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Abstract Intermittently closed and open lakes/la-
goons (ICOLLs) can occur in alternate stable states:
clear and turbid, with nitrogen inputs from high-
intensity agricultural land use often fuelling phyto-
plankton growth in ICOLLs. Due to their limited water
exchange, ICOLLs are particularly susceptible to
eutrophication. In these environments, denitrification
may remove a substantial proportion of the land-derived
nitrogen load, reducing their vulnerability to eutroph-
ication; however, the factors that influence denitrifica-
tion in ICOLLSs are poorly understood. In this study, we
addressed the relative importance of physico-chemical
and biotic factors related to nitrate-saturated
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denitrification rates (including temperature, nutrient/
organic matter supply, oxygen conditions, sediment
type and benthic macroinvertebrates) in two eutrophic
ICOLL ecosystems: one supports some submerged
macrophytes, while the other is in a persistent, turbid,
phytoplankton-dominated system. Flexible in situ
enclosures and denitrification enzyme assay measure-
ments were employed to determine denitrification rates
in response to new nitrate pulses, which are commonly
observed in these systems. In situ denitrification rates
were inhibited in both ICOLLs in winter, whereas in
summer they were positively correlated with organic
matter availability. Denitrification rates were greater in
the shallow, marginal sediments of the ICOLLs. Bio-
turbating macrofauna significantly enhanced in situ
sediment oxygenation and probably transported sedi-
ment organic carbon and nitrate simultaneously to sites
of denitrification at the sediment oxic—anoxic interface.
Our study found that nitrate-saturated sediment denitri-
fication rates were controlled by a hierarchy of
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temporally and spatially structured physico-chemical
and biotic factors in the following order of importance:
temperature — organic matter availability — water
depth — bioturbation.

Keywords Nitrogen cycling - Isotope pairing -
Denitrification enzyme activity - Bioturbation -
Oxygen penetration depth (OPD)

Introduction

Intermittently closed and open lake lagoons (ICOLLs)
are shallow bodies of water which lie along coastlines
and are intermittently connected to the ocean (de Wit
et al. 2001; Kennish and Paerl 2010; Robertson et al.
2016; Schallenberg et al. 2010). These unique ecosys-
tems are estimated to constitute up to 15.3% of the
worlds microtidal coastlines (McSweeney et al. 2017).
Due to their limited flushing and longer water
residence times than open estuaries, ICOLLs and
open lagoons are particularly vulnerable to nutrient
and organic matter enrichment, leading to eutrophi-
cation (Eyre and Ferguson 2002; Herbert 1999;
Kennish and Paerl 2010; Robertson et al. 2016;
Schallenberg et al. 2010). Prior to anthropogenic
impacts, the majority of ICOLLs may have been
macrophyte-dominated, with relatively clear waters
and low turbidity (Scheffer 1998). In recent times,
many shallow lakes in New Zealand have been
reported to be in poor condition due to human
activities (Drake et al. 2011), mainly from farming
activities resulting in nitrogen losses from land to
freshwater (Gluckman 2017; McDowell and Wilcock
2008) and estuarine (Heggie and Savage 2009)
ecosystems.

As the productivity of coastal ecosystems is com-
monly nitrogen limited, the removal of nitrogen from
these systems will ameliorate eutrophication effects,
thereby conferring ecological resistance and resilience
to eutrophication. Denitrification permanently
removes nitrate transferred from land to water and
may potentially reduce the nitrogen supply to phyto-
plankton in these systems. Conversely, phytoplankton
may outcompete denitrifying bacteria for new nitrate,
inhibiting the natural denitrification process and
exacerbating eutrophication symptoms in ICOLLs
(Olsen et al. 2017).
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In situ denitrification rates are often highly variable,
both spatially and temporally, making it challenging to
accurately estimate long-term, system-wide denitrifi-
cation rates (Groffman et al. 2009) and confounding
robust whole-system and cross-system comparisons of
denitrification rates. Denitrification has been reported
to vary in relation to both sediment and water column
characteristics, such as water temperature and sedi-
ment porewater nitrate, organic matter and dissolved
oxygen concentrations (Seitzinger et al. 2006; Tomas-
zek and Czerwieniec 2003). Low rates of oxygen
supply into the sediments can reduce coupled nitrifi-
cation—denitrification by reducing nitrate supply for
denitrification (Groffman et al. 2009). Nitrification has
also been shown to be inhibited by exposure to
sulphides (Joye and Hollibaugh 1995) which is often
produced in anoxic or hypoxic sediments. Invertebrate
bioturbation and irrigation can play a large role in
distributing oxygen, nitrate and organic matter verti-
cally within the sediment, and this activity can
influence denitrification rates (Biswas et al. 2009;
Nogaro and Burgin 2014).

Our study aimed to assess the capacity of two
ICOLLs to remove new, external nitrate pulses
through denitrification. We measured denitrification
rates (both in situ and using denitrification enzyme
activity) in two eutrophic ICOLLSs on the South Island
of New Zealand, to determine the drivers of spatial and
seasonal variation in denitrification rates and to
examine the potential of denitrification to mitigate
the effects of eutrophication. We measured denitrifi-
cation rates in situ under nitrate pulse events, designed
to mimic typical pulses of nitrate in the water column.
We also tested for potential N or C limitation using
denitrification enzyme activity in the laboratory. We
measured denitrification in winter and summer at a
total of nine sites across the two ICOLLs to examine
how gradients in potential physico-chemical and
biological drivers relate to denitrification, substrate
limitation and sediment oxygenation in these ICOLLs.
Finally, we developed statistical predictive models for
assessing the denitrification potential of both new and
recycled nitrate within these, and other similar tem-
perate, ICOLLs.
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Methods
Site locations

Te Waihora/Lake Ellesmere (here referred to as Lake
Ellesmere) is a large (surface area = 145 to 213 km?)
shallow (mean depth = 0.8 to 1.5 m) ICOLL located
in Canterbury, South Island, New Zealand (Fig. 1A)
(Schallenberg et al. 2010). It is separated from the sea
by a gravel barrier, which is mechanically opened at
specified water levels to prevent inundation of
surrounding farmlands and to facilitate drainage
(Schallenberg et al. 2010). Historically, macrophytes
were common in the lagoon (primarily Ruppia
megacarpa and Ruppia polycarpa) (Gerbeaux 1993;
Hearnshaw and Hughey 2012); however, macrophytes
were almost entirely eliminated in 1968 after a severe
storm (Hughes et al. 1974). In more recent times, the
phytoplankton biomass (mean chlorophyll
a=884png L") and suspended sediment

concentrations (mean = 229.7 pg L") have generally
remained high (Schallenberg et al. 2010), inhibiting
substantial re-establishment of the submerged macro-
phytes and maintaining the lagoon in a turbid state
(Gerbeaux and Ward 1991). The catchment of Lake
Ellesmere covers approximately 2760 km?, with
intensive agriculture being the predominant use of
land in the catchment (Hearnshaw and Hughey 2012),
resulting in high nitrogen and phosphorus loads to the
lagoon (Schallenberg et al. 2010). The water column
nitrate concentration ranges from below analytical
detection limits (< 0.071 umol L") to episodically
high nitrate concentrations (e.g. > 21 pmol L™" with a
recorded maximum 307 pmol L™") (Online Resource
1, Crawshaw 2018). Pulses of nitrate (here defined as
episodes > 21 pmol L™, Crawshaw 2018) generally
occur in late autumn through to spring, followed by
decreasing nitrate levels, often to below the analytical
detection limits, in summer.
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Fig. 1 Map of New Zealand showing the study locations, A
shows the location of Lake Ellesmere, Canterbury, and B shows
the location of Lower Tomahawk Lagoon, Otago. Lake
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Ellesmere sampling sites are E1, E2, E3, E6, E14 and EI19.
Tomahawk Lagoon sampling sites are T4-T6
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The lower Tomahawk Lagoon (referred to here as
Tomahawk Lagoon) is a small (0.19 kmz), shallow,
hypertrophic ICOLL in Dunedin, South Island, New
Zealand (Fig. 1B; Drake et al. 2011; Hamill et al.
2014; Hamilton and Mitchell 1997). It is fed by
surface run-off and a stream at the northern end that
drains a small agricultural catchment (area = 2.4 km?)
(Drake et al. 2011; Mitchell 1989). The lower lagoon
also receives water from the upper lagoon (also known
as Tomahawk Lagoon No. 2) by a small narrow
channel, with a catchment area of 16 km? (Mitchell
et al. 1988). Because of the shallow depth and the
alignment of the main axis of the lagoon with the
prevailing winds (S-E and N-W), sediment is fre-
quently re-suspended by waves (Robertson, 1999).
Tomahawk Lagoon has not been regularly studied or
monitored; however, intermittent measurements show
nitrate concentrations range from < 0.036 pmol L™'
to 18 pmol L™ in the lower lagoon (J. Crawshaw,
unpublished data) (Online Resource 1, Crawshaw
2018). The highest nitrate delivery to both ICOLLs
occurs in winter and spring.

