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1.  INTRODUCTION

Nitrogen loading is commonly associated with
eutro phication and the degradation of coastal envi-
ronments, as nitrogen typically limits algal growth
and primary production (Howarth & Marino 2006),
but in excess, can lead to toxic algal blooms (Paerl
1997, Anderson et al. 2002) and hypoxic conditions
(Diaz & Rosenberg 2008). Anthropogenic nitrogen
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ABSTRACT: Benthic processes in coastal marine en -
vironments can enhance the natural removal of bio -
reactive nitrogen through denitrification (DNF), a
valuable ecosystem service as nutrient over-enrich-
ment intensifies globally. Enhancing ecosystem serv-
ices is an important justification for restoring coastal
ecosystems, and while it is known that epifaunal
bivalves (oysters or mussels) are capable of influenc-
ing nitrogen cycling, empirical measurement of the
role of particular species across a range of environ-
mental conditions is missing. Bivalves within shell-
fish beds are not uniformly distributed and thus
clumps and empty patches within restored beds may
differentially impact DNF given the importance of
local biogeochemistry. This study reports DNF and
respiration rates in 4 restored beds that vary in sedi-
ment composition, while identifying which ecologi-
cal and biogeochemical factors best explain the ob -
served variability in measured fluxes. We deployed
benthic chambers in sediments with and without
mussels at these sites, and measured net N2 fluxes
through membrane inlet mass spectroscopy. Sedi-
ment organic matter proved to be the most signifi-
cant predictor of DNF rates in regression tree and
random forest models, suggesting that biodeposition
by green-lipped mussels enhances nitrogen removal
at these sites and that these effects occur across beds
despite differences in mussel density. Greatest DNF
rates corresponded to lower sediment chlorophyll a
concentrations and higher nitrate/nitrite effluxes
measured within chambers. Determining the influ-
ence of subtidal mussel restoration on significant
sediment processes informs future restoration efforts
aiming to maximise this nitrogen removal service,
while providing insights on underrepresented oligo-
trophic systems of the southern hemisphere.
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Nitrogen removal rates are consistent despite patchiness in
restored beds of green-lipped mussels, highlighting the
upscaling-role of mussels in seafloor biogeochemistry.
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enrichment is currently accelerating at alarming
rates (Galloway et al. 2004, 2008, Kuypers et al.
2018), and therefore has growing consequences for
coastal oceans and the services they provide (Nixon
1998, Howarth & Marino 2006). As humans continue
to generate bioreactive nitrogenous compounds (e.g.
ammonium and nitrate available for biological up -
take) and fail to control excessive nitrogen inputs to
ecological systems, the capacity of coastal environ-
ments to remove excess nitrogen becomes of even
greater value to humans. However, this process is
currently not well understood. The fate of over 60%
of global reactive nitrogen is unknown (Galloway et
al. 2008), but a significant portion of this nitrogen is
thought to be denitrified in coastal to continental
shelf sediments (Middelburg et al. 1996, Seitzinger et
al. 2006). It is thought that coastal marine environ-
ments are capable of removing half (Seitzinger 1988)
to over 80% (Galloway et al. 2003) of terrestrial nitro-
gen inputs through the denitrification (DNF) process.
Driven by facultative anaerobic bacteria, DNF con-
verts bioavailable, inorganic nitrogen (in the forms of
nitrite and nitrate) to molecular dinitrogen gas (N2)
and nitrous oxide (N2O), resulting in the net removal
of this nutrient from the system (Thrush et al. 2013,
Humphries et al. 2016). It is estimated that estuaries
and coastal shelf regions currently remove 24 Tg of
reactive nitrogen each year (Galloway et al. 2004),
making DNF a valuable service provided by coastal
soft sediments.

Previous work has shown that bivalves are capable
of enhancing the DNF process (e.g. Christensen et al.
2003, Piehler & Smyth 2011, Carlsson et al. 2012, Kel-
logg et al. 2013, Humphries et al. 2016). However, bi -
valve populations are under pressure in many coastal
ecosystems as a result of multiple stressors, including
over-harvesting, physical disturbance, sedimenta-
tion, contamination, and eutrophication (e.g. Peter-
son et al. 1994, Cook et al. 2000, Kirby 2004, McLeod
et al. 2012, Thrush et al. 2021). Restoration projects
are underway worldwide to restore these popula-
tions and regain ecosystem services associated with
shellfish reef formation (zu Ermgassen et al. 2020),
and shellfish restoration could be an effective tool to
enhance this nitrogen removal service limiting
degradation in coastal ecosystems. In short, subtidal
epifaunal bivalve populations remove resuspended
microphytes and phytoplankton from the water col-
umn as a result of their filter feeding processes
(Dame 2012). Bivalves then deposit this organic mat-
ter, sourced across a range of spatial scales depend-
ing on hydrodynamic regimes, onto the seafloor in
the form of faeces and pseudofaeces (herein referred

to as biodeposits; Newell 2004). The remineralisation
of these biodeposits results in am monium driving
nitrification in surface-layer aerobic sediments (Kel-
logg et al. 2013). The nitrate produced from this pro-
cess typically drives DNF at oxic/ anoxic interfaces
and results in the conversion of biologically reactive
forms of nitrogen into inert N2 gas, ef fectively remov-
ing nitrogen from the system. While enhanced sedi-
ment DNF is predicted as a result of bivalve restora-
tion projects in highly eutrophic systems (e.g. Cerco
& Noel 2007), studies in oligotrophic systems are rare
(Vieillard et al. 2020), and there is a severe lack of in
situ studies involving bivalves and DNF.

