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Abstract: Temperate lakes/reservoirs are warming; this can influence the benthic release of nutrients.
They undergo seasonal changes resulting in an array of temperature and oxygen conditions; oxic-low,
oxic-high, anoxic-low, and anoxic-high temperature. We sought to understand the interaction of
temperature and oxygen conditions on benthic solutes exchange through a two-factorial sediment core
incubation experiment by varying either temperature or oxygen conditions of sediment cores from an
oligotrophic and eutrophic reservoir. Temperature and oxygen conditions are both important for
nutrient release; however, they influence solutes differently; differences in the fluxes of the treatments
were explained more by temperature for P, DOC and N, while for Fe, Mn and SO4

2−, differences
were explained more by oxygen conditions. The combination of strongly reducing conditions (due to
anoxia) and high temperature (20 ◦C) led to a significant increase in nutrients concentrations in the
overlying water. Under these conditions, SRP flux was 0.04 and 0.5 mmol m−2 d−1; ammonium was
0.9 and 5.6 mmol m−2 d−1 for the oligotrophic and eutrophic reservoir, respectively. We observed
a synergistic interaction between temperature and oxygen conditions which resulted in release of
solutes from sediments. An increase in nutrients release under increasing temperatures is more likely
and so are algal blooms.
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1. Introduction

Temperate lakes and reservoirs undergo seasonal changes in temperature and sometimes oxygen
conditions, which can affect benthic nutrients release. They mix during cold seasons and their sediments
are normally exposed to low temperature and oxic conditions. Over the warm season, these reservoirs
can stratify or remain mixed and the sediments may remain cold or experience substantial warming.
The redox conditions may remain high as long as oxygen is available at sufficient quantities or become
negative when oxygen is depleted. The distinct effects of temperature and oxygen conditions on
sediment–water interactions are known but their interaction effects are not well quantified. This is
important because temperature and oxygen conditions are interlinked by indirect effects, e.g., does
a higher temperature accelerate oxygen depletion and thus support the occurrence of low redox
potentials (see below). Such interactions can be highly relevant in lake management as ecological
status and water quality largely depend on the nutrients concentrations and biogeochemical processes.
The sediment is an important compartment for biogeochemical processes, where key processes take
place, i.e., release of phosphorus, carbon, and metals [1–3], oxygen depletion [4], and nitrogen removal
by denitrification [5]. Benthic nutrients release or internal loading is a major source of nutrients in
many water bodies [6]. Hence, experimental testing of temperature-oxygen interactions on benthic
nutrient release is of fundamental importance for water quality management.
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Temperature is critical factor regulating benthic biogeochemical processes in lakes/reservoirs [7].
Hypolimnion temperatures in deep temperate lakes/reservoirs are usually low (4–6 ◦C) and constant or
only slightly changing over the course of the year [3]. Temperature profile data in stratified temperate
lakes/reservoirs with moderate depth, however, can also show hypolimnetic temperatures greater than
10 ◦C [8]. In addition, hypolimnetic water temperatures are increasing in many water bodies) due to
climate warming as observed in Lake Lugano [9] and several others [10]. These observations raise
questions about temperature effects on mobilization of nutrients, dissolved organic carbon (DOC) and
metals from sediments and the associated implications for lake ecosystem functioning.

Rising temperatures at the sediment–water interface intensify the release of phosphorus from
sediments [11] potentially promoting eutrophication and the occurrence of cyanobacterial blooms [12,13].
At the start of spring, as the lake temperature start to increase, so does all temperature dependent
process like primary production and mineralization of organic carbon in the sediment. The increase in
water temperature accelerates organic matter mineralization and other processes hence the uptake
of oxygen at the sediment–water interface [14] and can induce hypoxic or anoxic conditions. If the
P stored in the sediment is redox dependent this leads to release of P into the water column thereby
providing nutrients for algal growth from both processes of organic matter mineralization and redox
dependent release explained below. Another negative effect of warming on oxygen concentration is
mediated by the extension of stratification duration in a warmer climate [15]. Longer stratification
duration prolongs oxygen depletion and can induce anoxia and further negative effects on water
quality, as shown in Lake Zürich [16]. Temperature-driven hypoxia is now a threat in several lakes,
even in those that previously were well oxygenated [17]. Furthermore, modelling of climate change
effects already shows increasing risk of anoxia in lakes [18] and hence, the recovery of lakes from
eutrophication will become more difficult [19].

Redox condition is another major determinant of sediment–water interactions [20,21], which
affects the dominant biogeochemical redox reactions and solubility of some metals and ions. At low
redox potential, which occurs at low oxygen and nitrate conditions, iron and manganese are reduced
and released into the water [2,22]. This reductive dissolution of Fe causes the release of P and DOC [2,3],
making the oxygen conditions of a lake’s hypolimnion a key issue in lake management.

The effects of temperature and oxygen conditions on benthic solute fluxes have been extensively
studied, but only separately [7,11,23–25]. Furthermore, recent studies on sediment–water interactions
displayed a selective focus on carbon-related topics such as methane and carbon dioxide fluxes or the
mineralization of organic carbon. Hence, existing studies rarely address a complete assessment of
benthic fluxes, including nutrients, carbon, metals and other solutes, and are not covering the entire
trophic state spectrum of lakes/reservoirs [26,27]. We hypothesize that the interaction of temperature
and oxygen state strongly affect sediment–water interactions and focus on quantifying these effects in
an experimental setting.

