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1.  INTRODUCTION

Tidally driven exchanges of organic matter and
nutrients between estuaries and the coastal ocean
are influenced by a chain of vital processes that to -
gether comprise coastal ecosystem function. Odum's
(1980) seminal paper detailing the ‘outwelling hypo -
thesis’ provided a landmark in ecosystem ecology by
focussing attention on material fluxes be tween adja-
cent environments. The resulting framework led to
modern views of ecosystems as dynamic networks
connected by the flow of energy and materials

(Barnes et al. 2018). Here it was stipulated that estu-
aries can either have a net export, or import, of
organic carbon and nutrients, depending on the
influences of biogeochemical processes in sediments,
geomorphology, trophic processes, tidal flushing and
exogenous forcing (e.g. Newell et al. 2016, McCarthy
et al. 2019). Efforts to integrate total fluxes of organic
matter and nutrients across a range of marine sys-
tems have further highlighted the pivo tal role of
estuaries in biogeochemical cycling in the coastal
ocean (Nixon 1980, Childers et al. 2000, Snelgrove et
al. 2018).
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inlets and estuaries. To investigate this interaction, total fluxes of water, nutrients (NH4, NOx and
PO4) and chlorophyll a between Waitati Inlet on the wave-exposed coast of the South Island, New
Zealand, and the coastal ocean were quantified over 40 tidal cycles. We found de clines in total flux
of phytoplankton and increases in flux of NH4 between flood and ebb tides. Net declines in phyto-
plankton biomass followed a Type II functional response curve, consistent with consumption by the
large biomass of filter feeding bivalves within the inlet; however, an asymptote was not reached for
the highest concentrations, indicating that feeding was likely limited by exposure time rather than
concentration of food relative to biomass. An information–theoretic framework was then used to
infer the most likely combination of environmental conditions influencing total fluxes of phyto-
plankton into the inlet. Onshore wind stress, wave transport and salinity explained 90% of the vari-
ation in flux of phytoplankton entering the inlet on flood tides. These results highlight the impor-
tance of the interaction between oceanographic forcing and bivalve filter feeding in modulating
material dynamics and connectivity between estuaries and the coastal ocean.
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In many systems, filter feeding bivalves play a
dominant role in mediating fluxes of organic matter
and nutrients between pelagic and benthic environ-
ments (Thrush et al. 2006, Norkko et al. 2013, Snel-
grove et al. 2018). The role of bivalve filter feeders
in processing and delivering organic matter to the
benthos, bioturbation and stimulating denitrification
pathways and directly influencing fluxes of nutrients
highlights the critical role of bivalves in the internal
material dynamics of estuaries (Dame 1993, Newell
et al. 2002, Greenfield et al. 2016, Winder et al. 2017).
As a consequence, via tidal flushing, bivalves also
alter the flux of organic matter and nutrients be -
tween open coastal and estuarine environments
(Dame & Dankers 1988, Dame 1993). The magnitude
of bivalve-mediated material fluxes and the far-
reaching effects in coastal ecosystems have been re -
peatedly demonstrated in systems where bivalves
have been either lost or severely depleted. Examples
include records of extensive bivalve decline in the
Dutch Wadden Sea (Beukema & Cadée 1996), New
York Harbor and Chesapeake Bay (Kirby 2004), the
upper Gulf of California (Rodriguez et al. 2001) and
Doubtful Sound in New Zealand’s Fiordland region
(Tallis et al. 2004). Declines in bivalve populations
have been associated with dramatic changes in fluxes
of organic matter (e.g. Dame & Dankers 1988) and
nutrients (Newell 1988, Fulford et al. 2010), as well as
shifts in benthic food web structure (e.g. Jack et al.
2009, McLeod et al. 2010) and habitat provision (e.g.
Rutger & Wing 2006, McLeod & Wing 2008). These
functional changes highlight the position of bivalves
as ecosystem engineers, with the loss of bivalves
often accompanied by the loss of essential ecosystem
services.

Efforts to quantify the magnitude of bivalve medi-
ated fluxes of organic matter and nutrients in whole
systems have progressed from upscaling individual
laboratory-based flux measurements (Doering & Ovi-
att 1986, Rodhouse & Roden 1987, Jones et al. 2011,
2017), to extrapolation of in situ flux measurements
made in tidal flumes to whole beds or reefs of bi valves
(e.g. Dame & Dankers 1988), to integration of total
fluxes and estimates of carrying capacity for whole es-
tuarine systems based on residence time of water in
estuaries (Dame & Prins 1998, Srisunont & Babel
2016). These studies provide an important context for
evaluating the ecosystem services provided by bivalve
filter feeding and the capacity for restoration and ex-
pansion of bivalve mariculture within individual estu-
aries (e.g. Dame & Prins 1998, Srisunont & Babel 2016)

Relatively little is known about how coastal oce ano -
graphic processes outside of estuaries influence inter-

nal material dynamics, which provided the rationale
for the current study. The ability to continuously
measure net material fluxes between the open coast
and estuarine environments, originally set as a goal
by Odum (1980), provides the basis upon which to di-
rectly assess how materials are exchanged and inves-
tigate how exogenous oceanographic forcing poten-
tially mediates patterns of exchange (e.g. Childers et
al. 2000). Tidal exchange between the open coast and
estuaries can be quantified by continuous measure-
ment of water flow through a cross section of the entry
channel (Kjerfve & Proehl 1979, Kjerfve et al. 1982)
and coupled with periodic measurement of particulate
organic carbon (POC) and nutrient concentrations
(Farfan & Alvarez-Borrego 1983, Nakamura & Kerciku
2000, Falco et al. 2010) to estimate net material fluxes.
In this context, the residence time of water in an inlet
becomes an important emergent property, being a
rough measure of the time over which water is avail-
able to be filtered by bivalves (e.g. Rynne et al. 2016).
Further, calculations of exposure time (Delhez 2013),
which considers the repeated exchange of water be-
tween the coastal ocean and an estuary, extends this
definition to recognize external coastal retention pro-
cesses in the nearshore environment that may result
in prolonged entrainment and potential repeated ex-
posure of water to be filtered or modified within estu-
arine environments (Viero & Defina 2016).