Laboratory studies (e.g. Kellogg et al. 2013, Smyth
et al. 2018) and one known in situ study (Humphries
et al. 2016) have shown that bivalve restoration pro-
jects on the seafloor can enhance sediment DNF
rates as compared to nearby sediments without any
bivalve presence. While these studies determine how
nitrogen removal varies spatially and/or temporally
in sediments with and without the presence of shell-
fish, the complex interactions between environmen-
tal factors that drive enhanced DNF within these
beds remain less well understood. In addition, the
spatial structure of mussels within mussel beds is
influenced by a multitude of factors, including loca-
tion within an estuary, position along tidal height
gradients, differential predation, local hydrodynam-
ics, etc. (Commito & Dankers 2001). The role of these
heterogeneous spatial arrangements of clumps and
bare patches within mussel beds has yet to be ex -
plored, but is important in estimating the overall con-
tribution of restored beds to DNF. We have observed
this patchiness in the distribution of mussels at our
restoration sites, which led us to question how the
quantity of trapped sediment organic matter (SOM)
from both allochthonous sources and local biode-
posits influences DNF rates within individual beds.

Bivalves involved in benthic−pelagic coupling and
the resultant organic material accumulated in re -
stored beds are predicted to enhance sediment DNF,
but the effect of organic matter deposits on nitrogen
mineralisation pathways ultimately depends on mul-
tiple factors, including the type and quantity of mate-
rial deposited (Eyre et al. 2013), as well as local
hydro dynamics and benthic mineralisation rates in
coastal waters (Prins et al. 1998). In addition, differ-
ing sediment characteristics will likely influence the
accumulation of organic-rich biodeposits and trans-
port of nutrients, as changes in suspended sediment
concentration (associated with a grain size gradient)
affect bivalve clearance rates (Hawkins et al. 1999)
and the quality of biodeposits produced (Iglesias et

2
A

ut
ho

r c
op

y



Sea et al.: Denitrification rates within restored mussel beds

al. 1996). Species diversity and varying abundances
of benthic macrofauna (typically polychaetes and
molluscs) will also affect particle movement and
water transport as a result of feeding activity and bio-
turbation (Quintana et al. 2007, Douglas et al. 2017,
O’Meara et al. 2020). Together, these environmental
variables and the complex interactions among them
affect sediment biogeochemistry and likely regulate
DNF in different restoration sites. A greater under-
standing of factors that significantly influence nitro-
gen removal rates will aid in our selection of future
mussel bed restoration locations that seek to enhance
this service.

These gaps in our understanding together with a
paucity of research on restored mussel beds provide
an opportunity to explore the complexities of nitrogen
cycling in coastal ecosystems. In this study, we meas-
ured a suite of environmental factors associated with
sediment DNF rates in 2 muddy and 2 sandy subtidal
restoration sites of New Zealand’s endemic green-
lipped mussel Perna canaliculus. To determine if
DNF rates varied within the larger mussel bed com-
plex, benthic chambers were deployed at each site
enclosing mussel clumps or bare sediments between
bi valve patches. Net gas fluxes across the sediment−
water interface were measured using ratios of di -
nitro gen to argon (N2/Ar) through membrane inlet
mass spectroscopy (MIMS). The importance of a rep-
resentative suite of environmental factors in explain-
ing flux variability was then explored using decision
trees and random forest algorithms. We hypothesised
that organic-rich biodeposits trapped within mussel
beds would be most important in stimulating micro-
bial activity associated with enhanced sediment DNF,
but that the strength of these effects would vary with
site characteristics.

2.  MATERIALS AND METHODS

2.1.  Study area

Restored mussel beds were created by transplanting
roughly 10 t of adult green-lipped mussels sourced
from a mussel farm to desired soft-sediment locations
at similar depths (5−10 m), forming beds approxi-
mately 10 m2 in size. At the time of this study, beds
were 2−3 yr old and exhibited different spatial
 patterns (see Text S1 in the Supplement at www. int-
res. com/ articles/ suppl/ m667 p001_ supp. pdf). Resto ra -
tion sites were initially identified to capture environ-
mental variation associated with sediment grain size,
SOM, and macrofaunal assemblages. Two of these re-

stored beds were located near the mouth of Mahu-
rangi Harbour (Lagoon Bay and Pukapuka), and 2
were outside the harbour adjacent to nearshore is-
lands (Motuora and Motoketekete; Fig. 1). Our 2 har-
bour sites were characterised by finer, siltier sedi-
ments more easily resuspended in the water column,
whereas the island sites exhibited a sandy substrate
with less resuspended material. Chosen sites therefore
provided differences in both a suite of environmental
characteristics and the effect of mussel clumps.

