to MTL uptake of , 6.6 mmol
NOx m22 d21. Gross uptake and release values for PO4
were very similar but generally slightly lower than average
J+MTL, with PO4 release of around 2–5 mmol PO4 m22 d21.
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Fig. 5. Lagrangian sampling showing average (a) nitrate and nitrite (NOx) and (b)
phosphate (PO4) concentrations adjacent to two GPS-tracked drifters. Distance is measured
directly between sampling points, with the actual flow paths used in uptake calculations shown in
Fig. 1a (colors and symbols correspond to dates and drifter tracks). Data are mean 6 SE (n as per
Table 1).

Similar to net uptake m, the magnitude of release
(J2MTL) for NOx increased significantly with increasing
Chl a uptake during May 2008 (Fig. 7b; r2 5 0.857; F1,5 5
30.1, p , 0.005). In contrast, there was no evidence of
significant Chl a–related NOx release during November
2008. Assuming complete remineralization of PON (see
Discussion), PON uptake from phytoplankton (PONp)
and heterotrophic bacterioplankton (PONb) could cause
nutrient release rates to be highly variable in space and

time. When POM supply was highest over the reef crest in
May 2008, , 40% of NOx release could come from
complete remineralization of PONp compared to , 19%
from PONb (Table 4). Although the flux of DON was
orders of magnitude higher than the gross release of NOx,
the high variability in DON flux makes interpreting the
contribution of DON problematic, especially because the
net flux of DON was sometimes the opposite of NOx (see
Discussion).
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fall within the published range: 24–5 mmol NOx m22 d21
and 20.9–1 mmol PO4 m22 d21 (reviewed in Atkinson and
Falter 2003). Although gross flux estimates have rarely
been reported for natural systems (Atkinson 1992; Falter
et al. 2004; Cuet et al. 2011a), the present estimates
(Tables 4 and 5) are also consistent with previous studies
(5–10 mmol NOx m22 d21 and 0.5–3 mmol PO4 m22 d21).
Estimates of POM fluxes are even more limited than for
dissolved inorganic nutrients (but see Genin et al. 2009;
Wyatt et al. 2010; Cuet et al. 2011a). Thus, although the
likely significance of POM in community- and reef-scale
nutrient budgets has been widely recognized for many years
(Odum and Odum 1955; Ayukai 1995; Yahel et al. 1998),
its quantitative importance is still poorly understood. This
is mainly due to the lack of synoptic measurements of both
dissolved and particulate nutrients, making it nearly
impossible to compare their significance in overall nutrient
fluxes.

Fig. 6. Significant relationship between reef-crest and flatwater column concentrations (mmol L21) and corresponding
uptake (m, mmol m22 d21) during 2008 for (a) total nitrate and
nitrite (NOx; m 5 26.0 3 NOx 2 12.4; r2 5 0.681; F1,32 5 68.2, p
, 0.001) and (b) phosphate (PO4; m 5 32.7 3 PO4 2 3.32; r2 5
0.381; F1,36 5 22.2, p , 0.001). ANCOVA revealed that there was
no significant difference in the relationships between the reef crest
and reef flat or between seasons (see text).

Discussion
Changes in dissolved inorganic nutrient concentrations
have been examined in a number of coral reef systems
(Webb et al. 1975; Crossland et al. 1984; Miyajima et al.
2007a); however, it has been difficult to evaluate how these
ecosystem-scale changes reflect fluxes into and out of the
individual communities that comprise the larger reef
system. Comparatively few studies have quantified fluxes
within natural reefs systems at the community scale
(Crossland and Barnes 1983; Baird et al. 2004; Cuet et al.
2011a), largely due to the fact that uptake rates are often
too slow to detect over smaller spatial scales (Atkinson and
Smith 1987; Atkinson and Bilger 1992). The net fluxes of
both NOx (224–15 mmol m22 d21) and PO4 (22.3–
0.96 mmol m22 d21) observed in the present study generally