The magnitude of ocean−estuary water exchange
is influenced by exogenous processes within the inlet
such as freshwater flow (Murrell et al. 2007), but also
by oceanographic processes acting on the adjacent
open coast such as cross-shelf transport and mixing
due to surface waves (e.g. Hench et al. 2008) or wind-
driven currents (Klinck et al. 1981). In many temper-
ate systems, variability in coastal retention of neritic
water, and consequentially the exposure time of
water in estuaries, occurs at the headland−embay-
ment scale and is forced by shifts between upwelling-
and downwelling-favourable winds (e.g. Wing et al.
1998, Suanda et al. 2016). Accordingly, the focus of
the present work was to re solve how coastal oceano-
graphic conditions likely interact with bivalve filter
feeding to influence the net fluxes of materials be-
tween the coastal ocean and an estuary on an open,
wave-exposed coast. We ask the general questions:
(1) How do coastal oceanographic conditions influ-
ence the delivery of phytoplankton into estuaries? (2)
How do influxes of phytoplankton likely interact with
bivalve filter feeding to modify net fluxes of organic
matter between the estuary and the coastal ocean?

The present study was based in Waitati Inlet, a
well-flushed tidally dominated inlet situated on the
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wave-exposed east coast of South Island, New Zea -
land (see Fig. 1). The inlet has a high density of bi -
valves, primarily the filter feeding cockle Austro-
venus stutchburyi (up to 1800 ind. m−2). The cockle
biomass estimate (mean ±SE) within the inlet was
14161.7 ± 1081.8 t at the time of our study (Miller &
Black 2019). Commercial cockle harvesting can re -
move up to 1008 t yr−1, as well as additional removal
by recreational and customary fishing. Re moval
of shellfish biomass can have broader implications
for the ecological community and estuary function
(O’Connell-Milne 2016). The capacity of the A.
stutchburyi population to filter water in the inlet
likely comprises a dominant sink for organic carbon
in the system (Smith et al. 2010, Kainamu 2011).

We used continuous measurements of water flow,
depth and chlorophyll a (chl a), as well as discrete
samples of nutrient concentrations collected during
ebb and flood tides from the well-mixed entrance
channel of the inlet to estimate net tidally induced
fluxes of water, phytoplankton and nutrients be tween
Waitati Inlet and the coastal ocean. Environmental
data on wind stress, ocean wave transport, solar irra-
diation, temperature and rainfall provided the basis
for a statistical model to infer likely influences of exo -
genous oceanographic forcing on in fluxes of chl a
from the coastal ocean to the estuary. These data
were used to assess how changes in total phytoplank-
ton biomass entering the inlet during flood tides, and
hence made available to bivalve filter feeding, varied
among periods with different coastal oceanographic
conditions. We then used data on the biomass and pop -
ulation structure of the abundant bivalve A. stutch -
buryi to estimate the likely contribution of bivalve fil-
ter feeding to net fluxes of phytoplankton between
the coastal ocean and Waitati Inlet. Our results have
important implications for understanding the interac-
tions between coastal oceanographic forcing and bi-
valve filter feeding on the net fluxes of organic mate-
rial between estuaries and the coastal ocean.

2.  MATERIALS AND METHODS

2.1.  Study site and instrument mooring

Waitati Inlet is classified as a shallow, intertidally
dominated estuary (Robertson et al. 2016). It is per-
manently open and considered well-flushed and
tidally dominated on the scale of New Zealand coastal
inlets (Heath 1976). The inlet area spans 6.2 km2, with
intertidal flats comprising 86%, spanning 5.2 km2

excluding saltmarsh habitat. The catchment covers an

area of approximately 92.8 km2 (Hume et al. 2016). As
is characteristic of tidal la goons such as Waitati Inlet,
the tidal prism accounts for a majority (76.5%) of the
total basin volume at spring high tide (7 559 191 m3)
(Hume et al. 2016). Thus, the majority of the water
within the inlet is ex changed with the adjacent
coastal ocean at each tide. The inlet has a mean
depth of 1.2 m at spring high tide, however channels
in the inlet can reach depths of 3−4 m. The inlet is
connected to the coastal ocean through a single nar-
row channel with maximum depth of approximately
3.5 m. The semidiurnal tides form strong tidal currents
at the entrance as water exchanges through the con-
strained channel resulting in a well-mixed water col-
umn (Heath 1976).