2.2.  Sample collection

This study was conducted in March and April 2019.
Using SCUBA, benthic chambers (e.g. Lohrer et al.
2004, O’Meara et al. 2020) were placed within re -
stored beds over sediments containing mussel clumps.
To capture spatial variability and account for bed
patchiness, a number of chambers without mussels
(but within bed boundaries) were also deployed in
this study. Chambers (0.25 m2 each) were pushed into
the sediment to a pre-marked line 7 cm from the
chamber base, so that all chambers held 41 l of near-
bed seawater at the start of the incubation. A total of
12 chambers were deployed at 3 sites (Motuora,

3

Fig. 1. Location of study sites in Mahurangi Harbour and
Kawau Bay, New Zealand. LB: Lagoon Bay; PP: Pukapuka; 

MR: Motuora; MK: Motoketekete
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Moto kete kete, and Pukapuka; beds roughly 10 m2

each), while 9 chambers were deployed at the smaller
Lagoon Bay bed (~7 m2). Photos were taken of each
chamber, and the number of mussels was recorded
(Table S1). One site was sampled per day.

Each benthic chamber was equipped with a
miniDOT optical oxygen logger (Precision Measure-
ment Engineering), which recorded dissolved oxygen
in the chamber water every minute, and a pump
which recirculated chamber water for 5 s at 30 s inter-
vals. Chamber lids were carefully sealed while under-
water to ensure there were no gas bubbles. Chambers
were then covered with black polyethylene to omit in-
coming light. These dark incubations mean we omit
the role of microphyte production, but this avoided
complications associated with bubble formation in
light chambers due to photosynthesis as well as com-
plicating comparisons due to variation in photosyn-
thetically active radiation due to changes in weather
and water clarity.

To determine net fluxes across the sediment−water
interface, samples for MIMS and dissolved inorganic
nutrient analysis (nitrate/nitrite, reactive phospho-
rus, and ammonium concentrations, herein referred
to as NOx

−, PO4
3−, and NH4

+) were taken from the
chamber port using 2 syringes (60 ml capacity) im -
mediately after covering chamber lids, taking care to
remove any air bubbles from the syringes before-
hand. Water samples were taken again from each
chamber at the end of the incubation period (approx-
imately 3 h). At the end of the incubation period, the
chamber lids were removed and 2 sediment syringe
cores (3 cm length, 1.9 cm diameter) were taken from
within each chamber for chlorophyll a (chl a), SOM,
and grain size analysis. Avoiding mussel clumps, an
additional 10 cm diameter, 10 cm deep sediment core
was taken from within each chamber to assess domi-
nant macrofauna present at each site.

Immediately after collection, water samples for nu -
trient analysis were filtered through Whatman GF/F
filters (0.7 μm pore size) and stored on ice before
being transferred to the lab and frozen. Each unfil-
tered MIMS sample was transferred into 2 gas-tight
12 ml exetainer vials (for a total of 4 per chamber)
and poisoned with ZnCl2 to stop biological activity.
MIMS samples were stored below collection temper-
ature, but above freezing. These samples were trans-
ferred to the lab and kept at 4°C pending analysis.
Sediment samples for SOM, grain size, and chl a con-
tent were kept on ice in the dark and frozen at the lab
until later analysis. Macrofauna cores were sieved
(500 μm mesh) with seawater and contents trans-
ferred into storage containers with 70% isopropyl

alcohol stained with rose bengal. Macrofauna were
later sorted and classified to the lowest practical tax-
onomic group. For each core, the total number of
macrofauna present, total number of known biotur-
bators present (total bioturbators), and total number
of species present (species richness) were recorded
for use in later analyses.

2.3.  Sediment characterisation

SOM was determined by loss on ignition (Ball
1964). Sediments were left in a 60°C oven, dried for
48 h, and then weighed before and after combustion
at 500°C for 10 h.

To determine sediment grain size, homogenised
sediment samples (~20 g) from each chamber were
digested with 50 ml of 6% H2O2 and periodically
mixed over a 48 h time period. Samples were then
rinsed of hydrogen peroxide and sat overnight in
~15 ml of 5% Calgon (a dispersing agent for sedi-
ment particles) prior to grain size analysis with a
Malvern Mastersizer 3000 (ATA Scientific).

To assess the standing stock of the microphytoben-
thos (MPB), chl a was extracted from 1 g of freeze-
dried sediment samples with 3 ml of 90% acetone.
Optical densities of extracts were measured at 664,
665, and 750 nm with a UV-Vis spectrophotometer
(Thermo Scientific, Multiskan Sky) before and after
acidification with hydrochloric acid (0.1 ml of 0.1M
HCl). Values at 750 nm were subtracted from values
at 664 and 665 nm to correct for turbidity in samples.
Sediment chl a content was calculated using equa-
tions from Lorenzen (1967) based on 90% acetone
extraction:

(1)

where E664b is the corrected absorbance at 664 nm
before acidification, E665a is the corrected absorbance
at 665 nm after acidification, Ve is the volume of the
extractant (ml),andD is thedryweightofsediment (g).