Oceanographic forcing of nutrient supply—The flux of
dissolved and particulate material to any reef community is
governed by the chemical and biological processes that alter
their relative abundance in adjacent oceanic waters, as well
as the physical processes that alter nutrient delivery at local
(, m), community (m–km), and ecosystem scales (. km).
The factors forcing nutrient fluxes over coral reefs are, thus,
unlikely to be as constant in space and time as generally
assumed (as noted by Atkinson et al. 2001; Steven and
Atkinson 2003; Cuet et al. 2011a). Oceanographic processes
control reef-scale delivery of dissolved nutrients by driving
fluctuations in incoming nutrient concentrations over daily
to seasonal time scales. Concentration-dependent uptake is
well-established for NO3 (Bythell 1990), PO4 (Delia 1977),
and NH4 (Bilger and Atkinson 1995) and implies that there
must be a strong relationship between nutrient uptake and
concentration (Atkinson et al. 2001). In the present study,
incoming concentrations were variable over daily to seasonal
time scales and explained a large proportion of variance in
net fluxes m of both NOx and PO4 (68% and 38%,
respectively; Fig. 6). Thus, although the tropical oceans
surrounding coral reefs are generally considered to have low
nutrient concentrations, these concentrations can still exhibit
substantial relative variation. For instance, NOx concentrations on the Ningaloo reef slope spanned an order of
magnitude, from , 0.2 mmol L21 to 2 mmol L21 during the
study period.
One potential source for such variability is regional-scale
upwelling along the Ningaloo shelf. Many reefs, not just
Ningaloo, are influenced by upwelling that can lower
temperatures and elevate nutrient concentrations (Andrews
and Gentien 1982; Gove et al. 2006; Chollett et al. 2010).
Fore-reef NOx concentrations at Ningaloo varied substantially between the austral spring and autumn, likely in
response to the spring and summer equator-ward wind
regime and sporadic upwelling (Hanson et al. 2005; Wyatt
et al. 2010). Hanson et al. (2005) suggested that summer
upwelling off Ningaloo may increase NOx by an order of
magnitude, as high as 2–6 mmol L21, compared to
0.1 mmol L21 in the Leeuwin Current (LC), which
dominated further offshore during that study. Although
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Fig. 7. Relationships between phytoplankton and observed
and derived nitrate and nitrite (NOx) fluxes over the reef crest and
flat (Sta. 2–4, see Fig. 1a). (a) There was a significant linear
regression relationship between net uptake rates (m) for NOx and
chlorophyll a (Chl a) in May 2008 (solid lines; mNOx 5 22.70 3
mchl + 17.1; r2 5 0.862; F1,5 5 31.2, p , 0.005) but not in
November 2008 (r2 5 0.085; F1,8 5 0.740, p 5 0.415). (b) Similarly
modeled MTL NOx release rates (J2MTL) were significantly
related to the net uptake of phytoplankton nitrogen (mPONp ) in
May (J2NOx 5 24.09 3 mPONp + 10.4; r2 5 0.857; F1,5 5 30.1, p ,
0.005) but not November (r2 5 0.168; F1,8 5 1.61, p 5 0.240). In
both cases, seasons were analyzed separately based on significant
ANCOVA interaction terms while the relationships did not differ
between the reef crest and flat.

seasonally averaged NOx fore-reef concentrations during
the spring in the present study (0.7 mmol L21; Fig. 2a) were
well below the upwelling levels observed by Hanson
et al. (2005), they were suggestive of upwelling being an
important source of NOx compared to May (0.2 mmol L21).
Further, the high and concomitant daily variability in
concentrations of both NOx and PO4 observed during the
upwelling season (Nov 2008) were in stark contrast to
the temporally consistent concentrations during the nonupwelling season (May 2008), when the low-nutrient,
downwelling-favorable LC dominates regionally. In fact,