We measured net fluxes of water, phytoplankton
and nutrients over a series of 40 tidal cycles, covering
5 discrete sampling periods (deployments) in the aus-
tral spring and summer of 2018−2019 in order to re-
solve how exogenous forcing influenced delivery of
phytoplankton to the inlet. Spring and summer were
targeted to provide the period of highest primary pro-
duction and material fluxes between the estuary and
coastal ocean. Measurements of water properties
were collected at 1 min sample intervals from instru-
ments on a bottom-mounted metal frame mooring
 deployed at low tide in 3.5 m water depth relative to
high tide in the main channel of Waitati Inlet (Fig. 1).
Salinity, temperature and pressure were recorded
by an XR-420 mo del RBR data logger. A Turner De-
signs® C3 submer sible fluorometer, complete with
wipers and shade cap, recorded optical fluorescence
at 635 and 850 nm to infer water column chl a con -
centration and tur bidity respectively. For 3 of the
5 deployments, an upward-looking 2 MHz Nortek
AS Aqua dopp Profiler measured horizontal water
column velocity in 25 cm vertical bins. Twelve inde-
pendent velocity samples were averaged to 1 min
profiles. In the re maining deployments, a flow model
was constructed to infer tidal flows based on bottom
pressure measurements from the RBR data logger
(see Section 2.5). Deployments spanned 4 September
to 4 December 2018 through the spring and early
summer. Deployments were planned to cover a simi-
lar timing of tidal cycles with high tide during the
middle of the day to ensure maximum daytime and
minimum night-time productivity within the estuary.

2.2.  Velocity profile processing

After each deployment, Aquadopp velocity meas-
urements were further processed. Each profile was
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screened for surface contamination, where all meas-
urements within 50 cm (2 bins) of the sea surface were
discarded. Compass-coordinate Aquadopp velo cities
were rotated to align with the orientation of the main
channel, equivalent to the principal axes coordinate
system as determined by depth-averaged Aquadopp
velocities. In the dominant along-channel direction,
velocity profiles had no detectable vertical structure.
The result justified use of the depth-average flow as a
representative velocity directed incoming-to, and out-
going-from, Waitati Inlet. Cross-channel (lateral) vari-
ation in velocity structure was not quantified in the
present study due to the well-mixed flow and repre-
sentative positioning of the monitoring equipment
within the deepest point at the center of the confined
channel.

2.3.  Tidal duration identification

Bottom pressure measurements were used to iden-
tify the duration of each flood and ebb tide. The 1 min
measurements were low-pass-filtered with a filter
half-power of 45 min and first-differenced to ob tain
their time derivative. Zero-crossings in the bottom
pressure time derivative were identified as slack tide
periods, marking the transition between individual
flood-to-ebb or ebb-to-flood tide and providing tem-
poral integration limits for exchange estimates.

2.4.  Tidal exchange through channel

At high tide, a hand-held depth sounder was used
to collect measurements of the bottom profile across
the Waitati Inlet main channel where the monitoring
equipment was moored. The bottom profile was ex -
tra  polated to a time-variable channel cross- sectional
area informed by measurements of tidal height from
bottom pressure. Multiplication of incoming− outgoing
flow velocity (m s−1) with the time-variable cross-sec-
tional area of the channel (m2) gave an estimate of
bulk transport of water (m3 s−1) into and out of Waitati
Inlet. Integration of bulk transport over the duration of
a flood and ebb tide yielded the tidal exchange; the
total volume of water transported into, and out of,
Waitati Inlet over each tidal cycle. We found little dif-
ference in tidally integrated volume transport over
the 40 tides measured in the present study (data not
shown).

Similarly, material flux into and out of Waitati Inlet
was estimated. The product of total volume flux (m3

s−1) and chl a concentration (μg l−1) provided an esti-
mate of the total flux of material. Integration in time
over the duration of a flood and ebb tide yielded the
cumulative tidal material exchange transported into
and out of Waitati Inlet per tide (i.e. kg tide−1). The
difference in cumulative mass between a flood and
subsequent ebb tide yielded the cumulative material
in kg tidal cycle–1.

32

Fig. 1. Location and aerial image of Waitati Inlet at low tide. Text box indicates the main channel location of moored monitoring 
and water sampling
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2.5.  Flow model of tidal exchange through channel

As water current velocity was not measured at all
deployments, an empirical model of tidal currents as
a function of channel depth was used to estimate
tidal exchange (Boon & Byrne 1981). The conserva-
tion of volume principle for an inlet connected to the
ocean through a single channel can be written by
equating the time-rate of sea level change to the
cross-section average current velocity:

(1)

where A is the inlet surface area, Ac the channel
cross-sectional area, V is the time-variable, cross-
section mean current velocity, h is the inlet sea level
and t is time (min). Aquadopp mean velocity and RBR
bottom pressure data from the second deployment
(see Fig. 2) (18−25 Sept 2018) spanned 12 full tidal
cycles. These data were used to determine the ratio
(A/Ac) from the slope of a linear least squares regres-
sion with the time derivative of sea level (dh / dt) as
predictor variable and V as the response variable.
The validity of the flow model was assessed against
flow data collected on Deployment 1 (4−11 Sept 2018)
and Deployment 3 (16−23 Oct 2018) to ensure mod-
elled flow correctly represented conditions across
other deployments. Although ebb-tide currents were
better predicted than flood-tide currents, the overall
regression had high skill (r2 = 0.85) with a small y-
intercept. Inclusion of a temporal lag be tween vari-
ables did not greatly increase model significance;
therefore, the regression coefficients at zero lag were
used to predict tidal currents for deployments with-
out current measurements.

