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INTRODUCTION

Nutrient cycling in estuaries is intense and affects
both the absolute and relative concentrations of in-
organic nutrients, and ultimately the flux of inorganic
nutrients from land to ocean. Extrapolating the nu-
trient loading from rivers to the coastal ocean is not

straightforward (Nedwell et al. 1999) due to the large
number of competing and interacting physico-chemi-
cal and biological processes that occur along estuarine
gradients. A significant proportion of the inorganic
nitrogen entering the coastal ocean passes through
estuaries, where it is transformed by bacterial media-
ted metabolic processes. Processes which result in the
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ABSTRACT: The exchange of dissolved inorganic nutrients (NO3
–, NO2

– NH4
+, PO4

3– and SiO3
–) was

measured across the sediment–water interface at 4 sites along the Colne Estuary at monthly intervals
between August 1996 and March 1998 in the dark and under illumination. Fluxes across the sedi-
ment–water interface were scaled up to calculate nutrient budgets for the whole estuary, accounting
for the area of sediment exposed to illumination. Sediments were a net sink of –16.28 Mmol N yr–1 for
oxidized inorganic nitrogen (NO3

– + NO2
–). Mean nitrate fluxes across the sediment–water interface

were –329 and –91 µmol m–2 h–1 in the dark and light respectively. Colne sediments were a source of
ammonium in the dark (12.4 Mmol N yr–1). Illumination reduced ammonium flux into the overlying
water or affected uptake due to assimilation by the microphytobenthos and a stimulation of nitrifi-
cation. Mean ammonium fluxes across the sediment–water interface were 399 and –169 µmol m–2 h–1

in the dark and light, respectively. Consequently, sediments were a net sink for ammonium in the
light (–0.31 Mmol N yr–1). Similarly, illumination affected silicate exchange across the sediment–
water interface, with silicate flux into the overlying water reduced or reversed under illumination
compared to the dark. The estuarine sediments were a net source of silicate (6.09 Mmol yr–1) and
soluble reactive phosphate (1.91 Mmol yr–1). Uptake of inorganic oxidized nitrogen was approxi-
mately balanced by adding together ammonium flux and denitrification supported by nitrate in the
overlying water. This mass balance indicates that dissimilatory nitrate reduction to ammonium
(DNRA) was a significant process in the sediments of the Colne Estuary. Fluxes in the light accounted
for less than 6% of the total sediment–water exchange of both ammonium and nitrate. However,
a large proportion of the –15.49 Mmol N yr–1 of oxidized inorganic nitrogen taken up by the sediment
in the dark was cancelled out by a flux of 12.4 Mmol N yr–1 into the overlying water as ammonium.
Net dissolved inorganic nitrogen (DIN) fluxes were –3.09 Mmol N yr–1 in the dark and –1.17 Mmol
N yr–1 in the light, as fluxes of all nitrogen species were negative under illumination. Therefore fluxes
under illumination accounted for 28% of the net uptake of DIN by estuarine sediments in the Colne
Estuary, despite the short time periods and small area of sediment under illumination. In macrotidal
estuaries such as the Colne, where microphytobenthos are abundant, light plays an important role in
moderating sediment–water nutrient exchange.
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chemical reduction of dissolved oxidized inorganic
nitrogen include denitrification, anammox (anaerobic
oxidation of ammonium; Dalsgaard et al. 2005) and dis-
similatory reduction of nitrate to ammonium (DNRA).
Denitrification is carried out by facultative anaerobic
bacteria using nitrate (or nitrite) to respire organic
matter, resulting in a loss of biologically available ni-
trogen from estuarine sediments to the atmospheric
sink as N2 and to a lesser extent the greenhouse gas
N2O (Nedwell et al. 1999). Nitrification is an aerobic
process during which chemoautotrophic bacteria de-
rive energy from the oxidation of ammonium to nitrate.
This energy is used to fix inorganic carbon. Nitrifi-
cation occurs in the oxic zone at the sediment surface,
whereas denitrification occurs in anoxic sediment im-
mediately below the oxic zone. Although nitrification
and denitrification are spatially separated, the 2 pro-
cesses are often coupled as nitrate generated through
nitrification diffuses down into the sediment where it is
used as a terminal electron acceptor by denitrifying
bacteria (Rysgaard et al. 1994, Dong et al. 2000). De-
nitrification in estuarine sediments often removes a
significant proportion of the dissolved inorganic nitro-
gen (DIN) load fluxing through an estuary (Seitzinger
1988, Nedwell & Trimmer 1996) and thereby plays an
important role in ameliorating coastal eutrophication.
Estimates for DIN removal in the Colne Estuary are 18
to 27% by Ogilvie et al. (1997) and 20 to 25% by Dong
et al. (2000). Concentrations of both nitrate and ammo-
nium are high in the Colne, occasionally exceeding
1 mM in the water column (Dong et al. 2000, 2002,
Thornton et al. 2002); therefore denitrification is a sink
for a large amount of biologically available nitrogen in
this hypernutrified estuary. DNRA is a significant pro-
cess in coastal sediments (Gardner et al. 2006), al-
though it is often overlooked in studies of coastal nitro-
gen cycling as, unlike denitrification and anammox, it
does not lead to a loss of bioavailable nitrogen from the
ecosystem to the atmosphere. DNRA potentially com-
petes with denitrification for oxidized inorganic nitro-
gen (NO3

– or NO2
–). Furthermore, DNRA makes nitro-

gen more bioavailable through the reduction of
oxidized inorganic nitrogen to ammonium, which can
be directly assimilated by microorganisms without the
requirement of assimilatory NO3

– or NO2
– reductase

enzymes.
The relatively high nutrient concentrations within es-

tuaries often support significant benthic primary pro-
ductivity, usually dominated by photosynthesis by mi-
crophytobenthos (MPB), with lesser contributions from
chemoautotrophic nitrifying and anammox bacteria.
Estuarine MPB have primary production rates in the
range 47 to 314 g C m–2 yr–1 and biomasses of 0.2 to
500 mg chlorophyll a m–2, equivalent to 50% of auto-
trophic production in many estuaries (Underwood &

