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Abstract
Purpose We examined potential causes of nutrient release
from the sediments of a shallow polymictic reservoir that,
unlike many other shallow lakes, had not received large
amounts of nutrient loading. It was hypothesised that the sed-
iments released greater amounts of nutrients under anoxic
rather than oxic conditions and that nitrogen (N) and phospho-
rus (P) release was limited by the availability of different types
of organic substrate.
Materials and methods Sediment incubation experiments un-
der oxic and anoxic conditions were conducted in summer and
in winter. One anoxic incubation experiment with the addition
of different types of dissolved organic substrate (glucose, ac-
etate, formate and propionate) was carried out. Concentrations
of nitrite and nitrate (NOx

−-N), ammonium (NH4
+-N), soluble

reactive P (srP) and iron (Fe(II)) were monitored in the super-
natant of the incubation chambers over 28 days. Thermal strat-
ification was monitored in situ for 17 months and sediment
composition was analysed.
Results and discussion NOx

−-N concentration increased by
5.67±0.33 mg N l−1 in anoxic conditions but was much lower
in oxic treatments. Release of srP was low in anoxic and oxic
treatments (0.004±0.001 mg P l−1) but was stimulated by
0.027±0.015 mg P l−1 under additions of formate. Fe(II) re-
lease was mostly stimulated by glucose additions (25.59±

4.28 mg Fe l−1). P release was much lower than observed in
eutrophic lakes. P release does not appear to be as a result of
the reduction of Fe minerals and concurrent dissolution of
orthophosphate, often reported as the most prevalent pathway
for P release from anaerobic lake sediments.
Conclusions Iron and P flux from lake sediments can be in-
dependent from each other and can be controlled by dissolved
organic C. Further, the study confirms the role of oxygen
availability in controlling nutrient release from the sediments.

Keywords Carbonlimitation . Ironcycling .Nutrientrelease .

Phosphorus . Shallow lakes . Stratification

1 Introduction

Water quality in shallow lakes has suffered worldwide in re-
cent decades. This is often due to internal phosphorus (P)
storage which can support extensive phytoplankton growth
when released into the water column (Søndergaard et al.
2001, 2003, 2013). The release of nitrogen (N) has been ex-
amined less often, but, as a major algal nutrient, N is also
decisive for water quality. Sediments can play an important
role as a nitrate sink through denitrification (Saunders and
Kalff 2001), but they can also be a source of ammonium
(NH4

+-N), with release rates exceeding external input
(Burger et al. 2007). This warrants closer examination of N
as well as P release from the sediments of shallow lakes.

Microbially mediated transformations and chemical sorp-
tion and dissolution processes in the sediments lead to the
release of N and P into the water column. Processes underly-
ing these releases depend on various environmental conditions
but oxygen availability is often an important driver. Under
anoxic conditions, release rates of P (Andersen and Ring
1999; Malecki et al. 2004; Nowlin et al. 2005; Ahlgren et al.
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2011), N (Malecki et al. 2004; Beutel et al. 2008) and iron (Fe)
(Andersen and Ring 1999) can be significantly higher com-
pared with oxic conditions. Inversely, the transport of inorgan-
ic dissolved P out of the sediments can be hindered if the
surface layer of the sediments is oxidised (Penn et al. 2000;
Christophoridis and Fytianos 2006). It is often suggested that
the mechanism behind oxygen-controlled P release is the re-
duction of Fe(III)oxyhydroxides resulting in the dissolution
and release of orthophosphate (Boström et al. 1988;
Amirbahman et al. 2003; Christophoridis and Fytianos 2006;
Loh et al. 2013). Nitrogen may be released as ammonium in
the remineralisation of organic matter. In oxygenated parts of
lake sediments, ammonium may be oxidised to nitrate by ni-
trifying bacteria. In anoxic parts of the sediments, nitrate may
in turn be reduced to nitrite and eventually dinitrogen gas in
the denitrification process facilitated by anaerobic bacteria.
Both nitrate and ammonium may accumulate and diffuse into
the overlying water column where they may enhance primary
productivity.

Generally, the amount of organic matter deposited in the
sediments determines bacterial abundance (Schallenberg and
Kalff 1993) and bacterial activity (Goedkoop et al. 1997;
Törnblom and Rydin 1998). In turn, the release of ammonium
and orthophosphate from the sediments can increase with or-
ganic matter content (Watts 2000; Autio et al. 2003).
Specifically, the availability and the type of organic substrate
affects the bacterial community composition (Mitchell 2002;
Findlay et al. 2003; Torres et al. 2011) and can control rates
and pathways of nutrient cycles in the sediments (Mitchell
2002; Mitchell et al. 2005). Nitrogen and P release processes
can be stimulated by additional macrophyte material (Watts
2000), formate (Mitchell et al. 2005) or glucose (Ahlgren et al.
2011) availability, respectively. Further, additions of glucose
(Bradley et al. 1992, 1995; Wang et al. 2007), acetate (Wang
et al. 2007), starch (Wang et al. 2007) and propionate
(Mitchell 2002) can enhance denitrification and thus remove
bioavailable N from the sediments. Aside from catalysing re-
dox reactions leading to the release of P, sediment bacteria can
act as a polyphosphate store and release P depending on redox
conditions (Gächter and Meyer 1993; Hupfer et al. 2007).