In situ denitrification measurements

In situ denitrification rates were measured at three sites
in Lake Ellesmere during winter (August 2015) and
summer (January 2016) (Table 1). Four additional
sites were added during summer 2016 to increase
spatial coverage of measurements. In situ denitrifica-
tion rates were measured at three sites in Tomahawk
Lagoon during winter (July 2015) and summer
(December 2015).

Denitrification rates were measured in 64-mm-
diameter custom-built in situ enclosures (Fig. 2;
Crawshaw et al. 2019), which enclosed sediment to a
depth of 15 cm and the entire overlying water column.
Enclosures consisted of plastic (polyvinyl chloride)
bottom and top plates which held four replicate
enclosures, with a flexible polyethylene tubing con-
necting the plates through the water column. The
flexible tubing increased realism of the denitrification
measurement system by transferring turbulent energy
in the lake into the enclosures providing mixing within
the water column and allowing turbulent diffusion
across the sediment—water interface. Turbulence at the
sediment—water interface is potentially a key driver of
nitrate supply to the sediment microbial community
(Cook et al. 2006; Risgaard-Petersen et al. 1999),
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especially in shallow, wave-dominated ecosystems
such as ICOLLs. Flexible enclosures have been
trialled by other researchers (e.g. Asmus et al. 1998;
Risgaard-Petersen et al. 1999; Fanjul et al. 2011).
Enclosure top plates allowed the connection of the
flexible tubing, which was adjusted so that the tops of
the enclosures were submerged just below the water
level at each site. The tops of the enclosures were
sealed to prevent the exchange of water and gases with
the ambient ICOLL. Water samples were taken from a
two-way valve on the lid of the enclosures, where the
sample tubing inflow was located at the top of the
flexible enclosure (~ 10 cm below water surface).
Due to the low ambient nitrate in the ICOLLs at the
time of the experiment, the background nitrate con-
centration was raised to 71 pmol N L™ to reflect the
large nitrate pulse events which occasionally occur in
the lagoon (Fig.2) using NaNO; . Seventy-one
umol N L™" of K'*NO;~ was added to the enclosure,
to achieve a 50% atom nitrate enrichment (Steingruber
et al. 2001) (final concentration NO3~ 142 pmol N
L.

In situ incubations were run for 48 h, with 50 mL of
water taken with a gas-tight syringe at 0, 4, 24, 30 and
48 h to measure dissolved oxygen, dissolved inor-
ganic N species and labelled N, gas. The dissolved
oxygen concentration of water was measured using a
calibrated YSI ProODO Optical Dissolved Oxygen
meter (Yellow Springs, Ohio, USA), ensuring oxygen
in the enclosures did not drop below 20% of the
starting concentration over the experimental period.
N, gas was extracted from the water sample by adding
a 15 mL helium headspace and shaking for 3 min.
The gas sample (13 mL) was then transferred to a pre-
evacuated exetainer (Labco, High Wycombe, UK),
using a flexible needle extender which prevented the
transfer of water. The exetainers were kept submerged
in Milli-Q water freshly sparged with helium gas,
while the needles were being removed from the septa,
to ensure that air did not enter the punctured septum.
To further decrease the potential for air contamination,
the samples were stored in 50-mL centrifuge tubes
filled with degassed Milli-Q water until analysis
(Gongol and Savage 2016; Gongol 2010; Hamilton
and Ostrom 2007).

The isotopic composition of N, in the headspace
was determined by gas chromatograph and isotope
ratio mass spectrometry. The Lake Ellesmere 2015
summer samples were processed at Lincoln
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Table 1 Physico-chemical measurements of the ICOLLs taken at the initiation of the in situ enclosure experiments at sites in
Tomahawk Lagoon (T4 to T6) and Lake Ellesmere (E1 to E19) in summer (S) and winter (W)

Site Date Depth (m) Temperature (°C) Salinity (ppt) Secchi depth (m)
S w S w S w S w S w

T4 17/12/2015 15/07/2015 0.66 0.98 17.2 5.1 3.5 8.8 > 0.66 > 0.98
T5 17/12/2015 15/07/2015 0.64 0.93 17.2 5.1 3.6 8.9 > 0.64 > 0.93
T6 17/12/2015 15/07/2015 0.50 0.85 17.4 52 3.6 8.9 > 0.50 > 0.85
El 27/01/2016 - 0.73 - 16.7 - 8 - 0.12 -
E2 27/01/2016 5/08/2015 0.90 0.78 16.7 8.6 10 5.8 0.11 0.14
E3 30/01/2016 - 0.50 - 16.7 - 10.5 - 0.14 -
E6 30/01/2016 5/08/2015 0.71 0.88 16.7 8.2 11 6.2 0.14 0.15
El4 30/01/2016 - 1.07 - 16.7 - 10 - 0.14 -
E19 30/01/2016 - 0.38 - 16.7 - 3.5 - 0.18 -
Site' DO (umolL™")  NO;~ (umol L")  NH," (umol L™")  DRP (umol L™") TN (umol L™") TP (umol L")

S w S w S w S w S w S w
T4 614 644 0.42 18.73 5.14 9.02 0.18 0.20 63 111 1.12 1.12
T5 614 659 0.38 17.29 476 9.10 0.61 0.20 42 79 1.47 1.04
T6 614 659 0.43 19.99 5.13 10.96 0.24 0.27 114 57 226 080
El 605 - 2.56 - 5.06 - 0.13 - 99 - 11 -
E2 627 704 0.64 9.61 453 478 0.13 0.45 139 134 16 6
E3 566 - 1.07 - 6.88 - 0.24 - 115 - 15 -
E6 593 719 0.61 0.94 6.17 7.28 0.13 0.94 117 129 14 5
El4 580 - 1.22 - 5.78 - 0.21 - 67 - 6 -
E19 580 - 16.37 - 5.46 - 0.44 - 189 - 5 -

Dashes indicate sites were not sampled in winter. DO is dissolved oxygen, NO3™ is nitrate, NH4+ is ammonium, DRP is dissolved
reactive phosphorus, TN is total nitrogen and TP is total phosphorus

University, and the other samples were analysed in the
Chemistry Department of the University of Otago,
following the protocol of (Lewicka-Szczebak et al.
2013). The standard used for N, was 2.5% air mixed in
helium, to match the N, concentration of the dissolved
gas samples. An air sample was measured after every
eight samples to test for instrument drift. If significant
drift was observed by linear regression of the 30/28
ratio of air (N,) against time, then a linear time-base
correction was applied to air and samples.

These rates are likely underestimations of the total
denitrification rates, due to not accounting for N,
trapped in the sediment porewater. Our measured
denitrification rates may include some N, produced
through anammox or dissimilatory nitrate reduction
because we did not additionally measure rates of these
processes in our study, and were thus unable to
account for N, that may have been produced by these

processes (Risgaard-Petersen et al. 2003, Salk et al.
2017). However, anammox is unlikely to account for a
large percentage of N, production in estuarine sedi-
ments and a recent review paper indicates denitrifica-
tion is the dominant N, production pathway in such
systems (Damashek and Francis 2018), as denitrifica-
tion is more thermodynamically favourable when
organic matter is available (Thamdrup and Dalsgaard
2002). DNRA can be a favoured process when organic
matter availability is high and nitrate concentrations
are low (Hardison et al. 2015), or when sediments are
anoxic and sulphidic (Murphy et al. 2016). The studied
ICOLLs did not show signs of surficial sediment
anoxia (i.e. the presence of FeS or sulphidic odours).