concentrations in November 2008 varied by up to an order
of magnitude between days (Fig. 3b,e) and on one day, 08
November 2008, NOx was . 2 mmol L21 and, thus, in the
range of upwelling observed by Hanson et al. (2005).
Phosphate concentrations were also elevated over
0.2 mmol L21 on 08 November 2008 alone, and there is
additional evidence that a strong upwelling event pulsed
deep water up the reef slope, with the high nutrient
concentrations coinciding with low water temperatures and
elevated POM isotope ratios (A.S.J.W. unpubl.). Thus,
although upwelling at Ningaloo is clearly sporadic and
potentially cryptic (i.e., generally not expressed at the
surface of the upper fore reef; Furnas 2007; A.S.J.W.
unpubl.), upwelling is likely to be a significant driver of
reef-scale nutrient budgets under favorable conditions:
every 1-mmol L21 increase in offshore NOx leads to ,
20 mmol m 22 d21 higher nitrate uptake (Fig. 6a).
Expectedly, the total nutrient fluxes to Ningaloo (per unit
reef width) varied by an order of magnitude between
consecutive days in conjunction with the strong day-to-day
variation in offshore nutrient concentrations. Together
with temporal variability in phytoplankton fluxes under
upwelling conditions (Wyatt et al. 2010), the present study
confirms that sporadic increases in reef-level uptake of both
dissolved and particulate nutrients occur as a result of
upwelling favorable wind conditions during the austral
spring and summer.
Outside the upwelling period, offshore nutrient concentrations at Ningaloo have typically been thought to be low
due to the dominance of the LC (Hanson et al. 2005).
However, the LC autumn bloom is now known to be the
single largest regional productivity event annually (Koslow
et al. 2008), and recent work has suggested that the LC may
actually increase nutrient supply to Ningaloo during the
autumn, albeit in the form of POM rather than as NOx or
PO4. The ratio of PON from phytoplankton (PONp; Wyatt
et al. [2010]) to nitrate, PONp : NOx, was significantly
higher during both May 2007 (2.7 6 0.3) and May 2008 (20
6 9) than during November (0.52 6 0.1; A.S.J.W. unpubl.).
This enhanced POM supply relative to NOx in the autumn
can be attributed to enhanced mixing associated with the
acceleration and deepening of the LC occurring over a vast
spatial scale to the northwest of Ningaloo (Wyatt et al.
2010; Rousseaux et al. 2012). This study highlights the
potential for such regional oceanographic events to
influence reef-level nutrient fluxes without markedly
altering the dissolved inorganic nutrient supply itself:
changes in the ratio of inorganic and organic nutrients in
incoming water may alter a reef’s nitrogen cycle (see
Fig. 8). During the spring at Ningaloo, dissolved inorganic
nitrogen to phosphorous ratios (N : P) were high (. 6),
indicative of upwelled nutrients (A.S.J.W. unpubl.). However, in both autumn periods (May 2007 and 2008) the
incoming N : P was identical at 2 : 1 (A.S.J.W. unpubl.).
Early atoll studies also documented N : P in incoming
waters of 2 : 1 (Johannes et al. 1972; Webb et al. 1975),
indicating that most reef systems are supplied with
extremely N-poor waters, which makes them that much
more N-limited (Odum and Odum 1955). Atkinson and
Falter (2003) suggested that this missing nitrogen must
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Table 3. MTL nitrate uptake coefficients SMTL (in m d21) calculated during May and November 2008 for mean velocities only
(currents), waves only (waves), and the combined wave-current shear stress (combined) using a roughness length scale k 5 0.25. Mean
wave heights (Hrms in m) and velocities (Urms in m s21) were determined daily from a one-dimensional wave model for the fore reef (Sta.
1–2, see Fig. 1), reef crest (Sta. 2–3), and reef flat (Sta. 3–4). Offshore significant wave heights (Hsig in m) during May and November 2008
averaged 1.37 m (6 0.1) and 1.24 m (6 0.1), respectively, while current speeds measured on the reef flat averaged 0.15 m s21 (6 0.01) and
0.12 m s21 (6 0.01), respectively. Data are mean 6 SE.
SMTL
Zone

Hrms (range)

Urms (range)

Currents

Waves

Combined

May 08
Fore reef
Reef crest
Reef flat

1.060.06
0.8060.03
0.2060.00

0.3460.02
0.7060.02
0.2760.00

0.7960.02
3.860.1
5.360.2

1160.3
1560.2
1060.01

1160.3
1560.2
1060.01

Nov 08
Fore reef
Reef crest
Reef flat

0.9060.04
0.7160.02
0.1760.00

0.2860.01
0.6160.02
0.2360.01

0.6560.04
3.160.2
4.460.3

1160.2
1660.2
1060.02

1160.2
1660.2
1060.03

Table 4. Average net NOx fluxes (mNOx , mmol m22 d21) measured over the reef crest and flat during May and November 2008,
compared to modeled gross uptake rates (J+MTL; see Table 3) and release rates (J2MTL). Net uptake rates for phyto- and
bacterioplankton (mPONp from Wyatt et al. (2010) and mPONb from Patten et al. (2011), respectively) are also shown. The ‘observed’ gross
uptake (J+obs) is based on release due to complete remineralization of phyto- and bacterioplankton. The variable average net dissolved
organic nitrogen (DON) fluxes (mDON) are included for reference. Data are mean 6 SE, showing the number of values used in the
calculations (n). See Table 2 for a full list of variable definitions.
mNOx