The water column of shallow lakes is often well mixed and
thus oxygenated. Nutrients are often re-introduced into the
water column through sediment resuspension (Kristensen
et al. 1992; Reddy et al. 1996; Holmroos et al. 2009), but they
may also diffuse from the sediments despite the overlying
water being aerated (Jensen and Andersen 1992; Fisher et al.
2005). However, there may be periods when the water at the
sediment interface becomes anoxic. It has been demonstrated
that anoxia plays an important role for re-introduction of nu-
trients into the water column in shallow lakes (Reddy et al.
1996; Nowlin et al. 2005; Wilhelm and Adrian 2008). Stable
weather conditions, i.e., low wind speeds, may lead to persis-
tent thermal stratification of the water column during hotter

periods. Organic matter mineralisation can consume the dis-
solved oxygen in bottom waters and result in anoxia and po-
tentially increase nutrient release. These periods of stratifica-
tion can lead to accumulation of dissolved inorganic nutrients
in bottom waters followed by large nutrient pulses into the
euphotic zone and intensified phytoplankton growth
(Wilhelm and Adrian 2008). Most shallow lakes, in which
anoxic nutrient release and internal loading has been investi-
gated, have often experienced external nutrient loading over
long periods, sometimes decades (Christophoridis and
Fytianos 2006; Burger et al. 2007; Spears et al. 2007). Less
information exists on the nutrient release of sediments of shal-
low lakes that have not received large amounts of nutrient
loading.

We focused our sediment examinations on Grahamstown
Dam, a shallow mesotrophic drinking water reservoir on the
coast of New South Wales, Australia. The reservoir was con-
structed for the purpose of drinking water supply in 1965 and
has not received large amounts of agricultural or industrial run
off. Its large surface area in combination with prevailing coast-
al weather patterns (such as frequent windy days) is assumed
to lead to a well-mixed water column at most times. There are
limited data suggesting that periods of thermal stratification
may occur for several days, mainly in summer (Cole and
Williams 2011) and anoxia of bottom waters is likely to ac-
company these periods. Phytoplankton growth is often co-
limited by N and P (Müller and Mitrovic 2015) which neces-
sitates gaining insight into release patterns and mechanisms of
both nutrients from these sediments. Thus, the purpose of this
paper was to determine: (i) to what extent persistent thermal
stratification occured in the reservoir; (ii) if anoxic conditions
increased the release of N and P; and (iii) how organic sub-
strate affected this. To test the hypotheses that (1) the sedi-
ments released higher amounts of nutrients under anoxic con-
ditions than under oxic conditions and (2) that under anoxic
conditions N and P release would be limited by the availability
of different types of organic substrate, we conducted a series
of sediment incubation experiments.

2 Materials and methods

2.1 Study site

Grahamstown Dam is a shallow reservoir located 20 km north
of Newcastle on the coast of New SouthWales, Australia. The
lake is nominally well-mixed because of its large surface area
of (28 km2), which provides a large fetch, and its shallow
mean depth (7 m). The catchment comprises 73 km2 which
at times may not be sufficient to maintain the necessary level
for drinking water supply. To compensate, water levels can be
increased by pumping water from a weir pool on the nearby
Williams River through a canal (Balickera Canal) into the
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northern end of the lake. This procedure also increases nutri-
ent levels in the reservoir as the Williams River carries a
higher nutrient concentration than the lake. Concentrations
of nitrate and nitrite (NOx

−-N) and soluble reactive phospho-
rus (srP) can be up to nine and six times, respectively, higher
in the river than in the lake. Between 1 April 2000 and 1 April
2009, concentrations varied between 3 and 100 μg N l−1 and 1
to 58μg P l−1 in Grahamstown Dam and 3 to 740 μg N l−1 and
1 to 170 μg P l−1 at Seaham Weir (Hunter Water monitoring
data) from where water is pumped into the dam via Balickera
Canal. Currently, the lake has been classified as mesotrophic
according to OECD guidelines (Cole and Williams 2011).

Three different sites in the lake were chosen for their indi-
vidual environmental characteristics. Site 3, close to Balickera
Canal, is the most protected and shallowest (4–6m, depending
on capacity of the lake) while site 2, closest to the centre of the
lake, is the most wind exposed and deepest (9–10 m). Site 1,
close to the drinkingwater off take, is between 7 and 9m deep.
Each site is permanently marked with a buoy.

2.2 Sediment composition

Sediment was collected with an Ekman grab at each of the
three sites. Fresh samples were stored at −20 °C until further
processing unless mentioned otherwise. Loss-on-ignition
(LOI) was carried out to determine the organic matter content
of the sediments. LOI was determined by dry combustion at
550 °C and calculated as the percentage of the dry weight of
the sediment before combustion on three independent sedi-
ment samples from each site.