2.6.  Environmental data

Environmental data were sourced from a variety of
local sources. A meteorological station mounted on
the roof of the University of Otago’s Department of
Physics building (approximately 45 m above sea level,
15 km from Waitati Inlet) collected wind speed and di-
rection, incident solar radiation and air temperature
measurements at 5 min intervals. Wind speed was
converted to wind stress with standard bulk oceanic
flux procedures (Large & Pond 1981). Rain data was
accessed from a rain gauge operating within the Wait-
ati catchment. For the South Island of New Zealand,
wave conditions are monitored by Canterbury Re-
gional Council (Environment Canterbury) with a
Datawell directional wave-rider buoy moored in 75 m

of water, 17 km offshore (43° 45’ S, 173° 20’ E). Signifi-
cant wave height, peak period and mean wave direc-
tion were used to estimate the surface wave-driven
transport (Stokes’ drift) for monochromatic deep- water
waves (Longuet-Higgins 1953). For environmental re-
gression modelling, wave conditions were separated
into north−northeast (0−110° incidence) and south−
southeast conditions (110−270° incidence).

2.7.  Water sampling

Water samples were collected at mid-tide for both
flood and ebb tides for 3 consecutive days of each
deployment. To calibrate chl a readings from the
deployed C3 fluorometer, triplicate 1.5 l water sam-
ples were vacuum-filtered through glass-fiber filters
(Whatmann GF/F, 47mm), extracted in 96% ethanol
and measured spectrophotometrically. Concurrently,
water samples to assess nutrient concentrations were
collected in triplicate, filtered at 0.45 μm and frozen
at −20°C until analysis. Dissolved nutrient concentra-
tions (NH4, NOx and PO4) were determined on a La
Chat QuikChem 8500 Series 2 channel nutrient auto-
analyzer at the Portobello Marine Laboratory, Uni-
versity of Otago.

2.8.  Carbon and nitrogen content of suspended
particulate organic matter (SPOM)

To quantify total particulate organic carbon and
nitrogen, 2−3 l of seawater was pre-filtered through a
200 μm mesh, vacuum-filtered onto pre-combusted
glass fiber filters (Whatman GF/F, 47mm) until
clogged, acid-fumed with (H2SO3) for 6 h and dried
at 60°C prior to analysis. All samples were analyzed
in triplicate on a Europa 20−20 update stable isotope
mass spectrometer (Europa Scientific) interfaced to a
Carlo Erba elemental analyzer (NA1500; Carlo Erba)
in continuous flow mode at the Isotrace lab in the De -
partment of Chemistry, Otago University, using stan-
dard protocols.

2.9.  Estimates of population structure and
 clearance rates of Austrovenus stutchburyi

Austrovenus stutchburyi were randomly collected
(n = 3869) from established survey strata covering
the whole of Waitati Inlet (Irwin 2004). Total length
(mm) and wet weight (g) of each individual were
measured to resolve size and weight distributions for
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the population. For a subset of 174 individuals, all tis-
sue was removed from the shell and placed into pre-
weighed crucibles and dried at 60°C for a minimum
of 4 d to obtain tissue dry weight (gDW). Average
length (mm), whole wet weight (g) and tissue DW
were then calculated based on the size and weight
distribution of the population. The relationship be -
tween whole wet weight and tissue DW was used to
calculate the tissue DW represented by the whole
inlet fisheries stock assessment of 14161.7 ± 1081.8 t
(Miller & Black 2019).

Change in the total fluxes of chl a (g) between flood
and ebb tides were then used to calculate the frac-
tions of the water exchanged between the inlet and
the coastal ocean that were cleared during each of
the 40 observed tidal cycles. We then calculated the
volume of water cleared based on the total flux of
water for each tidal cycle. Clearance rate (l gDW−1

tidal cycle−1) was then estimated based on volume of
water filtered (l) and total DW of the A. stutchburyi
population. We then estimated the volume that would
likely be filtered by each individual in the size distri-
bution based on weight-specific clearance rates. These
estimates, based on the as sumption that A. stutch-
buryi accounted for the ob served declines in chl a,
were then compared with experimentally de rived
values for clearance rates in estuarine bivalves.

2.10.  Statistical analysis

We used generalized linear models in JMP v.14.2.0
(SAS Institute) with the factors tide (fixed, flood vs.
ebb) and sample period (ordinal, 5 levels) to test for
differences in (1) cumulative mass of chl a (kg tide−1)
and (2) cumulative mass (kg tide−1) and average con-
centrations of NH4, PO4 (μmol l−1) and NOx (μg l−1)
between flood and ebb tides during each tidal cycle
among the 5 deployments.

Known relationships between the concentration of
chl a and the concentration of carbon for temperate
coastal phytoplankton allowed for estimates of POC
transport due to phytoplankton on each tidal ex -
change to be calculated (Jakobsen & Markager
2016). We then examined the relationship between
cumulative mass of POC (kg tide−1) on flood tides,
and the net change in cumulative mass of POC (kg
tidal cycle−1) between flood and ebb tides. In this
case, we used nonlinear fitting with Newton-based
iteration in JMP of the Type II functional response
equation, where the net change in carbon (kg tide−1)
was calculated as the difference between cumulative
carbon (kg tide−1) on the flood tide and cumulative

carbon (kg tide−1) on the ebb tide. The ‘attack rate’ (a)
denotes the rate at which a consumer encounters
food per unit density, and the ‘handling time’ (h) is
the average time spent processing a food item:

(2)

A generalized linear model in JMP with factors
time (fixed, day vs. night), tide (fixed, flood vs. ebb)
and sample period (random, 5 levels) and the inter -
action of time × tide was used to test the difference in
the cumulative mass of carbon (kg tide−1) between
flood and ebb tides during day and night. These
tests were focussed on controlling for phytoplankton
growth associated with light saturating conditions
during daylight hours, compared to dark treatments.
Because we timed our sampling periods to corre-
spond with times when low tide occurred at dawn,
we were able to carry out a robust analysis of the ef -
fects of time on POM fluxes for whole tidal cycles.