The measured >N 2/28N2 and 30N2/28N , ratios were
converted to molar quantities using computed con-
centrations of N, expected in the water column at the
time of sampling using nitrogen gas solubility
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Fig. 2 In situ denitrification enclosure. The array consists of
four replicate tubes made of flexible polyethylene tubing
(64 mm diameter), which connects to a top plate from which
water and gas were sampled and to rigid sediment cores on the
bottom plate (a). The four cores on the bottom plate were pushed
150 mm into the sediment (b). The poles were used first to push
the cores into the sediment and were then pulled out of the

tables (Colt 2012) given the temperature and salinity
of the sampled water, and the volume of the enclosures
(L) (Dalsgaard 2000). The production of each species
(29’ S\ > and 307 28N2) at each time point was calculated
as the sample ratio minus the ratio at time 0. The
absolute amount of > 28N2 and Y 28N2 was then
calculated using the following equation (Dalsgaard
2000):

AM,,(pmol) = (Ry ><28N2) x sample volume

where AM,, is the amount of **N, present in the core
structure (umol), R, is the ratio of 29128, provided by
mass spectrometry, 2*N, is the concentration of **N,
(umol L™ expected in the water calculated from
nitrogen diffusion tables (Colt 2012) and sample
volume is that of the enclosure (L). The slope was
calculated from the production of N, over the time
course of the experiment and was normalised by the

@ Springer

bottom plate before pushing them firmly into the substrate to
anchor the array. This allowed some movement of the tops of the
enclosures due to wave action while isolating the sediment cores
from enclosure movements and vibrations (¢). The enclosures
were capped below the water and contained sampling ports for
nutrient and gas measurements (d). The enclosure in place at
Tomahawk Lagoon (e)

surface area of the cores (0.003848 m?). The produc-
tion of total denitrification (produced from “NO;~
and '>NO;7) was then calculated using the standard
isotope pairing calculations of Nielsen (1992).

After gas extraction, the remaining water samples
were filtered through Microscience MS-GF 47-mm
filters (nominal pore size = 0.7 pm) into 50-mL acid-
washed centrifuge tubes and frozen at — 18 °C until
analysis for nitrite + nitrate (NO,~ + NO3™) and
ammonium (NH, ). Nutrient fluxes were calculated as
a change in nutrient concentration over time, account-
ing for enclosure water volume and sediment surface
area.

After 48 h, the in situ enclosures were dismantled,
the sediment cores were retrieved, a sample of
homogenised surficial (top 4 cm) sediment was col-
lected and the remaining sediment was sieved through
a 500-pm mesh. All infauna retained in the sieve were
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preserved in 99% ethanol and were identified using
guides by Gooderham and Tsyrlin (2002), Moore
(1997) and Landcare Research (2015). Two hundred
mL of this sediment was also collected for analysis of
particle size, organic matter concentration and content
and porosity. Sediment samples were frozen at
— 20 °C until these analyses were performed.

At each site, measurement of temperature, salinity,
dissolved oxygen, conductivity and pH was taken at
the times of gas sampling using a YSI Professional
Plus Multiprobe (Yellow Springs, Ohio, USA). A
water sample of the ICOLL was also collected at each
site at the beginning of the incubations to measure the
ambient total nitrogen and phosphorus (TN and TP)
and dissolved inorganic nitrogen (NOs;~, NH,")
concentrations.

Sediment oxygen penetration

The sediment oxic—anoxic (and denitrification) hori-
zon (Gongol and Savage 2016) and the sediment
oxygen conditions were measured by sediment dis-
solved oxygen (DO) micro-profiling. For this, four
sediment cores were collected from beside the in situ
enclosures on the second day of the experiment. Clear
plexiglass sediment core tubes (internal diameter:
6.4 cm, length: 30 cm) were used to collect sediment
from each site using a gravity corer. The depth of the
sediment cored was approximately 15 cm, with over-
lying water of 15 cm. Cores were capped and stored
cool and in the dark until being returned to the
laboratory within 5 h. For equilibration, cores were
submerged and uncapped in site water circulated by a
water pump maintained at approximately the in situ
temperature and aerated using an air stone. The
sediment oxygen profiles were measured within 2 h
of the initiation of equilibration. Down-core oxygen
profiles were performed at 200-pum vertical resolution
using a motorised micromanipulator and Unisense
100 pm oxygen microsensor (Unisense A/S, Den-
mark), which was connected to a Unisense microsen-
sor multimeter (Unisense A/S, Denmark). Two
oxygen sensors were attached and allowed to polarise
for 2 h. Once the reading had stabilised, a two-point
calibration curve was calculated to calibrate the probe.
A 100% oxygen reading was taken from the middle of
the oxygenated water column of a sediment core. The
probe was then lowered into the sediment, until the
oxygen reading reached a minimum stabilised reading,

and this was the anoxic reading (Vopel et al. 2012).
Three replicate profiles positioned within the core
were measured, taking care to avoid any infaunal
burrows (Vopel et al. 2012) as we aimed to measure
total sediment oxygenation rather than oxygenation
only inside the infaunal burrow. After profiling, cores
were sieved, and infauna were retained for
identification.

Nutrient analysis

Nutrients were analysed using colorimetric protocols,
using a SANplus segmented flow autoanalyzer (Skalar
Analytical BV, Breda, The Netherlands), as reported
in Schallenberg & Burns (1997). Analytical detection
limits were 0.071 pmol L™ for nitrate, 0.93 pmol L™
for ammonium, 0.36 pmol L~! for total nitrogen,
0.02 pmol L™ for dissolved reactive phosphorus and
0.06 pmol L™ for total phosphorus.

Sediment characterisation

Surficial sediment porosity (g H,O mL™" sediment)
was calculated from the dry weight of the sample after
drying 5 g of wet sediment at 50 °C for 24 h. This
sediment was then combusted at 450 °C for 24 h for
the calculation of organic matter as mass loss on
ignition, which we expressed as an areal concentration
within fresh sediment (g dry OM m™?). The surficial
sediment grain size was determined using a laser
diffraction Malvern Mastersizer. Five grams of sedi-
ment was dried for 24 h at 50 °C. Half a gram of
sediment was placed into a 50-mL centrifuge tubes
and treated with 5 mL of 10% hydrogen peroxide
overnight to remove organic matter. Particle sizes
were expressed as percentages of the total particle
numbers, segregated into the following grain size
fractions: clay (0-2 pum), silt (2-63 pm) and sand
(63-2000 pm).

To provide a coherent set of data, sediment organic
matter as well as denitrification and invertebrate
densities were all expressed on an areal basis. We
calculated the concentration of organic matter (per mL
of wet sediment) in the upper 1 cm of sediment
sampled and expressed this concentration as an
average areal concentration to 1 cm depth, which we
here refer to as organic matter availability. Typically,
many sediment parameters are calculated and reported
as contents rather than as volumetric concentrations or
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areal densities; however, expressed as contents, sed-
iment parameters can be biased by sediment bulk
density and grain size (Tolhurst et al. 2005). There-
fore, we calculated sediment organic matter availabil-
ity in our data analyses.

Denitrification enzyme activity (DEA)

To measure potential N and C limitation of denitrifi-
cation, sediment samples for DEA were collected in
April 2014 (autumn) in Lake Ellesmere and in July
2015 (winter) for Tomahawk Lagoon. Potential nutri-
ent limitation of the denitrification rate of the sediment
was measured using the acetylene inhibition tech-
nique, as described by (Bruesewitz et al. 2011).
Fifteen millilitres of sediment was homogenised with
15 mL of unfiltered ICOLL water. Four treatments
were set up to investigate possible nutrient limitations
of denitrification in the sediment: sediment only
(control), sediment 4+ 10 mg of potassium nitrate
(+ N), sediment 4+ 12 mg of glucose (+ C) and
sediment 4+ 10 mg of potassium nitrate and 12 mg
of glucose (+ N + C). Unfiltered ICOLL water was
also used to test for water column denitrification.
Thirty millilitres of the sediment—water slurry was
transferred to 45-mL glass vials and sealed with
silicon septa. Anoxic conditions were created by
purging the vial headspace with pure N,. Then, 10 mL
of acetylene (C,H,) was added to block the conversion
of N,O to N, and to over-pressurise the vials. The
incubations were performed at room temperature
(22 °C). Eight millilitres of gas sample was collected
hourly for 4 h after the addition of C,H,. To maintain a
constant pressure in the bottle, C,H, was added to
replace the collected gas samples. N,O concentrations
were measured using a Varian CP 3800 gas chro-
matogram equipped with a Hayesep D column and an
electron capture detector. N,O production was calcu-
lated using the ideal gas law. Volume-specific pro-
duction was converted to both volumetric (mLfI) and
areal (m~°) bases using associated sediment bulk
density measurements.

