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INTRODUCTION

Nitrogen (N) is a limiting nutrient within many
coastal estuarine ecosystems that is predominantly
present in 2 forms: dissolved inorganic nitrogen
(DIN), the sum of NO3

−, NH4
+, and NO2

−, and dis-
solved organic nitrogen (DON), a complex pool of
labile and refractory molecules that is largely un -
characterized (80%) (Benner 2002, Sipler & Bronk
2015). Because DIN is the primary driver of organic
matter production within estuaries, numerous studies
have examined DIN uptake (e.g. Veuger et al. 2004,

Hardison et al. 2011, Moneta et al. 2014). However,
DON can also be a significant N input to estuaries
(Eyre & Pont 2003, Sundbäck et al. 2006, Alkhatib et
al. 2013) and contributes substantially to total sedi-
ment N flux (Eyre & Ferguson 2002, Ferguson et al.
2004, Ferguson & Eyre 2010). Despite considerable
DON production by the sediment community, rela-
tively low concentrations within more marine estuar-
ine waters suggest that DON is either readily utilized
(Bronk et al. 2007), or is refractory on the time scale
of estuarine export and simply exported from the sys-
tem (McCarthy et al. 1998, Ogawa et al. 2001, Ander-
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sson et al. 2006). It is clear that both DON and DIN
are potentially important components of estuarine N
cycling.

Much of the N processing within estuaries occurs
within sediments (Hopkinson et al. 1999), largely
mediated by heterotrophic bacteria (HB) and benthic
microalgae (BMA) (Cook et al. 2007, Hardison et al.
2011, Anderson et al. 2014, Spivak & Ossolinski
2016). 15N-labeling studies have highlighted the im -
portance of the microbial community in the uptake of
N (Cook et al. 2007, Evrard et al. 2008, Eyre et al.
2016). Although previous studies investigating the
microbial uptake of individual DON compounds and
DIN have provided valuable insights, these are lim-
ited by methodological constraints. First, all but 3
(Veuger et al. 2007a, Hardison et al. 2011, Eyre et al.
2016) previous labeling studies have been ex situ,
using sediment slurries (e.g. Veuger & Middelburg
2007, Dähnke et al. 2012, Veuger et al. 2012), and
there has been no comparison of in situ and ex situ N
uptake. Second, the effect of light exposure on N
uptake has been examined thoroughly within the
water column (Middelburg & Nieuwenhuize 2000)
and within sediment communities in the presence of
macroalgae (Hardison et al. 2011), but there have
been few comparisons of in situ dark and light up -
take of DIN and DON into the sediment microbial
community. Cook et al. (2007) and Evrard et al.
(2008) observed uptake of N from NH4

+ and NO3
−,

respectively, in light and dark incubations, but both
studies lacked sufficient replication for statistical
analysis. Finally, studies investigating DON up take
have focused on individual compounds that are rela-
tively labile (e.g. urea or amino acids) (Veuger &
Middelburg 2007, Veuger et al. 2007a) whereas nat-
urally occurring DON is a complex mixture of com-
pounds ranging from labile to refractory. Pelagic
studies using more ‘natural’ algal-derived DON have
shown uptake rates that are comparable to those of
DIN (Bronk & Glibert 1993, Veuger et al. 2004, Mon-
eta et al. 2014), but this substrate has not been applied
to sediments.

In the present study, 15N-labeled DIN (NH4
+) and

DON (‘natural’, algal-derived DON) were applied to
intertidal sediments to compare apparent uptake
after 24 h following application under different light
conditions (light or dark). N uptake was also com-
pared for in situ intact sediments and ex situ slurry
incubations. We hypothesized that uptake of DON
and DIN would be similar, with more rapid N uptake
in light due to direct uptake of N by BMA, and that
uptake rates would be higher within ex situ slurry
incubations than for sediment incubated in situ.

MATERIALS AND METHODS

Site description

This study was conducted in October 2014 on a
subtropical intertidal shoal in the lower Richmond
River estuary in New South Wales, Australia (28° 52’
30” S, 153° 33’ 26” E). The site has a semi diurnal tide
range of ~2 m. Site water had a salinity of 34.6 and
DIN and DON concentrations of 2.5 ± 0.04 and 14.8 ±
0.5 µmol N l−1, respectively, measured via a 4-chan-
nel flow injection analyzer (Lachat Quick chem 8000)
according to the method detailed in Eyre et al. (2011).
Sediment porewater was not directly measured, but
examination of N removed from sediment during KCl
extraction of controls provided a maximum available
ambient porewater N estimate of 1.8 ± 0.5 µmol N g−1

dry sediment (for calculations, see Supplement 1; all
supplementary material in this article can be found at
www. int-res. com/ articles/ suppl/  m571 p029_ supp. pdf).
Total N from these 2 sources represented 1.2% of the
total N within control sediment. The river catchment
is subject to in frequent episodic rainfall events and
flooding (Eyre 1997, McKee et al. 2000), which has
remodeled the shoal since it was studied by Oakes &
Eyre (2014).

Sediment and BMA composition

Sediment within the site was sandy mud; details
are provided in Supplement 1. The shoal was net
autotrophic during the present study (production/
respiration [P/R] = 1.19), but less so than reported
by Oakes & Eyre (2014) (P/R = 2.23). Light micro -
scopy (1000×) revealed a BMA community domi-
nated by pennate diatoms, with only very occasional
occurrences of filamentous cyanobacteria, and evi-
dence of a minimal number of larger heterotrophs
as has been observed previously at this site (Oakes
& Eyre 2014). Reduced numbers of heterotrophs and
macrofauna within site sediment is not atypical of
systems at lower latitudes (Purwoko & Wolff 2008).