Kromkamp 1999). MPB significantly affect the flux of
the major inorganic nutrients through estuaries directly
through uptake and assimilation of inorganic forms of
nitrogen, phosphorus and silicon (by diatoms), and in-
directly as a result of photosynthesis. Photosynthesis
elevates O2 concentrations and depletes dissolved in-
organic carbon, affecting pore water pH and redox po-
tentials in the uppermost layers of sediment. Inter-
actions between the MPB and bacteria have been most
studied in relation to nitrogen cycling within estuarine
sediments. Thornton et al. (2002) estimated that the
MPB assimilate approximately 13% of the inorganic
nitrogen load to the Colne Estuary, a value of the same
order of magnitude as that removed by bacterial deni-
trification (Ogilvie et al. 1997, Dong et al. 2000). Re-
search indicates that there is competition between MPB
and bacteria for inorganic nitrogen (Dalsgaard 2003,
Risgaard-Petersen et al. 2004). Risgaard-Petersen
(2003) analysed coupled nitrification–denitrification
data from 18 European estuaries (including the Colne)
and concluded that nitrogen assimilation by the MPB
affects nitrogen limitation of nitrifying bacteria.
Furthermore, oxygen production by the MPB affects
the balance of coupled nitrification–denitrification in
estuarine sediments. Oxygen production by the MPB
will increase both the concentration and penetration of
oxygen into the sediment, resulting in a stimulation of
nitrification and inhibition of denitrification (Dong et al.
2000, Risgaard-Petersen 2003, Sundbäck et al. 2004).
Inhibition of denitrification by photosynthetic oxygen
production may not occur if the denitrification rate is
limited by nitrate supply from the overlying water.
Under these circumstances oxygen production by the
MPB may increase denitrification rates through the
stimulation of nitrification and the subsequent diffusion
of nitrate into the denitrification zone (Rysgaard et al.
1994). Moreover, the diel variation in photosynthesis
may affect the overall rate of denitrification and the
proportion of coupled nitrification–denitrification (Ris-
gaard-Petersen et al. 1994) over the course of a day.

These examples illustrate that the coupling between
nutrient cycling and photosynthetic activity by the MPB
is complex in estuarine sediments. The objective of this
study was to determine how MPB activity affects the
exchange of major inorganic nutrients across the sedi-
ment–water interface in a hypernutrified mesotidal es-
tuary. Data from monthly surveys in the Colne Estuary
during 1996 to 1998 were used to produce a compre-
hensive description of sediment–water fluxes of DIN,
phosphorus and silicon, considering processes both in
darkness and in the light. These data were used to test
the hypothesis that sedimentary uptake of inorganic
nutrients (other than nitrate and nitrate) from the over-
lying water is greater in the light than in the dark,
whereas sediment uptake of nitrate and nitrite will be
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greatest in the dark due to the inhibition of denitrifica-
tion in the light. In addition, the data presented in this
paper have been integrated with previously published
denitrification rates (Dong et al. 2000), nitrous oxide
fluxes (Dong et al. 2002) and sediment–water oxygen
exchanges (Thornton et al. 2002) that were measured in
sediments from the same sites and at the same time as
the sediment–water nutrient exchange. 

MATERIALS AND METHODS

Site. Monthly sampling was carried out between
August 1996 and March 1998 in the Colne (51° 50’ N,
1° 0’ E), a mesotidal (tidal range 3.5 to 4.0 m) estuary
that joins the North Sea on the east coast of England
(Fig. 1). There are pronounced gradients in concentra-
tions of nutrients (NO3

–, NH4
+, PO4

3– and SiO3
–) inver-

sely related to the salinity gradient (Ogilvie et al. 1997,
Kocum et al. 2002b, Thornton et al. 2002). A sewage
treatment works serving the town of Colchester (Fig. 1)
discharges into the estuary. During 1996, the input of

DIN into the estuary from the sewage treatment works
(24.62 Mmol N yr–1) was more than twice that of the
river (10 Mmol N yr–1) (A. Sage pers. comm., calculated
using UK Environment Agency data). Four sites were
sampled in the Colne, with both high (denoted by H)
and low shore (denoted by L) stations at Sites 2 and 3
(Fig. 1). Microphytobenthos were found at all sites
throughout the year, with higher biomasses generally
found on the high shore and at Site 1 (Thornton et al.
2002). There was no seasonal pattern in MPB biomass
as indicated by chlorophyll a (chl a), with mean
monthly chl a varying between 18.8 ± 4.6 mg m–2 at
Site 4 to 119.9 ± 21.3 mg m–2 at Site 3H (Thornton et al.
2002). Full descriptions of the sediment characteristics
at each site during the monthly sampling were pub-
lished in previous papers (Dong et al. 2000, Thornton
et al. 2002). 

In situ sampling. An inflatable boat was used to
access the mudflats at low tide. Cores were taken from
the lower shore (mean low water neap) just above the
low tide mark. At Sites 2 and 3 extensive mudflats
were emersed at low tide. To be more representative of
environmental conditions at these sites, additional
cores were taken from the upper shore at the level of
mean high water neap tides. All cores were collected
from emersed sediment. 

Sediment cores were collected using Perspex core
tubes (80 mm internal diameter; 650 mm long), which
were sealed at the bottom with silicone rubber bungs
after adjusting the headspace volume above the sedi-
ment core (30 to 40 cm long) to 500 ml by pushing the
bung up the core tube. The long cores were used to
measure rates of nutrient exchange, with 3 replicate
cores taken from each sampling station at each site.
Therefore, 3 long cores were collected at Sites 1 and 4,
and 6 cores (3 high shore and 3 low shore) were col-
lected from Sites 2 and 3. 