Generalized linear models in JMP were used to test
for the effects of exogenous forcing in the form of en -
vironmental conditions including wind stress, ocean
wave transport, solar irradiation, temperature and
rainfall on the cumulative mass of chl a (kg tide−1)
 entering the inlet during flood tides. We used model
selection procedures in an information-theoretic
frame work to select the most parsimonious group of
models to statistically explain physical de livery of
phytoplankton to the inlet. For the best set of models,
we used Akaike’s information criterion corrected for
small sample sizes (AICc) to assess the relative ex -
planatory power of salinity and a range of wind and
wave statistics for describing the variability in fluxes
of chl a into the inlet.

3.  RESULTS

Wind stress and wave transport conditions varied
in the coastal ocean during the 5 deployments, with
strong onshore wind stress and wave transport ob -
served during Deployments 1 and 5, and periods of
offshore wind stress observed during Deployments 2,
3 and 4 (Fig. 2A,B). There were significant periods of
high air temperature (°C) during Deployments 2, 3
and 4, high irradiance (W m−2) during Deployments
3, 4 and 5 and significant rainfall (mm h−1) events ob -
served in each of the deployments, with a large period
of rainfall preceding Deployment 5 (Figs. 2C,D,E).

Time-series of depth (m), flow (m s−1) and chl a (μg
l−1) in the entrance channel over 3 d provided a typi-

( )
( )( ) ( )

( )
⋅

+ ⋅
a

ah
Net change in carbon  kg =

carbon  kg  Flood

1 carbon  kg  Flood
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cal picture of variation within and
among tidal cycles (Fig. 3). We ob -
served a slightly asymmetric flow pat-
tern through the channel among tidal
cycles with slightly higher amplitudes
of flood tide peak flows compared
with peak flows during ebb tides
(Fig. 3). At high tide, the en trance
channel had a cross- sectional area of
730 m2 with flow peaking at 1.54 m s−1

during mid-tide. On the flood tide,
concentrations of chl a were mostly
synchronous with incoming water
flow, indicating the relatively large
transport of chl a from the coastal
ocean into Waitati Inlet (Fig. 3). On
ebb tides, significantly lower concen-
trations of chl a were observed, indi-
cating the relatively smaller transport
of chl a out of Waitati Inlet (Fig. 3).

Results of the generalized linear
model with the factors tide (fixed,
flood vs. ebb) and sample period (ordi-
nal, 5 levels) indicated that the cumu-
lative flux of chl a (kg tide−1) entering
the inlet during flood tides (n = 40)
was higher than the flux of chl a (kg
tide−1) leaving the inlet during ebb
tides (n = 40), indicating a net positive
transport of phytoplankton into the
inlet (whole model: F4,75 = 33.32, p =
0.0001; tide: F = 45.22, p = 0.0001)

35

Fig. 2. Environmental conditions during deployments: (A) wind stress, (B) wave
transport, (C) air temperature, (D) irradiance and (E) rainfall. Grey shading: 5 

deployment periods

Fig. 3. Six days of deployment data showing (A) water depth (dashed line), along-channel flow (solid line) and (B) concentra-
tion of chl a . Grey shading in (A): periods of flood tide used for cumulative flux integrations; grey shading in (B): chl a values 

included in cumulative flood chl a flux estimates
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(Fig. 4). Conversely, the average concentrations of
NH4 transported during flood tides (0.44 ± 0.11 μmol
l−1) were lower than the average concentrations dur-
ing ebb tides (1.10 ± 0.10 μmol l—1) (NH4: tide, F1,33 =
58.78, p = 0.0001). The cumulative flux of NH4 (kg
tide−1) entering the inlet during flood tides was lower
than the flux of NH4 (kg tide−1) leaving the inlet dur-
ing ebb tides, indicating a net positive transport of
NH4 out of the inlet (whole model: F4,15 = 8.63, p =

0.0008; tide: F = 17.22, p = 0.0009) (Fig. 5A). Concen-
trations of NOx and PO4 measured during flood tides
(NOx: 19.56 ± 2.72 μg l−1; PO4: 0.036 ± 0.009 μmol l−1)
were not significantly different (p > 0.05) than the
concentrations (NOx: 17.48 ± 2.70 μg l−1; PO4: 0.044 ±
0.008 μmol l−1) measured during ebb tides (NOx: tide,
F1,33 = 0.97, p = 0.33; PO4: tide, F1,33 = 1.33, p = 0.26).
Similarly, cumulative fluxes of NOx and PO4 (kg
tide−1) were not different between flood and ebb
tides (NOx: tide, F1,14 = 0.93, p = 0.35; PO4: tide, F1,15 =
0.007, p = 0.93) (Fig. 5B).