Chlorophyll a (chl a) was measured by colorimetry
(Lorenzen 1967) for triplicate 1 cm3 (0−1 cm depth)
samples of wet sediment from each treatment plot.
We did not measure bacterio-chlorophyll, but phos -
pho  lipid fatty acid (PLFA) spectra did not include
peaks for biomarkers associated with purple sulfur
bacteria (19:0; Bühring et al. 2014), sulfate re ducing
bacteria (17:0, 17:1w8 or 17:1w5; Pagès et al. 2015) or
cyanobacteria (18:2w6; Bellinger et al. 2009). PLFAs
were extracted from freeze-dried, homogenized sed-
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iment and prepared using a modified Bligh and Dyer
technique as described by Oakes et al. (2012). BMA
biomass was calculated assuming a carbon:chl a ratio
of 40, comparable to that used previously for Aus-
tralian subtropical estuaries (30−60; Ferguson et al.
2004, Oakes et al. 2012). Samples were transported
on ice and stored frozen (−20°C) in the dark until
analysis.

Preparation of 15N-labeled substrates

15N-labeled DON (DO15N) was extracted and puri-
fied from an axenic culture of the diatom Thalassio -
sira pseudonana (CSIRO, ANACC culture CS-20)
grown with 99% 15NH4Cl+ (Cambridge Isotope Labo-
ratories NLM-467). The DO15N had a 15N atom%
value of 41.4 ± 0.2 and contained a small concentra-
tion of remaining DIN (0.6 µmol N l−1), accounting for
<0.02% of the 15N present. Details of DO15N prepara-
tion are provided in Supplement 1.

Four treatments for this study were prepared
using NaCl-amended Milli-Q (35 g l−1), matching
site salinity. DO15N was diluted to produce concen-
trations of 125 µmol N l−1 (treatment DON-125) and
250 µmol N l−1 (treatment DON-250). Inorganic
nitrogen treatments were prepared through the
addition of 99% 15NH4Cl to NaCl-amended Milli-Q,
resulting in concentrations of 250 µmol N l−1 (DIN-
250) and 500 µmol N l−1 (DIN-500). The treatment
levels of DIN-250 and DON-250 were intended to
allow comparison of the same amount of N added in
2 different forms. The lower concentrations used for
DON treatments (125 and 250 µmol N l−1) reflect the
difficulty involved in selectively removing DIN from
natural organic matter mixtures. Concentrations for
treatment applications were based on pilot experi-
ments examining uptake of 15N into sediment
organic matter (OM) for a range of concentrations
for both DI15N and DO15N, ensuring adequate up -
take to allow for comparison between substrates.
The use of 2 different concentrations of each sub-
strate increased the chance of adequate label up -
take, as well as providing the opportunity to explore
the effect of increasing N availability on uptake of
each substrate.

Labeled substrate application

Eight plots (1 light and 1 dark for each of 4 treat-
ments) were established 2 m apart from one another
at the same height within the intertidal zone in an

area that was largely free of animal burrows. Plots
were demarcated using rectangular frames divided
into 12 sub-plots, each measuring 20 × 20 cm. Treat-
ment applications occurred at low tide, soon after
sediment was first exposed, allowing maximum time
for potential label uptake (~4 h) before tidal inunda-
tion removed the bulk of any unincorporated label.
Tidal flushing removed unincorporated 15N-labeled
DON and DIN applications from in situ sediment.
After 24 h, δ15N values for raw (non-KCl extracted)
sediment OM for all treatments (175‰ DON-125,
157‰ DON-250, 210‰ DIN-250, and 259‰ DIN-
500) were very low compared to those of the treat-
ment applications, representing a loss of 99.6−
99.9% of the 15N that was applied to the sediments.
Removal of label from the sediment likely occurred
through replacement and turnover of porewater
from flushing with relatively low nutrient seawater
during tidal inundation. Four plots (one per treat-
ment) were labeled in the light (13:30 h, 21 October
2014) and 4 in the dark (02:00 h, 22 October 2014),
using motorized sprayers to apply 20 ml of relevant
treatment onto each 400 cm2 sub-plot. Labeling
dosages for 15NH4Cl were 125 µmol N m−2 (DIN-
250) and 250 µmol N m−2 (DIN-500) and for DO15N
were 62.5 µmol N m−2 (DON-125) and 125 µmol N
m−2 (DON-250). Higher concentrations were used
than those that occur naturally in order to produce a
pulse of 15N large enough to be detectable within
sediments after dilution through tidal flushing. Al -
though the concentrations added are not represen-
tative of pristine waters, they are not unrealistic, as
they fall within N concentrations reported for
coastal environments receiving anthropogenic input
(Cloern & Jassby 2012).

Label applications were spatially clustered by
treatment to reduce the potential for cross-contami-
nation across treatments. This would ordinarily re -
duce variance among samples (pseudoreplication).
However, sediment microbial communities are ex -
tremely patchy at the millimetre to centimetre scale.
Brown−Forsythe homogeneity of variance (HOV)
tests (α = 0.05) confirmed no significant decrease in
variance for BMA biomass or porewater N removed
with KCl extraction among sub-plots within each
treatment when compared with that across treat-
ments or controls (Supplement 1). The subplots were
therefore considered independent of one another for
the purpose of this study. Three control sediment
cores for background isotope values were collected
randomly within 1 m of sample plots prior to label
application. Any unincorporated total hydrolyzable
amino acids (THAAs) introduced from the algal-
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derived application of DON remaining in the sedi-
ment would lead to an overestimate of 15N incorpora-
tion by BMA. However, comparable D/L-alanine
ratios between control plots (0.010 ± 0.001) and sedi-
ment treated with the DON application (0.013 ±
0.003) confirm that any contribution to THAAs from
extracellular algal-derived DON were negligible and
did not affect interpretation.  