We designed this study to achieve a quantitative assessment of sediment–water interactions at
different conditions of temperature and oxygen by using an experimental approach. We chose two
reservoirs that differ strongly in terms of morphology and trophic state: the oligotrophic Rappbode
Reservoir (Oligo-R) and the eutrophic Bautzen Reservoir (Eutro-B). These two water bodies cover the
full range of trophic state and hence, were selected to reflect contrasting sediment characteristics and
nutrient loading regimes. In both reservoirs, sediments experience very similar conditions during
the cold season (i.e., cold and oxic) but are exposed to all combinations of warm versus cold and
oxic versus anoxic conditions during late summer (Figure 1). The following four combinations were
investigated; (1) oxic-low temperature; (2) anoxic-low temperature; (3) oxic-high temperature; and
(4) anoxic-high temperature. We hypothesize that the combination of warming and anoxia enhance
the exchange of nutrients and metals at the sediment–water interface. We also hypothesize that the
interaction of warming and anoxia is synergistic and intensify solute release rates disproportionally.
We tested these hypotheses through a fully crossed two-factorial sediment core incubation experiment
by varying either temperature or oxygen conditions of the sediment. Our assessment included solute
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fluxes of phosphorus, nitrate, ammonia, iron, manganese, dissolved organic carbon (DOC), oxygen and
sulphate in order to accomplish a deeper understanding of benthic solutes exchange under different
environmental conditions and to provide insight into the consequences of climate warming.
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Figure 1. Water temperature and oxygen profiles in Rappbode (top) and Bautzen (bottom) in early
spring (dotted line) and late summer (solid line).

2. Materials and Methods

2.1. Study Sites

Sediments were extracted from Rappbode reservoir (Oligo-R) and from Bautzen reservoir (Eutro-B)
in Germany; the reservoir characteristics are summarized in Table 1. Rappbode reservoir is located
in the eastern Harz Mountains (51.74◦ N, 10.89◦ E) and is the largest drinking water reservoir in
Germany [28]. It is an oligotrophic reservoir with a dimictic mixing pattern. Rappbode experiences
water level fluctuations of up to 15 m during the year [29]. Bautzen is located in the upper catchment
of the River Spree directly downstream of the city of Bautzen (51.218◦ N, 14.466◦ E). The primary
use of the reservoir is maintaining a minimum summer water discharge in the lower River Spree in
order to supply water to downstream wetlands and thermal power plants. The dimictic reservoir can
display a polymictic character in some years due to its exposed location in a windy area and the weak
stratification [30]. The reservoir operation often includes high water withdrawal during summer which
usually goes along with major drops in water level. For simplicity the terms Oligo-R and Eutro-B is
mostly used in the text to refer to Rappbode and Bautzen reservoirs, respectively.
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Table 1. Reservoirs morphometry, hydrological, catchment and water quality properties. Data compiled
from various sources [8,28,30–36].

Parameter Oligo-R Eutro-B

Volume (million m3) 113 39
Surface area (km2) 3.95 5.33

Catchment area (km2) 116 310

Catchment land use (%)
Forest 75 16

Grasslands - 38
Agriculture 20 34

Urban settlements 5 12

Dam height (m) 106 19.4
Elevation (m a.s.l) 423.6 167.5

Mean depth (m) 28.6 7.4
Maximum depth (m) 89 13.5

Retention time (day) 344 164
TP (µg L−1) <5 60–100

TN (mg L−1) <1 2
Chlorophyll a (µg L−1) <10 50–80

Trophic state Oligotrophic Eutrophic

2.2. Sediment and Water Sampling

Sampling was carried out in September 2015 at the Oligo-R (17 m depth) and in March 2017 at
the Eutro-B (13 m depth); the sediment–water interface was oxic in both locations. Water samples
were collected in the hypolimnion using a standard 2 litre water sampler (Hydrobios, Kiel, Germany)
and analyzed for various parameters (see water analyses section below). Profiles of temperature,
oxygen, pH, turbidity, and chlorophyll a were measured using the EXO2 (YSI, Yellow Springs, OH, USA)
multi-parameter sonde equipped with corresponding calibrated sensors.

Undisturbed sediment cores with a mean overlying water height of 26± 7 cm (1.5 L) for Oligo-R (12
cores) and 20 ± 4 cm (1.2 L) for Eutro-B (16 cores) were retrieved from each reservoir (Eutro-B at 51.219◦

N, 14.465◦ E and Oligo-R at 51.736◦ N, 10.871◦ E) by using a modified Kajak gravity corer (UWITEC,
Mondsee, Austria) and plastic tubes of 60 cm length with an inner diameter of 9 cm. The cores were
closed (at the bottom and at the top) immediately after retrieving them. At the shore line the top cover
was replaced with a special air tight lid which allowed continuous stirring of the overlying water
phase to ensure homogeneity within the water phase. The lid also has ports for sample extraction,
pH and redox electrodes, oxygen sensors, and bubbling (to maintain oxic or anoxic conditions, see
below). Details of the structure and functioning of this specialized lid can be found in [37].