Site water (40 l) was collected from the shore during
daylight high tide on the day before the cores were col-
lected. It was not possible, particularly in winter, to col-
lect and process sediment cores and site water during
daylight within a single day. Water collected at high
tide was representative of the water covering both the
high and low shore in this well-mixed estuary (Ogilvie
et al. 1997, Robinson et al. 1998). Site water was
colected from Site 1, Site 2 (Alresford Creek) and at
Brightlingsea (which was representative, in terms of
nutrient concentrations and salinity, of the water over-
lying both Sites 3 and 4). Triplicate samples were taken
from each site for nutrient analysis. Water temperature
was measured using an alcohol thermometer and
salinity with a hand-held refractometer. The site water
was placed in aerated water barrels at in situ tempera-
ture and used in the nutrient exchange measurements
(see later subsection).
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Fig. 1. Colne Estuary showing 4 sampling sites (1 to 4) along 
the estuarine salinity gradient. Inset: position of the Colne on
the North Sea coast of the UK. Location of Colchester (156 000
inhabitants; UK census 2001) and associated sewage treat-

ment works are marked at the head of the estuary
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Nutrient analysis. Water samples (20 ml) were taken
using a 20 ml plastic syringe (Plastipak, Becton Dickin-
son). Samples were filtered through glass-fibre filters
(GF/C, Whatman) and stored at –20°C for nutrient ana-
lysis in 30 ml plastic Universal bottles (Bibby Sterilin).
Nutrient concentrations (nitrate, nitrite, ammonium,
silicate and phosphate) were measured using a seg-
mented flow autoanalyser (Skalar SANplus, Skalar Ana-
lytical) (American Public Health Association 1995,
Kirkwood 1996). 

Sediment–water nutrient exchange. The long cores
were stored (with caps removed) immersed in aerated
site water at in situ temperature overnight in darkness,
simulating night-time immersion. Nutrient exchange
measurements were carried out the next day under
illumination and in the dark. Epipelic diatoms show
rhythms of vertical migration within sediments (Pinck-
ney et al. 1994) related to diel and tidal cycles; there-
fore, it was important to make the illuminated measure-
ments during daylight emersion periods. Dark nutrient
exchange was measured during the in situ immersion
period. Illumination was provided by 500 W halogen
lamps at a photosynthetically active radiation (PAR)
incident on the sediment surface of 500 µmol m–2 s–1

(Thornton et al. 2002), which approximates to the
mean daily PAR received by the Colne Estuary.
Kocum et al. (2002b) showed that mean daily PAR was
564 ± 264 µmol m–2 s–1 (mean ± SD) during the year
September 1994 to September 1995, using light data
collected by the University of Essex weather station
(located within 1 km of the estuary). We did not scale
PAR between months because of the warming effects
of the lamps at high PAR. 

Three water samples were taken from the water in
each barrel at the start of the measurements. These
samples were analysed to establish the initial concen-
tration of nutrients above the sediment (C0). The cores
were immediately capped; however, the sampling
ports of the caps were left open to allow for air circula-
tion. Water above the cores was gently mixed with a
humidified air stream passed through 5 mm-bore
silicone rubber tubing suspended 2 cm above the
sediment surface. Sediment was not re-suspended by
the air-mixing. The cores were incubated in either the
light or dark for 4 h, after which a nutrient sample was
taken from each core (C4). Caps were removed from
the cores between incubations, and these were al-
lowed to re-equilibrate with the surrounding water for
at least 30 min before further measurements were
made. Nutrient exchange across the sediment–water
interface was calculated as

flux (µmol m–2 h–1) = (198.9(C4 – C0)h) / 4 (1)

where h is the volume (in litres) of water in the head-
space above the core and 4 is incubation time (h). C4

and C0 were measured in (µmol l–1). The factor 198.9
scaled up the area of the core to rate m–2.

Budget calculations. Rates of nutrient exchange
were integrated over the total area of the Colne Estu-
ary over 1 yr, accounting for light and tidal cycle. The
Colne Estuary was divided into 4 sectors (Ogilvie et
al. 1997, Dong et al. 2000) and the rates of nutrient ex-
change in each of these sectors was used to calculate
annual fluxes. Based on the area of sediment exposed
at low tide (Ogilvie et al. 1997), it was assumed that
72% of the area of the estuary was permanently im-
mersed and the remaining 28% was emersed at low
tide. Both low and high shore rates of nutrient ex-
change were measured at Sites 2 and 3; it was as-
sumed that the high shore rates applied to 18% of the
estuary and that low shore rates applied to the re-
maining intertidal (10%) and permanently immersed
areas (Dong et al. 2000). The illuminated period was
defined as 3 h d–1 on the low shore and 6 h d–1 on the
high shore. It was assumed that the permanently
immersed area (72%) of the estuary was in permanent
darkness. The year was defined as the 12 mo period
during which there was the most complete data set,
from April 1997 to March 1998. Data for the missing
months of December 1997 and February 1998 were
replaced with data from December 1996 and Febru-
ary 1997 respectively. In the lower estuary (Sites 3
and 4) there were no data for the month of July. Rates
of nutrient exchange during July 1997 were estimated
by taking the mean of June and August 1997. Pre-
viously published data (Dong et al. 2000, 2002, Thorn-
ton et al. 2002) were combined with the data pre-
sented in this paper to produce a comprehensive
description of nutrient cycling in the Colne. Denitri-
fication rates, measured using the isotope pairing
technique (Nielsen 1992), were taken from the raw
data published in Dong et al. (2000). Sediment–water
nitrite and nitrous oxide exchange were taken from
data published in Dong et al. (2002). Sediment–water
oxygen exchange and chl a concentrations in the
surface 5 mm of sediment were taken from Thornton
et al. (2002). All measurements, including the new
data presented in this paper and previously published
data, were made at the same sites and at the same
time in the Colne Estuary.

Statistical analysis. Statistical analyses were carried
out using Sigmastat 3.1 (2004; Systat Software) or SPSS
11.0 (2001; SPSS) after ensuring that the data met with
the assumptions and criteria of the test being used. A
Kruskal-Wallis 1-way ANOVA on ranks followed by a
post-hoc Dunn’s test was used to determine whether
there was any significant difference in DIN flux
between site, and between fluxes in the light and dark.
Data from all the cores for each site were pooled to pro-
duce datasets in which n > 294 for each nutrient in both
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the light and dark; a Mann-Whitney U-test was used to
test the null hypothesis (H0) that there was no differ-
ence between fluxes in the light and dark for each
nutrient. 