Data analysis
Statistical analyses were carried out in Microsoft
Excel, Canoco (v. 4.5) and R Studio (v. 3.3.2)

(RStudio Team 2015) with base R version 3.3.0 (R
Core Team 2016). ¢ tests were used to test for
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significant differences in variables between ICOLLs.
Multiple linear regression models were used to
investigate variables related to denitrification rate.
Highly correlated predictor variables (Pearson
r > 0.5) were excluded from the analysis. Principal
component analysis was conducted on the correlation
matrices. For the PCA and multiple regression anal-
ysis, the variables denitrification rate, oxygen pene-
tration depth and organic matter availability were
transformed to meet statistical assumptions.

Results
Water column and sediment characteristics

During our study, Tomahawk Lagoon had a substan-
tially higher water clarity (Secchi depth ranged
from > 0.50 to > 0.98 m, which were the site depths)
than Lake Ellesmere (Secchi depth ranged from 0.11
to 0.18 m) (Table 1). The temperature in both lagoons
during the summer sampling was 17 °C, reducing to
5.1 °C in Tomahawk Lagoon and 8.3 °C in Lake
Ellesmere during winter sampling (Table 1). The
salinity in Tomahawk Lagoon was 3.6 and in Lake
Ellesmere ranged from 3.5 to 11 across the study sites.
During winter in Tomahawk Lagoon, both nitrate and
ammonium concentrations in the water column were
much higher than in summer (Table 1) and in Lake
Ellesmere the seasonal contrast was generally weaker,
though concentrations were also higher in winter.
Total phosphorus concentrations in Lake Ellesmere
were always substantially higher than in Tomahawk
Lagoon.

Sediments were generally sandy except for sites T4
and T5 in Tomahawk Lagoon, which were dominated
by silt, and sites E14 and E19 in Lake Ellesmere which
had substantial contents of both sand and silt
(Table 2). Organic matter contents ranged from 0.5
to 12%, whereas organic matter availability (concen-
tration) ranged from 66 to 398 g m ™. Sites T4 and T5
in Tomahawk Lagoon, with the lowest sand and
highest silt contents, had the highest amounts of
organic matter. Porosity at the sites varied between
0.48 and 0.86 g mL™".
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Table 2 Mean surficial sediment characteristics measured from sediment cores collected from the in situ denitrification experiment
for sites in Tomahawk Lagoon (T4 to T6) and Lake Ellesmere (El to E19) in summer

Site Grain size% OM availability (g mfz) OM content (%) Porosity (g mL™)
Clay Silt Sand

T4 6 + 0.04 89 + 0.1 5 4+ 0.08 357 £ 8 12 £ 0.2 0.85 £ 0.01
TS 5+ 0.04 87 £ 0.7 8 +£0.8 398 £ 5 12 £ 0.2 0.84 + 0.01
T6 0 + 0.06 341 97 + 1 81 +3 0.63 £ 0.03 0.50 £ 0.02
El 4+1 24 + 4 72 £ 52 144 £ 10 1.57 £ 0.2 0.64 £+ 0.04
E2 1+£03 7+1 93+ 13 124 + 0.8 0.92 + 0.01 0.48 + 0.01
E3 1 + 0.07 3+0.62 96 + 0.7 89 + 4 0.74 £ 0.03 0.53 £ 0.009
E6 0+0 0+0 100 £ 0 66 £ 2 0.50 £ 0.01 0.48 £ 0.03
El4 3 +0.05 53 £2.1 44 £ 2.2 129 £ 9 1.84 £ 0.2 0.72 £ 0.01
E19 34+ 0.03 62 + 0.4 35+ 05 174 £ 18 338 £ 0.2 0.76 £ 0.01

OM indicates organic matter. Standard errors are also reported (n = 4)

In situ denitrification measurements

The uptake of added nitrate in the in situ enclosures
showed marked differences between the two lagoons
(Fig. 3). In Lake Ellesmere during summer, the added
nitrate pulse (~ 71 umol L™") was removed from the
water column within 24 h (~ 92% drawdown). In
comparison, Tomahawk Lagoon still had high con-
centrations of nitrate remaining in the water column at

~ 120 ® Ellesmere Summer
" m Ellesmere Winter
5 100 <O Tomahawk Summer
£ A Tomahawk Winter
=
- 80
kel
[
= 60
)
g
o 40
o
2
S 20
=z
0
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Fig. 3 Mean nitrate concentrations (pmol L~") measured in the
in situ enclosures over time at each site (n = 4). Filled markers
are from Lake Ellesmere (circles indicate summer measure-
ments; squares indicate winter measurements). Open markers
are from Tomahawk Lagoon (diamonds indicate summer
measurements; triangles indicate winter measurements). Error
bars are excluded for ease of interpretation

the end of the experiment in summer (~ 40 pumol
L™, ~ 68% drawdown). Even in winter, nitrate was
consumed rapidly within the 48-h experiment in Lake
Ellesmere, with relatively low concentrations of
nitrate remaining (~ 15 pmol L_l, 87% drawdown).
In Tomahawk Lagoon during winter, nitrate was also
consumed, however much less than in summer
(~ 60 umol L™ remaining at 48-h, 47% drawdown).

Nitrate consumption was significantly greater in
Lake Ellesmere than in Tomahawk Lagoon (Fig. 4a;
t test, p < 0.001). Similarily, oxygen demand in the
enclosures was greater in Lake Ellesmere than in
Tomahawk Lagoon (Fig. 4b; ftest, p < 0.001), as well
as the oxygen penetration depth into the sediments
(Fig. 4c; t test, p < 0.001). There was no significant
difference between the ICOLLs in ammonium flux
within the enclosures, although some enclosures
showed small net ammonium increases during the
experiments (Fig. 4d). As nitrate was depleted from
the water column at some sites within 24 h, we used
the production of labelled N, pairs between 0 and 24 h
to calculate denitrification rates. A typically labelled
N, accumulation plot over time is provided in Online
Resource 2.

In both ICOLLs, denitrification rates were extre-
mely low or undetectable in winter, when tempera-
tures were < 8.6 °C (Fig. 5a). The highest rate
measured during winter was 1.6 pmol N m™> h™'
measured in Tomahawk Lagoon. In summer, total
denitrification rates showed high spatial variability,
both among sites and among replicates within sites
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Fig. 4 Mean enclosure water column nitrate flux (umol m~?

h'; panel a), oxygen flux (pmol m2h7!; panel b), sediment
oxygen penetration depth (mm; panel ¢) and ammonium flux

(Fig. 6). Mean denitrification rates among the sites
were 182 pmol N m ™ h™' in Tomahawk Lagoon and
234 ymol N m™2 h™! in Lake Ellesmere with no
significant difference between the two lagoons (¢ test,
p > 0.05). The denitrification rates in summer ranged
from 39 to 430 pmol N m~2 h™' in Tomahawk
Lagoon sites and from 0.05 to 272 pmol N m > h™!