Concentrations of pore water nutrients in comparison with
concentrations in the overlying water column are an indicator
for the diffusion gradient for nutrient release into the water
column. The focus was on N species (NH4

+-N and NOx
−-N)

to elucidate details of the N cycle in Grahamstown Dam. Three
independent 50 ml sediment samples from each site were cen-
trifuged at 3500 rpm for at least 10 min on the day of sampling.
The supernatant was filtered (0.45 μm) and stored at −10 °C
until analysis. Fe(II) and both N species were analysed in all
pore water samples. As there was not enough supernatant from
some samples, srP was only measured in one sample from site
1 and two samples from site 2. Concentrations of srP and N
species were determined photometrically (QuikChem 8500
Lachat nutrient analyser, Loveland, USA) following APHA
(1995) methods. Fe(II) was analysed photometrically (Varian
Cary 50 Bio UV spectrophotometer, Santa Clara, USA ) using
the ferrozinemethod (Stookey 1970; Lovley and Philips 1986).

Total carbon (TC) indicates the amount of C that is poten-
tially available as electron donor. Total N (TN) and total P
(TP) content indicate the amount of these nutrients that could
potentially be remobilised. Analysis of TC, TN and TP was
conducted on two samples from sites 1 and 3 each and three
samples from site 2 collected on 8 April 2013, and also on

sediments that had been used in the oxic treatments of the
nutrient release experiment in June 2010 and stored at
−20 °C until analysis (five replicates from sites 1 and 2 and
four from site 3). Analysis of TC and TN was carried out with
a TruSpec CN Determinator (Leco Corporation, St Joseph,
USA). Total P was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) after acid digestion
by Envirolab Services Pty Ltd, Sydney, Australia.

Major elemental composition of the sediments (Si, Al, Fe,
Mn, Mg, Ca, Na, K, P and S) was determined by X-ray fluores-
cence spectrometry (XRF) on three independent samples from
sites 1 and 2 each and one sample from site 3. Spectra were
determined with a Bruker-AXS S4 Pioneer X-ray Fluorescence
Spectrometer (Billerica, USA) by the Advanced Analytical
Centre at James Cook University, Townsville, Australia.

2.3 Sediment incubation under oxic and anoxic conditions

To test the nutrient release under oxic and anoxic conditions,
laboratory sediment incubation experiments were conducted
in July 2010 (winter experiment) and in March 2011 (summer
experiment). Each experiment lasted for 28 days. Sediment
was collected from the three sites in Grahamstown Dam on
day 0 (17 June 2010 and 10 February 2011, respectively).
Treatments included incubation under anoxic and oxic condi-
tions with five replicates per treatment. The release of TN, TP,
srP, NOx

−-N, NH4
+-N and Fe(II) was monitored on days 0, 1,

4, 7, 11, 15, 21 and 28.
Plastic containers (2 l) with a lid that allowed airtight sealing,

a sampling port (a butyl rubber septum) that allowed sampling
with a syringe and hypodermic needle and a device for pressure
equalisation (constructed according to Baldwin et al. (2005))
served as incubation chambers for anoxic treatments. Oxic treat-
ment chambers were similar but were aerated for the duration of
the experiment, did not have the pressure equalisation device
and were only sealed airtight for transport. Oxic chambers were
kept in water up to their lids and anoxic chambers were fully
submersed under water. Both were kept in a dark temperature-
controlled environment at 16 °C in winter and 23 °C in summer.

Sediments were collected from Grahamstown Dam using
an Ekman grab sampler. An amount of 0.5 l of sediment was
immediately transferred to each incubation chamber and
topped up with ultrapure water (conductivity adjusted with
concentrated sodium chloride solution to match lake water).
Before sealing, pH, temperature and dissolved oxygen were
measured. Ultrapure water used for anoxic treatments had also
been degassed by bubbling helium gas through it until dis-
solved oxygen concentrations reached 2.0 mg l−1. Degassing
was omitted in the summer experiment as dissolved oxygen
concentrations decreased from 8.5 to below 1.0 mg l−1 in the
supernatant after addition to the incubation chambers of the
oxic treatments. Dissolved oxygen, pH and temperature were
measured in the anoxic treatments in a freshly taken sample
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and on day 28 after opening the chambers. Oxic treatments
were monitored on the sampling days. Dissolved nutrient
samples and Fe(II) samples were filtered (0.45 μm). Fe(II)
samples were preserved in 10 % ultrapure concentrated hy-
drochloric acid (0.1 ml per 1 ml sample). Concentrations of
srP, NOx

−-N, NH4
+-N, TN and TPwere determined photomet-

rically (QuikChem 8500 Lachat nutrient analyser, Loveland,
USA) following APHA (1995) methods. Fe(II) was analysed
photometrically (Varian Cary 50 Bio UV spectrophotometer,
Santa Clara, USA) using the ferrozine method (Stookey 1970;
Lovley and Philips 1986).

