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Abstract

Darwin Harbour is a working port and the most populated city in the Northern Territory of Australia. This macrotidal
estuary is located in the wet—dry tropics of Northern Australia and notwithstanding mounting development pressures in
the region, is largely unmodified. The prevailing oligotrophic condition of estuarine waters suggest that biogeochemical
cycling in sediments remain active, buffering the influence of anthropogenic inputs. We tested the hypothesis that nutrient
hotspots exist in depositional low-velocity zones, with a gradient of high to low nitrogen processing from the upper to outer
reaches of the estuary. A number of factors were examined for their influence on the effectiveness of denitrification in these
depositional zones, a putative key process driving nitrogen removal, with particular emphasis on carbon-loading extremes
in tidal creeks, spatial gradients along the estuary and the influence of seasonality. There were significant differences in
process rates between hypereutrophic/eutrophic tidal creeks that receive the largest proportion of treated sewage loads in the
region and the mesotrophic/oligotrophic tidal creeks that were comparatively undisturbed. Net benthic nutrient fluxes and
dinitrogen efflux rates were more than an order of magnitude higher and lower, respectively, in degraded (hypereutrophic/
eutrophic) tidal creek systems where denitrification efficiency (DE%) was <40%. Denitrification (Dinitrogen efflux) rates
in tidal creeks (mesotrophic/oligotrophic) and broader estuarine sites were high (~8 mmol N m~2 day™') and denitrification
efficiency remained > 65%, particularly during the wet season. On a whole-of-estuary basis, denitrification in conjunction
with mechanisms such as burial could feasibly make a substantial impact, abating the influence of anthropogenic inputs.
Although considerable variability was encountered, particularly across seasons, the hypothesis of elevated denitrification
rates as nutrient hotspots in depositional zones along the estuary was not convincing. More influential are tidal creeks as
potential ‘reactors’ for N cycling and removal, but their capacity can be degraded by overloading with nutrients.

Keywords Tropical estuary - Nitrogen cycling - Denitrification - Seasonal variation - Trophic condition - Intertidal
sediments

Introduction

Darwin Harbour is essentially an unmodified macrotidal
estuary and one of Australia’s least disturbed working har-
bours (Munksgaard et al. 2019). The estuary is valued for
its intact ecosystems, including extensive mangrove forests,
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mudflats and reefs, which support an array of wildlife.
Worldwide, tropical estuaries are under increasing pressure
from anthropogenic impacts with a paucity of research in
comparison to temperate counterparts (Gruber and Gallo-
way 2008; Lgnborg et al. 2021). This scarcity is even more
pronounced for macrotidal systems of the tropics. Darwin
Harbour, Australia’s ‘northern gateway’ is also subject to
expanding development pressures, and the impact of increas-
ing anthropogenic nutrient loading on ecosystem services is
a critical knowledge gap. Impacts are expected to be greater
in tropical zones globally (Downing et al. 1999; Galloway
et al. 2008; Lara et al. 2001) with regions such as South-
East Asia particularly susceptible to anthropogenic nutrient
loading, coastal development and climate change pressures
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(Halpern et al. 2008; Jennerjahn et al. 2004; Lgnborg et al.
2021).

Macrotidal estuaries of northern Australia are subject to
seasonal extremes with tides of up to 11 m and monsoon
conditions driving physical processes with large amounts of
suspended material deposited and reworked within the estu-
ary (Andutta et al. 2019). Despite the extreme modulation
exerted by tide and climate in Darwin Harbour, the system is
largely autotrophic and filterable reactive phosphorus (FRP),
combined nitrate and nitrite (NO,) and ammonium (NH,")
are relatively low with means of <0.05 pmol/l, <0.13 pmol/l
and < 1.1 pmol/l, respectively (DENR 2017, 2018; McKin-
non et al. 2006). Molar N:P ratios are < 8 indicating that pri-
mary production is likely to be limited by N (Fortune, 2015;
McKinnon et al. 2006), and chlorophyll-a concentrations are
low (<2 pg/L) confirming the generally oligotrophic status
of the harbour.

Extensive mangrove and mudflat systems fringe the
827 km? of the Darwin Harbour estuary where sheltered
low-velocity zones persist, accumulating fine sediments and
organic matter. These intertidal areas provide active sites of
remineralisation, releasing inorganic nitrogen and phospho-
rus to coastal waters (Falcao and Vale 1998; Rocha 1998).
Intertidal mangroves act as both sink and source of inorganic
N; subsurface sediments have low dissolved oxygen levels
and a rich supply of organic matter which favour denitrifica-
tion. These extensive areas at the interface of the catchment
and marine margins are also at greater risk of degradation
where population growth and development are likely to be
most acute.

Changes to structure and function of tropical estuaries as
a consequence of human-induced nutrient loading are well
known (Cloern 2001; Howarth 2008; Nixon et al. 1996).
So, too, is the importance of benthic and pelagic coupling,
where denitrification and nitrification are typically tightly
coupled in shallow oligotrophic estuaries like Darwin Har-
bour (Smith et al. 2012). Eutrophication compromises this
balance and the capacity of the system to remove nitrogen.
Sediments and benthic communities are at the interface of N
processing and most sensitive to nutrient enrichment (Eyre
and Ferguson 2009; Viaroli et al. 2004). Benthic denitrifi-
cation has received much interest as it has the potential to
remove a higher proportion of N mineralised within sedi-
ments countering the process of eutrophication (Capone
et al. 2008; Rysgaard et al. 1995; Seitzinger, 1988). The role
of anammox in N removal is considered minimal in estuarine
sediments (Dalsgaard et al. 2005; Rich et al. 2008; Risgaard-
Petersen et al. 2004) and plays a more pivotal role in deeper
marine environments. For most estuaries denitrification
appears to propel a large proportion of N, production. Stud-
ies report that anammox can account for < 10% of N removal
in estuary sediments (Thamdrup and Dalsgaard 2002; Trim-
mer et al. 2003; Risgaard-Petersen et al. 2004) compared to
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higher proportion measured in offshore marine sediments or
oxygen minimum zones. Denitrification typically accounts
for the bulk N, loss from intertidal sediments of estuaries,
particularly in mangroves (Fernandes et al. 2012; Meyer
et al. 2005) where anammox is of minor importance. Also
noteworthy is the importance of N-fixation which can serve
to offset denitrification in these intertidal sediments where
co-occurrence can be responsible, in part for N limitation
(Fulweiler et al. 2013). Fringing mangroves of Darwin Har-
bour are likely to exhibit a large conjunction in the rates of
N fixation, denitrification and nitrous oxide flux rates.