2.3. Sediment Incubation

In the laboratory, the cores were incubated in climate chambers at two different temperatures, 6 ◦C
and 20 ◦C (±1 ◦C accuracy), respectively. We applied a 2 × 2-factorial design with 3 and 4 replicates
cores for Oligo-R and Eutro-B, respectively. The factors were temperature and oxygen conditions,
each with two levels. The resulting four treatment combinations were; (i) oxic-6 ◦C, (ii) oxic-20 ◦C, (iii)
anoxic-6 ◦C, and (iv) anoxic-20 ◦C. All cores were wrapped with an aluminum foil to avoid light and
thereafter anoxic-6 ◦C and anoxic-20 ◦C were made anoxic by bubbling with a mixture of nitrogen
and carbon dioxide (99.96% N2/0.04% CO2) whereas the remaining oxic-6 ◦C and at oxic-20 ◦C cores
were kept oxic by gently bubbling with air [37]. The oxic and anoxic conditions and temperature were
monitored by a FireStingO2 optical oxygen meter with optical oxygen (O2) sensors and a temperature
sensor (Pyro Science, Aachen, Germany). To determine the oxygen consumption rate in the oxic cores,
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oxygen was measured continuously for 3 h; this was only done for Eutro-B incubation. Cores were
left to acclimatize to the temperature and oxygen condition treatments for 2 days prior to sampling
of the overlying water. We incubated the sediment cores for 14 and 19 days for Eutro-B and Oligo-R
respectively. During the incubation period the overlying water in each core was sampled 5 and 7 times
for Eutro-B and Oligo-R, respectively, using a syringe. The incubation samples were analyzed for DP,
SRP, DOC, NH4

+-N, SO4
2−, Fe (dissolved), and Mn (dissolved).

Redox potential and pH were measured in the overlying water at the time of sampling with a
multi-parameter meter fitted with conventional pH and redox potential electrodes (WTW Multi3430,
Germany). Redox potential was only measured in Eutro-B. To convert the measured oxidation-reduction
potential (ORP) to the standard hydrogen electrode potential a correction factor of +221 mV at 5 ◦C
was applied, based on the ORP electrode operating manual. The sampled water volume (about 60 mL)
was replaced by water from the hypolimnion of both reservoirs taken during sediment coring (approx.
40 L). Replacement water solutes concentrations were monitored and accounted for in the calculations
of actual concentration in the cores. For oxic cores, oxic hypolimnion water was used as replacement
water while for anoxic cores; hypolimnion water that had been flushed with N2/CO2 gas was used.
From this replacement water, 4 bottles (controls) of 1 L volume were filled and incubated at the same
conditions as the cores to account for changes occurring in the water that are not influenced by the
sediment. The bottles were sampled 4 times during the incubation, i.e., every 2nd sampling of the
cores. This was done because changes in concentration of solutes in controls were minimal in previous
studies [3,37].

2.4. Water Analyses

Water samples from the reservoirs and water samples from the sediment incubation (selected
parameters, see above) were analyzed for the following chemical parameters: dissolved phosphorus
(DP), total phosphorus (TP), soluble reactive phosphorus (SRP), dissolved organic carbon (DOC),
nitrate (NO3

−-N), ammonium (NH4
+-N), sulphate (SO4

2−), total dissolved iron (Fe), and total dissolved
manganese (Mn). All samples were filtered by 0.2 µm syringe filter (Sartorius, Göttingen, Germany)
prior to analyses. Dissolved phosphorus, SRP, NO3

−-N, NH4
+-N and TP (after digestion) were analyzed

photometrically (Skalar, Breda, The Netherlands), DOC was measured with a C-analyzer (Dimatec,
Essen, Germany), Fe and Mn were determined by ICP-OES (Perkin Elmer, Überlingen, Germany), and
SO4

2− were analyzed by ion-chromatography (Dionex). Details of the analytical methods used for the
chemical analysis are found in [35].

2.5. Sediment Characterization

For general sediment characterization (pH, redox potential, water content, loss on ignition, C, N
and S), porewater extraction and P-fractionation analysis; three extra sediments cores were extracted
from Bautzen at the time of sediment sampling. For Rappbode an extra core was extracted for
general sediment characterization; for porewater extraction and P-fractionation we used the incubation
sediment cores from the oxic-low temperature treatment at the end of incubation. Sediment cores for
porewater extraction and P fractionation were sectioned into the following layers; 0–1, 1–2, 2–3, 3–4,
4–5, 5–6, 6–8, 8–10 cm, while those for elemental X-ray fluorescence analysis were sectioned in 2 cm
layers. The sediments for general sediment characterization were measured for redox potential and pH
in the field using multi-parameter meter fitted with conventional pH and redox potential electrodes
(WTW Multi3430, Weilheim, Germany). Porewater was extracted by centrifugation (3500 rpm at 6 ◦C)
and the samples were filtered using 0.45 µm syringe filter (Sartorius, Göttingen, Germany). Porewater
samples were analyzed for SRP, Fe (dissolved), Mn (dissolved) SO4

2−, NH4
+-N, and DOC as described

in the previous section.
Water content was determined by drying sediment samples at 105 ◦C, taking note of sediment

weight prior to and after drying. Loss on ignition was determined as the difference in weight of
sediment samples prior and after combustion in an oven at 550 ◦C for 2 h. Total carbon (TC), total
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organic carbon (TOC, after removal of inorganic carbon by acidification), and total nitrogen (TN) were
determined by a CN analyzer vario EL cube (Elementar Analysensysteme GmbH, Hanau, Germany).
Total phosphorus (TP) was analyzed photometrically (Skalar, The Netherlands) after combustion at
550 ◦C for 2 h and boiling in 1 N HCl for 15 min. Iron and aluminum in sediments were determined
by wavelength dispersive X-ray fluorescence (XRF; S4 Pioneer Bruker-AXS) according to the method
described by [38].