2.4 Sediment incubation with additional dissolved organic
carbon

To test the effect of additional C sources on the release of
nutrients from the sediments, one laboratory incubation exper-
iment was conducted in October 2011 (C limitation experi-
ment). As release patterns in the first two experiments were
very similar between sites, sediments were collected from one
site only on day 0 (27 October 2011). Methods described
above were applied for collection, filling of incubation cham-
bers, measurement of water quality parameters and incuba-
tion, and the airtight incubation chambers used for the anoxic
treatment were used. Sediments were incubated at 20 °C for
28 days.

Solutions of electron donors in the form of short-chain
aliphatic carboxylic acids and glucose in ultrapure water were
added to each chamber after filling with sediment. The
four treatments were acetate, formate, propionate and glu-
cose (n=4). One control contained ultrapure water and
sediment (n=4). Solutions were made from reagent grade
chemicals to achieve a concentration of 120 mg C l−1, i.e.
410 mg l−1 acetate, 680 mg l−1 formate, 320 mg l−1 pro-
pionate and 300 mg l−1 glucose, and degassed.
Environmental concentrations are usually lower than
120 mg C l−1 (5–12 mg l−1 of total organic C at site 1
according to Hunter Water monitoring data) but the con-
centration was chosen to ensure levels of C were high
enough to be able to record a response to C additions in
a batch experiment.

2.5 Thermal stratification

Temperature data loggers (TidbiT v2 Water Temperature
Data Logger, Onset, Bourne, USA) were deployed at each
of the three sites. Data loggers were positioned at approx-
imately 0.5 m above the sediment surface and at 1- to 2-m
intervals throughout the water column for 17 months
(September 2011–February 2013). Water temperatures
were recorded at 30-min intervals. Thermal stratification
data were smoothed with a rolling mean using the func-
tion rollmean of R’s zoo package before plotting.

2.6 Data analysis

Analysis of Similarities (ANOSIM) was performed to illus-
trate qualitative similarities in nutrient release between the
three different sites for both assays. As there were four repli-
cates for srP in the winter assay, it was not included in
ANOSIM. The analysis was carried out with the statistics
software R (version 2.13.0, R Development Core Team
(2011)) using the functions anosim and metaMDS (with
Euclidean distances) from the vegan package.

3 Results

3.1 Thermal stratification

Several periods of persistent thermal stratification occurred at
the three sites throughout the 17-month measuring period.
Events of persistent thermal stratification were observed mostly
during the spring and summer months, while the water column
was well mixed in winter. The longest and most pronounced
period of stratification was recorded in November 2011. It was
most obvious at site 2 with temperature differences of up to
7.80 °C between surface (0.5 m) and bottomwater (9 m) lasting
for up to 23 days (Fig 1. Diurnal stratification affecting the
surface to a depth of ∼3 m occurred frequently, sometimes
temperature differences between warm surface layer and colder
bottom layer were up to 4.64 °C.

3.2 Sediment composition

Sediments at site 1 were patchy and consisted of either sand or
silty grey brown material interspersed with some small roots
and other plant matter. The silty sediments were visually sim-
ilar to the sediments found at the other two sites. The content
of TC, TP and TN, different minerals and organic matter in the
sediments as well as concentrations of NH4

+-N, NOx
−-N,

Fe(II) and srP in the pore water are summarized for all three
sites in Table 1. The main constituent of sediments from all
three sites was SiO2, followed by organic matter (measured by
LOIXRF), Al2O3, TC and Fe2O3T. Pore water contained up to
6.50±1.29 mg l−1 Fe(II) and 1.65±0.51 mg N l−1 in the form
of NH4

+-N, while concentrations of NOx
−-N and srP were

below 0.014 mg P l−1 and 0.01 mg N l−1, respectively.
Concentrations of N species in the pore water and proportions
of SiO2 were higher, and proportions of Al2O3 were lower at
site 1 compared with the other two sites.

3.3 Nutrient release under oxic and anoxic conditions

The presence of oxygen had a large impact on the type and
amount of nutrients released in both experiments. Sediments
from all three sites released N in both experiments and there
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was a distinct difference in the release of N species from oxic
and anoxic treatments (Figs. 2 and 3). Concentrations of TP
decreased independently from oxygen presence during the
course of both experiments (Figs. 2 and 3). A release of srP
and Fe(II) was detected at all three sites in the summer exper-
iment (Fig. 3).

ANOSIM analysis indicated that site location exerted small
influences on nutrient release in both experiments (winter ex-
periment: global R=0.0140, p=0.014; summer experiment:
global R=0.121, p=0.001). As site did not have a big impact
on nutrient release, concentrations of nutrients were averaged
over the three sites and concentrations in the following text are
the mean±standard error of all three sites (n=15, except srP in
the winter experiment where n=12).

3.3.1 Nitrogen release

The largest release of N occurred in the form of NOx
−-N in the

anoxic treatments in both experiments. Up to 5.67±0.33 mg
N l−1 in the form of NOx

−-N was released by day 7 in the
winter experiment (Fig. 2) and by day 4 in the summer exper-
iment (Fig. 3). Subsequently, concentrations declined until
almost initial values were reached (0.21±0.02 mg N l−1 in

winter, 0.05±0.08 mg N l−1 in summer). In the oxic treat-
ments, NOx

−-N release was several orders of magnitude
smaller and also slower compared with the anoxic treatments.
Maximum concentrations were reached on day 28 in the win-
ter experiment (0.08±0.05 mg N l−1) and day 21 in the sum-
mer experiment (0.05±0.03 mg N l−1).