Sample collection

One core of sediment (9 cm diameter × 3 cm depth)
was collected from each independently labeled sub-
plot 24 h after label application using an acrylic core
liner. Sediment was immediately extruded and sec-
tioned into 1 cm depths to 3 cm. Sediment samples
were stored frozen (−20°C) in plastic zip-lock bags.
This yielded 6 samples per treatment (3 dark, 3 light
× 4 treatments). Sediment (0−3 cm depth) was also
collected from 4 cores between plots prior to labeling
and transported at ambient temperature for use in
the laboratory slurry experiment. Immediately after
arrival, unlabeled sediment was homogenized in aer-
obic conditions and 20 ml aliquots were placed in
24 × 60 ml clear glass sample jars (2.5 cm diameter ×
25 cm height) with opaque plastic lids containing
rubber septa. Sediment was not sieved, as meioben-
thos contained within site sediment are limited to
foraminifera and have previously been found to have
a minor contribution to total sediment biomass (up to
0.03%) (Oakes & Eyre 2014). When examined visu-
ally (1000×), sediment was largely devoid of biota
≥500 µm. Six sample jars were labeled with each
treatment (either DIN-250, DIN-500, DON-125 or
DON-250) through addition of 20 ml of each respec-
tive label application into the sample jars, with 3
incubated in the dark (foil wrapped) and 3 on a 12 h
light:12 h dark cycle (unwrapped). Inclusion of the
dark-only treatment was designed to maximize the
potential for differences in uptake under altered light
regimes to identify whether uptake of N was affected
by application under light or dark conditions. All jars
were then incubated for 24 h (as per previous slurry
incubations [Cook et al. 2007, Veuger & Middelburg
2007, Evrard et al. 2008], allowing for direct compar-
ison) in ambient sunlight (average of 629 ± 113 µE
m−2 s−1 across 12 h) and temperature (21.3 ± 7.4°C).
During recovery of sediment from sample jars, sedi-
ment was not sectioned for depth, as sediment was
thoroughly mixed after treatment application and
periodically during incubation. After incubation, sed-
iment was stored frozen (−20°C).

Sample analysis

Sediments were freeze-dried, homogenized and
extracted with 2 M KCl to remove adsorbed inor-
ganic and organic N, as described in Supplement 1.
Washed, KCl-extracted sediment was dried (60°C)
and weighed into a tin capsule for analysis of δ15N
and %N using a Flash elemental analyzer coupled
online to a Thermo Fisher Delta V Plus IRMS. Repro-
ducibility of δ15N values for samples with δ15N
enrichment <100‰ was ±0.2‰. Precision decreased
with enrichment beyond 100‰.

A subsample of sediment from each sample and
aliquots of the DON treatment (DON-125 and DON-
250, to confirm algal culture was axenic) were ana-
lyzed for concentration and δ15N of hydrolyzable
amino acids (HAAs) according to the method of
Veuger et al. (2005) (Supplement 1). Concentrations
and δ15N of the derivatized amino acids were deter-
mined by gas chromatography-combustion-isotope
ratio mass spectrometry (GC-c-IRMS) on an HP 6890
GC interfaced via a Thermo Conflo III with a Thermo
Delta V Plus IRMS. We compared uptake that oc -
curred in situ at 0−1 cm depth within intact sediment
to uptake that occurred in laboratory slurries of
homogenized sediment taken from 0 to 3 cm depth.
Within in situ samples, samples for biomarker analy-
sis were only taken in the 0−1 cm depth range due to
(1) bulk sediment analysis confirming that the major-
ity of uptake (>85%) occurred at 0−1 cm depth
(Fig. S1 in Supplement 5) and (2) limitations of time
and cost associated with the laborious nature of bio-
marker analysis. Sediment slurries combined sedi-
ments from 0 to 3 cm depth, but were considered to
not vary with depth after laboratory incubation due
to thorough homogenization and repeated mixing
that occurred during label addition.     

Calculations

15N data are presented as excess nmol 15N per
gram of dry sediment, as typically reported in other
rare isotope tracer studies (e.g. Middelburg et al.
2000, Cook et al. 2007, Veuger et al. 2007a, Veuger et
al. 2012, Oakes & Eyre 2014, Eyre et al. 2016), calcu-
lated as:

Excess 15N = (at% 15Nsample − at% 15Ncontrol) × 
(nmol N in sample) / g dry sediment

(1)

where at% is the percentage of N atoms present as
15N. Due to the difference in atom% of 15N between
DON and DIN treatments (41.4 and 99.0, respec-
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tively), calculated excess 15N values for DON treat-
ments (sediment and amino acids) were multiplied
by 2.4 to allow for direct comparison between
 substrates.

Original concentrations of D- and L-alanine were
determined from measured concentrations by cor-
recting for racemization using the equations of Kaiser
& Benner (2005) (Supplement 2). Biomass of HB,
BMA, and total microbial were calculated as de -
scribed by Veuger et al. (2005, 2007b) (see Supple-
ment 2). 15N uptake into HB, BMA, and total micro-
bial biomass was calculated using the procedure
described above using excess 15N in place of total N
concentrations (see Supplement 2). Uncertainties
associated with the variables used within the D/L-ala-
nine biomarker technique are thoroughly discussed
in Veuger et al. (2005, 2007b).