2.4.  Flux analysis

To determine if net DNF rates varied between
mussel clumps and the spaces between them, sea-
water samples were analysed on a quadrupole mem-
brane inlet mass spectrometer (with Pfeiffer Vacuum
Prisma Plus QMG220 M1 QMS, Bay Instruments)
using the MIMS technique (Kana et al. 1994). This
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high precision (<0.05%) method uses N2/Ar ratios
to determine a net flux of N2 from all processes that
form N2 (DNF, anaerobic ammonium oxidation) or
use N2 (nitrogen fixation). With this technique, a net
positive N2 flux indicates that DNF dominates,
while a net negative N2 flux in di cates that nitrogen
fixation dominates. It should be noted that, while
anaerobic ammonium oxidation produces N2 gas,
the contribution of this process to overall nitrogen
removal in estuarine environments is quite minor
globally (5− 14% on average; Hou et al. 2015) and
goes undetected at high-salinity, low-nutrient sites
(<6 μM NO3

−; Rich et al. 2008) similar to those stud-
ied here (see Table S2 for a summary of additional
environmental characteristics re corded). We there-
fore assume that all nitrogen re moval measured in
this study is the direct consequence of DNF, but that
further nitrogen removal (not estimated) may be
occurring as a result of burial within sediments.

With known incubation times for each chamber,
fluxes were calculated as the difference between
initial and final concentrations and corrected for
volume and surface area of the chamber to obtain a
flux in μmol m−2 h−1 (e.g. Eyre et al. 2002, O’Meara
et al. 2020). This was done for both N2 and O2

fluxes. O2 fluxes calculated from the MIMS tech-
nique were then compared to data obtained from
the oxygen loggers placed in benthic chambers.
Dis solved oxygen data from these loggers were sim-
ilarly graphed, and the slope of the linear portion of
the line was used to calculate a flux rate that was
also corrected for volume and area of the chamber
space. Even though O2 fluxes were found to be
comparable, the manual truncation method de -
scribed above to calculate O2 fluxes has been cri-
tiqued for introducing subjectivity into analysis (see
Olito et al. 2017), and data from MIMS was instead
used in further calculations. All chambers with mus-
sels were examined for hypoxia (<2.0 mg O2 l−1) at
the end of the 3 h incubation period, and chambers
with oxygen concentrations be low this threshold
were discarded from further analysis.

Nutrient samples were analysed using a Lachat
Auto sampler (ASX-260 Series) flow injection ana -
lyser (method detection limits of 0.032, 0.05, and
0.071 μmol l−1 for PO4

3−, NH4
+, and NOx

−, respec-
tively), with standard methods for analysis of seawa-
ter nutrients. Values were corrected using calibration
standards, and net fluxes were calculated by taking
the difference between final and initial concentration
values and dividing by chamber incubation time
while accounting for volume and area of sediment
enclosed by the chamber.

2.5.  Statistical analysis

The effects of site, mussel presence/absence, and
their interaction on measured fluxes and varying en -
vironmental characteristics were investigated using
2-way ANOVA, followed by Tukey’s tests for post
hoc comparisons (results summarised in Table S3). As -
sumptions of normality and homogeneity of variance
were checked using the statistical package ‘s20x’
(Balemi et al. 2021) in R (version 3.6.1; R Core Team
2019). Q-Q plots, Shapiro-Wilk tests, and Levene’s
tests were used to check assumptions, and values
were log-transformed where necessary. Significance
levels were set to α = 0.05, and standard errors (SE)
were used to assess the precision of mean values,
unless otherwise stated.

To determine which of the measured environ -
mental variables explained the most variation in
measured fluxes within mussel beds, we used
machine learning statistical techniques involving
regression trees and random forest models. These
non-para metric approaches have gained popularity
in ecological sciences (e.g. Evans & Cushman 2009,
Ray et al. 2020, Smith DiCarlo et al. 2020) and are
valued for their ability to cope with complex inter-
actions, non-linear relationships, and unbalanced
experimental designs, while producing graphical
outputs that are easily interpreted and reveal rela-
tionships that often go unrecognised using more
traditional statistical techniques (De’ath & Fabricius
2000).