Up to 1.36±0.030mgN l−1 NH4
+-Nwas released rapidly by

day 7 in the anoxic treatments in the winter experiment (Fig. 2)
and up to 0.86±0.02 mg N l−1 by day 4 in the summer exper-
iment (Fig. 3). Subsequently, release rates slowed down but
concentrations continued to increase to a maximum of 2.12±
0.03 mg N l−1 on day 21 in winter and 2.14±0.09 mg N l−1 on
day 21 in summer until the end of the experiment. In the oxic
treatments, NH4

+-N was released more slowly and nearly line-
arly during the course of both experiments. In the oxic treat-
ments, concentrations increased to 1.80±0.05 mg N l−1 be-
tween day 0 and 28 in the winter experiment and 2.20±
0.03mgN l−1 between day 0 and 21 in the summer experiment.

The release of TN followed a pattern similar to the release
of NOx in both treatments albeit TN concentrations being
higher. When added, concentrations of NOx

−-N and NH4
+-N

were nearly the same as TN concentrations in both treatments
and both experiments (Figs. 2 and 3). Similar to the release of

Fig 1 Temperature profile of the water column at site 2 in Grahamstown
Dam and temperature difference between surface and 9 m during the
period of the most pronounced stratification between September 2011
and February 2013. Shaded areas highlight temperature differences

>0.15 °C (according to Sherman et al. (1998), persistent thermal
stratification occurs when the difference between water surface and
bottom water is >0 °C) and lasting for more than 24 h. Data were
smoothed with a rolling mean with a window of ten observations
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NOx
−-N, the release of TN was much slower and smaller in

the oxic treatment than in the anoxic one.

3.3.2 Phosphorus release

Concentrations of srP varied within a range of <0.001 and
0.003 mg P l−1 (method detection limit: 0.7 μg P l−1 deter-
mined following US EPA methods (DNR 1996) but neither a
clear increase nor decrease was discernible in any treatment in
the winter experiment (Fig. 2). During the summer experi-
ment, concentrations of srP were <0.001 mg P l−1 and in-
creased by 0.004±0.001 mg P l−1 in the anoxic treatments
and by 0.002 mg P l−1 in the oxic treatments (Fig. 3).

Concentration of TP decreased in both treatments in both
experiments (Figs. 2 and 3). In the winter experiment, TP
decreased by 0.173±0.040 mg P l−1 in the anoxic treatments
and by 0.132±0.028 mg P l−1 in the oxic ones by day 7. In the
summer experiment, the decrease was 0.081±0.040 mg P l−1

in the anoxic treatments and 0.077±0.028 mg P l−1 in the oxic
treatments by day 4.

3.3.3 Iron (Fe(II)) release

Fe(II) was only released between day 15 and 28 in the
anoxic treatments in the summer experiments (Fig. 3).
Concentrations increased from 0.02±0.003 by 0.95±
0.36 mg Fe l−1. In the winter experiment, Fe(II) concen-
trations varied within a range of 0.01 and 0.27 mg Fe l−1

but neither a clear increase nor decrease was discernible
in either treatment (Fig. 2).

3.3.4 Dissolved oxygen concentrations

In the winter experiment, dissolved oxygen concentrations
were 0.4 mg l−1 in the supernatant of the oxic treatments and
0.3 mg l−1 in the anoxic treatments within a few minutes after
addition of the ultrapure water on day 0. On day 28, dissolved
oxygen concentrations were 10.0 mg l−1 in the oxic and
0.9 mg l−1 in the anoxic treatments. In the summer experiment,
concentrations decreased rapidly from 8.8 to 4.0 mg l−1 in the
supernatant of the oxic treatments and to 3.2 mg l−1 in the

Table 1 Proportion and standard
error (s.e.) in mg analyte per gram
sediment based on dry weight.
Pore water nutrient
concentrations are in mg l-1.
TCox, TNox and TPox were
measured in sediments collected
from oxic incubation chambers
after the winter nutrient release
experiment. TC, TN and TP were
measured in sediments collected
in April 2013. LOI was measured
as part of the XRF analysis
(LOIXRF) and by dry combustion
at 550 °C in samples from
October 2011 (LOI). Elemental
proportions of Al, Fe, Ca and P
were calculated from Al2O3,
Fe2O3T, CaO and P2O5 values