2.6. Phosphorus Fractionation

Phosphorus fractionation was carried using a sequential extraction method of [39] modified
by [40], which separates the following P fractions:

1. Easily available, dissolved porewater P (NH4Cl-P) extracted by 1 M NH4Cl (ammonium chloride).
2. Fe bound, redox-sensitive (BD-P) P extracted by 0.11 M NaHCO3 (sodium hydrogen

carbonate)/0.11 M Na2S2O4 (sodium dithionite).
3. Al-associated (NaOH-P) extracted by 1 M NaOH (sodium hydroxide), this P fraction is subdivided

into NaOH-SRP (OH-exchangeable P at high pH) and NaOH-NRP (organic bound P).
4. P bound by carbonates and apatite (HCl-P) extracted by 0.5 M HCl (hydrochloric acid).
5. Refractory P (residual-P) determined by digestion of the remaining sediment with persulphate

(K2S2O8) and sulphiric acid (H2SO4) at 110 ◦C for 30 min.

2.7. Calculation of Solute Release Rates

To calculate solutes fluxes, concentrations were corrected by including the amount and
concentration of the water used to replace sample volumes. A linear relationship was assumed
for the change in concentration over time. The calculation of the solute flux was performed according
to [41]:

Solute f lux = (Ct − C0) ×V ×A−1
× d−1 (1)

where Solute f lux = solute release rate (mg m−2 day−1), Ct = solute concentration at time t (mg L−1), C0

= solute concentration at t = 0 (mg L−1), V = Volume of the water column (L), A = surface area of the
sediment (m2), d = duration of the experiment (given in days).

Equation (1) describes a linear relationship of the solute flux with time. Since all the experiments
were done in triplicate, the slope of the regression line from the linear fit was used instead of the term
(Ct − C0). A positive value indicates solute release (out-flux) from sediment, a negative value indicates
solute uptake (in-flux) by the sediment.

2.8. Statistics

All statistics were done in R [42] under version R 3.5.1. The experimental results were analyzed
by analysis of variance (ANOVA) by testing for effects from the two treatments: oxygen conditions
(oxic vs. anoxic conditions) and temperature (low vs. high) as well as a potential interaction. Since the
experimental design was sometimes unbalanced (unequal number of replicates for the treatments) we
adopted type-II ANOVA by using the method Anova () from the package car that is able to calculate
correct p-values from unbalanced designs. Bautzen oxic-low temperature treatment had only 3
replicates because 1 replicate got lost, while all the other treatments had 4 replicates each. We decided to
analyze results for each reservoir separately because the studied variables did not react homogeneously
in the two reservoirs. Please note that a significant interaction means that both main factors are not
independent from each other, i.e., they are not interacting in an additive way but rather synergistically.
This is the case, for example, whenever the effect of temperature is not the same within each oxygen
treatment. We also computed the overall coefficient of determination (R2) for the underlying linear
model and attributed the explained variance to the different model terms by calculating partial R2

using methods from [43]. This was achieved by using the method calc. relimp () from the package
relaimpo.



Water 2020, 12, 1065 7 of 19

3. Results

3.1. Water, Sediment and Porewater Characteristics

Water quality profiles taken at the reservoirs prior to sampling show that both Rappbode (Oligo-R)
and Bautzen reservoir (Eutro-B) were oxic with Oligo-R having pronounced temperature stratification
(Figure 2). Chlorophyll and turbidity was very high in Eutro-B in comparison to Oligo-R (Figure 2).
Oligo-R pH (Figure 2) was circum-neutral (7.3) while that of Eutro-B was more alkaline (9.1).
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Solute concentrations in the porewater were generally higher than in the hypolimnion with the
exception of SO4

2− (Figure 3). Generally, Eutro-B had a higher solute concentration than Oligo-R in both
overlying water and porewater, with the exception of Mn and Fe that were higher in Oligo-R. The solute
concentration was more variable with depth in Eutro-B in comparison with Oligo-R. In Eutro-B there
is a concentration peak in the 3–4 cm layer for SRP, NH4

+-N and SO4
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Figure 3. Overlying water (OW) and porewater solutes concentration.

The redox potential profile for Eutro-B was lower than for Oligo-R especially for the 1–2 and 2–3
cm depth (Figure 4). Sediment pH profiles for both reservoirs remained in the neutral range. TN and
TP were higher in Eutro-B than Oligo-R, with TP in Eutro-B twice that in Oligo-R (Figure 4), while
the metals (Fe, Mn, and Al) had an opposite pattern. Water content, LOI, TC, TOC, and TN in both
reservoirs decreased with depth.
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3.2. Sediment Incubation Conditions

Mean oxygen saturation in the Oligo-R oxic treatments was 63% and 53% for the low temperature
and high temperature treatments, respectively, due to problems with air bubbling mechanism. Eutro-B
mean oxygen saturation was above 96% for all oxic treatments (Figure 5). All anoxic treatments from
both Oligo-R and Eutro-B had no oxygen (Figure 5). Nitrate decreased below limit of quantification
(0.042 mg L−1) in the anoxic-high temperature treatment after seven days in Eutro B and 5 days in
Oligo-R (Figure 5). Moreover, in the anoxic-low temperature treatments, nitrate depletion took place
but at slower rates than at the high temperature (Figure 5). In the oxic treatments nitrate decreased
gradually during the incubation period, although also shorter periods of nitrate increase were observed
(Figure 5).
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Figure 5. Oxygen and pH during the incubation.