@ Springer

Site

(umol m~2 h™'; panel d) recorded in Tomahawk Lagoon and
Lake Ellesmere. Error bars show = 1 standard error (n = 4)

among the Lake Ellesmere sites. An extremely high
rate (4007 pmol N m > hfl) was recorded in one
replicate enclosure in Lake Ellesmere at site E19,
located at the inflow of Hart’s Creek, but we consider
this to be an anomalous measurement, probably due to
short water columns in the enclosures at this site due to
the water depth being very shallow at this site.
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(b) and combined (c). The plots include the authors unpublished

Potential carbon and nitrogen limitation

Denitrification enzyme activity (DEA) was measured
in summer 2014 using sediments from all the sites to
test for potential carbon (glucose) and nitrogen
(nitrate) limitation (Table 3). N,O production was
not detectable in the control and carbon only (+ C)
treatments in Lake Ellesmere, whereas nitrate addition
(+ N) stimulated N,O production, with the highest
rates observed when glucose plus nitrate (+ C + N)
was added, indicating primary nitrate limitation and
secondary carbon limitation of denitrification
(Table 3). In Tomahawk Lagoon, the unamended
sediment showed some denitrification enzyme activity
at all the sites, suggesting there was sufficient nitrate

Organic matter avaliability (g m™2)

data from spring and autumn samplings (2015) in Tomahawk
Lagoon. Open circles are from Tomahawk Lagoon and closed
circles are from Lake Ellesmere in panel (b)

and carbon available in the sediment to support
denitrification. Denitrification enzyme activity in
Tomahawk Lagoon sediments was further stimulated
by nitrate addition at sites T4 and T5 (the silty sites),
but not at site T6 (the sandy site), whereas carbon plus
nitrogen addition stimulated denitrification enzyme
activity at sites TS and T6. Carbon only amendments
resulted in no detectable production of N,O.

Factors related to in situ denitrification rates
Temperature was a strong determinant of denitrifica-
tion rate, as indicated by low denitrification rates

during winter, at temperatures of 8.2 to 8.6 °C in Lake
Ellesmere and 5.1 to 5.2 °C in Tomahawk Lagoon
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Fig. 6 Mean denitrification rates from the in situ incubation
enclosures in austral summer 2015/2016 in Tomahawk Lagoon
(sites T4, TS5, T6) and Lake Ellesmere (sites E1, E2, E3, E6, E14,
E19). An unusually high rate was recorded in one replicate at
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from this figure. Error bars show £ 1 standard error (n = 4)

(Fig. 5a). These results indicate that denitrification
rate is governed by a temperature threshold between
8.6 and 12 °C. Thus, in situ denitrification rates and
relationships discussed below were measured in
summer, when the in situ temperatures during the
samplings ranged between 16.7 and 17.4 °C.

An examination of the correlation between vari-
ables as determined by PCA shows that in Lake
Ellesmere, a strong gradient consisted of water depth,
porosity and organic matter availability (Fig. 7a).
Denitrification rate loaded strongly along this primary
axis, showing a positive relationship with organic

matter availability and porosity and negative relation-
ship with depth. These relationships changed little
with the addition of macroinvertebrate densities,
although oligochaete density loaded positively with
denitrification rate (Fig. 7b). In Tomahawk Lagoon,
the primary gradient was related to sediment grain size
(as indicated by sand content), organic matter avail-
ability, porosity and water depth which were all
strongly correlated (Fig. 7c). Chironomid and amphi-
pod (Paracorophium excavatum) densities also corre-
lated positively and negatively with denitrification
rate, respectively (Fig. 7d).

When data from the two ICOLLs were combined,
relationships between physico-chemical variables and
denitrification rates were less clear (Fig. 7e). How-
ever, when macroinvertebrate densities were added to
the analysis, denitrification rate loaded strongly on the
first axis along with porosity, chironomid density and
depth (42% of the variance explained), while sand
content and P. excavatum density loaded strongly on
the secondary axis, orthogonal to denitrification rate
(26% of variance explained; Fig. 7f).

Simple univariate relationships between denitrifi-
cation rates and key independent variables for both
ICOLLs do not exist, as indicated by the ordinations
(Fig. 8a—d). Only denitrification rates in Tomahawk
Lagoon showed significant relationships with single
independent variables such as organic matter avail-
ability (positive), water depth (positive), sand content
(negative) and chironomid density (positive). Note
that chironomid densities in Lake Ellesmere were
much lower than in Tomahawk Lagoon (Fig. 8f). As
organic matter availability appeared to be a key driver

Table 3 Denitrification potential (DEA; N,O production pmol m~2 h™') from the denitrification enzyme assay

Site Sediment only + Nitrate + Carbon + Nitrate + carbon
T4 355 2848 0 348
TS 635 3674 0 1657
T6 843 656 0 3226
El 0 282 0 2190
E2 0 70 0 499
E3 0 350 0 2574
E6 0 191 0 2151
El4 0 199 0 1515

Sites T4, T5 and T6 are from Tomahawk Lagoon. Sites E1, E2, E3, E6 and E14 are from Lake Ellesmere. Sediment only indicates the
unamended sediment slurry; + nitrate indicates the sediment slurry was amended with nitrate; 4+ carbon indicates the sediment slurry
was amended with glucose; + nitrate 4+ carbon indicates the sediment slurry was amended with nitrate and glucose
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«Fig. 7 Principal component analyses for denitrification rate
and sediment physico-chemical variables (left panels). Right
panels also include invertebrate density variables. Percentages
show the variance in the data sets explained by the primary

(x) and secondary (y) axes
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of denitrification during summer in both lagoons, the
data set from this study was combined with additional
measurements made in the ICOLLs (Crawshaw 2018)
to further investigate the relationships (Fig. 8b, c).
Both ICOLLs had the same range of organic matter
availability; however, greater denitrification rates
were recorded in Tomahawk Lagoon. A slight positive
increase in denitrification rate with increasing organic
matter availability was observed; however, this was
not significant, indicating other variables also control
denitrification rates in these lagoons.

We used multiple linear regression to predict
denitrification rates in these and other similar ICOLLs
(Table 4). Sediment organic matter availability was
the strongest and most consistent independent variable
in predictive models followed by water depth, which
had positive and negative effects on denitrification
rates, respectively. The addition of macroinvertebrate
densities to the models explained only small additional
amounts of variance in denitrification rates (Table 4).
Oligochaete density had a positive effect on denitri-
fication rate in combination with organic matter
availability. However, in three-parameter models,
macroinvertebrate densities had only non-significant
effects, with amphipod and chironomid densities
showing unexpected negative coefficients, probably
due to their significant collinearities with organic
matter availability (p < 0.001). The strongest multiple

regression models explained < 50% of the variance in
denitrification rates measured in the ICOLLs. At the
time of the in situ denitrification measurements,
oxygen penetration depth (OPD) into the sediment
was also measured on cores retrieved at the study sites.
The mean OPD at the sites was positively correlated
with mean denitrification rates measured in the
enclosures in Tomahawk Lagoon (R* = 0.90,
p > 0.05), but not in Lake Ellesmere (R* = 0.20,
p > 0.05), where OPDs were often much deeper
(Fig. 9). Macroinvertebrate densities were measured
in the same cores, allowing a multiple regression
analysis of the effects of the invertebrates on OPD. In
Tomahawk Lagoon, OPD variation was best explained
by the densities of chironomid larvae and oligochaetes
(model R> =0.76, p < 0.01), where the effect of
chironomid density was positive and contributed 70%
of the explanatory power of the model and the effect of
oligochaete density was negative and contributed 30%
of the explanatory power. In contrast, in Lake
Ellesmere, OPD was best explained by a model
containing organic matter availability and polychaetes
(Nereidae) density (model R*>=0.89, p < 0.001),
where the effect of organic matter availability was
negative and contributed 86% of the explanatory
power of the model and the effect of polychaetes was
positive and contributed 14% of the explanatory
power.

Table 4 Multiple regression models and partial regression coefficients predicting denitrification rate (umol m™> h™") for the

combined Lake Ellesmere and Tomahawk Lagoon data sets

Intercept Organic matter (g m~2) Site depth (cm) Invertebrate density Model R?
Two-parameter models
276 545 (OM)** — 3.34 (depth)** 0.44 %5
— 221 684 (OM)*#* 80.1 (Oligo)* 0.43%%*
90.1 577 (OM)** — 0.012 (P. exc)™ 0.31*
55.4 612 (OM)™ — 0.001 (Chirono)™ 0.26*
Three-parameter models
29.6 630 (OM)** — 2.25 (Depth)™ 50.6 (Oligo)™ 0.497%
288 566 (OM)** — 3.16 (Depth)™® — 0.009 (P. exc)™ 0.47%*
287 833 (OM)* — 3.73 (Depth)** — 0.004 (Chirono)™ 0.47%

Oligo indicates log oligochaete density (individuals m~2). P. exc indicates Paracorophium excavatum density (individuals m~?).