Site 1 s.e. n Site 2 s.e. n Site 3 s.e. n

Total nutrients TCox 74.9 1.2 5 97.2 1.3 5 60.7 3.2 4

TC 48.1 40.8 2 74.4 0.8 3 62.5 5.6 2

TNox 5.37 0.17 5 6.73 0.18 5 4.27 0.19 4

TN 3.13 3.01 2 6.36 0.52 3 5.40 0.32 2

TPox 0.42 0.01 5 0.53 0.02 5 0.41 0.01 4

TP 0.22 0.20 2 0.70 0.02 3 0.50 0.03 2

Minerals SiO2 618 31 3 472 15 3 575 – 1

Al2O3 73.5 6.1 3 141 1.5 3 147 – 1

Al 38.7 3.3 3 74.7 0.7 3 78.0 – 1

Fe2O3T 40.4 6.9 3 66.3 8.4 3 48.0 – 1

FeT 28.3 5.0 3 46.7 5.8 3 34.0 – 1

TiO2 5.8 0.1 3 6.3 0.2 3 8.0 – 1

CaO 4.9 0.3 3 4.3 0.4 3 5.0 – 1

Ca 3.5 0.2 3 3.1 0.3 3 3.6 – 1

K2O 3.2 0.4 3 5.2 0.6 3 12 – 1

MgO 2.9 0.4 3 3.9 0.2 3 6.2 – 1

Na2O 1.7 0.5 3 2.5 0.3 3 7.0 – 1

SO3 1.3 0.03 3 1.8 0.7 3 0.7 – 1

P2O5 0.9 0.1 3 1.9 0.2 3 1.3 – 1

P 0.4 0.03 3 0.9 0.09 3 0.6 – 1

MnO 0.4 0.06 3 0.5 0.06 3 0.3 – 1

Organic matter LOI 240 25 3 285 26 3 178 – 1

LOIXRF 84 27 3 185 7 3 161 5 3

Pore water NH4
+-N 1.65 0.51 3 0.47 0.08 3 0.82 0.06 3

NOx
−-N 0.01 0.01 3 <0.01 <0.01 3 <0.01 <0.01 3

SrP 0.011 – 1 0.014 0.001 2 – – 0

Fe(II) 2.91 1.27 3 6.50 1.29 3 1.17 0.19 3
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anoxic treatments. On day 28, concentrations were 9.2 mg l−1

in the oxic and 0.4 mg l−1 in the anoxic treatments.

3.4 Nutrient release with additional dissolved organic
carbon sources

Addition of different C sources increased the release of Fe(II)
and srP from the sediments, while the release of NH4

+-N and
NOx

−-N was not stimulated (Fig. 4). Concentrations in the
following are the mean of four replicates±standard error for
each treatment.

3.4.1 Iron (Fe(II)) release

The concentration of Fe(II) increased in all treatments and the
control from day 0 until the end of the experiment (Fig. 4).
The highest increase was stimulated by additions of glucose,
followed by propionate, acetate, formate and the control. In
the glucose treatment, net Fe(II) increase was 25.59±4.28 mg

Fe l−1 on day 21. In the control, the net increase was 2.55±
1.68 mg Fe l−1 on day 28.

3.4.2 Phosphorus release

The concentration of srP increased in all treatments from day 0
until day 14 (Fig. 4). The highest increase was stimulated by
the additions of formate. Concentrations increased by 0.027±
0.015 mg P l−1 in the formate treatment, by 0.011±0.003 mg
P l−1 in the acetate treatment and by ≤0.008±0.003 mg P l−1 in
the remaining treatments by day 14. This was followed by a
decrease in all treatments and the control except the formate
treatment where srP concentration remained stable until the
end of the experiment.

The concentration of TP increased in the formate treatment
by 0.043 ±0.009 mg P l−1 between days 0 and 14.
Subsequently, it decreased to 0.034±0.006 mg P l−1 on day
28. In the remaining treatments and the control, mean TP
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concentrations were variable between 0.012 and 0.028 mg
P l−1 throughout the experiment.

3.4.3 Nitrogen release

The concentrations of NH4
+-N increased by 1.01±0.04 mg

N l−1 in the acetate, formate and propionate treatments and
in the control between days 0 and 4 (Fig. 4). After day 4,
NH4

+-N release slowed down. The concentration of NH4
+-N

in the glucose treatment was lowest and increased only after
day 4. By day 28, concentrations in all treatments and controls
were similar (2.15±0.12 mg N l−1).

The concentration of NOx
−-N decreased from 0.23±

0.02 mg N l−1 on day 0 to less than 0.01 mg N l−1 until day
28 in all treatments and the control. Release of TN followed a
pattern similar to NH4

+-N release. TN concentrations in all
treatments and the control were lower than NH4

+-N concen-
trations between days 4 and 28.

3.4.4 Dissolved oxygen concentrations

After degassing, dissolved oxygen concentrations in all of the
C solutions were <0.9 mg l−1. Dissolved oxygen concentra-
tions were <1.0 mg l−1 in the supernatant after addition of the
degassed C solutions. On day 28, incubation chambers of all
treatments had <0.6 mg l−1 dissolved oxygen in the
supernatant.

4 Discussion and conclusions

Monitoring data showed the water column in Grahamstown
Damwas subject to persistent thermal stratification for periods
up to 23 days in summer. Sediment organic matter content was
high and dissolved oxygen concentrations in the supernatant
in oxic treatments decreased rapidly (within minutes), sug-
gesting that anoxic conditions would set in soon after thermal
stratification became stable. The winter and summer
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experiments revealed that N release was highest within the
first 4 to 7 days of reduced oxygen availability to the sedi-
ments, implying that short periods of thermal stratification
would be enough to increase nutrient concentration in the
overlying water column.