Maximum depths up to 36 m are confined to deeper ship-
ping channels of Darwin Harbour with flanking shallower
zones and estuarine arms not exceeding 10 m depth. Inter-
tidal sediments examined in this study reside within shallow
zones fringed by mudflats and mangroves that are exposed
daily by the semi-diurnal macro-tides. For the above-men-
tioned reasons emphasis for this study is on the importance
of benthic denitrification in Darwin Harbour. Benthic bioge-
ochemical processes in Darwin Harbour have been affected
by increasing nutrient loads (Smith et al. 2012). Locations of
high N loading had compromised denitrification efficiencies;
however, this condition was localised. Our understanding of
the broader spatial and seasonal importance of denitrifica-
tion in Darwin Harbour is limited.

The aim of this study was to quantify denitrification
of intertidal sediments in Darwin Harbour and evaluate
its role in maintaining the harbour’s current oligotrophic
condition. The importance of geomorphic zones, such as
intertidal mangroves and mudflats, was brought into focus
where anthropogenic pressures at these interface areas were
most dominant. These intertidal zones are important features
in tropical estuaries and highly revered for their cultural,
recreational and environmental value. We examined some
of the factors which may be influencing the effectiveness
of denitrification in these depositional intertidal sediments,
with particular emphasis on carbon loading extremes in tidal
creeks, spatial gradients along the estuary and the influence
of seasonality. To do this, we tested the hypothesis that nutri-
ent hotspots exist in depositional low velocity zones with a
gradient of high to low nutrient processing from the upper
to outer reaches of estuaries.

Finally, a first-order assessment of areal N, flux rates for
these zones was generated to place this developing tropical
harbour in a national and global context.

Materials and methods
Study area

Darwin and vicinity are characterised by high year-round
temperatures and a tropical monsoonal climate with a
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distinct wet and dry season. The mean annual rainfall is
approximately 1700 mm, and falls mainly in the wet sea-
son between December and March. During the dry season
(May—September), the rivers flowing into Darwin Harbour
(Blackmore River, Elizabeth River and Howard River)
cease to flow, with exception of aquifer-fed residual flow
into the Blackmore River and the Howard River. Freshwa-
ter runoff in the wet season occurs as discrete flood events
during which the upper reaches of the harbour can become
entirely fresh. In the upper to middle reaches clear salin-
ity gradients persist (Fortune 2015), in contrast salinity
remains almost constant at the mouth of the harbour with
freshwater runoff strongly diluted by the time it reaches
the mouth (Williams et al. 2006). During the dry season,
salinity reflects an almost entirely marine system. The
majority of nutrients that enter the harbour are of oceanic
origin (Burford et al. 2008) with catchment point and dif-
fuse sources forming a minor contribution. Urban runoff
and treated sewage effluent is discharged to the harbour
and smaller tidal creeks. Despite these inputs, the har-
bour is considered to be in essentially natural condition
(McKinnon et al. 2006; Munksgaard et al. 2019; Smith
et al. 2012).

Study sites were located on three tributaries of Shoal
Bay to the east of Darwin and three tidal creeks of the
Elizabeth River estuary (Fig. 1). The tidal creek systems
are typical of many tributaries of Darwin Harbour with
margins fringed by dense mangrove forest demarcating
bays and estuarine arms. Nine broader estuarine sites on
the main arms of Darwin Harbour were also examined to
represent more seaward sites along an estuarine to marine
continuum (Fig. 1). Seven tidal creek sites were chosen to
represent a range of trophic conditions from oligotrophic
to hypereutrophic, according to Eyre and Ferguson (2009),
to acquire an understanding of the extremes in nutrient
loading and benthic fluxes [Fig. 2(a-b)]. Reported critical
thresholds for carbon load and denitrification efficiency
(DE%) were used to evaluate trophic condition (Eyre and
Ferguson 2009). Tidal creek sites were then categorised
at two levels, hypereutrophic/eutrophic (those subject to
waste discharge) and meso/oligotrophic reflecting the
trophic scheme relationship between DE%, carbon load-
ing (fDIC pmol m~2 h™! as a proxy ZCO, flux) and water
quality condition. To understand the influence of spatial
location and test the hypothesis that a gradient of nutri-
ent processing persists along the estuary, three sites along
each estuary arm of Darwin Harbour were chosen. These
sites represent upper, middle and outer estuarine intertidal
sediments [Fig. 2(c)]. Broader estuarine sites located on
the Blackmore, Elizabeth and West arm systems of Darwin
Harbour represent typical oligotrophic sites currently not
subject to point-source inputs.

Sample collection

Sites were sampled over consecutive years from May 2015
to March 2017 for one wet and dry season each to allow
seasonal comparison. Tidal Creek sites (n=7) were sampled
in year 1 (2015-2016) and broader estuarine (n=9) sites
sampled in year 2 (Year 2016-2017). Sediment samples and
intact cores were collected at intertidal zones during neap
conditions to permit access to sites. Intact sediment cores
(n=96) were collected in triplicate using a pole corer for
benthic flux measurements across the field campaign time-
frame. Duplicate sediment samples (n=64) were collected
from the top 2 cm and kept on ice until processed.

Water-column physico-chemical conditions

Water-column parameters [temperature, salinity, pH and dis-
solved oxygen (DO)] were recorded at each site with a Hach
Quanta unit (Online Resource Table 2). Photosynthetically
active radiation (PAR) was measured during sampling at
water-depth intervals of 0.5-1 m using a LI-COR light meter
with a spherical quantum underwater sensor (LI-192) and
this data used to calculate the euphotic depth. Chlorophyll-a,
NO,, NH,* and Total Nitrogen are drawn from data provided
by the Department of Environment and Natural Resources
(DENR) monitoring program (DENR 2016, 2017, 2018).