J+MTL

J2MTL

mPONp

mPONb

Reef crest
May 08
Nov 08

21365(3)
4.965(9)

6.661(6)
9.062(10)

21964(3)
24.664(9)

5.961(2)
1.160.9(6)

3.061(2)
1.360.8(5)

22.964(2)
1069(3)

576140(3)
39640(6)

Reef flat
May 08
Nov 08

0.7763(6)
6.165(9)

4.960.4(6)
5.060.9(10)

24.163(6)
1.664(9)

3.660.8(5)
1.060.3(8)

2.260.7(4)
1.060.6(7)

4.564(5)
1066(7)

1306100(7)
215640(7)

Experiment

come from either POM or nitrogen fixation. Interestingly,
the high PONp : NOx observed during the autumn when the
LC dominates coincides with a period when upwelling is
unlikely to offer a partial release from nitrogen limitation
based on N : P. Although remineralization of PON may not
be enough to switch the growth of reef primary producers
from being N- to P-limited, it does alleviate some of the Nlimitation by providing an additional source of recycled
NOx. Some alleviation of reef-scale nitrogen limitation may
occur on a seasonal basis for many reefs in response to
large-scale oceanographic processes. Seasonality in nutrient
dynamics in response to oceanographic forcing may, thus,
warrant consideration for a range of reefs and oceanographic settings.
Oceanographic forcing of nutrient uptake and release—
While locally forced wind-driven waves may be significant
during the summer due to Western Australia’s distinctly
seasonal wind regime, long-period swells remotely generated in the Indian and Southern Oceans generally dominate
the wave climate along the coast (Lemm et al. 1999). Wave
observations during the period of the study confirmed that

J+obs

mDON

remotely formed swells contributed on average 74% (6 0.2
SE) of total wave heights incident to the reef. This
highlights the potential for changes in the key drivers of
both reef-scale hydrodynamics and nutrient dynamics
under a changing (wave) climate. Hydrodynamic forcing,
as well as higher incoming concentrations, has been
implicated as a factor in driving high fluxes over reef crests
and making them the most biogeochemically active zone of
a reef and where most reef formation occurs (Darwin 1842;
Nakamura and Nakamori 2007; Wyatt et al. 2010). In the
present study, J+MTL was 35–80% higher on the reef crest
than on the reef flat due to much higher rates of wave
energy dissipation, which may be a factor in the biogeochemical activity and concentration of biota over the reef
crest (Kinsey 1985).
Despite recycling of limiting nutrients often being cited
as explaining the productivity of coral reefs under nutrientlimited conditions (Sargent and Austin 1949; Johannes
et al. 1972), rates of nutrient release on reefs have rarely
been estimated due to the difficulty in quantifying either
gross uptake or gross release in the field. A number of
studies have simplified nutrient release estimates by
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Table 5. Average net PO4 uptake rates (mPO4 , mmol m22 d21) over the reef crest and flat during May and
November 2008 compared to compared to modeled gross uptake rates (J+MTL) and modeled gross release rates
(J2MTL). Data are mean 6 SE, showing the number of values used in the calculations (n). See Table 2 for a list of
variable definitions.
mPO4

J+MTL

J2MTL

Reef crest
May 08
Nov 08

22.363(7)
0.7860.4(11)

3.760.6(7)
5.061(11)

25.463(7)
24.561(11)

Reef flat
May 08
Nov 08

0.5361(6)
0.5560.5(11)

2.860.2(6)
2.860.4(11)

22.261(6)
22.060.6(11)