Cumulative fluxes of carbon (kg tide−1) on flood
tides versus net changes in carbon (kg tidal cycle−1)
be tween flood and ebb tides indicated a curvilinear
relationship (Fig. 6). On average 43 ±2.2% of POM
was depleted from incoming  water while in the inlet.
The relationship between flux of carbon (kg tide−1)
on flood and ebb tides during daytime and night-

36

Fig. 4. Mean (±1 SE) cumulative flux of chl a across all de-
ployments transported on flood vs. ebb tides. Levels not
connected by the same letter are significantly different

Fig. 5. Mean (±1 SE) total flux of (A) NH4, (B) NOx and PO4

transported during flood vs. ebb tides. (A) Levels not con-
nected by the same letter are significantly different

Fig. 6. Cumulative flux of carbon on flood tides vs. net
changes in carbon between flood and ebb tides. Data fitted 

with a Type II functional response curve

Fig. 7. Mean (±1 SE) flux of carbon on flood and ebb tides
during daytime and night-time deployments of oceanographic
instruments. Levels not connected by the same letter are 

significantly different
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time deployments indicated no significant difference
in the net change of carbon associated with time of
day (whole model: F6,73 = 22.47, p = 0.0001; time ×
tide: F = 0.029, p = 0.87) (Fig. 7).

Results of generalized linear models between
salinity, wind speed and north wave height on cumu-
lative mass of chl a (kg tide−1) during a flood tide
 in dicated that 90% of the variability in chl a (kg
tide−1) could be statistically explained by the com-
bined model (Fig. 8). Results of AICC analysis de -
mon strated that each of the 3 environmental vari-
ables were the most important predictors of chl a
total flux on flood tides with factor weightings rang-
ing from 0.91− 1.0 (Table 1). Under low salinity condi-
tions with onshore winds and waves, chl a on the
incoming tide increased consistent with coastal re -
tention of the outwelled water from the inlet.

The size distribution of the Austrovenus stutch-
buryi population in Waitati Inlet followed a clear
adult mode with a range between 5.9 and 61 mm
total length and an average size of 30.17 mm
(Fig. 9A). Estimates of per capita clearance rates of
the water exchanged between the coastal ocean and
the inlet ranged from a minimum of 0.02 l ind.−1 tidal
cycle−1 for the smallest individuals and increased
geometrically with size to 26.37 l ind.−1 tidal cycle−1

(Fig. 9B). The average per capita clearance rate was
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Fig. 8. Observed versus predicted values for cumulative
chl a on flood tides based on a generalized linear model with
salinity, wind speed and northern wave height as predictor 

variables

Fig. 9. (A) Size−frequency distribution of Austrovenus stutch -
buryi in Waitati Inlet (n = 3869) and (B) estimates of size-

specific clearance rates by A. stutchburyi

Model                                                                                     k            RSS             r2            AICc           Δi             wi          Factor 
                                                                                                                                                                                               weight

Wind (m s−1)                                                                           4          5532.8        0.66         206.3       0.0      0.0000        0.99
Wind (m s−1) × north wave height (m)                                 5          5174.1        0.67         206.3       −0.1      0.0000        0.91
North wave height (m)                                                          4          4935.4        0.70         205.3       −1.0      0.0000            
Salinity (ppt)                                                                          4          1964.3        0.75         161.1       −45.2      0.0000           1
Salinity (ppt) × north wave height (m)                                 5          1399.8        0.82         141.1       −65.2      0.0011            
Salinity (ppt) × wind (m s−1)                                                  5          987.0         0.88         132.5       −73.9      0.0856            
Salinity (ppt) × wind (m s−1) × north wave height (m)        6          802.0         0.90         127.7       −78.6      0.9130

Table 1. Relative explanatory power of environmental indicators for cumulative mass of chl a on flood tides using Akaike’s in-
formation criterion corrected for small sample sizes (AICc) model selection criteria. Each of the models included sample period
(ordinal, 5 levels) as an extra factor. k: no. of model parameters; RSS: residual sum of squares; Δi: difference in model AICc

from minimum AICc; wi: model AICc weight
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estimated to be 3.67 l ind.−1 tidal cycle−1. The estimated
average volume filtered of the water exchanged per
tidal cycle was 3 968 908 ± 224 286 m3, which repre-
sented, on average, 43% of the tidal exchange of
water, with a range of 15−63% volume filtered. The
average volume of water filtered per gDW of A.
stutchburyi tissue was 14.82 ±0.83 l gDW−1 tidal
cycle−1.

4.  DISCUSSION

The data and results of the present study demon-
strated that Waitati Inlet was a net sink for particu-
late carbon from coastal phytoplankton and a net
 ex porter of NH4 to the coastal ocean. Continuous
measurement of flow and of chl a concentration over
a series of tidal cycles provided the basis for high res-
olution measurements of total fluxes of phytoplank-
ton between Waitati Inlet and the coastal ocean. The
patterns that we observed on net fluxes of organic
matter were consistent with a large influence of fil-
tration of water by the resident population of Austro-
venus stutchburyi, which had a total inlet biomass of
14161.7 ± 1081.8 t at the time of study (Miller & Black
2019). Wind stress, wave transport and salinity were
each significant statistical predictors of chl a con -
centrations entering the inlet on the flood tides, indi-
cating that exogenous oceanographic forcing con-
ducive to retention of coastal water likely affected
the delivery of phytoplankton to the inlet that was
then available to be filtered by bivalves. If we as -
sume that the clearance of phytoplankton from the
water that exchanged with the outer coast was dom-
inated by A. stutchburyi, then total estuary clearance
rates accounted for between 15 and 63% of the ex -
changed water volume. These estimates fall within
the range of published values for biomass-specific
clearance rates for intertidal bivalves, but several
caveats must be considered along with our estimates.
Together, these data highlight the important physical
and biological interactions between estuaries and open
coastal systems, and particularly, the inter actions be -
tween exogenous oceanic forcing and bi valve filter
feeding on the flux of organic matter and nutrients
between systems.