Surface sediments

Surface sediments from each site were transferred into clean
glass jars and homogenized. Clean aluminium foil was
placed between the lid and contents to minimize organic
contamination. The samples were frozen until analysis for
Total Organic Carbon (TOC), Total Nitrogen (TN) and sub-
sampled for chlorophyll-a analysis. Although bulk samples
were taken from cores to up to 10 cm, the top 2 cm of these
sediments was extracted for analysis post-field collection.
This data was used for contextual purposes and not included
in the analysis.

Benthic flux incubations

Three replicate cores were taken from each site. Cores (7 cm
id, 35 cm long) were pressed into the sediment, retaining
approximately 1000 ml of overlying water, capped and
slowly withdrawn, a plastic plug was then placed in the
bottom of the core, before they were returned to the sur-
face. The cores were then returned to the laboratory within
2.5 h, where they were then placed in a water bath and kept
at in situ temperature for a pre-incubation period of least
2 h. Core were capped with Plexiglass caps equipped with
stirrer and luer-lock feeder lines to a gravity-fed, site-water
reservoir to maintain exchange and steady state prior to
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commencing incubation. Core incubations were carried out
according to methods described by Cook et al. 2004a, b;
Eyre and Ferguson 2005. Nutrient samples were withdrawn
with a plastic syringe and transferred to 10-ml, acid-rinsed
and sample-rinsed vials. As a sample was withdrawn, an
equal volume was replaced from the gravity-fed reservoir.
N, samples were collected in triplicate by allowing water to
flow via individual core feed lines into 7-ml gas-tight glass
vials with glass stoppers filled to overflowing. Fluxes were
calculated by monitoring the concentration change of indi-
vidual analytes of N,, NOy, NH4+, DIC and O, at the start
and end of the incubation period for triplicate cores. Samples
were taken from the overlying water in the sealed core over
the incubation period, which allowed the dissolved oxygen
to drop by about 20% from its original in situ value. Concen-
trations were corrected for the addition of replacement water
and any concentration change in a ‘‘blank’’ core containing
only water. The flux was calculated as a function of incuba-
tion time, core water volume and surface area.

Negative fluxes denote sediment uptake (influx) and
positive fluxes indicate sediment efflux. A net zero flux
represents either a balance between analyte production and
consumption process in the sediments and/or rates that are
below the detection limit. Only dark fluxes were used for
analysis as minimal light penetrated to the benthos. In-
situ Photosynthetic Active Radiation (PAR) was as low as
0.1 umol photons m~ s~! at the sediment surface during
the wet season in tidal creeks and 9 umol photons m=2 s~
in more open sites. Mean dry season PAR was 100 pmol
photons m~2 s~ Denitrification efficiency was calculated
(excluding cores indicating N, influxes) as the percentage of
inorganic nitrogen (DIN) released from the sediment as dini-
trogen gas (N,) during the decomposition of organic matter
and calculated as follows:

DE% = fN,/(fNH, + fNO, + fN,) x 100

Analytical methods

Dissolved inorganic nutrients, NH,* and NO, were drawn
from benthic chamber samples filtered and analysed by
automated flow injection analysis using standard methods
(RSD <3%). Ammonium was analysed by the automated
phenate method and NO, (nitrate and nitrite) by automated
cadmium reduction method. Dissolved inorganic nitrogen
(DIN) was calculated from the sum of NH,* and NO, for
each sample.

Dissolved inorganic carbon was analysed using a Shi-
madzu carbon analyzer (Shimadzu TOC-5000A) at the
Australian Institute of Marine Science (AIMS) laboratories
Townsville (replicate and lab subsamples RSD <5%). N,
and O, samples from incubations were measured using a
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membrane inlet mass spectrometer (MIMS) at the Univer-
sity of Canberra using methods described by Kana et al.
1994. N, concentrations were determined from changes in
the N,:Ar ratios (+0.05%) with net N, fluxes reflecting the
difference between gross denitrification and gross N fixa-
tion (subsequent usage of denitrification in this paper, with
N, efflux from sediments, does not rule out concurrent but
lesser N fixation). Ar solubility was corrected for tempera-
ture and salinity prior to flux calculations. Sediment oxygen
demand (SOD) as dissolved oxygen flux was measured in
the cores using a calibrated dissolved oxygen probe (Hach
LDO unit+5%).

Statistical analysis

Data were analysed using Primer-E 7 (Plymouth, UK), R
studio (R v3.2.2) and Sigmaplot (v14). To explore differ-
ences in the composite of benthic fluxes between sample
groups and their association with abiotic variables, a Euclid-
ean distance matrix was generated based on the normalized
benthic flux data (DIC, DO, NH,*, NO,, N,) and visualized
with unconstrained principal coordinates analyses (PCO).

Spatial (between creeks), temporal (seasons) or condi-
tion-driven (hypereutrophic/eutrophic vs meso/oligotrophic)
differences in the fluxes were explored for Year 1 (tidal
creeks) and Year 2 (broader estuarine sites) separately. A
PERMANOVA (Primer-E v.7) crossed design with type III
partial sums of squares and > 990 permutations was used
for hypothesis testing with fixed factors season (dry vs wet
season) and condition for year 1 with sites nested in condi-
tion. Sites were not a random representation of Darwin Har-
bour but selected based on their distance to the mouth of the
creeks, and therefore, also fixed (Quinn and Keough 2002).
For year 2 data, season, spatial location (upper, middle and
outer) and Estuary were fixed factors. Marginal tests of dis-
tance-based linear model (DistLM) in Primer-E were used to
determine which normalized abiotic factors best explained
the variability in the nutrient fluxes. Abiotic factors were log
transformed, normalized and the Euclidean distance matrix
generated and visualized with PCOs. Mean values for water
quality were also tabulated and mapped in ArcGIS.

Univariate analyses were used to estimate the association
of dinitrogen flux with spatial and temporal parameters. Due
to the highly heterogenous variance of flux data between
seasons, Generalised Least Squares (GLS) models were used
with a different variance estimated for the dry and wet sea-
son. To account for repeated visits in the dry and wet season
to the same sites, a compound symmetry correlation was
fitted for sites. The Akaike information criterion (AIC) and
Bayesian information criterion (BIC) were used to select
models with stepwise variable selection. Standardized model
residuals were checked for approximately normal distribu-
tion and lack of pattern across explanatory variables.
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Results
Physico-chemical conditions

Water column physico-chemical conditions and sedi-
ment characteristics for respective sampling years
are described in the supplement (Online Resource
Tables 3—4, Figs. 7-8). Annual wet-season rainfall for
2015-16 was 1118 mm and 2475 mm for the subse-
quent sampling year of 2016—17 was recorded at the
Darwin Airport gauge (BoM 2019). The Darwin region
long-term average is 1684 mm with sampling years rep-
resenting below and above average years for rainfall.
Dry-season water temperatures were generally <27 °C
with higher values during the wet season consistently
over 30 °C, particularly for smaller tidal creeks. Water
and sediment quality was consistent with the trophic
condition spectrum of study sites from hyper/eutrophic
extremes to the overwhelmingly representative meso/
oligotrophic state.