We used the ‘rpart’ package (Therneau & Atkin-
son 2019) in R to create a decision tree which split
the full data set into multiple groups (each split
creating the lowest possible within-group variation)
until predetermined end points were met (in this
case, 4 minimum observations required in a node
for a split to be attempted and at least 2 obser -
vations in any terminal node; complexity param-
eter = 0.014). Eleven explanatory variables were
used to predict net N2 fluxes in regression trees
and random forests: SOM, oxygen fluxes, nutrient
fluxes (NOx

−, PO4
3−, NH4

+), total macrofauna abun-
dance, total number of bioturbators, species rich-
ness, chl a content, total number of mussels per
chamber, and percentage mud content. Variables
near the root (top) of the tree were considered
most influential in classifying the response variable
into various terminal nodes (in this case, net N2

fluxes). Interactions between explanatory variables
were conceptualised as subsequent splits, depend-
ent on the results of decisions at nodes higher in
the tree.
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It is recognised that regression trees and related
predictive mapping methods typically undergo a 2-
step process: first, modelling the relationship be -
tween a response variable and a suite of explanatory
variables from field measurements or observations;
and second, using the generated model to predict
the response variable at new sites given known
values for the explanatory variables. As the goal of
this study was to determine which predictor vari-
ables could best explain N2 flux variability in the
single data set, it was only necessary to conduct the
model creation process. We advise against the use
of this descriptive model in predicting fluxes out-
side our wider study system, although conclusions
gleaned from this investigation regarding the gen-
eral importance of various environmental and bio-
geochemical factors can be used to inform the design
of future experiments involving predictive modelling
techniques.

A random forest algorithm (‘randomForest’ pack-
age; Liaw & Wiener 2002) was used to rank the rela-
tive importance of explanatory variables used in this
study. Random forest is an ensemble method result-
ing from the growth of hundreds to thousands of
unique regression trees, each of which is created
using a bootstrapped sample of the dataset and ran-
dom subsets of explanatory variables at each node
(Breiman 2001, Diesing et al. 2017). Random forest
outputs a list of variable importance, determined by
permuting each predictor variable and calculating
the percentage error increase associated with the
change. Higher values correspond to greater vari-
able importance. Variable importance from the ran-
dom forest was then compared to regression tree out-
puts. We used a forest with 500 trees and tested 8
randomly selected variables at each split.

3.  RESULTS

3.1.  Environmental variables

Differences in mud content (% <63 μm) were ap-
parent between sites (2-way ANOVA; F3,24 = 333.43,
p < 0.001), with Lagoon Bay (LB) and Pukapuka (PP)
characterised by significantly muddier sediments
than the sandier Kawau Bay sites (Motuora [MR] and
Motoketekete [MK]; Table 1). A significant difference
in percentage mud content was also detected be -
tween Kawau Bay sites, with MK exhibiting less silt
and clay than MR. Moderate SOM was observed at
all locations, with mean SOM ranging from 2.3 ±
0.02% at LB to 3.4 ± 0.36% at PP. Significant differ-
ences in chl a content were observed between sites
(2-way ANOVA; F3,24 = 5.31, p < 0.01), with LB
having higher chl a content than PP and MR.

We observed differences in macrofaunal abun-
dance between sites (2-way ANOVA; F3,24 = 8.35,
p < 0.001), with sandier sediments at MR and MK
exhibiting significantly higher macrofaunal abun-
dance per core than PP and LB (Table 1). The total
number of species identified per core increased
from 10 ± 0.9 and 9.5 ± 1.2 at the muddier sites LB
and PP to 14.5 ± 1.2 and 14.5 ± 1.0 species at the
sandier sites MR and MK, respectively, indicating
an increase in species richness associated with
sandier sites. While there was no significant differ-
ence in abundance of individual macrofauna pres-
ent between the 2 sandier sites, a distinct separation
in community structure was apparent, with higher
numbers of gastropods and amphipods separating
MK from MR (Fig. S1). Polychaetes were less abun-
dant and more similar in species composition within
the harbour sites.

6

Site         Chamber               Mud                Medium              Coarse               SOM          Chl a content     Total number of 
                contents           content (%)          sand (%)            sand (%)                (%)                 (μg g−1)        macrofauna core−1

PP            Mussels           22.4 ± 0.37a        1.32 ± 0.13a        1.87 ± 0.78a       3.2 ± 0.33a         4.1 ± 0.9a              34.0 ± 2.5a

              No mussels         24.0 ± 0.27a        1.13 ± 0.16a        2.31 ± 0.65a       3.4 ± 0.36a         3.8 ± 1.1a              36.7 ± 24.2a

LB            Mussels           22.9 ± 1.61a        0.18 ± 0.03a        0.18 ± 0.03a       2.7 ± 0.38b         5.6 ± 2.5bc            34.0 ± 11.4a

              No mussels         20.0 ± 1.56a        0.42 ± 0.10a        0.71 ± 0.18a       2.3 ± 0.02b         8.5 ± 1.1bc            30.0 ± 6.3a

MR           Mussels             7.0 ± 0.83b      12.28 ± 1.04b        0.89 ± 0.39a       3.4 ± 0.30a         4.9 ± 0.5ac           107.3 ± 13.6b

              No mussels           4.6 ± 0.10b      12.14 ± 0.28b        1.45 ± 0.69a       2.9 ± 0.17a         3.2 ± 2.7ac             84.0 ± 1.0b

MK           Mussels             3.3 ± 0.29c      35.81 ± 0.67c      11.17 ± 0.89b       2.7 ± 0.08b         6.1 ± 0.4c              76.1 ± 10.6b