Chirono indicates chironomid density (individuals m~?)
*0.01 < p < 0.05

**0.001 < p < 0.01

**%p < 0.001

"*Partial coefficient was not significant in the model

@ Springer



734

Aquat Ecol (2019) 53:719-744

400 1
350 o
300 1
250 - °
200 -
150 - o

100 - °
50{ o©

0 ® e ®

O Tomahawk

® Ellesmere

Average site denitrification rate
(umol m2 ht)

0 5 10 15 20 25
Average site oxygen penetration depth (mm)
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Given the role of the invertebrate community on
sediment oxygenation, which indirectly influences
denitrification, the invertebrate communities were
characterised into functional bioturbation categories
across the sites at the two ICOLLs (Fig. 10). The four
functional bioturbation categories utilised as defined
by Gerino et al. (2003) were bioirrigator (Chironomi-
dae and Nereididae), conveyor (Oligochaeta spp.),
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Fig. 10 The mean densities (individuals per m~?) of inverte-
brate functional bioturbation types between Tomahawk Lagoon
and Lake Ellesmere sites in summer 2015/2016. Bioirriga-
tor = chironomid (Chironomidae) and polychaetes
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bulldozer (Paracalliope spp., Potamopyrgus antipo-
darum and Tenagomysis spp.) and regenerator (Para-
corophium excavatum). The dominant bioturbation
mode in Tomahawk Lagoon was comprised of bioir-
rigators (chironomid larvae), contributing between 54
and 82% of the total bioturbation potential in the
lagoon, and 100% of the bioirrigation potential.
Comparatively, in Lake FEllesmere the dominant
bioturbation type by density was the regenerators,
comprised entirely of oligochaetes (56-78% total
bioturbation potential). The bioirrigators in Lake
Ellesmere (comprised of both chironomids and poly-
chaetes) represented a much lower proportion of the
total bioturbation community (1-14%), and chirono-
mids and polychaetes only co-occurred at one site
(E14) (Online Resource 3), thus often representing
100% of the bioirrigation potential individually.

Discussion
ICOLLs are a common estuary type along microtidal

to low mesotidal coastlines worldwide, representing
3% of global estuaries (McSweeney et al. 2017). There

I:I Bioirrigator
I:I Bulldozer
|:| Conveyor
. Regenerator

E3 E6 E14 E19

(Nereididae). Bulldozer = Potamopyrgus antipodarum, Para-
calliope spp. and Tenagomysis spp. Conveyor = Oligochaeta
spp. Regenerator = Paracorophium excavatum



Aquat Ecol (2019) 53:719-744

735

are, however, a limited number of studies on nitrogen
cycling and denitrification pathways for ICOLLs (for
exceptions see Highton et al. 2016; Crawshaw et al.
2019), despite the expectation that they are important
sinks of bioavailable nitrogen due to their long
residence times (Seitzinger et al. 2006). Our study of
two model ICOLL ecosystems, which differ greatly in
size and water clarity, focuses on the factors driving
denitrification temporally and spatially to elucidate a
hierarchy of factors that control denitrification in
ICOLLs. We aimed to apply the isotope pairing
technique under realistic turbulent mixing conditions
that occur in shallow ICOLLs, rather than the typical
rigid core incubations (Steingruber et al. 2001), which
have been experimentally tested to underestimate
actual denitrification rates (Risgaard-Petersen et al.
1999).

Temperature limitation of denitrification

Lake Ellesmere receives greater nitrogen loading in
winter compared with summer due to increased
rainfall and run-off (Hamill and Schallenberg 2013),
and the same is likely for Tomahawk Lagoon when
large pulses of nitrate enter these ecosystems inter-
mittently during winter and spring (Fig. 2). Temper-
ature was a key factor influencing seasonal
denitrification rates in both ICOLL ecosystems, sup-
porting findings from other studies that show the
importance of temperature in regulating denitrification
rate (Nizzoli et al. 2014; Smith et al. 2003; Veraart
et al. 2011). Smith et al. (2003) found denitrification
rates to be suppressed at temperatures below 6 °C, and
Veraart et al. (2011) modelled denitrification rates
which were severely reduced below 10 °C. In our
study, winter ICOLL temperatures were c. 5 °C in
Tomahawk Lagoon and c. 8 °C in Lake Ellesmere, and
denitrification rates were very low and even to below
detection levels in some instances in both ICOLLs.
Thus, in our ICOLLSs, the major seasonal nitrate fluxes
into the ICOLLs were not converted to N, due to
temperature limitation of denitrification in winter.
During winter, competition for nitrate by denitrifiers is
negligible, resulting in high nitrate availability to
primary producers for uptake and growth. Colder
temperatures in winter and reduced light conditions
may also reduce phytoplankton productivity, but our
in situ nitrate uptake measurements showed that the
nitrate supplied to the water column of the enclosures

was largely assimilated within 48 h, even in winter
(Fig. 3). In summer, when denitrification occurred in
our enclosures and nitrate uptake was more rapid,
competition between denitrification and phytoplank-
ton uptake was feasible (Olsen et al. 2017). In summer,
sediment oxygen penetration depths were also shal-
lower, reducing the depth into the sediment that nitrate
must be transferred to the main zone of denitrification
(the oxic—anoxic boundary). Sediment oxygen pene-
tration depths can be increased during winter due to
reduced biological activity in the upper sedimentary
layers, thus increasing the distance '°N-labelled
nitrate needed to diffuse to reach the sites of denitri-
fiers. Hawes and Ward (1996) and Schallenberg et al.
(2010) showed that phytoplankton in Lake Ellesmere
were often N-limited; thus, they should have a strong
affinity for nitrate when it is available, especially in
summer when light limitation is reduced. Thus, our
study shows that the time of major external nitrate
input to these systems (winter and early spring) is
decoupled from the period when denitrifiers could
compete with primary producers for nitrate (summer).

Sediment properties as drivers of spatial variation
of denitrification

Sediment organic matter (content or concentration) is
one of the most important variables controlling
denitrification rates in aquatic ecosystems, supporting
increased sediment metabolism, oxygen demand and
N re-mineralisation (Cornwell et al. 1999; Dodla et al.
2008; Fulweiler et al. 2008; Inwood et al. 2007; Loken
etal. 2016; Pifia-Ochoa and Alvarez-Cobelas 2006). In
the presence of added nitrate, carbon supplements
further stimulated denitrification enzyme activity at
two sites in Tomahawk Lagoon. Similarly, organic
matter availability was the sediment variable most
strongly correlated with in situ denitrification rates in
Tomahawk Lagoon and in the combined Tomahawk
Lagoon and Lake Ellesmere data set.

In the Tomahawk Lagoon and Lake Ellesmere DEA
measurements, no N,O production was detectable un-
der the carbon only amendments. This suggests
another microbial pathway may outcompete denitri-
fiers for the available substrates. Competition for
carbon and nitrogen can occur from other processes
such as dissimilatory nitrate reduction to ammonium
(DNRA) (Burgin and Hamilton 2007; Giblin et al.
2013) or anaerobic ammonium oxidation (anammox)
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(Burgin and Hamilton 2007; Devol 2015). DNRA has
been shown to be an important process competing
with, or even outcompeting denitrification in shallow
coastal ecosystems when there are high organic matter
availability and low nitrate concentrations (Hardison
et al. 2015, Kessler et al. 2018). This competitive
process may occur in ICOLLs, where excess carbon
additions to already saturated sediments could invoke
a shift from denitrification to DNRA, converting
nitrate to ammonium, during periods of low nitrate
supply (Burgin and Hamilton 2007; McGlathery et al.
2007). This was unlikely to be a dominant process
during the in situ enclosure experiment, due to the
addition of large nitrate pulses which would favour
microbial denitrification over denitrification (Kessler
et al. 2018), although DNRA was not measured in this
study. Future studies should also consider the inclu-
sion of DNRA measurements, especially in organic or
sulphide-rich sediments with varying water column
nitrate concentrations. Anammox can be important in
ecosystems with large nitrogen inputs relative to the
labile carbon supply (Burgin and Hamilton 2007),
with anammox in oceanic systems suggested to
remove one-third to two-thirds of the sedimentary
nitrogen (Dalsgaard et al. 2005). Only one study on
anammox has been reported in a coastal lagoon, where
it only contributed 2—4% of N cycling (Bernard et al.
2015), and a recent review of nitrogen cycling in
estuaries suggests anammox is unlikely to be impor-
tant in estuarine ecosystems (Damashek and Francis
2018). The importance of these two pathways in
ICOLLs warrants further research, especially under
different nitrogen and carbon availabilities.