Benthic metabolism

Mean DIC fluxes ranged from 68 to
406 mmol m~2 day~!, predominantly effluxes and sig-
nificantly higher at hyper/eutrophic tidal creeks for wet
season (Fig. 3). Mean SOD (as O, flux) varied from
— 240 to — 15.1 mmol m~2 day~!, varying across sites
and seasons. The most notable SOD fluxes occurred at
hypereutrophic to mesotrophic tidal creeks in compari-
son to broader estuarine sites. These sites also had some
of the highest benthic algal biomass (Online Resource,
Table 4) which may contribute to this drawdown. Ben-
thic respiration as indicated by oxygen consumption was
predominant, particularly at hypereutrophic sites. Ben-
thic metabolism in hyper/eutrophic tidal creeks differed
markedly from other sites.

Influence of trophic condition, estuary zonation
and seasonality on N processing

The association between benthic fluxes with season,
condition and spatial location for the tidal creeks and
estuarine arms was analysed to determine whether the
fluxes differed according to trophic condition of tidal
creeks. Spatial categories were upper, mid and outer;
estuarine zones, and seasonal distinction was made
across estuary arms and tidal creeks. Analyses were per-
formed on the composite of benthic fluxes (multivari-
ate analyses) in addition to N, fluxes alone (univariate
analyses).

Trophic condition and N processing in tidal creeks

Benthic nutrient fluxes were notably highest in the
hypereutrophic sites of Buffalo Creek (Fig. 3). Dry-
season NH,* fluxes for hypereutrophic sites showed
notable benthic influx with values largely negative
with a mean of — 21 mmol m~2 day~! accounting for
over 95% of the DIN flux in these systems. Wet season
mean NH, " flux was 28.6 mmol m? day~! (Fig. 3) with
lesser effluxes observed at the eutrophic site of Myrmi-
don Creek (Online Resource, Table 6). Notable extremes
were observed at the hypereutrophic sites. Ammo-
nium fluxes for meso/oligotrophic tidal creeks ranged
from — 2 to 6 mmol m~2 day~'. Mean NH,* fluxes at
meso/oligotrophic sites for dry and wet season were
1.6 mmol m~2 day~! and 2.3 mmol m~? day~', respec-
tively. Mean dry-season NO, fluxes for hyper/eutrophic
and meso/oligotrophic sites were 0.5 mmol m~2 day~!,
and 0.09 mmol m~2 day~!, respectively. Peak NO, fluxes
up to 4.4 mmol m~2 day~! were measured at hyper/
eutrophic sites and up to 2.5 mmol m~2 day~! at oli-
gotrophic creeks. Wet-season means were lower with
influxes predominantly recorded for meso/oligotrophic
systems. The low NO, concentrations and values below
the limit of detection constrained NO, flux calculations,
particularly for estuarine sites.

Wet-season N, fluxes were variable and highest across
tidal creek sites ranging from — 8 to 42.8 mmol m~2 day .
Influxes were recorded during the dry season at hypere-
utrophic sites with the exception of one site where N, efflux
exceeded DIN fluxes. Mean dry-season N, fluxes for meso/
oligotrophic and hyper/eutrophic tidal creeks were 0.8 and
— 0.5 mmol m~2 day™!, respectively. Wet-season mean N,
fluxes for hyper/eutrophic and meso/oligotrophic tidal creeks
were 11 and 8.7 mmol m? day~!, respectively. Effluxes as
high as 53 mmol m~2 day~! were recorded. Variability was
high between triplicate cores with influxes and effluxes
measured from within sites. As a consequence a number of
negative values constrained denitrification efficiency calcu-
lations and were omitted. The mean denitrification efficiency
(DE%) for hypereutrophic to eutrophic sites ranged from 3.8
to 62% with the upper value at recorded for the eutrophic site
(Myrmidon Creek). Mean DE% across all degraded tidal
creeks was typically less than 60% and as low as 30% dur-
ing dry season.

A PCO ordination of the composite of benthic fluxes
showed some clustering of meso/oligotrophic sites, com-
pared to hyper/eutrophic sites (Fig. 4a). The first two PCO
axes explained 69.5% of the total variation of the benthic
flux data. Impacted tidal creeks were most distinct from
meso/oligotrophic sites which is consistent with the signifi-
cant differences observed in benthic fluxes and pelagic water
quality between sites representing the divergent trophic
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Fig.4 Principal coordinate ordination (PCO) plots for Tidal Creeks
and Estuarine Arms of the study. a Tidal Creeks and condition b
Estuarine arms and spatial location ¢ Tidal Creeks and season d Estu-

also contributed to the observed effects (Table 1, Permdisp
results). There was no significant effect of trophic condition
upon N, fluxes in the univariate analysis (Fig. 5, also refer
to Online Resource Table 5).

N processing in depositional zones of estuaries

Estuarine NH,* fluxes were highly variable (— 6 to
21 mmol m~2 day~!) across the continuum of deposi-
tional zones. Dry season mean rates for NH,* in the
upper, mid and outer estuarine zones were 1.2, 1.21 and
0 mmol m~2 day‘l, respectively. Wet-season means for
upper, mid and outer zones were similarly low with influxes
for the upper intertidal depositional zones. Mean wet-sea-
son NH,* fluxes for the upper, mid and outer zones were
— 1.1, 2.0, and 0.28 mmol m~2 day ™', respectively. NO,
fluxes were highly variable and low for most sites, par-
ticularly in the upper zones of the estuary where influxes

PCO1 (35.7% of total variation)

arine arms and season. The PCOs are based on Euclidean distance
matrix of normalized benthic fluxes

were observed (indicating NO, uptake) unlike mid estuary
sites during the dry season (Fig. 3) where a minor efflux of
0.13 mmol m~2 day~! was observed. The highest NO, flux
recorded was 1.2 mmol m~2 day~! for the Elizabeth River.
Across the three estuarine arms of the harbour, mean NO,
fluxes ranged from — 0.2 to 0.1 mmol m~2 day ™!