To determine hourly uptake rates for intact sedi-
ment and slurry incubations, the excess 15N within
total microbial biomass was divided by 4 and 24 h,
respectively, based on the estimated time available
for 15N incorporation. For intact sediments, this
equated to the 4 h before tidal inundation and flush-
ing occurred and assumed no loss from the sediment
over the 20 h between inundation and sampling.
Finally, microbial N production (mmol 15N uptake
mol−1 N biomass) was calculated as:

Microbial nitrogen production = 
                   Excess 15N total microbial biomass /    (2)
                    Total microbial biomass

Microbial N production is useful as a measure of
uptake of 15N per unit of biomass to examine uptake
of 15N independently from changes in microbial bio-
mass, and should not be confused with uptake into
microbial biomass.

The full statistical analysis is provided in Supple-
ment 3.

RESULTS

Sediment characteristics

Control samples had higher chl a biomass (30.2 ±
4.8 mmol C m−2) than either light or dark treatment
plots (18.1 ± 8 and 22.8 ± 8.3 mmol C m−2, respec-
tively). There were no significant effects of treatment
on chl a biomass in the light or dark (2-way ANOVAs,
F1,23 = 0.8, p = 0.4 and F3,23 = 0.1, p = 1.0, respec-
tively).

Total N content and microbial biomass varied sig-
nificantly among control, intact and slurried sedi-

ments. After 24 h, total N of 0−1 cm sediments was
similar for control and 15N-labeled in situ intact sed-
iment (14.8 ± 2.0 and 13.2 ± 1.1 µmol N g−1, respec-
tively). Conversely, after 24 h, total N within homo -
genized ex situ sediments was 1.85× higher (42.4 ±
3.4 µmol N g−1) than within intact sediments from
the same depth (0−3 cm, 22.9 ± 1.4 µmol N g−1),
with control sediment falling between both experi-
ments (0−3 cm, 31.8 ± 1.4 µmol N g−1). Within ex
situ slurry incubations, bacterial biomass was 0.5×
lower and algal biomass ~2× higher (0.7 ± 0.2 and
4.4 ± 0.8 µmol 15N g−1, respectively) than within
intact sediments (1.2 ± 0.4 and 1.9 ± 0.4 µmol 15N
g−1, respectively). Total microbial biomass after 24 h
was higher in both intact sediment and slurry incu-
bations than in control sediments (intact: 3.2 ± 0.6
µmol 15N g−1; slurry: 5.1 ± 0.8 µmol 15N g−1; control:
2.2 ± 0.6 µmol 15N g−1).

Intact sediments

Light exposure

There was little effect of light exposure on 15N up -
take into intact sediments, although HB contributed
more to uptake in the light (15.4 ± 3.4%) than in the
dark (12.6 ± 5.4%) (p = 0.012; Table S1 in Supple-
ment 5). For intact sediments, there was no signifi-
cant effect of light exposure on total or hourly 15N
uptake into sediment OM, hourly uptake into HAAs,
microbial biomass or HB contribution to biomass. The
average natural light exposure over 12 h following
treatment application was 748 ± 136 µE m−2 s−1 (max.
2039 µE m−2 s−1) at the surface of intact sediments
and 629 ± 113 µE m−2 s−1 (max 2035 µE m−2 s−1) for the
slurry incubation.

15N uptake into sediment OM

Across the 4 treatments, 59.3 ± 10.6% of the added
15N was assimilated into OM within 0−3 cm intact
sediments. Of this, 87.6 ± 2.0% was within 0−1 cm
intact sediments (Supplement 4, Fig. S1 in Supple-
ment 5); this upper most sediment layer was therefore
the primary focus of the present study. Details of 15N
uptake in deeper sediments are de tailed in Figs. S1 &
S2 in Supplement 5.

Total 15N uptake into sediment OM within intact
sediments (0−3 cm) 24 h after application varied sig-
nificantly among treatments (Fig. 1A, Table S1 in
Supplement 5). The DIN-500 treatment had signifi-
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cantly greater uptake (15.6 ± 5.8 nmol 15N g−1) than
all other treatments (2.3 ± 0.4 nmol 15N g−1 for DON-
125, 5.0 ± 2.4 nmol 15N g−1 for DON-250, and 2.8 ± 0.4
nmol 15N g−1 for DIN-250; Fig. 1A).

Hourly 15N uptake into sediment OM (0−1 cm) var-
ied significantly among treatments, with 3−6× higher
uptake for DIN-500 than for all other treatments
(Fig. 2A). Hourly 15N uptake into HAAs and micro-
bial biomass was significantly higher for DIN-500
than for all other treatments (HAAs: 8−39×, microbial
biomass: 8−58×) (Fig. 2B,C). Doubling of DON con-
centrations in treatment applications had no effect on
uptake rates in sediment OM, HAAs or microbial bio-
mass for intact sediments.

Contribution of heterotrophic 
bacteria to biomass and uptake

Total biomass within intact sediment treatments
was dominated by BMA, with HB representing 41.1
± 7.6% (range of 1−80% within individual samples)
of this biomass (Fig. 3A) at 0−1 cm. Although there
were no significant differences in HB contribution
to biomass among treatments, HB contribution to
15N uptake was significantly higher (2−4×) for
DON-125 (30.1 ± 2.2%) than for all other treatments
(14.5 ± 5.3% DON-250, 7.5 ± 2.5% DIN-250, and
6.9 ± 1.3% DIN-500) (Fig. 4A, Table S1 in Supple-
ment 5). Micro bial N production (mmol uptake of
15N mol−1 N biomass) was significantly higher for
DIN-500 (14−60×) than for all other treatments
(Fig. 5A), i.e. per unit biomass, there was greater
15N uptake.