Nitrogen is generally the limiting nutrient for pri-
mary production in coastal marine systems (Vitousek
& Howarth 1991). We observed that Waitati Inlet was
a net exporter of NH4 during the course of our study
and a net importer of phytoplankton. The observed
pattern is consistent with the idea that mixing of
estuarine water with coastal water on ebb tides likely

resulted in increased pelagic primary production in
water that was retained near the estuary entrance
during oceanographic conditions conducive to on -
shore retention. Ocean conditions of onshore wind
stress and wave transport tend to increase retention
of neritic water near the entrance of the inlet, and the
ob served increased phytoplankton concentrations
were more likely to be transported back into the
estuary on the flood tide. Hence, onshore conditions
likely increased the ‘exposure time’ for water moving
between the inlet and coastal ocean (sensu Delhez
2013). The resulting coupling mechanism provides a
basis for a strong positive feedback between nutrient
enrichment within the inlet and enhanced produc -
tivity of the coastal ocean, with net fluxes of phyto-
plankton into the inlet on flood tides. As the nutrient
concentrations of estuarine water are altered by ex -
tensive filter feeding by bivalves, the positive feed -
back and cycling of nitrogen is highly dependent on
an abundant population of  bivalves within the inlet.
In the absence of sufficient biogeochemical cycling
of nutrients and/or increased land-based inputs,
nutrient concentrations would like ly increase beyond
the observed average NH4 con centration of 0.44 ±
0.11 μmol l−1. Currently,  national numeric nutrient
guidelines are not set for estuaries and coastal waters;
however, coastal managers are beginning to recom-
mend regionally dependent trigger value thresholds
for nutrients close to or below the values we observe
here (ANZECC & ARMCANZ 2000).

Observations of extensive filter feeding and cy c -
ling of NH4 by dense bivalve beds have provided
the basis for a strong link between ecosystem serv-
ices provided by bivalves and coastal eutrophication
processes (Dame & Dankers 1988, Dame 2016). In the
absence of bivalve filter feeding, the positive feed-
back between nutrient outwelling in estuaries and
stimulation of coastal phytoplankton blooms can re -
sult in shifts to alternate degraded states of estuarine
systems (Beukema & Cadée 1996, Kirby 2004). The
patterns that we observed in the present study sug-
gest that much of the variability in this process can be
physically mediated by coastal ocean processes, high-
lighting the need to understand ecosystem connectiv-
ity between estuaries and the open coast to under-
stand internal dynamics within estuarine systems.

Observations of loss or decline of bivalves in sev-
eral large estuarine systems have highlighted their
role in the chain of vital processes that define ecosys-
tem function. For example, the Dutch Wadden Sea is
characterized by extensive tidal channels and large
tidal ex change with the open coast, coupled with
high rates of nutrient input from agriculture. In 1990,
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after 3 yr of recruitment failure and high fishing mor-
tality, extensive beds of mussels Mytilus edulis and
cockles Cerasto derma edule were lost from large
parts of the system. The result was early onset and
proliferation of phytoplankton blooms throughout
the Wadden Sea and enhancement of the detrital
pathways for flux of organic matter through the ben-
thic food web, primarily through the benthic clam
Maco mona balthica (Beukema & Cadée 1996). In the
Chesapeake Bay system, extensive fishery mortality
and excess coastal runoff resulted in extensive losses
of oyster Crassostrea virginica reef habitats from the
system beginning in the late 1800s. The result has been
extensive coastal eutrophication and a state change
in the estuarine ecosystem (Kirby 2004). These exam-
ples highlight the link between the multiple stressors
of fisheries mortality, nutrient pollution and eutroph-
ication in estuarine systems and highlight the impor-
tant feed back between bivalve filter feeding and
cycling of organic matter and nutrients (Thrush et al.
2006).

In Waitati Inlet, the commercial fishery for cockles
(A. stutchburyi) has increased from 16 t harvested in
1990 to 906 t landed in 2019, with additional recre-
ational and customary harvesting pressures (Miller &
Black 2019). Declines in abundance have occurred
within the commercial beds, which cover much of the
deeper habitat along the seaward channels of the
inlet (Irwin 2004). Nevertheless, estimates of whole-
inlet biomass, which include large unfished regions
of the inlet, have not resolved significant changes
since the beginning of commercial fishing, reflecting
an increase in biomass in unfished regions of the
inlet. Those habitats not subjected to commercial
fishing are in the high intertidal mudflat habitats in
the inner reaches of the inlet, where filtration capac-
ity and growth rates are reduced by immersion time,
variations in flow rate, sedimentary environment
(Jones et al. 2011) and food quality (Pawson 2004).
The feeding rate is primarily constrained by the time
of immersion (Beentjes 1984) and distance from the
tidal entrance (Larcombe 1971). In the present study,
net change in phytoplankton biomass relative to flux
of phytoplankton on flood tides likely reflected the
consumption of phytoplankton by the bivalves within
the inlet as modelled by a Type II functional response
curve. The observed relationship indicated that the
inlet could host a larger population of bivalves with
higher consumption capacity before reaching the
asymptote of the functional response curve. It is likely
that changes in biomass, as well as the distribution of
biomass across the intertidal zone, affect the filtration
capacity of the whole inlet population (Dobbinson et

al. 1989). A shift in the distribution of bivalves toward
more shallow habitats with less immersion time would
decrease the efficiency of filter feeding within a tidal
cycle and hence reduce the net change in flux of
phytoplankton within a tidal cycle.