Mean wet-season N, rates of — 1.5 to 2.9 mmol m~2 day ™!
were measured for estuarine sites in the mid to outer zones
with the exception of the upper estuarine sites where influx
to sediments was observed. Dry-season N, fluxes for upper,
mid and outer sites were low and ranged from 0.008 to
0.01 mmol m~2 day~! with an overall dry season mean of
0.2 mmol m~2 day~". Denitrification removed a sizeable por-
tion of nitrogen for the majority of sites, particularly for the
estuarine zones with DE% typically > 60%.

Comparison of benthic fluxes with spatial location for
broader estuarine sites showed less variation with the excep-
tion of a few outliers for the middle and upper location
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Table1 PERMANOVA
analysis of composite fluxes

Fig.5 Predicted N, fluxes
(mmol m~2 day‘l) for Tidal
Creeks. GLS model with out-
come N, fluxes and predictors
Season x Condition. Micket
Creek (meso/oligotrophic) data
omitted due to extreme outliers
(see Online Resource Table 5)

@ Springer

Tidal Creeks—year 1

Pseudo F (df)* P value Permdisp ECV
Season 3.8(1) 0.06 0.01* 0.8
Condition 29() 0.05* 0.01* 0.7
Site (Condition) 3.1(5) 0.001%#%** 0.9
Season X Condition 2.8 (1) 0.098 0.6
Site (Condition) X Season 3.3(5) 0.001 *** 1.2
Residual 1.6
Broader Estuary—year 2
Pseudo F (df)? P value Permdisp ECV
Estuary 2.9 () 0.006%* 0.26 0.6
Spatial loc 1.42) 0.20 0.25 0.3
Estuary X Season 2.6 (2) 0.01* 0.9
Estuary X Spatial loc 1.4 4) 0.18 0.5
Season X Spatial loc 2.0(2) 0.05 0.7
Estuary X Season x Spatial loc 1.3 (4) 0.2 16.6
Residual 2.0

PERMANOVA analysis of composite fluxes using a cross design with fixed factors; years, seasons, condi-
tion and sites. “ECV” for square root estimates of the component of variation as an indication of the effect
size independent of degrees of freedom and in the unit of the Euclidean distance matrix

*Pseudo-F with degrees of freedom (df)

*Evidence (0.05>P>0.01)—all tests with 995-999 permutations. Permdisp P values shown. For Year-2
data, the factor season was pooled due to a negative ECV

**Good evidence (0.01 > P>0.001)
***For strong evidence (P=0.001)
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categories. Close clustering of samples in the PCO indicated
similarities between all sites along the longitudinal gradient
from upper to outer estuary with the exception of one outlier
with the first two PCO axes explaining 59% of the flux vari-
ation (Fig. 4b). NO, fluxes were either very low or below
detection for many sites along the harbour arms. NH,* was
less influential and typically highly variable across the estu-
ary sites (Fig. 3). For the broader estuarine sites, the com-
posite fluxes differed between estuaries and these differences
also changed with season (Table 1). There was no evidence
that spatial zonation had an impact on the composite fluxes
nor N, fluxes alone (Online Resource, Table 5).

Seasonality in tidal creeks

Composite fluxes clustered according to seasons along the
first PCO axis which explained 46.9% of the total varia-
tion with the wet season samples more variable and spread
out (Fig. 4c). The impact of sites on the composite fluxes
significantly varied between the seasons (PERMANOVA
P=0.001, Table 1) and the fluxes differed in their varia-
bility between the seasons (PermDisp, P=0.01, Table 1).
Further univariate analysis of N, fluxes highlighted the
differences between the seasons with elevated rates under
wet-season conditions (Fig. 5, Online Resource Table 5).
N, fluxes around 0.5 mmol m~2 day~' were predicted for
the dry season.

Seasonality in estuarine arms

Broader estuarine sites indicated diminished influence of
seasonality (Fig. 4d) with sites clustered together within the
ordination space with the exception of one wet- season out-
lier. There was little evidence of seasonal influence on fluxes
for broader estuarine sites with no difference in N, fluxes
between seasons (Online Resource Table 5). However, the
impact of estuary on the composite fluxes differed between
the seasons (P=0.006, Table 1). Results generally reflected
tapered benthic fluxes across the estuarine sites and much
reduced disparity between wet and dry fluxes and denitri-
fication efficiency. Denitrification efficiency remained high
(>75%) for most estuarine sites under wet season condi-
tions. Estuarine outer zones maintained high denitrification
efficiencies across the seasonal extremes.

Discussion

We analysed intertidal sediment fluxes in depositional zones
across seasonal, spatial and carbon-loading conditions of a
macrotidal estuary in the wet-dry tropics. An emphasis on
the N-cycle process of denitrification was explored as an
important mechanism that may contribute to the estuary’s

assimilatory capacity. We predicted that nutrient hot spots
coupled with denitrification would occur along depositional
zones in the estuary but instead found that smaller tidal
creeks and inlets made a significant contribution to denitri-
fication in Darwin Harbour.

N fluxes across trophic condition spectrum

Nutrient fluxes of degraded tidal creeks, classified as
eutrophic or hypereutrophic, were most unlike other sites
as a reflection of the differences observed in benthic and
pelagic water-quality conditions (Online Resource Table 3,
Figs. 7-8). The nutrient fluxes of hypereutrophic/eutrophic
tidal creeks showed significant variability in comparison to
oligotrophic sites, but tidal creeks broadly aligned with con-
dition, particularly the mesotrophic/oligotrophic category.
Enhanced benthic respiration at hypereutrophic/eutrophic
sites was likely a consequence of localised enrichment of
organic matter and its prolonged retention in these systems,
a major factor influencing respiration in shallow coastal sys-
tems (Moran and Hodson 1990). Fully functioning benthic
(micro-) algae would produce oxygen, but in a turbid hypere-
utrophic creek, respiration and decomposition is likely to
dominate. Furthermore, the ‘benthic microalgae’ are likely
to have originated from settled water-column microalgae.
Low C:N ratios (Online Resource, Table 4) at degraded sites
reflect the predominance of marine algal blooms stimulated
by DIN producing autochthonous organic matter, richer in
nitrogen.