Slurry incubations

Light exposure

Light exposure increased 15N uptake into HAAs
(0.8 ± 0.2 and 0.4 ± 0.1 nmol 15N g−1 h−1 in light and
dark treatments, respectively) and microbial biomass
(3.6 ± 1.2 and 1.6 ± 0.6 nmol 15N g−1 h−1). However,
there was no significant effect of light exposure on
total and hourly 15N uptake into sediment OM, HB
contribution to biomass and 15N uptake, or microbial
N production (Table S1 in Supplement 5).

15N uptake into sediment OM

Across the 4 treatments, 99.9 ± 14.8% of the added
15N was assimilated into OM within the slurry incu-
bations. Total 15N uptake into sediment OM was
4−5× higher for DIN-250 (601 ± 119 nmol 15N g−1) and
DIN-500 (737 ± 135 nmol 15N g−1) than for DON-125
(137.5 ± 22.6 nmol 15N g−1) or DON-250 (124.1 ±
22.8 nmol 15N g−1). Increasing DON application re -
sulted in no additional uptake. Although increasing
the concentration of the DIN application in creased
15N uptake, this was not statistically significant (Fig. 1B,
Table S1 in Supplement 5).

Hourly rates of 15N uptake into sediment OM were
significantly higher for both DIN treatments than for
either DON treatment (Fig. 2A), whereas hourly 15N
uptake rates for HAAs and microbial biomass in
slurry incubations were significantly higher for DIN-
500 than for all other treatments (HAAs: 1.9−8.7×,
microbial biomass: 2.4−14.6×) (Fig. 2B,C, Table S1).

34

Fig. 1. Total uptake of 15N into sediment organic matter for (A) intact sediments and (B) slurry incubations (means ± SE) for
0−3 cm depth. Different letters indicate significant differences between treatments at α = 0.05 (Tukey’s test). Note the large 

difference between the y-axes scales for intact sediment and slurry incubations
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However, uptake rates for DIN-250 for HAAs and
microbial biomass were still significantly higher than
those of both DON treatments for HAAs. Increasing
the concentration of DIN significantly increased 15N

uptake for HAAs (Fig. 2B) and microbial biomass
(Fig. 2C), but not for sediment OM (Fig. 2A, Table S1).
Doubling the DON concentration resulted in no addi-
tional 15N uptake.
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Fig. 3. Percentage of bacterial and benthic microalgae (BMA) contribution to biomass calculated from D- and L-alanine con-
tent, corrected for racemization (means ± SE). No significant differences were found between treatments at α = 0.05, but intact 

sediments (A) had significantly higher bacterial contribution than slurry incubations (B)
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Contribution of heterotrophic bacteria to 
biomass and uptake

Microbial biomass in the slurry incubations was
dominated by BMA, with HB contributing only 13.6 ±
3.5% to the total microbial biomass within sediments
across treatments (Fig. 3B). HB contribution to biomass
was statistically similar across treatments (Table S1).
HB contribution to 15N was also statistically similar
across treatments (average of 14.0 ± 0.8%; Fig. 4B).
Microbial N production was significantly higher in the
DIN-500 treatment (33.0 ± 8.1 mmol 15N mol−1 N bio-
mass) than in either DON treatment (1.8 ± 0.2 mmol 15N
mol−1 N biomass DON-125, 1.1 ± 0.7 mmol 15N mol−1 N
biomass DON-250; Fig. 5B, Table S1). Microbial N pro-

duction in the DIN-250 treatment (12.2 ± 3.2 mmol 15N
mol−1 N biomass) was intermediate to that in the DON
treatments and the DIN-500 treatment.

Comparing slurry incubations and intact sediments

Total 15N uptake into sediment OM was signifi-
cantly higher in slurry incubations than in intact sed-
iments (60× for DON-125, 25× for DON-250, 214× for
DIN-250, and 47× for DIN-500; Fig. 1, Table S2 in
Supplement 5), and hourly rates of 15N uptake into
sediment OM (Fig. 2A) and microbial biomass
(Fig. 2C) were also significantly higher for slurries
than for intact sediments.

36

Fig. 4. Percentage of bacterial and benthic microalgae (BMA) contribution to uptake of excess 15N into microbial biomass 24 h 
after treatment application (means ± SE) in both (A) intact sediments and (B) slurry incubations

Fig. 5. Microbial N production (mmol 15N mol−1 N biomass) for all treatments (means ± SE) in both (A) intact sediments and (B)
slurry incubations. Different letters indicate significant differences between treatments at α = 0.05 (Tukey’s test). Note the 

large difference between the y-axes scales for intact sediment and slurry incubations
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HB contribution to biomass was significantly lower
in slurry incubations (13.6 ± 3.5%) than in intact sed-
iments (41.1 ± 7.6%; Fig. 3A,B, Table S2), and in both
cases was higher after 24 h than within control sedi-
ments (3.6 ± 1.4%). No significant differences were
observed between intact sediments and slurry incu-
bations for hourly 15N uptake into HAAs (Fig. 2B), HB
contribution to 15N uptake (Fig. 4), and microbial N
production (Fig. 5).

Patterns of uptake across treatments (Tukey test
results) were also different for intact sediments and
slurry samples, specifically for total and hourly 15N
uptake into sediment OM (Figs. 1A & 2A), hourly 15N
uptake into HAAs (Fig. 2B) and microbial biomass
(Fig. 2C), HB contribution to 15N uptake (Fig. 4), and
microbial N production (Fig. 5, Table S2). Only HB
contribution to biomass (Table S1) displayed the
same pattern of significant differences among treat-
ments (no differences) for both slurry samples and
intact sediments.