RESULTS

Water column nutrients

There were both spatial and temporal patterns in in-
organic nutrient concentrations in the water above the
sediment. Nutrient concentrations decreased towards
the estuary mouth. At Site 1 mean monthly ammonium
concentrations ranged from 112 to 1418 µM compared
with 12 to 130 µM at Site 4. Nitrate concentrations fol-
lowed a similar pattern with 76 to 1172 µM at Site 1
and 3 to 205 µM at Site 4. There were temporal pat-
terns in DIN concentrations, with peaks in ammonium
concentration (>1 mM) during the spring and summer
and winter peaks in nitrate concentration (>1 mM). Sil-
icate and phosphate also decreased in concentration
towards the estuary mouth. Mean monthly concentra-
tions of phosphate ranged from 26–173 µM at Site 1 to
<1–14 µM at Site 4. Mean monthly silicate concentra-

tions in the overlying water ranged from 56–489 µM at
Site 1 to 1–23 µM at Site 4. Both phosphate and silicate
concentrations in the overlying water did not show
temporal patterns. A more detailed presentation of
nutrient concentrations in the Colne Estuary during
the sampling period has been given in Thornton et
al. (2002).

Sediment–water nutrient exchange

Generally, there was uptake of nitrate from the
overlying water by the sediment both in the light and
in the dark (Fig. 2), although there were months when
nitrate fluxed out of the sediment and into the over-
lying water. Mean monthly nitrate fluxes across the
sediment–water interface ranged from –7330 to
13 000 µmol m–2 h–1; both these rates were measured at
Site 1. Rates of nitrate flux were higher in the upper
estuary (Site 1) than the lower estuary (Site 4), corre-
sponding to higher nitrate concentrations in the overly-
ing water. There was a significant correlation (r = 0.73,
n = 198, p < 0.001) between mean monthly overlying
nitrate concentration and the rate of the mean monthly
nitrate flux, using data from fluxes measured in the
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dark and under illumination and ignoring the direction
of the flux. 

Nitrite fluxes across the sediment–water interface
were low both in the light and dark, reflecting the low
concentrations of nitrite compared to nitrate in the
overlying water. Except at Site 1, the magnitude of
nitrite fluxes were generally less than 20 µmol m–2 h–1.
The highest nitrite fluxes were at Site 1, with a maxi-
mum rate of uptake by the sediment in November 1996
of –1825 µmol m–2 h–1. There was a linear relationship
between overlying nitrite concentration and nitrite up-
take by the sediment in both the light and the dark.
The correlation between nitrite uptake and overlying
nitrite concentration was significant (p < 0.001), with
correlation coefficients of 0.83 and 0.72 for fluxes in the
light and dark respectively. Although the slope of the
line passing through data for the light was shallower,
the difference between the slopes of the two lines was
not significant.

Ammonium fluxes followed the same spatial pattern
as observed for nitrate and nitrite, with fluxes of the
greatest magnitude occurring in cores collected from
Site 1 at the head of the estuary. Fluxes at Site 1 were
at least 1 order of magnitude greater than those at Site
4. At Site 1 mean ammonium fluxes ranged from

–11150 µmol m–2 h–1 in the light to 22 230 µmol m–2 h–1

in the dark. Mean fluxes at Site 4 ranged from
–2212 µmol m–2 h–1 in the dark to 389 µmol m–2 h–1 in
the light. In the dark there was generally a net flux of
ammonium from the sediment into the overlying water.
However, in the light the flux of ammonium into the
overlying water was generally lower than the flux in
the dark or there was a change in the direction of am-
monium flux, with a net uptake by the sediment from
the overlying water. This pattern was most apparent at
Site 2, both on the low and high shore (Fig. 3).

Fig. 4 summarizes fluxes of DIN (NO3
– + NO2

–

+ NH4
+) across the sediment–water interface in both

the light and dark. Fluxes were greatest both in terms
of variability (Fig. 4A) and mean flux (Fig. 4B) at Site 1,
and there was a trend in decreasing DIN fluxes to-
wards the mouth of the estuary, corresponding to an
increase in salinity and lower overlying nutrient con-
centrations. Fig. 4B shows that light had an effect on
DIN fluxes; in the upper estuary (Sites 1 and 2) there
was a mean net uptake of DIN from the overlying
water into the sediment in the light. In the dark this
flux was reduced compared to that in the light (Site
2H) or reversed, with a net flux of DIN from the sedi-
ment into the overlying water at Sites 1 and 2L. In the
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lower estuary (Sites 3 and 4), there was a different
pattern in DIN flux; net uptake of DIN from the over-
lying water was greater in the dark than in the light
(Fig. 4B). There was significant difference in the fluxes
(p < 0.001) (Fig. 4A), both between sites and between
fluxes in the light and dark at a single site. 

Phosphate fluxes were greater at Site 1 at the head of
the estuary than in the lower estuary, corresponding to
higher phosphate concentrations in the overlying wa-
ter at the former site. Phosphate fluxes showed no pat-
tern with light or dark and were generally <50 µmol
m–2 h–1 in either direction across the sediment–water
interface at Sites 2 to 4. Phosphate fluxes at Site 1 were
generally >50 µmol m–2 h–1 and occurred in both direc-
tions across the sediment–water interface. Anomal-
ously high fluxes (approx. 3500 µmol m–2 h–1) of phos-
phate from the sediment into the overlying water were
observed for 3 consecutive months at Site 1 in the light
from November 1996 to January 1997.

Silicate fluxes were generally higher at Site 1 in both
the light and in the dark compared to the rest of the
estuary. Mean silicate fluxes at Site 1 ranged from
–2170 to 14 760 µmol m–2 h–1; both these flux rates were
measured in the light. Generally, silicate flux rates in
the rest of the estuary were between –200 and
200 µmol m–2 h–1. These data follow a similar pattern to
the phosphate fluxes, as during most months the fluxes
were relatively low, with occasional high rates of flux.
Light affected the flux of silicate across the sediment-
water interface; in the dark there was generally a flux
out of the sediment into the overlying water, whereas
in the light these flux rates were reduced in magnitude
or reversed, with net uptake by the sediment. This pat-
tern was particularly apparent during the summer of
1997 (May to August), when most sites were a sink for
silicate under illumination.

Fig. 5 summarizes the flux data for the entire estua-
ry. Fig. 5A shows that the variability of fluxes across
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the sediment–water interface was relatively high for
ammonium and nitrate, and relatively low for nitrite
and phosphate. Mean fluxes across the sediment–
water interface in the light and dark were different
when data from the entire estuary were pooled
(Fig. 5B). In the dark there was a mean net flux of
ammonium from the sediment into the overlying water
and ammonium uptake in the light. Mean nitrate and
nitrite uptake by the sediment from the overlying
water was lower in the light than in sediments incu-
bated in the dark. However, although this dataset was
large (n > 294 for each bar plotted on Fig. 5B), it was
also very variable as it pooled data from sites where
fluxes were relatively high (Site 1) and sites where
fluxes were relatively low (Site 4). Consequently, the
standard error around each mean was high (Fig. 5B).