The pH range in the overlying water of all cores and treatments was 6.5–7.9 in Oligo-R and 6.9–8.1
in Eutro-B, respectively (Figure 5). The pH of Eutro-B anoxic treatments gradually decreased from
the start to the end of the incubation, with the anoxic, low temperature and anoxic, high temperature
decreasing from 8 to 7.5 and 8 to 7, respectively. The redox potential in the overlying water was only
measured in Eutro-B. The redox potential (converted to the standard hydrogen electrode potential)
was in the range 386–406 mV for the oxic-low temperature treatment and 433–483 mV for the oxic-high
temperature treatment. For the anoxic-low temperature treatment redox potential slightly decreased
from 403 to 392 mV, whereas for the anoxic-high temperature treatment it decreased from 373 to
144 mV.

3.3. Solutes Fluxes

Solute fluxes in Eutro-B were markedly higher than in Oligo-R except for DOC and Mn which
appear to be more reactive in sediments from Oligo-R (Table 2, Figure 6). Fluxes of Fe and P in both
reservoirs were very low for the oxic-low, oxic-high, and anoxic-low temperature treatments while
they were high for the anoxic-high temperature treatment (Table 2, Figure 6). For the anoxic-high
temperature conditions, fluxes of SRP and DP in Eutro-B, were approximately 10 times higher than in
Oligo-R, while those of Fe were approximately five times higher than in Oligo-R. Synergistic effects (i.e.,
a significant interaction between temperature and oxygen conditions) were detected for SRP and Fe in
Eutro-B (DP close to significance) but could not be identified in Oligo-R (Table 3). The fluxes of Mn
and DOC showed a similar pattern with highest flux rates in the anoxic-high temperature treatment
but effective rates were higher in Oligo-R.
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Table 2. Mean fluxes and standard deviation of all parameters. Please note: The fluxes for SRP and NH4
+-N are the same data used in Figure 6. NA refers to

not analyzed.

Parameter
(mmol m−2

day−1)

Oligo-R Eutro-B

Oxic 6 ◦C
n = 3

Oxic 20 ◦C
n = 3

Anoxic 6 ◦C
n = 3

Anoxic 20 ◦C
n = 3

Oxic 6 ◦C
n = 3

Oxic 20 ◦C
n = 4

Anoxic 6 ◦C
n = 4

Anoxic 20 ◦C
n = 4

DP −0.003 ± 0.004 0.008 ± 0.008 0.002 ± 0.004 0.045 ± 0.026 0.06 ± 0.03 0.14 ± 0.07 0.05 ± 0.01 0.59 ± 0.13
SRP −0.002 ± 0.102 0.006 ± 0.007 0.003 ±0.006 0.039 ± 0.029 0.06 ± 0.04 0.12 ± 0.05 0.04 ± 0.01 0.50 ± 0.09

NH4
+-N 1.11 ± 0.43 0.32 ± 0.32 −0.02 ± 0.08 0.94 ± 0.35 0.71 ± 0.8 2.11 ± 2.24 0.99 ± 0.36 5.63 ± 1.50

NO3
−-N −0.53 ± 0.1 −0.54 ± 0.3 −0.51 ± 0.23 −0.94 ± 0.16 −1.54 ± 0.34 −0.24 ± 0.97 −2.47 ± 0.16 −1.24 ± 0.39

DOC −0.75 ± 0.27 0.94 ± 0.93 1.26 ± 1.14 10.39 ± 6.68 0.10 ± 0.18 1.89 ± 0.78 0.29 ± 0.33 1.78 ± 0.49
Fe −0.01 ± 0.01 −0.01 ± 0.01 0.03 ± 0.06 0.20 ± 0.12 0.01 ± 0.01 0.001 ± 0.002 0.03 ± 0.02 1.09 ± 0.54
Mn −0.29 ± 0.19 0.22 ± 0.56 1.4 ± 1.05 5.16 ± 1.01 −0.002 ± 0.03 −0.02 ± 0.01 0.17 ± 0.06 0.15 ± 0.04

SO4
2− 0.24 ± 0.10 0.034 ± 0.12 −0.05 ± 0.09 −1.15 ± 0.08 −1.88 ± 1.48 −3.14 ± 2.39 −1.78 ± 1.08 −4.28 ± 1.78

O2 NA NA NA NA −28.53 ± 4.28 −69.24 ± 23.14 NA NA
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Table 3. Results from the statistical analyses of flux rates using ANOVA. Significant p-values for the
two main effects (temperature and oxygen condition) and their interaction are printed in bold. The
overall coefficient of determination (R2) of the underlying linear model is given in the last column.
Partial R2 values are given in parentheses for each main factor and the interaction. Note that all partial
R2 values sum up to the overall R2.

Variable
Temperature

p-Value
(Partial R2)

Oxygen Condition
p-Value

(Partial R2)

Interaction
p-Value

(Partial R2)
Overall R2

Bautzen Reservoir (n = 15)
SRP 0.003 (0.380) 0.025 (0.167) 0.003 (0.153) 0.70
DP 0.004 (0.366) 0.031 (0.164) 0.050 (0.144) 0.67
Fe 0.007 (0.241) 0.005 (0.272) 0.009 (0.230) 0.74
Mn 0.476 (0.018) <0.001 (0.777) 0.887 (0.000) 0.80

DOC <0.001 (0.720) 0.841 (0.001) 0.556 (0.009) 0.73
NO3

−-N <0.001 (0.528) <0.001 (0.368) 0.007 (0.052) 0.95
NH4

+-N 0.002 (0.243) <0.001 (0.347) 0.003 (0.231) 0.82
SO4

2− 0.05 (0.287) 0.405 (0.038) 0.800 (0.004) 0.33
Rappbode Reservoir (n = 12)