DISCUSSION

Patterns in the uptake of DI15N and DO15N in the
present study were compared for in situ sediments
and incubations of sediment slurries in a laboratory
setting. Slurry incubations are commonly used in
combination with stable isotope tracer pulses to ex-
amine uptake dynamics within the benthic microbial
community, but there are few comparisons be tween
uptake in slurry incubations and in situ settings. This
study confirmed that uptake of both DIN and DON
was largely dominated by MPB in in situ sediments
and slurries, but in situ uptake rates for sediment
OM, THAAs and microbial biomass were substan-
tially lower than those found in sediment slurries.
Throughout the study, light had little effect on the as-
similation of 15N from DON or DIN for either in situ
sediments or slurries. Uptake of algal-derived DO15N
was substantially lower in both experiments than up-
take of DIN, although comparable uptake was ob-
served in situ for the DIN- and DON-250 treatments.

Effect of light exposure

There was little effect of light exposure on 15N
uptake in intact sediments, with only HB contribution
to 15N uptake affected (increased). BMA dominated
15N uptake in the light and the dark. Although NH4

+

uptake by BMA can be reduced in the dark (Long-
phuirt et al. 2009) and flux differences have been

attributed to the effects of light on BMA (e.g. Eyre &
Ferguson 2005 and references therein, Anderson et
al. 2014), BMA are capable of dark DIN (NO3

− and
NH4

+) assimilation (Rysgaard et al. 1993, Evrard et al.
2008), and some studies have reported no differences
in light and dark uptake of 15NH4

+ by algae (Middel-
burg & Nieuwenhuize 2000, Cook et al. 2007). It is
likely that N uptake in the dark becomes more simi-
lar to that in light when N demand is greater, for
example, when carbon is in excess (Raimbault &
Mingazzini 1987, Clark et al. 2002) or N is limiting
(Antia et al. 1991).

Previous studies have attributed DON assimilation
by the microbial community to HB due to the lack of
diurnal changes in uptake rates that are usually
indicative of BMA activity (Eyre & Ferguson 2005,
Eyre et al. 2011), and strong inhibition of uptake
when the microbial community is treated with anti -
bio tics (Middelburg & Nieuwenhuize 2000). How-
ever, the low contribution of HB within intact sedi-
ments to 15N uptake from DON (30% for DON-125
and 14.5% for DON-250), suggests that N assimila-
tion from DON in the present study was largely
mediated by BMA under both light and dark condi-
tions. This agrees with previous findings of BMA
dominating DON uptake (Veuger & Middelburg
2007, Sundbäck et al. 2011).

DIN versus DON and effect of concentration

For the same level of N application (DIN-250 and
DON-250) in the slurry incubations, there was
greater 15N uptake from DIN than from DON into
sediment OM, HAAs and microbial biomass, after
correcting for treatment-specific differences in 15N
atom% (Figs. 1 & 2). This concurs with previous stud-
ies (Veuger et al. 2005, 2007a, 2012, Cook et al.
2007). However, given that these studies mostly also
used slurry incubations, DIN uptake is not necessar-
ily greater than DON uptake in the natural environ-
ment. Reflecting this, for intact sediments in the pres-
ent study, there was equivalent uptake of organic
and inorganic N (DON-250 and DIN-250) into sedi-
ment OM (Figs. 1A & 2A), HAAs (Fig. 2B) and micro-
bial biomass (Fig. 2C). Although this may indicate
low demand for new N due to the availability of pore-
water N, this seems unlikely. Porewater samples
were not collected, but comparison of raw and KCl-
extracted control sediments yielded an estimate of
1.8 ± 0.5 µmol N g–1 dry sediment with a δ15N of 3.6 ±
1‰ for ambient total N. This estimate is likely to
overestimate the porewater concentration of NH4

+ as
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exchangeable NH4
+ has previously been found to be

significantly higher than porewater concentrations
within intertidal sediment (Garcia-Robledo et al.
2016). The KCl-extracted material is a combination of
porewater N that remained during freeze-drying and
material displaced from sediment interaction sites by
strong salts. This pool of N was largely 15N-free, with
a δ15N value lower than the control δ15N value used
for excess calculations (7.2‰) and likely of limited
bioavailability as it was tightly bound to the sedi-
ment. Additionally, measured rates of 15NH4

+ uptake
over 24 h were generally high for benthic microbial
communities (Veuger et al. 2005, 2007a, 2012, Cook
et al. 2007) and N uptake increased with greater DIN
application (DIN-500), suggesting that sediments
were not N replete.

Previous studies reporting little difference in DIN
and DON uptake have used relatively labile DON
compounds, such as amino acids and urea (Veuger &
Middelburg 2007, Veuger et al. 2007a), which com-
prise only 6−12% of total oceanic DON (Benner 2002,
Sundbäck et al. 2011, Sipler & Bronk 2015), poten-
tially overestimating utilization of the DON pool. In
contrast, the algal-derived DON used in the present
study contains a complex mix of molecules, many of
which are likely relatively refractory compared to
DIN or single amino acids. Although full characteri-
zation of this algal-derived DON is beyond the scope
of this study, uptake rates within the present study
should be more representative of ‘natural’ estuarine
DON uptake. Bioavailability of DON largely de -
creases with increasing complexity of organic mole-
cules. Therefore, the magnitude of difference be -
tween uptake of 15N derived from DON and DIN
should increase with an elevated contribution of re -
fractory molecules to the pool of DON. Apparent
rates of DON utilization may also depend on the com-
position of the microbial community; whereas BMA
can utilize labile DON (Veuger & Middelburg 2007,
Sundbäck et al. 2011), their capacity to utilize more
refractory compounds is unknown, and may be low
compared to that of some HB (See et al. 2006). If N is
limiting, increased HB biomass would be expected to
increase DON utilization and the availability of N for
BMA.