Experiment

focusing on specific habitats such as sediments (Capone
et al. 1992; Rasheed et al. 2002; Al-Rousan et al. 2004),
coral cavities (Gast et al. 1998; Scheffers et al. 2004;
Rasheed et al. 2006), or micro atolls (Steven and Atkinson
2003), but the relevance of these habitat-specific rates at the
scale of a reef community or ecosystem remains difficult to
discern (Table 6). The release rates that were estimated in
the present study, by assuming gross nutrient uptake was
mass-transfer limited (J2MTL), were on the same order as
those documented in coral cavities and micro atolls, but
were an order of magnitude higher than observed over
carbonate sediments (generally a net sink; Wild et al. 2005;
Eyre et al. 2008). The J2MTL estimates were also on the
same order as modeled MTL gross uptake, J+MTL, for both
NOx and PO4 (Tables 4 and 5, respectively), confirming
that rates of nutrient release may indeed be significant over
many reefs (Sargent and Austin 1949; Odum and Odum

1955; Atkinson et al. 2001) and that recycling is likely to be
highly variable in space and time (Steven and Atkinson
2003).
The seasonal relationships between POM uptake and
nitrate release (Fig. 7b) suggest that reef-scale recycling at
Ningaloo may be highly dependent on pulses of organic
matter, especially during the autumn when offshore POM
concentrations are typically higher (Wyatt et al. 2010;
Rousseaux et al. 2012). However, high rates of organic
matter remineralization do not necessarily imply high rates
of nutrient recycling, because recycling depends not only on
release but also on the reassimilation of nutrients by the
reef community. As well as controlling release rates, MTL
implies that only a small proportion of the nutrients in the
water column can be taken up as it moves over the reef
community (Atkinson 1992) and, therefore, recycling can
only occur over spatial scales of hundreds of meters

Fig. 8. Schematic of seasonally averaged nitrate and nitrite (NOx) dynamics over Ningaloo Reef comparing (a) autumn and (b)
spring. While inputs of allochthonous NOx to the reef crest and flat were similar between seasons (1; mNOx in mmol m22 d21), PON inputs
from phytoplankton (2 ; mPONp in mmol m22 d21) were markedly higher during the autumn, leading to net NOx release (3; J2MTL in
mmol m22 d21) averaging 7090 mmol of NOx per day (M in mmol d21 per m width of reef). Mass-transfer limitation suggests that less
than similar to half (55%) may be recycled through reef autotrophs (4). Thus, the incorporation of the remaining remineralized NOx by
downstream lagoonal communities (5) compared to is export to the reef slope (6) requires further investigation.
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Table 6. Habitat-specific estimates of gross nutrient release rates for nitrate and nitrite (NOx) and phosphate (PO4) from previous
studies compared to modeled gross release rates (J2MTL) for the reef crest and flat in the present study (bold). Habitat variation in gross
release rates is also shown for ammonium (NH4).
Species
NOx

Habitat
Coral cavities
Carbonate sediments

PO4

NH4

Reef crest—hard-coral dominated
Reef flat—hard-coral dominated
Coral cavities
‘Micro-atolls’
Reef crest—hard-coral dominated
Reef flat—hard-coral dominated
‘Micro-atolls’
Carbonate sediments

(Atkinson and Falter 2003) and where water masses are
confined to shallow depths. Organic matter remineralization over the reef crest is a potential source of nutrients to
the Ningaloo reef flat and lagoon, given that they are
generally hundreds of meters downstream. As an example,
of the up to , 19 mmol released per m22 of reef crest per
day in May 2008 (Table 4), MTL suggests that , 55%
could physically be retaken up as it traversed across the reef
flat (S of 10.3 m d21; Table 3). Thus, the capacity for
recycling may be limited by MTL but not entirely
prevented. High rates of release coupled with MTL suggest
that a net export of dissolved inorganic nutrients should
occur from most reefs with a large source of organic matter
(Atkinson 1992). In agreement, high organic matter inputs
in May at Ningaloo increased average NOx concentrations
by , 0.2–0.4 mmol L21 downstream, leading to the reef
being a net source of NOx with roughly half of the
remineralized PON recycled through uptake by reef
autotrophs (e.g., M < 27060 mmol m21 d21; Fig. 8a). In
contrast, under lower organic matter supply in November
the reef was a net sink, despite higher incoming NOx
concentrations and, thus, recycling to reef autotrophs and
export may be limited during the spring and summer (e.g.,
M < 5390 mmol m21 d21; Fig. 8b).
The potential export of reef-derived nutrients can be
placed in an oceanographic context by scaling along the
length of the reef (, 290 km; Wyatt et al. 2010), which
suggests that the reef may be a source of , 1.73 3
106 mol d21 of NOx during the autumn based on average
M at the study site of 7000 mmol m21 d21. In comparison, the LC is estimated to deliver , 8.10 3
105 mol d21 to the continental shelf off Ningaloo (,
2900 km2), based on estimates of 1.4 3 108 kg of N
delivered to the 98,000-km2 Western Australian shelf
annually (Feng and Wild-Allen 2010). Thus, reef-derived
remineralized N may represent a significant supply of N
to the local scale shelf during the autumn, perhaps an
order of magnitude higher than delivery from the ocean
by the LC at this time. Release of N in the autumn may
also be locally significant in the context of sporadic inputs
from upwelling during the spring and summer, estimated
to contribute 1.5 3 108 kg over 3 months, or 1.2 3