              No mussels           3.1 ± 0.38c      36.86 ± 0.45c      10.98 ± 0.71b       2.7 ± 0.11b         6.8 ± 0.3c            107.3 ± 28.1b

Table 1. Summary of sediment characteristics between sites, separated by chambers with and without mussels. Mud is com-
prised of silt + clay (<63 μm). Medium sand is between 250 and 500 μm, and coarse sand is >500 μm. SOM: sediment organic
material. PP: Pukapuka; LB: Lagoon Bay; MR: Motuora; MK: Motoketekete. Different superscript letters denote significant 

differences between sites (post hoc Tukey’s test, p < 0.05). Data represent the mean ± SE
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3.2.  Net DNF and nutrient fluxes

The magnitude of NOx
− fluxes measured over the

incubation period varied by roughly 100 μmol m−2 h−1

(Fig. 2A), with a net efflux measured in the majority
of chambers. PO4

3− fluxes (not shown) varied consid-
erably across chambers, ranging from −2.26 ± 8.9 to
37.61 ± 16.2 μmol m−2 h−1, and no clear pattern re -
lated to the presence of mussels or location. Two-way
ANOVA suggested that the effect of mussels on NH4

+

fluxes was dependent on location (F3,24 = 4.82, p <
0.01), although post hoc pairwise comparisons were
not powerful enough to detect significant pairs of
means (Fig. 2B; Table S3). Sediment oxygen demand
was significantly higher in chambers with mussels
than in chambers without mussels (2-way ANOVA;
F1,24 = 24.02, p < 0.001), and this pattern was ob -
served across sites (Fig. 2C).

Net N2 fluxes were highly variable, but were ob -
served on a scale similar to other coastal marine
sediments globally (e.g. Seitzinger 1988, O’Meara
et al. 2020 and references therein). Net N2 fluxes in
chambers without mussels were close to 0 at PP,

MR, and MK (33.86 ± 25.8, 42.66 ± 42.6, and 94.33 ±
124.1 μmol N m−2 h−1, respectively). Net nitrogen
fixation was apparent in chambers with (−625.36 ±
292.8 μmol N m−2 h−1) and without (−768.24 ±
414.3 μmol N m−2 h−1) mussels at site LB (Fig. 2D).
In chambers containing mussels, highest average
sediment DNF rates were recorded at PP (56.82 ±
40.6 μmol N m−2 h−1). Log-transformed N2 fluxes at
LB were significantly different from all other sites
(2-way ANOVA; F3,24 = 10.23, p < 0.001), and the
presence or absence of mussels did not significantly
affect these rates (2-way ANOVA; F1,24 = 0.02, p =
0.883). While significant differences were not de -
tected due to the high variance in measurements
between chambers, DNF appeared higher in cham-
bers without mussels at the sandiest site (MK), and
a net decrease in nitrogen fixation (potentially
indicative of DNF) was seen in chambers with mus-
sels at the muddiest site (LB; Fig. 2D).

Regression trees and the random forest algorithm
used data from 32 benthic flux chambers that were
deemed to have acceptable oxygen levels (non-
hypoxic) and small changes in Ar concentration at
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the end of the incubation period. Regression tree
ana lysis of N2 fluxes produced a tree with 5
terminal nodes (Fig. 3A). The first branching point
split relative to the percentage of SOM present,
with chambers containing lower organic material
(<2.3%) having lower DNF rates (alternatively,
higher net nitrogen fixation). From this split, the
magnitude of predicted fluxes varied depending on
mud content, with greater nitrogen fixation levels
ap parent in muddier sediments (mud content
≥20%). In chambers with organic material >2.3%,
greatest DNF rates corresponded to higher NOx

− ef -
fluxes. Chambers with lower NOx

− values showed
additional branching relative to the concentration of
chl a, with nitrogen fixation occurring in chambers
with higher chl a (≥7 μg g−1), and DNF occurring in
chambers with chl a below this threshold. The ran-
dom forest was able to explain 27.2% of the vari-
ance in observed nitrogen fluxes and ranked SOM
as the most important environmental predictor of
nitrogen fluxes, in alignment with the regression
tree model. Site, oxygen demand, and total macro-
faunal abundance were also identified as influential
explanatory variables (Fig. 3B).

4.  DISCUSSION

In this study, we used benthic flux chambers to
show that DNF occurs within restored mussel beds,
and that the magnitude and extent of nitrogen re-
moval is dependent on a variety of environmental
and biogeochemical factors. As coastal systems are
highly heterogeneous in nature, ecosystem services
are often generated by complex and interrelated eco-
system processes that vary over space and time; this
makes the quantification of nitrogen cycling and
other ecosystem services provided by restored mussel
beds very challenging. However difficult, it is impor-
tant to recognise and assign value to these services,
as more traditional management schemes have com-
monly failed to do so and have consequently permit-
ted the degradation of ecosystems in ways that
greatly reduce the value of services they provide (e.g.
Costanza et al. 1997). The historic collapse of mussel
beds in New Zealand (Paul 2012) is one such exam-
ple, where services other than food provision did not
influence the regulation of the fishery.