Uptake of 15N from DON showed no increase with
increased concentration for either intact sediment or
slurry incubations, indicating limited utilization of
DON as a N source. Lower 15N uptake from DON,
compared to DIN, most likely reflects the require-
ment for extracellular or bacterial processing of DON
molecules prior to uptake (See et al. 2006, Bronk et
al. 2007, Arnosti 2011). This may limit uptake of

DON-derived N, particularly where HB biomass is
low, as was observed in the present study (Fig. 3). N
can be a limiting substrate for both BMA and HB
within sediments (Cook et al. 2007). Under limiting
conditions, addition of N should increase N uptake,
but if the need for N has already been met or the N is
not accessible, then no additional uptake will occur
and N will be exported from the system via tidal
flushing. It is possible that only a subset of molecules
within the DON application were labile over the time
scale of the present study (4 to 24 h), but it seems un -
likely that marine diatom-derived DON is not readily
bioavailable, given that multiple studies have ob -
served ready uptake of algal-derived DON (Veuger
et al. 2004, Moneta et al. 2014) based on assumptions
of comparable bioavailability of algal-derived DON
to amino acids or natural dissolved OM pools.
Another possibility is that uptake enzymes were sat-
urated and unable to process additional available
DON, resulting in the comparable uptake observed
between both DON applications in the sediment slur-
ries. The non-significant increase in 15N up take be -
tween DON-125 and DON-250 for intact sediment
indicates that saturation of uptake enzymes was
unlikely to have occurred under in situ conditions. It
may be useful in future studies to perform spike and
recovery applications to assess the portion of DON
application that adsorbs to sediment OM and to
assess recovery rates for KCl extraction. Additionally,
investigation of the uptake and fate of 15N across
time periods longer than 4−24 h would also improve
the applicability of these findings to in situ processes.

In contrast to DON, DIN was more readily utilized
at higher concentrations (DIN-500), with 15N uptake
rates in excess of those for DON within both intact
and slurry incubations (Figs. 1A,B & 2). DIN avail-
ability apparently limits N uptake within the study
site, as doubling DIN concentrations more than dou-
bled 15N uptake rates within intact sediment (Fig. 2).
Decreased 15N uptake observed in the DIN-250 treat-
ment within intact sediment is unlikely to be a result
of substrate limitation, as the uptake observed repre-
sented utilization of only 30% of 15N within the treat-
ment application. Increased utilization of 15N with
substrate availability was reflected in increased
micro bial N production for DIN-500 compared to
DIN-250 for both slurries and intact sediments
(Fig. 5A,B). This suggests that there is an efficient
method for DIN uptake within the microbial commu-
nity that is not present for DON, such as a secondary
uptake pathway or increased efficiency of transport
across the membrane (diffusion) at higher concentra-
tions (Longphuirt et al. 2009). Due to the dominance
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of biomass by BMA (Fig. 3) and the limited contribu-
tion of HB to 15N uptake (Fig. 4), increased DIN up -
take efficiency at higher concentrations is likely to be
associated with a physiological pathway of BMA.
Previous work has identified a similar pathway for
increased uptake of NO3

− within diatoms at concen-
trations greater than 60 µmol l−1 (Lomas & Glibert
2000), but uptake efficiency at higher concentrations
is rarely investigated due to the paucity of such con-
ditions occurring within the environment (Long-
phuirt et al. 2009). Presence of such pathways would
allow for opportunistic uptake of nutrients during
short-lived conditions and may function as an adap-
tation to rapidly changing conditions in intertidal
sediments.

Uptake of DIN and DON into microbial sediment
compartments

Dominance of pennate diatoms within site sedi-
ment and the BMA community was an important
characteristic that influenced both DIN and DON up -
take (Figs. 3 & 4). Diatom dominance within the inter-
tidal microbial community can occur due to continual
disturbance through tidal flushing and exposure at
low tide disrupting the growth of bacterial popula-
tions (Underwood et al. 2005, Coelho et al. 2011).
Bacterial populations recover more slowly from dis-
turbance, with long-lasting effects on population
structure and biomass (Langezaal et al. 2003). In con-
trast, diatoms are well adapted to disturbance,
migrating through the sediment to optimize light and
nutrient availability (Saburova & Polikarpov 2003)
and using extracellular polymeric substances to
mediate harmful effects of light intensity and inunda-
tion (Decho 2000).

BMA dominated uptake in the present study
(Fig. 4), and HB experienced intense competition for
newly available N. This is reflected in the relatively
low contribution of HB to 15N uptake from DIN and
DON across both experiments. The contributions of
HB to 15N uptake from DIN in both experiments
(14.4 ± 1.1% intact and 7.2 ± 1.9% slurries; Fig. 4)
were comparable to, or lower than, values previously
re ported for sediments in laboratory studies (20−
30%, Cook et al. 2007; 60%, Veuger et al. 2012), in
field studies (0−30%, Eyre et al. 2016; 50−100%,
Veuger et al. 2007a) and in the water column (15−
60%, Moneta et al. 2014). HB contributions to the 15N
uptake from DON within both experiments (13.4 ±
1.3% intact and 22.3 ± 4.3% slurries; Fig. 4) were
comparable to, or lower than, those found within sed-

iments using labile DON compounds (6−15% urea,
19−48% amino acid mix; Veuger & Middelburg
2007). A pelagic study using a similar algal-derived
DON re ported a comparable contribution of HB to
DON up take within the water column (0−30%;
Mone ta et al. 2014).