Periods of persistent thermal stratification were frequently
interrupted by mixing of the entire water column. This may
increase nutrient availability in the euphotic zone and may
promote phytoplankton growth in a similar way as described
by Wilhelm and Adrian (2008).

Our results show that sediments of Grahamstown Dam
were a source of dissolved inorganic N, particularly when
the overlying water column was depleted of oxygen.
Detecting a large release of NOx

−-N in the absence of oxygen,
while comparatively little was released in the aerated treat-
ments, was unexpected. As denitrification and nitrification
rates were not monitored and nitrite and nitrate concentrations
were not measured independently, the following explanations
for this observation remain speculative.

Although dependent on oxygen, the oxidation of ammo-
nium to nitrite, the first step in nitrification, can occur
under oxygen concentrations as low as 0.5 mg l−1 (Bernet
et al. 2001). Dissolved oxygen concentrations were be-
tween 0.3 and 3.2 mg l−1 in the anoxic treatments at the
beginning of the summer and winter experiments and be-
tween 0.4 and 0.9 mg l−1at the end. Thus, it is possible that
dissolved oxygen concentrations may not have prevented
nitrification, and it may have been responsible for the in-
crease in NOx

−-N in the anoxic treatments of summer and
winter experiment.

It has been observed that denitrifying bacteria start accu-
mulating nitrite when they are cut off from a continuous
nitrate supply (Xu and Enfors 1996; Liu et al. 2013). An
alternative explanation for the increase in NOx

−-N after day
1 in the anoxic treatments may be an accumulation of nitrite.
This scenario would be based on the following assumptions:
(1) denitrification and nitrification offset each other in the
sediments so that NOx

−-N was not detectable in the
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supernatant in the incubation chambers at the beginning of
the experiments, and (2) the addition of degassed superna-
tant may have slowed the nitrification process leading to a
decrease in nitrate supply which in turn may have caused an
accumulation of nitrite.

Denitrification rates are higher than nitrification rates
in many sediments (Seitzinger 1988), and denitrification
has also been observed in aerobic conditions (Davies
et al. 1989; Lloyd 1993; Chen et al. 2006). Thus, it is
likely that nitrification and denitrification were balanced
to the extent that free NOx

−-N was not detectable. This
would also explain the lack of NOx

−-N in the supernatant
in the oxic treatments. Further, our observations are in
agreement with Rysgaard et al. (1994) who found that if
the overlying water column was oversaturated with oxy-
gen, nitrate from nitrification within the sediments was
the source of nitrate for denitrification. They suggest that
high oxygen concentrations would stimulate the denitri-
fication of nitrate produced within the sediments espe-
cially in environments with low water column nitrate
concentrations.

The release of NH4
+-N under oxic and anoxic conditions in

our study is not unusual because organic N can be mineralised
under both conditions. Similar release rates of NH4

+-N from
oxic and anoxic sediments have been reported previously (e.g.
Rysgaard et al. 1994; Nowlin et al. 2005). The flux of organic
N from the sediment was comparatively small as the concen-
trations and release patterns of the three N species (TN, NOx

−-
N and NH4

+-N) in the summer and winter experiments sug-
gested. TN mainly consisted of dissolved inorganic N, i.e. the
type of N that can be utilised by phytoplankton. In the C
limitation experiment, problems with the persulfate digestion
of samples occurred and recovery was about 80 % of original
concentrations, leading to TN concentrations being lower than
NOx

−-N and NH4
+-N concentrations.

Nitrogen release was largely unaffected by the different C
substrates, in contrast to Fe and P dynamics. Unlike the
NOx

−-N release in the anoxic treatments in the summer and
winter experiments, NOx

−-N was not detected in any of the
treatments or the control of the C limitation experiment. This
suggests that the additional C sources may have enhanced
denitrification rates. Increased denitrification rates due to ad-
ditional dissolved organic C have been reported previously
(Bradley et al. 1992, 1995; Mitchell 2002; Wang et al. 2007).
Both Fe cycling (Lovley and Philips 1986; Lovley 1991;
Mitchell 2002; Mitchell et al. 2005) and P cycling (Watts
2000; Mitchell 2002; Mitchell et al. 2005) have previously
been shown to be enhanced by additions of dissolved organic
C. The stimulation of Fe and P release by bioavailable C
indicates that P and Fe cycling was controlled by microbial
processes and not solely by lack of oxygen resulting from
microbial activity. This result supports the notion that mech-
anisms involved in P cycling are more complex than merely