Table 1 shows mean nutrient loading of ammonium
and nitrate to the estuary h–1 normalised to sediment
area for 1996; these data show that ammonium and
nitrate fluxes across the sediment-water interface were
of the same order of magnitude as rates of supply when
integrated over the whole estuary. There was no sig-
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NH4
+ NO3

– Total

Colne 4 (0.2) 214 (9.8) 218 (10)
Sewage works 429 (19.66) 108 (4.96) 537 (24.62)
Total 433 (19.86) 322 (14.76) 755 (34.62)

Table 1. Nitrate and ammonium loading (µmol m–2 h–1) to
Colne Estuary during 1996; values normalised to time and sed-
iment area. Values in parentheses are total loads in Mmol yr–1
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nificant difference between fluxes in the light and dark
for nitrate, nitrite and phosphate fluxes. However,
fluxes of ammonium (p < 0.001) and silicate (p < 0.01)
were significantly different in the light and dark, sup-
porting the observation that net fluxes from the sedi-
ment into the overlying water were reduced in the
light or even reversed. When the nitrogen fluxes were
pooled, there was also a significant difference between
net DIN fluxes across the sediment–water interface in
the light compared to the dark (p < 0.001), also evident
from Fig. 4.

Nutrient budgets

Figs. 6 to 8 summarize mean hourly fluxes averaged
over 1 yr across the sediment–water interface at Sites
1 to 4. Fig. 6 shows that fluxes of all chemical species
measured were greater at Site 1 than at Site 4 by at
least 1 order of magnitude, and close to 2 orders of

magnitude for nitrate and nitrite. Annual average oxy-
gen uptake at Site 1 was high compared to that at
Site 2 (Fig. 7), Site 3 (Fig. 8) and Site 4 (Fig. 6), indicat-
ing that Site 1 was more heterotrophic than the other
sites in the Colne Estuary; this resulted in the lowest
net flux of oxygen into the overlying water in the light.
At Site 1, nitrate + nitrite uptake by the sediment was
>1.5 mmol m–2 h–1; although denitrification rates were
relatively high (Fig. 6), they were not sufficient to sup-
port the observed nitrate uptake. This general pattern
was observed throughout the estuary (Figs. 6 to 8).
Nitrification was a more significant process near the
estuary mouth (Site 4) than at the head of the estuary
(Site 1); at Site 4 coupled nitrification–denitrification
rates (Dn) were approximately equal to denitrification
rates supported from the overlying water (Dw) and, on
average, there was a flux of nitrate from the sediment
to the overlying water in the dark (Fig. 6). In contrast,
at Site 1, Dn rates were less than a third of Dw rates. At
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Sites 1 and 4 there was net silicate uptake by the sedi-
ment in the light and a flux into the overlying water in
the dark. This pattern was also seen at Site 2L (Fig. 7)
and Site 3H (Fig. 8). 

In the middle of the estuary, at Sites 2 and 3, net pri-
mary productivity was more significant than at the
mouth (Site 4) or head (Site 1) of the estuary, as indica-
ted by the relatively high rates of net oxygen flux from
the sediment into the overlying water in the light (Figs.
7 & 8). Gross oxygen flux from the sediment into the
overlying water was 3 to 5 times greater than the respi-
ration rates at Sites 2 and 3. At Sites 2 and 3 there was
net uptake of nitrate and nitrite from the overlying
water in both the light and dark, except at Site 2L
(Fig. 7), where nitrite was observed to flux from the
sediment into the overlying water. In the light there
was net uptake of ammonium on both the high and low
shore, compared to a net flux into the overlying water
in the dark. 

At all sites, nitrous oxide fluxes were relatively low
compared to the overall rate of denitrification. N2 flu-
xes were calculated assuming that the final products of
denitrification are N2 and N2O and that any measured
denitrification (Dw + Dn) which cannot be accounted for
by the measured rates of N2O flux must be in the form
of N2. N2 formed the majority of the gaseous products
at all sites, although the ratio of N2:N2O was different
at different sites. At Site 2 the N2:N2O ratio was 6 to 8
(Fig. 7), which is at least 1 order of magnitude lower
than Sites 1, 3 and 4. Consequently, N2O formed
11–14% of the products of denitrification at Site 2 com-
pared to 0.1–2% at the other sites. 

Table 1 shows the annual input of nitrate and ammo-
nium to the Colne Estuary for 1996. The total NO3

– +
NH4

+ load to the estuary was 34.62 Mmol, of which
29% came from the River Colne and 71% from the se-
wage treatment works (Fig. 1). Fluvial inputs into the
estuary were low during 1996 because of extremely
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low winter rainfall (A. Sage pers. comm.). In most years
inputs into the estuary from the River Colne approxi-
mately equal those from the sewage treatment works.
As nitrate was 98% of the NO3

– + NH4
+ load from the

River Colne but only 20% of the load from the sewage
treatment works, the low rainfall and river flow re-
sulted in nitrate decreasing in importance in the estu-
ary during this period. As the sewage treatment works
dominated inputs into the Colne Estuary during this
period, 57% of the NO3

– + NH4
+ load to the estuary was

in the form of ammonium. These values can be com-
pared with fluxes across the sediment–water interface
for the whole estuary (Table 2), and are of the same
order of magnitude. Table 2 shows that the magnitude
of fluxes across the sediment–water interface was
much lower in the light than in the dark. Although on
an average hourly rate m–2 fluxes across the sedi-
ment–water interface were of the same order of
magnitude in both the light and dark (Figs. 6 to 8),
when scaled up over the whole area of the estuary over
a whole year there was a difference in fluxes, as only a
portion of the estuarine sediments were exposed to
light for only a proportion of the day. The estuarine
sediments were a sink for both nitrate and nitrite, with
a total of uptake of –16.28 Mmol N yr–1; however the
estuarine sediments were a source of ammonium with
a net flux into the overlying water of 12.1 Mmol N yr–1.
The estuary was a net sink for DIN with an uptake of
–4.18 Mmol N yr–1. This was probably lost from the
estuary to the atmosphere via denitrification. Direct
measurements of denitrification supported this hypo-
thesis, with a measured annual estuarine denitrifi-

cation of 6.83 Mmol N yr–1 (Table 2). Fluxes of am-
monium into the overlying water and measured de-
nitrification rates (Dw) accounted for a 17.19 Mmol
N yr–1 loss of inorganic nitrogen from the sediment,
which approximately balanced uptake from the over-
lying water of nitrate + nitrite (–16.28 Mmol N yr–1).
Table 2 shows that there was a net annual flux of both
silicate (6.09 Mmol Si yr–1) and phosphate (1.91 Mmol
N yr–1) from the estuarine sediments into the overlying
water.