Although the contribution of HB to 15N uptake was
generally low in the present study, there was a signif-
icantly greater contribution of HB to 15N uptake in in -
tact sediments for the DON-125 treatment (Fig. 4A).
This demonstrates that HB are able to compete with
BMA when available N is lower (Cook et al. 2007)
and sediments have not undergone homo genization.
Within slurry incubations, no significant differences
for HB contribution to uptake of 15N (Fig. 4B) were
observed between treatments (Table S1 in Supple-
ment 5) and rates were comparable to those found
within intact sediments, indicating successful compe-
tition by BMA for available substrates.

Intact sediments versus slurry

Slurry experiments are widely acknowledged as
having considerable deficiencies in their ability to
replicate in situ conditions and, at best, represent
potential rates of uptake (Veuger et al. 2005). How-
ever, many investigations continue to rely on slurry
incubations as a lower-cost, lower-effort method for
investigating biogeochemical N cycling. This method
has provided valuable initial insight into these pro-
cesses, but the comparison in the present study
emphasizes the caution required when interpreting
results from slurry experiments and extrapolating to
the natural environment. OM processing pathways
within slurries are likely to be affected by destruction
of anoxic boundary layers and sediment fine struc-
ture due to physical disturbance (Langezaal et al.
2003, Glud 2008, McKew et al. 2013) and shifts
within bacterial communities (Böer et al. 2009).
These effects could be minimized through the use of
mini- or micro-cores, small incubation devices that
allow for the maintenance of fine sediment structure,
redox gradients and the microbial community, while
remaining small enough to be convenient in the lab-
oratory despite requirements for replication. Homo -
genization is likely to affect competition between
BMA and HB for N, with more negative effects on HB
than BMA (Langezaal et al. 2003). This is evident in
the significantly lower contribution of HB to micro-
bial biomass within sediment slurries (13.6 ± 3.5%)
compared to intact sediments (41.1 ± 7.6%, p = 0.005;
Table S2, Fig. 3B). BMA had a proportionally greater
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role in 15N uptake and processing within slurry incu-
bations, largely due to effects of homogenization on
HB biomass. With few exceptions, rates and patterns
of significant differences for uptake within slurries
were not comparable to those observed within intact
sediments (Table S2). Although uptake rates were
comparable to ranges reported for 15NH4

+ in the
water column (Veuger et al. 2004, Moneta et al.
2014), hourly 15N uptake rates into sediment OM
within slurry incubations were higher than for intact
sediment for both DIN (8−36×) and DON (4−10×)
treatments (Fig. 2A). Elevated uptake within sedi-
ment slurries is likely due to a lack of tidal flushing
and limited diffusion through sediment structure
present within in situ applications. Uptake rates for
HAAs and microbial biomass were more similar be -
tween experiments, but slurry incubations had differ-
ent patterns of significant differences between treat-
ments, and hourly rates of 15N uptake into microbial
biomass were significantly higher (p = 0.002; Table
S2). Microbial N production was significantly ele-
vated within slurry incubations for DON-125, DIN-
250 and DIN-500, and displayed different patterns of
significant differences between treatments (Table
S2). Elevated microbial N production indicates a sub-
stantial incubation effect within the slurry experi-
ments. This was likely caused by a combination of
lack of tidal flushing and increased mixing of label
throughout the sediment slurries, in addition to the
effects of homogenization.

For in situ sediments, tidal flushing removed 15N
and label did not diffuse much beyond surface sedi-
ments, preventing microbial uptake and processing
within deeper sediments and limiting total N uptake
(Fig. S1). Within slurries, elevated 15N uptake within
sediment OM (Fig. 2A) did not correspond with ele-
vated uptake into HAAs or biomarkers (Fig. 2B,C).
There are 2 possible explanations: (1) inefficient KCl
extraction of 15N, resulting in elevated apparent up -
take rates within OM due to potential laboratory
error during extraction, or (2) extensive uptake and
processing of N within slurry samples that resulted in
considerably more metabolized 15N byproducts that
are no longer contained within living microbial bio-
mass. These metabolic products likely compose a
large portion of the ‘uncharacterized’ 15N, that is, 15N
contained in sediment OM that is not held within
microbial biomass after KCl extraction (Veuger et al.
2012). We repeated KCl extraction on sediment
within DIN-250 and -500 in the slurry experiment
and observed a negligible additional loss of 15N, con-
firming that the elevated uptake observed for OM in
the slurry incubation was not a result of ineffective

KCl extraction. We did not observe discrepancies in
patterns of significant differences between extrac-
tions for bulk sediment OM and THAA for treatments
other than DIN-250 in the slurries. This indicates that
additional removal of OM from sediment due to HCl
extraction during acid hydrolysis was similar across
treatments and that the differences observed be -
tween the methods were real, and not methodo -
logical artefacts. Elevated 15N incorporated into sedi-
ment OM in excess of incorporation into microbial
biomass indicated the presence of a large pool of
uncharacterized material (a mixture of metabolic by -
products, 15N containing compounds produced from
living biomass) in sediment slurries (Fig. 2A,C). This
large pool of uncharacterized material further indi-
cates a substantial incubation effect as uncharacter-
ized material within intact sediments formed a con-
siderably smaller pool of 15N. Increased 15N up take
within slurry incubations suggests that the microbial
community had greater access to, and/or greater
incorporation of, the added 15N-labeled substrates.
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