The data and results that we have presented make a
strong case for the important interaction between bi -
valve filter feeding and oceanographic forcing on
fluxes of phytoplankton between Waitati Inlet and
the open coast. However, several important caveats
must accompany our conclusions. First, we quantified
phyto plankton abundance based on continuously
measured chl a concentration and discrete reference
samples, then calculated total fluxes of phytoplankton
in terms of both mass of chl a (kg tide−1) and mass of
carbon (kg tide−1) during each tidal cycle. In many
inlets throughout the world, including Waitati Inlet,
micro phytobenthos comprise an important alterna-
tive source of POM (Leduc et al. 2006). Here, tidally
induced resuspension of microphytobenthos can make
up a large portion of the SPOM transported out of an
inlet on ebb tides (de Jonge & van Beusekom 1995).
Additionally, extensive growth of macroalgae (e.g.
Ulva spp.; Cornelisen et al. 2007), eelgrasses Zostera
marina and epiphyte communities (e.g. Thomas et al.
2000) can make substantial contributions to the SPOM
pool, particularly during high flow and wind wave
periods. Accordingly, our estimates of net change in
SPOM, as indicated by chl a concentration, likely had
multiple sources, which we were unable to directly
separate. Our estimates of clearance rates for the vol-
ume of  water exchanged during each tidal cycle were
based on the simplifying assumption that filter feed-
ing by A. stutchburyi accounted for the observed de -
cline in chl a during each tidal cycle. While undoubt-
edly A. stutch buryi, as the dominant species, accounted
for a vast majority of the decline, there are other spe-
cies and mechanisms that could account for the
change. For example, Waitati Inlet hosts small but sig-
nificant populations of the filter feeding bivalve Paphes
aus tra lis. Additionally, processes such as interfacial
water flow can trap phytoplankton into permeable
sandy sediments, which can be enhanced by biotur-
bation, providing alternate sinks for POC (Huettel &
Rusch 2000, Volkenborn et al. 2007). Calculations of
weight-specific clearance rates for the full inlet may
have variability amongst season and year, as shellfish
body condition fluctuates with food availability and
the presence of reproductive tissue (Coughlan & An -
sell 1964, Walne 1972). Nevertheless, our estimates of
biomass-specific clearance rates fall within reported
values for estuarine bivalves (e.g. Riisgård 2001, Pas-
coe et al. 2009, Jones et al. 2011, Rosa et al. 2018), and
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it is clear from the patterns in delivery of phytoplank-
ton to the estuary that oceanographic processes influ-
ence the fluxes of POM total particulate organic car-
bon and nitrogen available to bivalves on each tidal
cycle.

Our data provide the basis to determine the net
ex change of the SPOM pool during tidal cycling in
Waitati Inlet. While each of the sources represent
autotrophic contributions, each of the potential
sinks — bivalve filter feeding, particle capture by
other invertebrates, settlement and incorporation
into the detrital food web — represent heterotrophic
pathways. We can therefore calculate whether tidally
induced fluxes of SPOM into Waitati Inlet resulted in
a net heterotrophic or a net autotrophic system, in
terms of the particulate pool. In the present study, we
ob served that on average there is a 43% decline in
the SPOM pool during tidal cycles with a minimum
net change of 15% and a maximum net change of
63%. The result was that during our series of contin-
uous observations over 40 tidal cycles, the Waitati
Inlet system was functioning as a net heterotrophic
system in terms of the SPOM pool only 25% of the
time. Much of the observed variability between auto-
trophic and heterotrophic conditions was explained
by conditions favourable to onshore oceanographic
retention of water. These data have important conse-
quences for understanding ecosystem function of the
system (sensu Odum 1980), whereby the fluxes of
organic matter and nutrients are strongly forced by
the interaction of the physical oceanographic envi-
ronment with food web processes, particularly the
action of filter feeding bivalves.

We have demonstrated that net fluxes of SPOM
between the open coast and an inlet with a narrow
tidal channel are likely influenced by a chain of vital
process, including coastal retention of neritic water
with high nutrient concentrations likely stimulating
ex-estuary phytoplankton production, tidally in -
duced fluxes of SPOM into the inlet followed by ex -
tensive bivalve filter feeding and outwelling of nutri-
ents to the coastal ocean. We found that much of the
increases in fluxes of SPOM during flood tides could
be explained by environmental processes that were
conducive to coastal retention and mixing of neritic
water. These data provide the basis for understand-
ing the interaction of nutrients, pelagic primary pro-
ductivity and bivalve filter feeding at the estuary−
coastal ocean scale (e.g. Nakamura & Kerciku 2000).
Our results provide a valuable case study for incor-
poration of coastal oceanographic dynamics into
studies of estuarine ecosystem function. The patterns
that we observed indicate that there are vital feed-

backs between subsystems, and that ecosystem func-
tion of estuaries strongly responds to physical forcing
in the coastal ocean. These findings highlight the
importance of considering the effects of a changing
physical oceanographic environment on estuarine
productivity and have important implications for
understanding material dynamics in coastal ecosys-
tems as well as informing effective ecosystem-based
management of bivalve fisheries.
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