Notable NH,* uptake was observed during incubations
for the hypereutrophic sites (Online Resource Table 6).
However, the stark differences (influxes and effluxes)
between hypereutrophic sites and within cores points to the
likelihood that the dry season influx is overestimated and/
or reflects some contamination. This sediment uptake is
inconsistent with a previous evaluation of these impacted
sites (Smith et al. 2012). Mangroves are generally DIN sinks
(Ray et al. 2014), mostly with NO;~ uptake, while NH,* is
frequently released. NH,* fluxes for meso/oligotrophic sys-
tems were mostly undetectable or indicated smaller efflux,
suggesting that sediment algal or bacterial N immobilisa-
tion is generally effective. Competition for NH,* between
nitrifiers and heterotrophic bacteria is known to have an
impact on nitrification rates (Strauss and Lamberti 2000),
and consequently denitrification (Risgaard-Petersen 2003).
Preferential use of NH,* by phytoplankton has been previ-
ously reported in Darwin Harbour (Burford et al. 2008). Fur-
thermore, the predominance of heterotrophy and anaerobic
metabolism producing sulfide may further limit nitrification
and denitrification. Any NO;™ that is present is available for
dissimilatory nitrate reduction to ammonia (DNRA) rather
than denitrification under such conditions. Bacteria in the
upper reaches of these impacted systems are associated with
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higher levels of sulfide (Kaestli et al. 2017) signalling fur-
ther limitation of nitrification—denitrification coupling.

Tidal creek sediments were characterised by high deni-
trification rates. These interface systems between the catch-
ment and the estuary are often associated with oxygen
extremes (suboxic or anoxic sediments), rich carbon envi-
ronments and delivery of diffuse-source nutrients. These
conditions are more likely to support the supply of NO;™ and
conditions for denitrification. Although the hyper/eutrophic
tidal creeks indicated slightly higher denitrification rates
(albeit highly variable) in comparison to the meso/oligo-
trophic systems the GLS analysis for tidal creeks indicated
the limited influence of ‘condition’ on N, fluxes. More con-
vincing was the overwhelming influence of seasonal set-
ting (Fig. 5). The lower denitrification efficiency in hypere-
utrophic Buffalo Creek is consistent with studies that have
demonstrated a smaller proportion of the load removed with
enrichment effects (Burford and Longmore 2001; Caffrey
et al. 2007; Sloth et al. 1995). Denitrification and nitrifi-
cation are likely to be decoupled in this system leading to
lower denitrification efficiency, a finding supported by previ-
ous studies (Smith et al. 2012).

The condition spectrum represented by tidal creeks of
this study re-affirms the accepted understanding of nutrient
enrichment on denitrification. Observations were consistent
with findings of others (Eyre and Ferguson 2009) where crit-
ical carbon loads have been defined. The effect of nutrient
and organic burden on denitrification efficiency in particular
has important implications for the nutrient status of estua-
rine systems (Kemp et al. 2005; Smith et al. 2012) and their
ecological functioning. Further to nutrient status, consist-
ent links with physical properties, residence times, contact
with benthos and proximity to catchments in smaller tidal
creek systems has been found to have a significant influence
(Howarth et al. 1996; Seitzinger et al. 2002) on condition.
These factors are likely to play an important role in smaller
hydrologically constrained hyper/eutrophic creeks where
flushing times are protracted.

N fluxes across estuarine depositional zones

High spatial and temporal variation in measured ben-
thic flux rates has prompted focus on hotspots at the
aerobic—anaerobic interface of sediments and associated
decomposition of labile organic matter (Fulweiler et al.
2007; Seitzinger and Giblin 1996; Tiedje et al. 1982). This
concept underpins our hypothesis of depositional inter-
tidal zones along an estuarine gradient. Comparison of
benthic fluxes with spatial location for broader estuarine
arm sites showed less variation. Findings were contrary
to the expectation of a gradient of influence on benthic
fluxes longitudinally within depositional zones, although
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the factor of ‘Estuary’ (Table 1) indicated some effect.
Distinctions between Middle Arm, West Arm and East
Arm may explain differences rather than spatial location of
sites along individual estuarine arms and their respective
gradient. Riverine flows and N loads to these three estua-
rine systems are distinctive (Fortune et al. 2020).

Trends along the spatial zones were observed for fluxes
of DIC and N,, with the upper reach site signalling N-fix-
ation and higher DIC fluxes; however, DE% (> 50%) was
similar across the upper, mid and outer reach sites, par-
ticularly for the wet season. The lack of measurable nitrate
fluxes indicates either low rates of nitrification or close
coupling of nitrification and denitrification, where nitrate
is quickly processed via denitrification, assimilated by
microphytobenthos (MPB) or consumed by high pelagic
algal demand (Burford et al. 2008). The microalgal assimi-
lation is likely to be more favourable during the dry sea-
son, when light penetration and quality is better. Nitrogen
assimilation in the upper reaches, where MPB is notable on
mudflats—understood to be depositional areas—is likely
to drastically reduce waterborne NH,* and NO;~ concen-
trations (Anderson et al. 2003; Underwood and Kromkamp
1999). Observations support the premise that in more oli-
gotrophic systems DIN is rapidly assimilated with tight
cycling among biotic N pools. Similar findings have been
made in subtropical systems in Australia, where it was also
found that estuarine sediments generally acted as a sink
for nutrients (Ferguson et al. 2004). Mangrove ecosystems
surround Darwin Harbour and enhance reassimilation of
nutrients by bacteria, which ultimately sequester the nutri-
ents within the sediments (Alongi et al. 1992).

The process of N-fixation on estuarine mudflats yields
an abundant source of available N in Darwin Harbour
(Burford et al. 2008). Excess of this newly formed N could
be conveyed by tidal propagation into the more quiescent
tidal creek systems and denitrified there, completing a
short N loop back to the atmosphere. Flood tide transfer
toward these inlet systems and the protracted residence
times therein are likely to favour localised conditions
for denitrification. Although N, effluxes were commonly
observed, instances of N, influxes (n=20) in tidal creeks
in comparison to open estuarine zones (n=9) also under-
score the underlying influence of N-fixation throughout.