DISCUSSION

Nutrient loads 

It is well established that the Colne Estuary is hyper-
nutrified (Ogilvie et al. 1997, Robinson et al. 1998,
Dong et al. 2000, 2002, Thornton et al. 2002), with high
DIN inputs coming both from the surrounding catch-
ment and a sewage treatment works. The Colne is re-
presentative of an estuary subject to a high degree of
anthropogenic perturbation and is typical of many sur-
rounding the developed North Atlantic (Nedwell et al.
1999). Spikes in winter nitrate and nitrite concentra-
tion were associated with winter rains and subsequent
runoff from the surrounding land, which flushed ni-
trate from the catchment soils. In summer rainfall is
generally low while biological activity (both on land
and in the river) is high, leading to lower nitrate con-
centrations than during winter (Nedwell et al. 1999).
The main source of ammonium to the estuary was the
sewage treatment works, with spikes in ammonium
concentrations probably related to discharge rate from
the sewage treatment works and the relative rates of
nitrogen transformations within the plant.

Phosphorus chemistry in estuaries is poorly cha-
racterized compared to that of nitrogen. The sewage
treatment works were likely to be a significant source
of dissolved phosphorus, in addition to the catchment
of the Colne. There are complex processes of particle
adsorption and desorption affecting dissolved inorga-
nic phosphorus concentrations as freshwater and sea-
water mix in an estuary (Day et al. 1989). Moreover,
there may have been significant anthropogenic inputs
from polyphosphates, which may be biologically avail-
able but are rarely measured and are poorly character-
ised (Sundareshwar et al. 2001). 

Mean nitrate uptake by the sediment across the
whole estuary in the dark was –329 ± 79 µmol m–2 h–1

(±SE, n = 297) between August 1996 and March 1998,
matching well with a rate of supply of 322 µmol m–2 h–1

(data for 1996; Table 1). The match between nitrate
load and sediment uptake is consistent with the obser-
vation that the Colne Estuary is well-mixed (Ogilvie et
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Dark Light Total

NH4
+ 12.4 –0.306 12.1

NO3
– –13.8 –0.780 –14.5

NO2
–** –1.69 –0.085 –1.78

Total (DIN) –3.09 –1.17 –4.18

Dw* 4.60 0.488 5.09
Dn* 1.63 0.115 1.75
Total* 6.23 0.602 6.83

N2O** 0.077 0.006 0.083

SiO3
– 6.17 –0.084 6.09

HPO4
2– + PO4

3– 1.85 0.055 1.91

Table 2. Annual budget (April 1997 to March 1998) of sedi-
ment–water nutrient exchanges (Mmol yr–1) for the Colne
Estuary, accounting for processes under illumination and in
the dark. Budget calculated using data from the present study
in combination with data previously published in Dong et al.
2000 (*) and Dong et al. 2002 (**). Negative and positive val-
ues indicate that estuarine sediments were net sink and
source respectively. Dw: dentrification using nitrate from
overlying water; Dn: coupled nitrification–dentrification
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al. 1997, Kocum et al. 2002b), as in a stratified estuary
the nutrient load from the river is spatially separated
from the sediment and more likely to pass through the
estuary without being affected by sedimentary pro-
cesses.

Sediment–water nutrient exchange

An objective of this work was to test the hypothesis
that sediment–water nutrient fluxes are significantly
different in estuarine sediments exposed to light than
in the same sediments in the dark due to the activity of
the MPB. Sediment–water exchange of ammonium
was effected by illumination; ammonium flux from the
sediment into the overlying water was generally
reduced or even reversed in the light. Whether ammo-
nium is released from the sediment into the overlying
water or is taken up by the sediment will depend on
the concentration gradient across the sediment–water
interface and metabolic processes occurring within the
sediment. Ammonium concentrations in sediment
porewaters are generally higher than those in the over-
lying water, with an additional pool of exchangeable
ammonium adsorbed to the sediment (Rosenfeld 1979).
High ammonium concentrations result from the catab-
olism of nitrogen containing organic matter in the sed-
iment, produced by both aerobic and anaerobic respi-
rations. Specific metabolisms may further affect
ammonium concentrations; DNRA results in ammo-
nium production from nitrate in the anaerobic zone
and nitrification results in the oxidation of ammonium
to nitrate in the aerobic zone. The net effect of these
processes in the sediments of the Colne and most other
organic-rich, nutrified estuaries (e.g. the Great Ouse;
Nedwell & Trimmer 1996), is a flux of ammonium from
the sediment to the overlying water. Both prokaryotes
and protists living within the sediment take up and
assimilate ammonium from the porewater; this process
was insufficient to prevent a net flux of ammonium into
the overlying water in the dark. However, in the light
there was net uptake of ammonium from the overlying
water, primarily through uptake and assimilation by
the MPB (Thornton et al. 1999) and secondarily
through stimulation of nitrification as a result of
increased oxygen penetration into the sediment (Ris-
gaard-Petersen et al. 1994, Rysgaard et al. 1994, Dong
et al. 2000, An & Joye 2001). Using the lens tissue tech-
nique (Eaton & Moss 1966) to extract MPB from Colne
sediment, Thornton et al. (1999) demonstrated that
ammonium uptake by natural populations of MPB was
greater under illumination than in the dark. In addi-
tion, there was a rundown of porewater ammonium in
the upper 3 cm of sediments incubated under illumina-
tion compared to sediments in the dark, with the great-

est rundown occurring closest to the sediment–water
interface, which is where the MPB are located (Thorn-
ton et al. 1999). 