Release rate (mmol m22 d21)
1–10
9
0.3–2
0.04
5–19
4
1
1
5
2
4
0.1

Reference
Scheffers et al. 2004
Rasheed et al. 2002
Al-Rousan et al. 2004
Rasheed et al. 2002
This study
This study
Rasheed et al. 2002
Steven and Atkinson 2003
This study
This study
Steven and Atkinson 2003
Capone et al. 1992

108 mol d21, along the , 800-km of shelf between Ningaloo and the Abrolhos Islands to the south (Feng and
Wild-Allen 2010).
The increased uptake of phytoplankton PON (as Chl a)
in the austral autumn was associated with a significant
increase in net NOx release (Fig. 7a; Wyatt et al. [2010]).
The relationship between gross release of NOx, estimated
from MTL (J2MTL), and uptake of phytoplankton
nitrogen (PONp) measured on the same day further
suggests that remineralization of phytoplankton was
rapid, with coherent changes in day-to-day fluxes of
PONp and NOx (Fig. 7b). It also implies rapid nitrification
and the involvement of marine symbioses equipped to
facilitate nitrification, such as corals and sponges (Fiore et
al. 2010). Several smaller scale studies have suggested that
gross releases of dissolved inorganic nitrogen within coral
cavities can be explained by rapid uptake of phytoplankton by suspension-feeding organisms (Gast et al. 1998;
Richter et al. 2001; Scheffers et al. 2004). In this study,
phytoplankton uptake explained 86% of the spatial and
temporal variation in NOx release at an ecosystem level
(for the reef crest and flat), which, along with the
magnitude of PONp uptake, firmly implicates allochthonous phytoplankton as a major source of nutrients.
Scheffers et al. (2004) further suggested that bacterioplankton may be a major source of nutrients, explaining
60–70% of dissolved inorganic nitrogen release in the
Caribbean. Nitrogen fluxes from heterotrophic bacterioplankton have also recently been demonstrated to be
significant at Ningaloo, and to supply nitrogen at similar
rates to phytoplankton, especially in the autumn (Patten
et al. 2011).
Phyto- and bacterioplankton represent a predominately
allochthonous nutrient source, and it is reasonable to
assume that their production is negligible in the relatively
fast-flowing water over the reef; therefore, the net fluxes
measured for these cells can be assumed to largely
represent gross uptake (Wyatt et al. 2010; Patten et al.
2011). If we assume, for the moment, that they are the
primary source of NOx over the reef, then gross NOx
release can be independently estimated based on the
assumption of their complete remineralization by the reef
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(i.e., all nitrogen taken up as phyto- and bacterioplankton
is released as NOx):


{
~{ mPONp zmPONb
ð6Þ
Jobs
Thus, combining Eq. 5 and Eq. 6, we can also obtain an
estimate of the gross uptake of nitrate (J+obs) that is
independent of the predicted MTL uptake rates (i.e.,
J+MTL; Table 4):