It is likely that the heterogeneity of benthic sediments
and spring-neap tidal extremes have considerable bear-
ing on the irregularity of N removal within the broader
estuary. These processes are undoubtedly actively occur-
ring in small areas or even micro-zones, and across short
timescales, for which this study was unable to resolve and
may account in some way for the difficulty in resolving
denitrification rates at the broader estuarine scale.
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N fluxes and seasonality

Seasonality was a critical factor for tidal creeks. GLS analy-
sis revealed the importance of climate extremes experienced
by tidal creeks in the region (Fig. 5). Spatial location and
season had lesser influence for sites along each estuarine arm
in comparison to tidal creeks. This may be explained partly
by the disparity in rainfall between sampling years with the
model supporting the premise that processes are amplified
during the wet season. These extremes in annual rainfall are
likely to have had an effect on water quality and the delivery
of nutrients and organic loads to the harbour between the
two sampling years.

These findings reflect the likelihood that receiving envi-
ronments of tidal creeks and upper reaches of the estuary
arms are subject to the more immediate influence of ter-
restrial runoff and point sources. Headwaters, such as tidal
creeks, are likely to experience these peaks during the wet
season. The GLS analysis for tidal creeks suggests increas-
ing wet season variability for predicted N, fluxes, and a
greater influence than trophic condition. The effect of season
is distinct and consistent with our current understanding of
eutrophication on denitrification and other known regulators
(Fulweiler et al. 2007; Seitzinger and Giblin 1996; Seitz-
inger et al. 2002).

The wet season prompts episodic storm events and
the run-off of nitrogen delivered largely in the form of
dissolved organic nitrogen, with nitrate dominating DIN
species from the catchment (Skinner et al. 2009). Approxi-
mately 1747 tonnes of nitrogen enters the estuary from
the catchment annually (Fortune et al. 2020), this input
currently represents a meagre contribution compared to
the large net oceanic import of over 41,000 tonnes per
year (Burford et al. 2008). At the seaward interface of the
catchment, this load in conjunction with low dissolved
oxygen, high turbidity and elevated water temperature
characterises typical wet season conditions. One might
assume this would increase the rate of denitrification,
but in systems where tight coupling of denitrification and
nitrification persists, low dissolved oxygen conditions
reduce the amount of available nitrate and, therefore,
limit denitrification (Jenkins and Kemp 1984). Over the
course of a season or seasons, certain areas may switch
from prevalence of denitrification to nitrification (Rys-
gaard et al. 1995) where other transient factors, such as the
seasonal abundance of MPB, bioturbation intensity, diel
and lunar cycles and tidal variation may influence denitri-
fication rates (Herbert 1999). In our study, sediments of
oligotrophic tidal creeks and estuarine sites largely took
up NO, in combination with elevated benthic respiration.
This may indicate that nitrogen is being immobilised in
benthic biomass or removed via denitrification. MPB ben-
efit from increased organic matter decomposition, making

use of mineralised inorganic nitrogen released during het-
erotrophic metabolism (Eyre and Ferguson 2002; Fergu-
son et al. 2003); however, the lack of light penetration in
turbid waters stimulated by season and macrotides limit
their productivity.

Denitrification across the estuary

For the estuarine area of Darwin Harbour (827 km?) and
with the conservative rate of ~5 mmol N m~2 day ™!, denitri-
fication could remove > 5000 tonnes/year of N across inter-
tidal zones including depositional mudflats and mangrove
zones (Fig. 6). This is likely to be elevated in tidal creeks and
mudflat-mangrove systems (~ 153 km? collectively), where
mean N, fluxes were higher (8—11 mmol N m~2 day™!) caus-
ing further N removal. When removal is standardised for
area, the tidal creeks contributed disproportionately to N
removal (16-51 t km~2 y~1) in comparison to estuarine arms
(3.9-6.3 tkm~2 y~!). A simplistic extrapolation of rate meas-
urements to sedimentary denitrification removes upwards of
8000 t N/year™! over the whole estuary based on mean rates
across all benthic habitats examined (Fig. 6); however, the
variability of rates across time and space suggest even higher
rates of removal are probable.

Although considerable variability was encountered across
the 2-years study, the hypothesis of elevated denitrification
rates as nutrient hotspots in depositional zones along the
estuary was not convincing. The study did not support the
hypothesis in its entirety; fluxes in depositional zones along
the estuary did not reflect a gradient of high to low pro-
cessing rates. More compelling was the significance of tidal
creeks as potential ‘reactors’ for N cycling and removal.
These features at the seaward interface of the catchment
have emerged as important hotspots, where hydrological
flow paths converge with suitable sedimentary substrates
and the mangrove zone.

Tidal extremes are an important factor in determining
the microbial community in Darwin Harbour (Kaestli et al.
2017), and therefore, an important source of variation driv-
ing benthic processing. Further understanding of macrot-
idal modulation on important ecosystem processes, such as
denitrification, would be particularly beneficial. Equally,
temporal variation can be significant even over hourly peri-
ods. Measuring denitrification across intertidal sediments
only during inundation imposes a degree of artificiality on
the rates of denitrification measured. Method limitations did
not permit resolution around other pathway processes that
play a role in the cycling of nitrogen, with emphasis on N
removal as a central gap in our understanding. Despite any
limitation, the study provides a relative notion of the impor-
tance of denitrification across intertidal zones and inlets of
Darwin Harbour.
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____________ > MID TO OUTER
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Mangrove® Inlet/creeks Mudflat Broader Estuary2
Denitrification 1,278 umol m*day™ 2,676 umol m?day* 891 umol m?day”
rate W
Area (km?) 2735 37 116 ~ 660° (Subtidal)
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"Mean flux rates of mangrove sites (Radke et al. 2020),

?Refers to bounded area extending from Charles Point to Lee Point

including mid harbour zone and mean flux rates for mid to outer harbour sites of this study. Estimated area based on

Burford et al. 2008 including area to mean water level.

®Assumes subtidal area described by McKinnon et al. 2006.