As ammonium was the dominant species of DIN in
the Colne Estuary during the study period, processes
affecting the flux of ammonium across the sediment–
water interface had a profound effect on whether the
sediments were a net source or sink for DIN. In the
upper estuary (Sites 1 and 2), ammonium uptake in the
light was sufficient to reverse the direction of DIN flux.
In the lower estuary (Sites 3 and 4), this was not the
case and DIN uptake was higher in the dark compared
to that in the light. This indicates a shift moving down
the estuary from Sites 1 and 2, where processes affect-
ing ammonium production and uptake determined
DIN flux, to Sites 3 and 4, where processes affecting
nitrate were more significant in determining DIN
fluxes. At Sites 3 and 4 (Fig. 4) uptake of DIN was
greatest in the dark, which may indicate that denitrifi-
cation supplied by nitrate in the overlying water (Dw)
was the main determinant of DIN sediment–water ex-
change in the lower Colne, as Dw was inhibited under
illumination by oxygen production by the MPB (Dong
et al. 2000). This observation is supported by nitrate
fluxes, on a whole estuary scale, where mean hourly
nitrate fluxes into the sediment were greater in the
dark than under illumination (Fig. 5). The MPB them-
selves may have also taken up and assimilated ammo-
nium and nitrate in the light, resulting in the lower
estuary being a consistent sink for DIN in both the light
and dark.

Silicate fluxes across the sediment–water interface
were also affected by illumination, particularly in the
summer of 1997, with sites being a net sink for silicate
under illumination and a net source of silicate in the
dark. This pattern was probably due to the influence of
the MPB in the Colne, which was dominated by
diatoms (Thornton et al. 2002). Most organisms do not
have a significant requirement for silicon; however,
diatoms use silicon to form the frustule that encloses
individual cells. Overall, the sediments were a net
source of silicate; mean flux in the dark over the whole
estuary was 65 ± 19 µmol m–2 h–1 (±SE, n = 306), which
is very similar to fluxes measured by Conley et al.
(1997) in the Gulf of Finland (Baltic) in the range of
72 to 84 µmol m–2 h–1.

Sundbäck et al. (1991) used a continuous flow ex-
perimental system to determine the influence of sub-
littoral MPB on sediment–water solute exchange and
found diel patterns of flux in cores maintained on a
light–dark cycle. Under illumination there were
reduced fluxes of ammonium out of the sediment com-
pared to the dark or a net uptake, as observed in the
Colne Estuary. Sundbäck et al. (1991) also measured
diel cycles in nitrate and phosphate fluxes in response
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to illumination; such effects were not apparent in the
Colne, possibly due to significantly higher nutrient
concentrations than in the Kattegat site of Sundbäck et
al. (1991). MPB compete with bacteria for nitrogen
(Risgaard-Petersen 2003) and may be a significant
temporary sink for DIN (Dalsgaard 2003, Sundbäck et
al. 2004). Estimates of the proportion of DIN assimi-
lated by the microphytobenthos in the Colne Estuary
vary from 2.3% (Dong et al. 2000) to 12.8% (Thornton
et al. 2002), depending on how DIN assimilation is cal-
culated.

Bioturbation and bioirrigation by both macro- and
meiofauna are processes that affect sediment–water
solute fluxes and the relative rates of biogeochemical
processes within the sediment (Aller 2001). Cores from
the Colne Estuary showed relatively little evidence of
significant bioirrigation activity, with the exception of
Alresford Creek (Cooper 1999). In Alresford Creek
(Fig. 1) the polychaete worm Hediste diversicolor was
abundant in the intertidal and significantly increased
the area of sediment–water interface during tidal im-
mersion and affected solute exchange across the sedi-
ment–water interface (Cooper 1999).

Anammox and denitrification rates

The denitrification rates presented in Figs. 6 to 8
were measured using the isotope pairing technique
(Nielsen 1992). The assumptions of the method are
challenged by the discovery of the anammox process
in marine sediments (Risgaard-Petersen et al. 2003).
A consequence of anammox and denitrification co-
occurring is an overestimation of total N2 production
and true denitrification rates (Risgaard-Petersen et al.
2003). Our denitrification rates were measured before
anammox was considered in nitrogen cycling studies
of marine sediments; consequently we are faced with
the question of whether the measured denitrification
rates presented in Dong et al. (2000) are valid and can
be used to calculate the budgets presented in this
paper. Relatively little is known about the factors af-
fecting anammox rates or even how widespread the
process is, although Dalsgaard et al. (2005) suggested
that it may be responsible for 50% of the removal of
fixed nitrogen from the ocean. The limited data for
marine sediments, summarized by Dalsgaard et al.
(2005), indicates that although the absolute rates of
anammox may be higher in very shallow water com-
pared to the continental shelf and slope, the relative
contribution of anammox to N2 production in shallow
waters such as estuaries is relatively low. Risgaard-
Petersen et al. (2003) concluded that the isotope pair-
ing technique does not significantly overestimate N2

production in estuarine sediments, as anammox ac-

counts for <6% of N2 production. Trimmer et al. (2003)
measured anammox in the Thames estuary, which is
located near the Colne Estuary and therefore shares
many of its characteristics. Anammox rates accounted
for 1 to 8% of the N2 production from the sediment
(Trimmer et al. 2003). Dong et al. (2000) directly tested
the central assumption of the paired isotope technique,
i.e. that the concentration of 15NO3

– tracer added to the
overlying water does not effect the denitrification rate
of 14NO3

–. This assumption was not violated, leading
Risgaard-Petersen et al. (2003) to conclude that the de-
nitrification rates presented in Dong et al. (2000) were
representative of in situ rates. Based on current know-
ledge, it is reasonable to conclude that anammox did
not contribute significantly to nitrogen removal in the
Colne Estuary.