Multiple studies (e.g. Kellogg et al. 2013, Hum -
phries et al. 2016, Smyth et al. 2018) have shown that
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DNF rates are significantly enhanced in restored
bivalve beds; our study is first in building on that
knowledge to determine if DNF rates vary at the
patch scale within individual beds, and which envi-
ronmental factors are most significant in explaining
variability in measured rates. This in situ study was
conducted entirely within restored mussel beds of an
oligotrophic coastal ecosystem. Net nitrogen fluxes
were similar be tween chambers with and without
mussels (Fig. 2D), suggesting that mussels influence
DNF on scales larger than individual clumps, imply-
ing a bed-scale phenomenon rather than more loca -
lised effects around smaller patches. Measured envi-
ronmental factors associated with restoration (e.g.
enhanced SOM) are better predictors of sediment
DNF rates in these systems.

This study highlights the importance of SOM on N2

fluxes, with greater DNF associated with moderate
organic matter loading in mussel beds. The impor-
tance of SOM in partitioning N2 fluxes in our models,
across both chambers with and without mussels, sug-
gests that carbon-rich biodeposits generated by the
enhanced benthic−pelagic coupling of restored mus-
sel populations can provide a source of organic mate-
rial necessary for remineralisation, the products of
which (NH4

+, NO2
−, and NO3

−) go on to fuel DNF in
localised regions of hypoxic sediment (Herbert 1999,
Nizzoli et al. 2006). Stimulation of DNF as a result of
bivalve biodeposits and increased SOM has been re -
ported elsewhere (e.g. Newell et al. 2002, Newell
2004, Kellogg et al. 2013) and likely contributed to
in creased nitrogen removal observed in chambers
with higher SOM in this study. While we did not de -
tect statistical differences in percentage SOM be -
tween chambers with and without mussels, studies
using other bivalves in this harbour have docu-
mented increased sedimentation rates and organic
carbon inputs closer to individuals of the large pinnid
bi valve Atrina zelandica (Norkko et al. 2001), reaf-
firming the idea that bivalve beds retain organic
material enriched in carbon and nitrogen. It is possi-
ble that the biodeposits created by the smaller green-
lipped mussels are not trapped locally but are instead
spread over the entire bed. This increased SOM dis-
persion would account for potential effects at the
scale of mussel beds rather than individual clumps
and could help explain the similarities in DNF ob -
served between chambers with and without mussels
in this study.

Nitrification and DNF are tightly coupled pro-
cesses at low nitrate concentrations (e.g. Gongol &
Savage 2016, Vieillard et al. 2020), suggesting that
the enhanced nitrogen removal capacity resulting

from increased SOM observed here may have an
upper limit. However, this was not observed at orga -
nic matter loads present in our beds. In our oligo -
trophic system, we conclude that highest DNF rates
will be achieved with moderate organic matter en -
richment, as insufficient SOM will limit ammonifica-
tion and nitrate production, and excessive SOM will
result in higher oxygen demand and the potential
production of sulfides (e.g. Christensen et al. 2003)
which would further inhibit these processes (Joye &
Hollibaugh 1995). These relationships are mirrored
in the conceptual models of others (Hoellein & Zar -
noch 2014) who predicted that the role of bivalve
biodeposition on DNF will have the greatest effect in
oligo trophic systems, as bivalves likely stimulate
coupled nitrification−DNF (as opposed to ammonium
immobilisation in eutrophic systems high in sedi-
ment organic carbon), and competition for nitrate
(shown to be important in regression tree outputs) is
reduced in low-nutrient environments. Even if com-
petition is reduced in these systems, both regression
tree and random forest models indicate the impor-
tance of NOx

− effluxes from chamber incubations on
DNF rates, with higher NOx

− availability correspon-
ding to maximum nitrogen removal. It is likely that
the nitrogenous products of organic matter minerali-
sation (resulting from biodeposits and mussels them-
selves) supply the NOx

− necessary to fuel eventual
nitrogen removal, and that the coupling of nitrifica-
tion and DNF is important in these epifaunal mussel
beds.