Fig.6 Estimated mean areal denitrification rates (Outliers, impacted sites and influxes removed) applied to key benthic habitats in Darwin Har-

bour for predicted contribution to nitrogen removal

Implications for tropical estuaries

At the interface of land runoff and sea waters, estuaries face
compounding impacts of sea level rise, climate change and
development pressures. Estuaries are particularly suscep-
tible to anthropogenic N inputs, above all particularly in
the tropics (Galloway et al. 1995) and further knowledge is
needed to understand the resilience of estuaries. Maintain-
ing effective ecosystem services, such as nutrient cycling,
is underpinned by the preservation of intact benthic inter-
tidal communities and mitigating anthropogenic inputs. The
further characterisation of these highly active benthic com-
munities for their functional value should be given priority
for conservation.

Intertidal mangroves are one such important system in
tropical estuaries, which cover 15 million hectares globally
and where one-quarter of these communities are moderately
to severely degraded (Reef et al. 2010). The action of denitri-
fication and burial can account for considerable assimilation
in the mangrove intertidal zone where they act as important
sinks (Rivera-Monroy et al. 1995). Limited burial rates are
available for Darwin Harbour and more broadly in Northern
Australia; however, preliminary data suggest sediment accre-
tion rates of up to 18.5 mm year™! (Goddard and Hutley,
2019). This implies that burial could further immobilize N,
buffering the effects of increasing anthropogenic inputs. In
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concert with tidal asymmetry producing high rates of depo-
sition within intertidal zones and mangroves (Andutta et al.
2013) burial serves to augment N removal and may well
exceed the contribution of denitrification (Eyre et al. 2016).

Denitrification rates for tidal creeks and arms varied
significantly in Darwin Harbour. Assuming a mean rate of
2676 pmol N m2d' ona whole-of-estuary basis, denitri-
fication could feasibly make a substantial impact on amelio-
rating anthropogenic inputs. Denitrification rates measured
elsewhere (Table 2) indicate similar scales of N removal.
Studies of tropical Australian systems reflect a wide range
of rates from 30 to 12,408 (umol N m~2 day™"), where those
measured for Darwin Harbour are comparable.

Denitrification plays an important role in regulating nitro-
gen in Darwin Harbour. These findings are consistent with
other tropical systems, where microbial denitrification can
remove biologically available nitrogen from the water col-
umn generating deficits relative to other nutrients (Beman
et al. 2005).

Compromised N cycling is largely constrained to small
localised sites in Darwin Harbour. However there is grow-
ing concern that these conditions could extend beyond the
zone of immediate impact as development and population
pressures intensify. Inarguably, the effects of marine N pol-
lution are becoming more wide spread and acute globally as
a consequence of industrialisation and the intensification of
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Table 2 Denitrification Environments

Rates (umol N References

Za:lt\i:; ;ipr)r(]);;e;csl for marine m=2 day—l)
Sub-tropical Florida Bay, USA 0-8400 Gardner and McCarthy (2009)
Tamales Bay mudflat, USA 10-100 Joye and Paerl (1994)
Cheasapeak Bay USA 20-739 Caffrey and Kemp (1990)
Tokoyo Bay, Japan 54-111 Nishio et al. (1983)
Colne Estuary, UK 1-154 Ogilvie et al. (1997)
Narragansett Bay, USA 50-655 Nowicki (1994)
Bahamas (Sands), Caribbean 456 Seitzinger and D’Elia (1985)
Hastings Estuary, Australia 841 Eyre et al. (2016)
Camden Haven (Intertidal muds), Australia 2526 Eyre et al. (2016)
Wallis Lake (Intertidal muds), Australia 671 Eyre et al. (2016)
Far north Great Barrier Reef, Australia 110-12,408 Alongi et al. (2007)
North-central Great Barrier Reef, Australia 30-2235 Alongi et al. (2008)
Heron Island Reef, Australia 48-8256 Eyre et al. (2013)
Darwin Harbour intertidal flats, Australia 462-571 Smith et al. (2012)
Darwin Harbour tidal creeks 531-3829 This study
Darwin Harbour intertidal muds (Estuarine arms) 891-2676 This study

agricultural practices. Although further industrial expansion
is touted for places such as Darwin, like most tropical estuar-
ies in Northern Australia, Darwin Harbour is still considered
relatively unmodified (Birch et al. 2020; Munksgaard et al.
2019).

Conclusion

This study has extended our understanding of biogeochemi-
cal processes across spatial, trophic and seasonal scales in a
tropical macro-tidal harbour. We focussed on N cycling with
particular emphasis on denitrification to inform knowledge
gaps on the importance of this process and its contribution
in maintaining the harbour’s current oligotrophic status.
Denitrification and benthic fluxes were most affected by
nutrient enrichment in tidal creeks in concert with a clear
seasonal influence. Legacy and continued enrichment have
significantly altered benthic metabolism in localised zones
of tidal creeks and could play a considerable role in dimin-
ishing nitrogen removal. The notable extremes of the wet
season induce distinct abiotic properties of the water column
which enhance benthic nutrient cycling during wet-season
conditions.

A large proportion of Darwin Harbour’s tidal creeks, like
much of Northern Australia, are undisturbed and interfaced
with intact mangroves with highly active intertidal sedi-
ments. These areas are likely to be important ‘reactors’ or
hotspots making a disproportionate contribution to denitri-
fication. Burial is expected to be another important mecha-
nism where tidal asymmetry produces high rates of depo-
sition within intertidal zones. This process would further

serve to amplify nitrogen removal in Darwin Harbour. Tidal
Creeks are subject to the immediate influence of riverine,
overland flows and extended hydraulic residence times. The
supply of nitrate in the carbon-rich substrates of mangroves
and localised anoxia at the sediment—water interface pro-
mote denitrification. These smaller inlet systems warrant
further consideration for conservation given the important
ecosystem service they provide and their vulnerability to
the deleterious effects of emerging development pressures.

This study underlines the important role that microbial
communities play in tropical estuaries. Their part in the
oxidation of complex organic compounds and regeneration
of nutrients to sustain primary production are fundamental
and well demonstrated by the cycling of nitrogen. Given the
difficulties that often plague conventional measures of deni-
trification, current trends toward understanding microbial
pathways via genomics have come to the fore. The applica-
tion of functional gene and metagenomic analysis presents
exciting opportunities to understand nutrient cycling in these
dynamic environments. Such an approach could further cor-
roborate and extend our current biogeochemical understand-
ing of this tropical system.
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tary material available at https://doi.org/10.1007/s00027-022-00885-0.
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