the absence of oxygen and resulting reductive conditions
(Hupfer and Lewandowski 2008) but that bacteria play an
important role in actively controlling the cycling of P
(Davelaar 1993; Gächter and Meyer 1993). Our results also
suggest that P release was not caused by the reduction of Fe
minerals and concurrent dissolution of orthophosphate as of-
ten suggested as a mechanism of anoxic P release (Boström
et al. 1988; Amirbahman et al. 2003; Christophoridis and
Fytianos 2006; Loh et al. 2013) but rather that cycling of
Fe and P occurs independently in the sediments of
Grahamstown Dam. Each added C source, except formate,
enhanced the release of Fe but glucose caused by far the
highest release. In contrast, P release was mostly stimulated
by formate additions and to a small extent by acetate addi-
tions. While Fe was released until day 21 or 28 in some
treatments of the C limitation experiment, P release stopped
after day 14 and appeared to be taken up by the sediments.
Fermenting bacteria have been shown to use Fe(III) as an
electron acceptor (Lovley 1991). As glucose is a main sub-
strate for fermenters, fermentation would explain the in-
creased release of Fe in the glucose treatment. Sediment pore
water concentrations of Fe were exceeded by release of Fe in
the glucose, propionate and acetate treatments. Similarly, srP
concentrations released in the formate treatment, but not the
other treatments or the control, were higher than pore water
concentrations. This substantiates the claim that Fe and P
release were due to additional bioavailable C. Had the con-
centration of Fe or P increased in the supernatant solely due
to diffusion of Fe and P dissolute in the pore water prior to the
experiment, concentrations in the supernatant in the incuba-
tion chambers would not have exceeded pore water
concentrations.

The apparent decoupling of the P and Fe cycles in the C
limitation experiment are in agreement with the results from
Mitchell et al. (2005) who examined the effect of different C
sources (acetate, formate, lactate, propionate and glucose) on
microbial communities and microbial metabolite cycling in
wetland sediments. It was observed that glucose stimulated
the highest Fe release (6.72 mg per 1-l microcosm) while
formate stimulated the highest P release (0.93 mg per 1-l mi-
crocosm) from the sediments. Acetate additions also lead to a
small release of P (0.31 mg per 1-l microcosm). Moreover, an
inverse pattern was also recorded; formate led to Fe uptake
and glucose to P uptake by the sediments.

Unlike as reported by Mitchell et al. (2005), the amount of
P the sediments released seems to be comparatively small.
The highest net release of srP was 0.027 mg l−1 in the formate
treatment after 14 days of incubation. Amounts of srP record-
ed byMitchell (2002) were approximately 30 times higher, for
example. Even without additional bioavailable C, P release
from the sediments under anoxic conditions is often much
higher than measured in this study. Burger et al. (2007) report-
ed srP concentrations between 0.2 and 0.6 mg l−1 after 24 to
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48 h of in situ sediment incubations in Lake Rotorua, New
Zealand, andMalecki et al. (2004) found concentrations of srP
release between 0.5 and 2.0 mg l−1 in sediment cores from the
St. Johns River, USA, in 25-day incubation experiments.
Obviously, the size of the P pool in the sediments influences
how much P can potentially be remobilised. Accordingly,
sediments from the St. Johns River and Lake Rotorua sedi-
ments contained two to three times as much TP (between 0.88
and 1.34 g kg−1 (Malecki et al. 2004) and around 1.1 to
1.7 g kg−1 (Hickey and Gibbs 2009), respectively) than the
ones at site 1 in Grahamstown Dam (0.42±0.01 g kg−1,
Table 1). Content of P205 was 0.13 % in the sediments exam-
ined by Mitchell (2002) while 0.09 % was found in
Grahamstown Dam at site 1 (Table 1). In contrast to Lake
Rotorua or the St. Johns River, Grahamstown Dam has not
received high external nutrient loads in the past decades and
thus it is not surprising that the P content in its sediments is
lower.

Aside from the amount of P in the sediments, it is possible
that the form it is bound in might have inhibited a greater
release. Other than Fe oxyhydroxides which are a main bind-
ing partner in the classical Fe and P cycling model, P may
adsorb to Al, Mn or calcium minerals or be present in organic
form. In contrast to Fe oxyhydroxides, Al hydroxide is not
redox sensitive (Ulrich and Pöthig 2000) and it has been
shown that molar ratios of Al/Fe >3 or Al/P >25 prevent the
release of P from the sediments (Kopáček et al. 2005; Lake
et al. 2007). Ratios of Al/Fe were <3 for all three sites sampled
in Grahamstown Dam but Al/P were 105, 86, and 130 for sites
1, 2 and 3, respectively, indicating that Al precipitates may
inhibit the release of P in Grahamstown Dam. In conclusion, a
combination of low P content, high Al content and C limita-
tion of bacterial P regeneration processes is likely to be re-
sponsible for the small amount of P release from
Grahamstown Dam sediments. However, unless additional C
substrate becomes available, it is not likely that P would be
released from the sediments in greater quantities despite ther-
mal stratification. A potential source of organic C may be
found in the water pumped into the lake from the Williams
River weir pool. High inputs of dissolved organic C, as com-
monly associated with high river flows and floods (Buffam
et al. 2001;Westhorpe andMitrovic 2012), may accumulate in
the weir pool due to flooding upstream in the Williams River.
If pumped across into the reservoir, these C sources might
stimulate P release from the sediments.
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