SRP 0.100 (0.231) 0.155 (0.166) 0.347 (0.067) 0.46
DP 0.039 (0.292) 0.065 (0.219) 0.177 (0.105) 0.62
Fe 0.132 (0.138) 0.030 (0.341) 0.147 (0.127) 0.61
Mn 0.003 (0.224) <0.001 (0.539) 0.014 (0.130) 0.89

DOC 0.056 (0.238) 0.045 (0.268) 0.163 (0.113) 0.62
NO3

−-N 0.185 (0.151) 0.232 (0.120) 0.179 (0.155) 0.43
NH4

+-N 0.716 (0.006) 0.285 (0.054) 0.005 (0.613) 0.67
SO4

2− <0.001 (0.350) <0.001 (0.453) <0.001 (0.165) 0.97

Nitrogen components (nitrate and ammonia) showed markedly higher fluxes in Eutro-B compared
to Oligo-R and the responsiveness to oxygen conditions and temperature was complex. While in
Eutro-B both N ANOVA terms were significant, only NH4

+-N showed a significant interaction term in
Oligo-R. Sulphate and nitrate concentrations decreased during the experiment, indicating nitrate and
sulphate reduction. Sulphate fluxes in Eutro-B decreased independent from oxic status and temperature
constantly by about 20% from approx. 60 mg L−1 to 48 mg L−1. In contrast, a sulphate decrease
in Oligo-R only occurred under anoxic conditions. Ammonium release was also prominent under
anoxic-high temperature conditions; however, this was only in Eutro-B (Table 2, Figure 6). Oxygen
consumption was only measured in Bautzen in the oxic treatments and doubled when temperature
increased from 6 ◦C to 20 ◦C.

In Eutro-B, DOC, SRP, DP, and NO3
−-N components reacted more strongly to a change in

temperature compared to a change in oxygen conditions, as indicated by partial R2 values (Table 3).
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The opposite was observed for Mn and NH4
+-N showed a comparable magnitude of reactivity between

temperature and oxygen conditions. In Oligo-R, SRP, DP, and SO4
2− were influenced more by a

change in temperature as compared to a change in oxygen conditions, as indicated by partial R2 values
(Table 3). Similarly to Eutro-B, the opposite was observed for the metals (Fe and Mn) that appear to be
influenced mostly by oxygen conditions while DOC was under equal control from temperature and
oxygen conditions.

3.4. Phosphorus Fractionation

The TP concentration in the upper 10 cm of both reservoirs was generally constant but TP
content in Eutro-B was twice that in Oligo-R (Figure 6). Sediment P (upper 1 cm) in Eutro-B was
dominated by redox sensitive BD-P which constitutes 52% of the P species (Figure 7). The second most
abundant fractions constitute organic bound NaOH-NRP (35%) while all other fractions remained low:
NH4Cl-P (4%), HCl-P (2%) and refractory residual-P (7%). Also the upper 1 cm sediment in Rappbode
was dominated by organic bound NaOH-NRP (62.5%) and redox sensitive BD-P (31.2%), but here
redox-bound P was not the dominant fraction. All other species remained, again, low: NH4Cl-P (0.2%),
HCl-P (2%) and refractory residual P (4.1%). Metal oxide bound NaOH-SRP was negligible in both
reservoirs. Both Eutro-B and Oligo-R showed an increasing organic bound NaOH-NRP and decreasing
redox sensitive BD-P with depth.
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4. Discussion

4.1. Synergistic Temperature and Oxygen Condition Interaction

The highest P mobilization occurred under anoxic-high temperature conditions, which confirms
our hypothesis that warming and anoxia synergistically intensify benthic release rate of different
solutes. Higher temperatures increase the reduction of electron acceptors hence promotes a faster
decrease in redox potential. In the Bautzen Reservoir, for example, redox potential in the anoxic-low
temperature (392 mV) was higher than in the anoxic-high temperature (142 mV) cores, at the end
of the experiment. Mobilization of solutes (P, NH4

+-N, DOC) under oxic conditions was probably
from aerobic degradation of organic matter [2] as revealed by the high amount of NaOH-NRP in the
upper sediment layer (Figure 7). Under anoxia, two processes of solute mobilization were taking
place, anaerobic degradation of organic matter (e.g., by denitrification or sulphate reduction) and
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desorption from redox-dependent minerals. These two processes co-occurred and were very different
to disentangle in experiments and under in situ conditions.

Temperature and oxygen conditions effects at high temperature are difficult to disentangle since
redox potential is also driven by temperature [1]. Pure oxygen conditions effects could only be realized
by comparing the oxic-low and anoxic-low temperature treatments. Surprisingly, P release under
anoxic-low temperature conditions was not different from P release under oxic-low temperature
conditions. This was probably due to the presence of nitrate as shown by the relatively high redox
potential in the anoxic-low temperature treatment. Sediment in Bautzen was collected in spring,
therefore this sediment would require a far longer incubation to deplete nitrate. Nitrate prevents
the reductive dissolution of Fe minerals bound to P [11,44] and hence, acts as a redox buffer as soon
as oxygen is depleted. Our results might be an underestimation of the P release under long-term
anoxic-low temperature conditions. Nevertheless, we can still draw an important conclusion; the
presence of nitrate is critical in keeping the sediment oxidized after the depletion of oxygen and
nitrate can buffer redox conditions over a long time as long as temperature is low. These interacting
temperature–oxygen effects are particularly strong under high temperature when kinetics are fast, it is
therefore interesting to analyze the conditions under low temperature in greater detail.