High nitrate loading can enhance microbial com-
munity activity and denitrification rates (Cornwell
etal. 1999), and sediment microbes are able to respond
to short-term (< 3 h) changes in water column nitrate
concentrations (Kana et al. 1998). While nitrate supply
was expected to be saturating in our in situ enclosures,
slow rates of diffusion and/or advection of nitrate to
sites of denitrification in the sediments possibly
limited the denitrification rate of new nitrate in situ,
favouring uptake by autotrophs. Thus, slow diffusion
of nitrate may be especially limiting when the oxygen
penetration depth is deeper. In our study, oxygen
penetration depth was greatest when denitrification
rates were inhibited by low temperatures.

Water depth was another important factor corre-
lated with denitrification rate in the study ICOLLs as
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indicated by the PCA plots and regression models. Our
PCA showed that organic matter availability was
negatively correlated with water depth, possibly
because shallow sites could have higher microphyto-
benthic biomass than deep sites in highly turbid Lake
Ellesmere. Microphytobenthic biomass is a labile
form of organic matter, and high rates of microphy-
tobenthos production and turnover at shallow sites
could enhance denitrification by fuelling denitrifying
microbes with labile carbon (An and Joye 2001;
Hardison et al. 2013). The euphotic depth in Lake
Ellesmere has been reported to range between 0.3 and
0.5 m (Gerbeaux 1989; Schallenberg et al. 2010).
Given that the ICOLL water level also typically varies
within a range of 0.8 m (Schallenberg et al. 2010), it is
possible that the very low denitrification rates mea-
sured at the deepest sites (E2=09m and
E14 = 1.07 m) reflect the fact that these sites lie
beyond the typical euphotic depth range of the lake
and, therefore, lack microphytobenthic primary pro-
duction as a renewable source of labile organic matter
(Sundback et al. 2000). In addition, many of our
shallow sites were also close to tributaries providing
inputs of organic matter and nitrate, priming the
microbial community (Bianchi 2011; Bianchi et al.
2014). The flexible sides of the chambers were utilised
to allow pressure-driven porewater exchange, which is
likely the dominant mixing process in these shallow
ICOLL ecosystems, and allow denitrification mea-
surements under realistic environmental conditions
(Asmus et al. 1998, Oldham and Lavery 1999,
Risgaard-Petersen et al. 1999, Fanjul et al. 2011). In
the shallower sites, shear stress will be higher and may
have enhanced nitrogen and carbon delivery to deeper
sediments, also contributing to the depth—denitrifica-
tion rate relationship. In sandy sediments, there will be
stronger mixing and may explain some of the higher
denitrification rates in Lake Ellesmere in the sandy,
shallow sites (Fig. 8c). In muddier sediments, this
advection will overcome the diffusional limitations
that usually dominate nutrient transport processes
(Seitzinger et al. 2006, Qian et al. 2009). Future
studies should consider the use of inert tracers to
elucidate the role of wave-driven porewater water
advection and enable the separation of the role of
bioturbation, diffusion and advective transport on
denitrification rates.

The highly variable denitrification rates measured
within and among sites in Lake Ellesmere highlight
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the importance of spatially explicit sampling in
denitrification studies, especially when attempting to
estimate whole-lake denitrification rates (Pifia-Ochoa
and Alvarez-Cobelas 2006; Saunders and Kalff 2001).

Sediment oxygenation supporting denitrification

Sediments with greater oxygen penetration depth may
be able to cycle nitrate faster than those with a smaller
oxygen penetration, due to coupled nitrification—
denitrification in the oxic sediment layer (Vopel
et al. 2012). Denitrification rates were positively
related to the OPD at the sites in Tomahawk Lagoon.
We measured significant increases in oxygen penetra-
tion in the presence of invertebrate burrowers in both
ICOLLs, suggesting that sediment irrigation by inver-
tebrates could also play a role in supplying nitrate to
denitrifiers in these systems. The dominant bioturba-
tion type in Tomahawk Lagoon was the bioirrigators
(entirely composed of the chironomid larvae commu-
nity, representing 54—84% of total bioturbation poten-
tial). The bioirrigation functional group promotes
oxygen and nutrient transfer into the sediment due to
construction and irrigation of tubes and burrows
(Gerino et al. 2003), as supported in our study with
increased sediment oxygenation (measured by OPD)
and denitrification rates (indicated by the correlation
and PCA results) with high chironomid densities. In
comparison, Lake Ellesmere had much lower densities
of bioirrigators (chironomids and polychaetes:
1-14%); instead, the dominant bioturbation mode
was conveyors, comprised entirely of the oligochaetes
(56-78% total bioturbation potential). The oligo-
chaetes bioturbation mode causes passive advective
transport around their feeding zone due to sediment
movements within their burrowing area (Svensson
et al. 2001; Gerino et al. 2003), which can also
enhance sediment oxygenation (van Regteren et al.
2017) and the transport of organic material from the
sediment surface to deeper layers (Lagauzere et al.
2009). The oligochaetes were positively related to the
denitrification rates as shown by the PCA results, and
their conveyor bioturbation mode would facilitate the
transport of organic rich material to anoxic sites for
denitrification. The Nereid polychaetes were one of
the greatest explanatory variables for the OPD in Lake
Ellesmere, likely due to their greater size and depth of
oxygen reworking. Unfortunately, the calculation of
community bioturbation potential metrics such as

those utilised by (Queirds et al. 2015; Wrede et al.
2018) could not be used due to not having biomass for
the collected invertebrates; however, this should be
explored in future studies.

Chironomid burrows were observed to oxygenate
surrounding sediment, as indicated by iron oxide
deposits (pers. obs.). Thus, chironomids enhance the
supply of dissolved oxygen well below the typical
oxygen penetration depth of the unbioturbated sedi-
ment, as it has been previously reported (Glud et al.
2016). High bioturbation has been reported to increase
coupled nitrification—denitrification (Nogaro and Bur-
gin 2014), and macrofaunal bioturbation was a key
driver of variable denitrification rates in both ICOLLs.
The creation and maintenance of secretion-lined
burrows by invertebrates (Olafsson and Paterson
2004) increase the anoxic/oxic sediment area of the
sediments, enhancing DO and nitrate supply to
denitrifiers (Banks et al. 2013; Poulsen et al. 2014;
Shang et al. 2013; Svensson 1997), while bioturbation
also redistributes organic matter from the sediment
surface to deeper layers.

Chironomid density was greater in Tomahawk
Lagoon where they ranged between 2105 and 24,210
ind. m~? compared to 0 to 737 ind. m~* in Lake
Ellesmere; however, polychaetes replaced chirono-
mids in the more saline regions of Lake Ellesmere,
likely playing a similar bioturbation role as indicated
by our PCA results. Nereid polychaetes are larger than
chironomids and do not have seasonal dynamics
dictated by metamorphosis and hatching and may,
therefore, have played a greater role in sediment
oxygenation as indicated by the OPD results. The
Nereid polychaetes were measured at lower densities
than the chironomids and, however, due to their large
size, have clearly played a disproportionate role in
supporting sediment oxygenation in our study. The
walls of Nereid polychaetes burrows enhance nitrifi-
cation (Kristensen et al. 1985; Mayer et al. 1995),
stimulate sediment respiration and coupled nitrifica-
tion—denitrification (Gilbert et al. 1995; Pelegri and
Blackburn 1995). Chironomid densities in Lake
Ellesmere were low during our study, because of an
unusually large saline intrusion that occurred in 2013,
which was associated with a period of very low
chironomid larvae densities in the lake, leaving a large
proportion of empty burrows. In ICOLL ecosystems
which intermittently experience large saline intru-
sions, this tolerance to salinity changes by polychaetes
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will provide continued bioturbation potential to the
lagoon compared to systems with relict freshwater
species.

Our results suggest that bioturbation activities by
chironomids and Nereid polychaetes in the ICOLLs
increased the overall sediment DO penetration in the
fine sediments to penetration depths typical of sandy
sediments and potentially reduced seasonal variation
in OPD in the finer sediments with intrinsically lower
diffusivity (i.e. those with high clay and silt contents).