z
Jobs
~mNOx { mPONp zmPONb
ð7Þ
The gross uptake J+obs estimated in this way was closely
related to the MTL uptake J+MTL, over both the reef crest
(J+obs 5 2.50 3 J+MTL 2 20.2 ; r2 5 0.768; F1,6 5 19.8, p ,
0.01) and the reef flat (J+obs 5 5.45 3 J+MTL 2 20.9 ; r2 5
0.751; F1,9 5 27.2, p , 0.01), thus supporting both the
applicability of MTL theory and the strong role of
allochthonous plankton in reef-level N dynamics.
While allochthonous PON is clearly a significant
component of the reef N budget during the autumn, other
N sources must also be important based on the magnitude
of release observed relative to PON uptake. The role of
DON in the reef-level N budget could be significant, with
concentrations approximately two orders of magnitude
above both NOx and PON concentrations. It is possible
that DON remineralization could have explained the
exceptionally high rates of NOx release near the reef crest
in May 2008 (219 mmol m22 d21); however, measuring
rates of DON uptake and release remains difficult due to
analytical uncertainties. Although very large net fluxes
were estimated for DON (hundreds of mmol m22 d21;
Fig. 4c), the high variability in concentrations means that
these estimated fluxes must be interpreted with caution.
Indeed, in the present study there was no relationship
between the fluxes of DON and NOx, and it is possible that
little incoming DON was remineralized due to a large
proportion being refractory. The lability of DON is yet to
be adequately investigated for any reef (Atkinson and
Falter 2003; but see Tanaka et al. 2011) but improvement
of standard measurement techniques (Tanaka et al. 2011)
and continuing advances in stable isotopes offers great
potential to examine the community-scale significance of
both allochthonous and autochthonous DOM in reef-scale
nutrient budgets.
Implications of oceanographically forced nutrient dynamics—Oceanographic forcing of reef-scale nutrient dynamics has several implications for coral reefs and linked
ecosystems. Firstly, the presence of cryptic suspensionfeeding communities appears particularly important for
N cycling because they are likely to control POM uptake
(Ribes et al. 2003, 2005; Ribes and Atkinson 2007) and,
thereby, facilitate dissolved N release (Fiore et al. 2010).
In the present study, the reef was a greater sink for
silicate during the autumn (e.g., up to three times higher
M: 6880 6 5540 mmol Si m21 d21 in May 2008
compared to 2680 6 1460 mmol Si m21 d21 in Nov
2008; data not shown), lending support to the idea that
increased feeding activity by suspension-feeding sponges
(requiring silicate) may have played a role in N release

(Scheffers et al. 2004). Secondly, nutrient uptake and
release and, thus, recycling, are likely to be highly
dependent on the spatial arrangement of benthic communities (Atkinson and Falter 2003; Miyajima et al.
2007b). The highest N fluxes were shown to occur at the
reef crest due to higher oceanic nutrient concentrations
and enhanced hydrodynamic forcing. As a corollary,
higher accumulations of benthic suspension feeders and
planktivorous fishes at reef crests (Wyatt et al. 2010 and
refs therein) in response to greater food supply may also
increase rates of nutrient cycling in this zone. Finally,
oceanic organic matter inputs may lead to significant
nutrient supply to downstream communities, such as the
lagoon (‘5’ in Fig. 8a) or reef slope (‘6’ in Fig. 8a). At
Ningaloo, a large amount of remineralized oceanic
organic matter in the autumn may support the prominent
algal meadows in the lagoon that are considered an
important habitat for juvenile fishes (Wilson et al. 2010).
Reef-derived nutrients may also be a seasonally significant source for reef-slope pelagic communities: at
Ningaloo planktonic productivity appears to increase by
an order of magnitude close to the reef (, 360 m)
compared to offshore (, 13 km), especially in the smaller
phytoplankton (, 5 mm; C. Rousseaux unpubl.). Increased productivity adjacent to the reef driven by reeflevel remineralization of oceanic organic matter would
tend to support the hypothesis that the autumn (Mar–
May) aggregation of whale sharks (Rhincodon typus) on
the reef slopes of Ningaloo may be linked to increased
phytoplankton concentrations driven by the acceleration
of the LC (Sleeman et al. 2010; Wyatt et al. 2010). This is
one example of how acknowledging the role of oceanographic processes at the reef scale is likely to facilitate
better understanding of the productivity and function of
coral reefs, as well as linked ecosystems. Such understanding is essential for the development of coupled
hydrodynamic–biogeochemical models that will allow
modeling of nutrient dynamics under various scenarios,
including those due to human perturbation and climate
change.
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