The pure temperature effect (constant oxygen conditions, different temperature) in our experiments
can be derived from the solute flux differences between the oxic-low and oxic-high temperature
treatments. Phosphorus mobilization was twice as higher under oxic-high than under oxic-low
temperature conditions. This is interpreted as P mobilization from the temperature-dependent
organic matter degradation [45,46]. However, P release from organic matter might be masked by the
immobilization of released P by adsorption to Fe minerals as shown by the negative P flux in Oligo-R
oxic-low temperature treatment. In such a case, the real mineralization flux of phosphorus would be
even higher than that measured in our experimental setting.

The effects of temperature, oxygen and the interaction of temperature and oxygen on benthic
solutes release were more visible for the eutrophic reservoir (Eutro-B) in comparison to the oligotrophic
reservoir (Oligo-R, Table 3), obviously due to the lower trophic state and solute concentrations in
Oligo-R. If we only consider Eutro-B (Table 3) we can see that the synergistic effects of temperature and
oxygen conditions are prominent for N, P and, Fe and not for DOC and SO4

2− which is an indication
of the high potential of nutrients release under warming of lakes.

4.2. Magnitude of Solutes Fluxes

The flux magnitude of NO3
−-N, NH4

+-N, SO4
2−, Fe, Mn and DOC was high under the anoxic

high temperature conditions, with NH4
+-N, DOC, Fe and Mn being released from the sediments,

while NO3
−-N and SO4

2− were reduced. Nitrate reduction was a third of the ammonium release
indicating a supply of nitrogen from the sediments, most probably arising from mineralization of
organic matter. Phosphorus and DOC are known to be associated with Fe [3,47] and their release
confirms that P released from the sediment is to a large amount attributable to the iron-bound, redox
dependent fraction. The observed sulphate reduction has implications on P-release by immobilization
of Fe through formation of iron sulfides, which can intensify P release into the water and even mediate
the persistence of P in the dissolved phase when the overlying water becomes oxic [48–50].

Phosphorus release patterns in the different treatment was similar in both the eutrophic and
oligotrophic lake, however, the flux magnitude was different. The P fluxes in Eutro-B are 10 times
higher than those in Oligo-R. Our direct measurements are explained by the higher percentage of BD-P
in Eutro-B in comparison to Oligo-R. The BD-P fraction is the redox sensitive P which is bound to
Fe and Mn compounds [40]. The high proportion of NaOH-NRP (62%) in Oligo-R is an indication
of higher organic P. This implies a high potential P-release from mineralization processes in Oligo-R.
However, this was not observed in our experiment and is most probably attributable to low organic
matter quality and a high share of recalcitrant OM.
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Fluxes of N just like those of P were generally higher in Eutro-B than Oligo-R. Nitrate reduction
occurred in both reservoirs and in all treatments. The P fluxes from this study are within the same
magnitude as from other sediment incubation studies (Table 4). Ammonium fluxes were positive
in both reservoirs except for the anoxic-low temperature treatment in Oligo-R, where the NH4

+-N
flux was negative. Surprisingly positive NH4

+-N fluxes were measured also under oxic conditions;
normally, NH4

+-N release is expected when overlying water is anoxic, since under oxic conditions
NH4

+-N released from the anoxic sediments will be oxidized to NO3
−-N (nitrification). A sum of

the NO3
−-N and NH4

+-N flux shows that there was a net positive N flux in both the oxic- and
anoxic-high temperature treatments in Eutro-B which is an indication that warmer temperature will
lead to mobilization of N from sediments even under oxic conditions. Our NH4

+-N release rates are
on the higher end of the scale in comparison to other studies (Table 4).

Sulphate reduction occurred under oxic conditions in Eutro-B, under anoxic conditions in Oligo-R,
and a distinct decrease under anoxic conditions in Eutro-B. The observed sulphate decrease is most likely
due to diffusion into the porewater. Although sulphate reduction under anoxic conditions is the most
probable explanation for this decrease, adsorption of sulphate oxyanions on Fe(III) oxides/hydroxides
of the sediment cannot be excluded, especially if reduced Fe(II) ions increase during the anoxic
conditions [51]. Adsorption mechanisms of sulphate oxyanions onto Fe(III) oxides/hydroxides of
the sediment are also presumed to be the reason for the slight decrease in sulphate concentrations
under oxic conditions. Adsorption of sulphate oxyanions onto Fe(III) oxides/hydroxides is well
studied since more than 30 years, e.g., [51–53]. Usually, adsorption of sulphate oxyanions onto Fe(III)
oxides/hydroxides is low at circum-neutral pH but can be up to 25% if initial concentration was high
(1 mM) [51]. The observed sulphate reduction under oxic conditions in Eutro-B might have led to
immobilization of Fe and subsequent release of P as observed.

Table 4. Benthic phosphorus release in different lakes/reservoirs at different sediment incubation
temperature and oxygen conditions.