Budgets

The sediments of the Colne Estuary are a net source
of ammonium, soluble reactive phosphate and silicate.
Potentially, fluxes of inorganic nutrients in to the over-
lying water would have supported phytoplankton pro-
duction in the estuary. Kocum et al. (2002b) measured
phytoplankton biomass and productivity in the Colne
Estuary between September 1994 and November 1995
and found that biomass was between 0.5 and 37.5 µg
chl a l–1, with productivity ranging from negligible to
17 µg C l–1 h–1. Photosynthesis–irradiance curves indi-
cated that productivity was light-limited in situ due to
the high turbidity of the well-mixed water column
(Kocum et al. 2002b). Light limitation of phytoplankton
growth is further supported by measurable inorganic
nutrient concentrations in the overlying water at Site 4,
indicating that not all nutrients were taken up in the
Colne itself and that the estuary is a source of nutrients
supporting phytoplankton growth in the surrounding
coastal waters (Kocum et al. 2002b). Although the sedi-
ments are a net sink for nitrate and nitrite, this did not
affect nitrogen limitation of the phytoplankton as the
sediment was a net source of ammonium. 

The Colne Estuary is a source of N2O, a potent green-
house gas, as shown from the data used in this paper
(Dong et al. 2002) and previous work (Robinson et al.
1998). Nitrous oxide is produced during denitrification
(Seitzinger et al. 1984, Dong et al. 2002), nitrification
(De Bie et al. 2002) and DNRA (Senga et al. 2006);
therefore, determining the factors affecting N2O pro-
duction in coastal sediments is complex. Site 2 was a
major source of N2O as indicated by flux data, the rela-
tively high supersaturation of the water column with
N2O over the site (Dong et al. 2002) and the high ratio of
N2:N2O indicated by the nutrient budgets. Experiments
with intact sediments by Dong et al. (2002) showed that
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the proportion of N2O produced relative to N2 by sedi-
ment from Site 2 increased with increases in the over-
lying concentration of nitrite significantly more than
with increases in nitrate concentration. This may be an
explanation for the elevated N2O production at Site 2;
however, it is not possible to determine from the bud-
gets if nitrite generation within the sediment was rela-
tively high at Site 2 compared to other sites. 

The annual budget for the whole Colne Estuary
(Table 2) and mean hourly fluxes at each site enable
the comparison of published denitrification rates (Dong
et al. 2000) with sediment–water exchange of nitrogen
species over the same time period. Dw was calculated
to be 5.09 Mmol yr–1, which was supplied by nitrate
and nitrite uptake from the overlying water. Direct
measurements of nitrate and nitrite exchange across
the sediment–water interface showed that the sedi-
ments were net sinks for both nitrate and nitrite. How-
ever, the flux of nitrate and nitrite were –14.5 and
–1.78 Mmol yr–1 respectively. Therefore, uptake of oxi-
dized inorganic nitrogen by the sediment was 3.2 times
higher than the denitrification rate, indicating that the
majority of nitrate and nitrite fluxing into the sediment
from the overlying water was not denitrified. Alterna-
tive fates for this nitrogen include the assimilation by
organisms within the sediment (i.e. bacteria and micro-
phytobenthos), anammox (see above) and DNRA. The
estuarine sediments were a net source of ammonium,
with a flux of 12.1 Mmol yr–1 into the overlying water.
Sources of ammonium in the sediment would have
been the mineralisation of organic matter and DNRA.
Uptake of inorganic oxidized nitrogen (–16.28 Mmol N
yr–1) could be approximately balanced by adding
together ammonium flux and denitrification (Dw) to
give a total of 17.19 Mmol N yr–1. This indicates that
DNRA is a significant process in the Colne Estuary, as
shown previously by King & Nedwell (1985). Subtrac-
ting Dw from the total sediment uptake of oxidized in-
organic nitrogen suggests a DNRA rate of 11.19 Mmol
N yr–1. Applying this approach to the mean hourly
fluxes at each site (Figs. 6 to 8) shows that DNRA was
significant at all sites except Site 2L in the dark.

Ammonium production within the sediment was
higher than the 12.1 Mmol yr–1 fluxing into the over-
lying water due to uptake by the microphytobenthos,
particularly under illumination (Fig. 7). Nitrification
also consumed ammonium in the sediment by convert-
ing it to nitrate. Although the total nitrification rates
were not measured, nitrification coupled to denitrifi-
cation (Dn) was measured by Dong et al. (2000) using
the isotope pairing technique. Using these data, coup-
led nitrification–denitrification was calculated to be
1.75 Mmol N yr–1. Therefore, nitrification effected a sig-
nificant loss of the ammonium, accounting for a mini-
mum of 1.75 Mmol N yr–1. As not all nitrification would

be coupled to denitrification, the actual rate of nitrifi-
cation in the Colne Estuary would have been higher.
Consequently, DNRA rates may have been higher than
suggested by the mass balance of sediment–water
nitrate and ammonium fluxes, and Dw rates.

DNRA, by converting NO3
– to NH4

+, not only retains
nitrogen within coastal ecosystems but also converts it
to a form which is the preferable inorganic nitrogen
source for phytoplankton (Dortch 1990). Respiration of
organic matter within the sediment, whether the ter-
minal electron acceptor is oxygen, nitrate or sulphate,
will also initially produce ammonium (Day et al. 1989).
The sedimentary uptake of nitrate and exchange for
ammonium in the overlying water may have affected
phytoplankton growth, productivity and community
structure in the estuary. Kocum et al. (2002a) showed
that >95% of the inorganic nitrogen uptake in the
Colne was in the form of ammonium, despite the re-
latively high concentrations of nitrate in the Colne
Estuary.

Although there were significant differences between
mean hourly ammonium fluxes under illumination and
in the dark (Figs. 6 to 8), these were not significant over
the whole estuary as the number of hours and area of
illuminated sediment was relatively low. Ignoring the
direction of the flux, fluxes in the light accounted for
less than 5 % of the total sediment–water exchange of
both ammonium and nitrate. However, if net processes
are considered, then processes under illumination are
significant, as in the dark a large proportion of the
–15.49 Mmol N yr–1 of oxidized inorganic nitrogen was
cancelled out by the flux of 12.4 Mmol N yr–1 as ammo-
nium into the overlying water. The net DIN flux was
–3.09 Mmol N yr–1 in the dark and –1.17 Mmol N yr–1

in the light, as fluxes of all nitrogen species were
negative under illumination. Therefore, fluxes under
illumination accounted for 28% of the net uptake of
DIN by estuarine sediments, despite the short time pe-
riods and small area of sediment illumination.
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