When NOx
− levels measured during incubations

were low, chl a content influenced whether nitrogen
fixation or DNF took place, with higher chlorophyll
levels associated with nitrogen fixation and lower
chl a levels associated with DNF. This suggests a
weak yet negative influence of local MPB communi-
ties on sediment DNF possibly due to competition for
nitrogen (also noted by O’Meara et al. 2020). MPB are
known to reduce nutrient fluxes across the sediment−
water interface as a result of nutrient uptake neces-
sary for their growth and survival, and the sticky
polymers produced by MPB can alter sediment cohe-
sion (Newell et al. 2002, Hope et al. 2020); together,
these actions result in the reduction of solute trans-
port and could help explain lower predicted DNF
rates in regression tree outputs. The influence of
MPB was not expected as experiments were carried
out under dark conditions; however, others have
shown that nutrient uptake by MPB continues in the
dark (Rysgaard et al. 1993, Evrard et al. 2008, Ni
Longphuirt et al. 2009), and this dark ammonium
uptake was observed at 3 of our field sites. MPB are
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capable of outcompeting nitrifiers and denitrifiers for
dissolved inorganic nitrogen (Newell et al. 2002,
Sundbäck & Miles 2002, Cook et al. 2004), and ap -
pear to do so when found at higher concentrations in
these systems. As all fluxes in our study were meas-
ured under dark conditions, it should be noted that
these results reflect an approximation of maximum
DNF potential under no-light conditions. The pres-
ence of light would likely enhance nutrient uptake
by MPB, but would also increase oxygen availability
as a result of photosynthesis (potentially available for
further nitrification which is then coupled to DNF); it
would be useful in the future to measure and balance
these fluxes over a diel cycle in order to upscale
nitrogen removal rates on restored mussel beds. In
addition, active epibenthos such as bivalves can re -
spond rapidly to changes in their environment (e.g.
fluctuations in suspended sediment and phytoplank-
ton concentrations; Higgins 1980, Ward & MacDon-
ald 1996). Future studies linking changes in environ-
mental conditions to Perna canaliculus behaviour
could further our understanding of how bivalves af -
fect nitrogen dynamics at larger spatial and temporal
scales.

Our flux measurement incubation period repre-
sents one point in time. While ambient inorganic
nitro gen concentrations and measured fluxes have
not shown substantial seasonality in northern New
Zealand (Jones et al. 2011, Tay et al. 2012), temporal
variation was not addressed in the current study.
These scale constraints are common with field-based
research and suggest that any information used from
this study to inform the placement of future beds be
nested in an adaptive management framework to re-
evaluate the success of mussel restoration projects on
nitrogen removal over longer timescales.

In the present study, net DNF increased with de -
creasing mud content, and these results are mirrored
by others who have carried out benthic chamber
experiments in the same harbour (O’Meara et al.
2020). The regression tree suggests that percentage
mud content becomes most important at low levels of
SOM (<2.3%). It should be noted that the terminal
nodes associated with this split both result in appar-
ent nitrogen fixation, yet this rate decreases with de -
creasing mud content. Grain size affects the trans-
port of nutrients into and out of marine sediments,
and larger particle size typically corresponds to
higher porosity associated with increased porewater
advection and the transport of nutrients (Santos et al.
2012). At low organic matter loads, mussel biode-
posits make a greater contribution to DNF in more
permeable, nutrient-poor sediments, increasing the

availability of bioreactive nitrogen while creating
anoxic microsites required for DNF (Seitzinger et al.
2006). It is also well documented that macrofaunal
abundance and species richness increase with de -
creasing mud content (e.g. Mannino & Montagna
1997, Thrush et al. 2003, 2004, Pratt et al. 2014) and
that macrofauna stimulate increased nitrogen re -
moval (reviewed by Stief 2013). Given these relation-
ships, it follows that DNF increases with decreasing
mud content, as the abundance of these sediment-
dwelling species also increases under these circum-
stances. While not emphasised by regression tree
analysis, the significance of macrofaunal abundance
as an important variable was reflected in random for-
est outputs.

Of notable interest are the net fluxes at site LB,
where net nitrogen fixation was apparent in all
chambers. Nitrogen fixation (breaking the dinitrogen
triple bond) is an energetically costly process. Even
in the presence of bivalves that emit nitrogenous
compounds, it is clear that a demand for bioavailable
nitrogen exists at LB; this nitrogen demand is per-
haps not surprising for a low-nutrient system, and
nitrogen fixation has previously been recorded in
other bivalve studies (Humphries et al. 2016) and
under dark conditions (Fulweiler et al. 2007). Cyano-
bacteria known to produce nitrogenase (the enzyme
responsible for reducing N2 to ammonia) have been
found in local estuarine sediments of this region
(Hicks & Silvester 1985) and could account for ob -
served nitrogen fixation. At LB, NOx

− and NH4
+ emis-

sions in chambers without mussels possibly reflect
the products of microbial nitrogen fixation; lower
NOx

− and NH4
+ fluxes observed in chambers with

mussels suggest tight recycling/high turnover of
nitrogen in these places. In many oligotrophic envi-
ronments, a larger percentage of total bioreactive
nitrogen is assimilated rather than removed as N2

gas; this increased nitrogen retention, however, can
support increased secondary and tertiary production
(Cook et al. 2004, Vieillard et al. 2020).

Understanding nitrogen dynamics in oligotrophic
environments is crucial, as these systems are highly
underrepresented in the literature (Vieillard et al.
2020) and restoration projects in these places likely
differ in their capacity to support enhanced nitrogen
removal services (Hoellein & Zarnoch 2014). In such
a system, we conclude that the effects of mussel res-
toration on sediment DNF are not restricted to the
patch-scale, and that dispersed SOM is an important
predictor of net N2 fluxes at restoration sites. This
study contributes to the small but growing literature
base on nitrogen cycling in oligotrophic estuaries of
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the southern hemisphere, with project insights help-
ing us better understand ecosystem functionality in
restored bivalve systems.
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