A hierarchy of factors related to denitrification rate

A conceptual model of the factors affecting denitrifi-
cation was developed using the denitrification enzyme
activity and in situ seasonal results, along with the
multiple regression models (Fig. 11). The primary
factor was a temperature threshold that existed
between 8.6 and 12 °C, below which denitrification
was essentially shut down, despite the presence of
episodic high concentrations of nitrate in the water
columns of these ICOLLs. During summer, when
temperatures of 16 to 17 °C allowed for denitrifica-
tion, organic matter availability became an important
mediator of denitrification rates in the presence of
nitrate, a result also supported by DEA measurements.

Denitrification inhibited Denitrification facilitated

Temperature < threshold ‘—| 1. Temperature > threshold |

\ 4
Carbon limitation <—| 2. Organic matter supply |

\4
Carbon limitation <—| 3. Depth within euphotic zone |

Substrate
limitation

v

Dissolved oxygen
and substrate <+«
limitation

4. Density of bioturbators and
bio-irrigators

Notes

1. Threshold is between 8.6 and 12°C

2. Bulk organic matter concentration

3. Microphytobenthos — organic matter quality

4. Overcoming diffusivity constraints in the sediment

Fig. 11 Hierarchy of factors related to denitrification in the
study ICOLLs. This conceptual model assumes that the nitrate
supply to denitrifying bacteria does not limit the denitrification
rate
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Organic matter availability was the most important
variable in our regression models of denitrification
(for Tomahawk Lagoon and the combined data set). In
our multiple regression models for the combined data
set, water depth was the next most important variable
correlated with denitrification rates. The effect of
water depth on denitrification rate was negative
overall, possibly reflecting the inhibitory effect of
increased water depth and decreasing light penetration
to the ICOLL bed on the production of labile carbon in
the sediments by microphytobenthos. In addition to
these factors, macroinvertebrate densities also
explained some variation, both in the OPD and in
the in situ denitrification rate. The relationships with
OPD were strong and positive (mainly with chirono-
mids and polychaetes), whereas the relationships with
denitrification rate were weaker (correlating weakly
with chironomids and oligochaetes).

Denitrification as a buffer against ICOLL
eutrophication

Our in situ denitrification rate measurements fall well
within the ranges reported in other studies from
aquatic ecosystems using in situ chambers/enclosures,
similar denitrification methods and similar nitrate
availability (Table 5). While denitrification rates are
often highly variable, they can sometimes be quite
high, suggesting that denitrification could potentially
regulate nitrate availability in aquatic ecosystems.
Nitrate can be depleted in eutrophic lagoons due to
the uptake by high phytoplankton biomass; thus, rates
of denitrification in ICOLLs may be constrained by
competitive phytoplankton uptake and it has been
shown that primary producers typically outcompete
sediment bacteria for available N (McGlathery et al.
2007), consuming new nitrate before it is diffused or
advected into the sediment denitrification zone.
Although nitrate was depleted to low levels in the
Lake Ellesmere and Tomahawk Lagoon enclosures,
only a small proportion of nitrate was evolved as
dinitrogen gas within 48 h. Olsen et al. (2017) showed
that macrophytes and filamentous algae constitute a
large nitrate uptake pathway (40 and 30%, respec-
tively), and less than 1% of an added nitrate pulse was
delivered to the sediments, and less than 5% was
denitrified in their mesocosms. Although in situ den-
itrification rates in Tomahawk Lagoon were not
significantly greater than in Lake Ellesmere, nitrate
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Table 5 Summary of published denitrification rates from aquatic environments, measured using in situ various types of enclosures/

chambers. The bold text indicates the results from this study

Incubation  Study system Denitrification Denitrification rate Final nitrate
chamber measurement (pumol m2h7h concentration (pmol
LY
Lake Ellesmere (summer; Flexible Shallow 15N isotope 0-272 90-200
range of six sites) enclosure  eutrophic tracer
ICOLL
Tomahawk Lagoon (summer; Flexible Shallow 15N isotope 39-430 90-136
range of three sites) enclosure  eutrophic tracer
ICOLL
Risgaard-Petersen et al. (1999) Flexible Shallow 15N isotope 63-146 30-100
enclosure hypertrophic tracer
lake
Tomaszek and Czerwieniec Incubation  Reservoirs N, flux 25-1102 31-138
(2000) chamber
Mengis et al. (1997) Benthic Eutrophic lake N isotope 179 230
chamber tracer
Nielsen and Glud (1996) Benthic Ocean BN isotope 15-19 35-50
chamber tracer
Smith et al. (2009) Incubation  Stream BN isotope 390-1145 34-1192
chamber tracer
An and Joye (2001) Benthic Shallow estuary N, flux 58-154 1.6-23
chamber
Macreadie et al. (2006) Incubation  Harbour No/Ar 10-33 0.5
chamber
Kreiling et al. (2011) Incubation  Shallow lake >N isotope 870 179-536
chamber tracer
Tomaszek et al. (1997) Incubation  Freshwater N, flux 300-1200 0.93-313
chamber wetland

uptake rates from the enclosures were lower and
substantial nitrate remained in the water column at the
end of our experiments. Thus, greater quantities of the
added nitrate pulse might have been denitrified in this
lake if our experiment had run longer; however,
lengthening the enclosure experiment duration could
have reduced oxygen concentrations in the enclosures
to levels (< 20%) violating one of the assumptions of
the isotope pairing method that we used to measure
denitrification in situ. This illustrates an important
methodological constraint when attempting to mea-
sure in situ denitrification rates in enclosures over
short timescales.

Upon senescence, phytoplankton biomass can be
re-mineralised to NH,* which may be re-assimilated
by autotrophs or nitrified, providing recycled nitrate
substrate for denitrification (Gilbert et al. 2003). Thus,
new nitrate taken up by phytoplankton can eventually
be denitrified after re-mineralisation (Pérez-Villalona

et al. 2015). The extent of the ultimate sink of N after
phytoplankton assimilation in such ecosystems has
been largely overlooked (O’Brien et al. 2012), with
various studies indicating that the re-mineralisation—
nitrification—denitrification pathway is an important
long-term N-depleting pathway to investigate in future
studies (Arango et al. 2008; Ferron et al. 2009;
McMillan et al. 2010). Further experiments in this
area should focus on the use of isotopic tracers to
follow nitrate uptake into phytoplankton, and inves-
tigate the timescales it is re-mineralised and converted
into N products, to allow mass balance calculations of
nitrate pools which we were unable to do in this study.

Conclusions
Denitrification within the two study ICOLLs was

controlled by a hierarchy of limiting factors.
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Temperature was the primary factor influencing the
denitrification rates, resulting in the severe reduction
in denitrification during winter, leaving large nitrate
pulses available for assimilation by micro- and macro-
algae. Nutrient availability (C, N) to the sediment
denitrifiers was the next most important factor limiting
denitrification, as indicated by both the denitrification
enzyme activity and in situ denitrification experi-
ments. When denitrification was not limited by
temperature, large spatial variability in denitrification
rates was observed in the ICOLLs. Site-specific
denitrification rates were positively correlated with
sediment organic matter concentration, site water
depth (or increased wind driven advective transport)
and macrofaunal density (bioirrigator and conveyor
functional bioturbation types). Denitrification confers
resistance and resilience to eutrophication in ICOLL
ecosystems; however, in ICOLLs which have a high
phytoplankton biomass, phytoplankton may compete
strongly for new nitrate, thus limiting how much new
nitrate can be removed through denitrification in these
systems in the short term. The microbial conversion of
nitrate to N, was substantial at some sites within the
two lagoons during the summer months, and on a
lagoon-wide basis, this process is likely to be at least a
moderate sink for nitrate in the summer time, poten-
tially contributing to nitrogen limitation of the phyto-
plankton. In contrast, denitrification appears to be
unimportant as an N sink in these ICOLLs in winter
due to temperature limitation and competition with
primary producers, despite peak nitrate concentrations
often occurring in winter due to heavier rainfall. These
findings have important management implications in
terms of the seasonal application of fertiliser to
agricultural land in catchments draining into ICOLLs.
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