Lake Trophic State
Incubation Conditions Flux (mmol m−2 day−1)

Reference
Temp. (◦C) Oxygen

Condition SRP NH4
+-N

Lake Arreso, Denmark Eutrophic 18 ◦C Oxic 0.13–0.39 ND [54]

Spring Lake, USA Eutrophic 17–25 Oxic −0.07–0.01 ND [41]
17–25 Anoxic 0.29–0.86 ND

Grand Lake, USA Oligotrophic <16 ◦C Oxic −0.002 ND [55]
>16 ◦C Oxic 0.02 ND

Chubb Lake, Canada Oligotrophic 11 ◦C Anoxic 0.07 ND [56]

Onodonga Lake, USA Hyper-eutrophic

4 ◦C Oxic 0.04 ND

[1]4 ◦C Anoxic 0.39 ND
8 ◦C Oxic 0.20–0.21 ND
8 ◦C Anoxic 0.62–0.71 ND

Lake Frances, USA Hyper-eutrophic 22 ◦C Oxic 0.12–0.31 ND [57]
22 ◦C Anoxic 0.50–0.73 ND

Loch Leven Lake, Scotland Eutrophic 17 ◦C Oxic 0.39 ND [58]

Acton Lake (reservoir) Ohio, USA Eutrophic 25 ◦C Oxic 0.03 0.95 [59]
12 ◦C Hypoxic 0.29 1.39

Lake Arreskov Eutrophic 16 ◦C Oxic ~0.97 ND

[11]Lake Kvind Eutrophic 18 ◦C Oxic 1.58 ND
Lake Søbygård Eutrophic 20 ◦C Oxic 5.30 ND

Lake Væng Eutrophic <15 ◦C Oxic 1.13 ND

Lake Tahoe, California/Nevada,
USA

Ultra-oligotrophic 5 ◦C
Oxic 0 0 [60]

Anoxic 0.009 0.04
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Table 4. Cont.

Lake Trophic State
Incubation Conditions Flux (mmol m−2 day−1)

Reference
Temp. (◦C) Oxygen

Condition SRP NH4
+-N

Upper San Leandro Reservoir,
Oakland Meso/eutrophic 12–16 ◦C Anoxic ND 0.64 ± 0.4

[61]

Lake Mathews, Riverside
Reservoir Oligo/mesotrophic 12–16 ◦C Anoxic ND 0.21 ± 0.07

Walker Lake 12–16 ◦C Anoxic ND 1.36
Lafayette Reservoir, Lafayette Hypereutrophic 12–16 ◦C Anoxic ND 1.29 ± 0.4

Lake Bard (Reservoir), Ventura Mesotrophic 12–16 ◦C Anoxic ND 0.54
Upper Crystal Springs

Reservoirs, San Francisco Mesotrophic 12–16 ◦C Anoxic ND 0.11 ±0.05

Lower Crystal Springs
Reservoirs, San Francisco Oligo/mesotrophic 12–16 ◦C Anoxic ND 0.29 ± 0.05

San Andreas Reservoir, San
Francisco Oligo/mesotrophic 12–16 ◦C Anoxic ND 0.14 ± 0.04

San Antonio Reservoir, San
Francisco East Bay Meso/eutrophic 12–16 ◦C Anoxic ND 0.31 ± 0.05

Lake Elsinore, Riverside Hypereutrophic 12–16 ◦C Anoxic ND 6.43 ± 1.93
San Vicente Reservoir, San Diego Hypereutrophic 12–16 ◦C Anoxic ND 2.36 ± 1.71

Lake Groß-Glienicke Eutrophic lake 16 ◦C
Oxic 1.22 ND [62]

Anoxic 2.77 0.08

Lake Arendsee Eutrophic 10 ◦C Oxic 0.08 [63]

Bautzen reservoir Eutrophic

6 ◦C Oxic 0.02 ± 0.01 0.71 ± 0.8

This study

6 ◦C Anoxic 0.04 ± 0.02 0.99 ± 0.36
20 ◦C Oxic 0.01 ± 0.003 2.11 ± 2.24
20 ◦C Anoxic 0.16 ± 0.03 5.63 ± 1.50

Rappbode reservoir Oligotrophic

6 ◦C Oxic −0.0007 ±
0.0009 1.11 ± 0.43

6 ◦C Anoxic 0.001 ± 0.002 −0.02 ±
0.08

20 ◦C Oxic 0.0021 ±
0.0025 0.32 ± 0.32

20 ◦C Anoxic 0.0128 ±
0.0095 0.94 ± 0.35

4.3. Implications

Temperature and oxygen are important factors affecting the sediment–water interactions for
various solutes. Our results show that the responses in solute fluxes are site-specific and usually
greater in eutrophic reservoirs than in oligotrophic ones. The eutrophic systems also show a greater
sensitivity to changes in temperature and oxygen conditions than sediments from oligotrophic waters.
However, aside of trophic state also local geology might plays a role. For example, iron plays a larger
role in Bautzen reservoir while in Rappbode reservoir manganese and allochthonous OM are more
important. Prior knowledge about trophic state and local geology can therefore provide valuable
knowledge to predict the reactivity of the sediments in case of anoxia and/or warming. A larger survey
in different lakes or reservoirs with contrasting geology and trophic state could therefore provide a
good data basis for more generalizable statements. Nevertheless, despite our results being laboratory
based and only focusing on two reservoirs, we hypothesize that a similar result would be found in
other lakes/reservoirs in the temperate region. Increasing lake temperature will lead to increased
internal loading as a result of the synergistic effects of temperature and redox potential leading to the
mobilization of nutrients both in the organic pool and those bound to redox-dependent metals.

We provide evidence that temperature and oxygen conditions act synergistically on sediment–
water interactions. This synergistic effect implies that with a rising temperature in the system,
a change in oxygen conditions is becoming more influential on, e.g., nutrient release. Generally
speaking, temperature accelerates the sediment–water interactions. If we assume that a certain pulse
of phosphorus can push a given lake or reservoir in a higher trophic level, e.g., from oligotrophic to
eutrophic, we can expect that a critical temperature can be defined where a change in oxygen conditions
is provoking this shift. Whenever a water body is entering a phase of hypolimnetic warming [10],
e.g., because of climate warming or specific reservoir operation strategies, an increasing risk of
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eutrophication is arising. This risk is becoming real as soon as oxygen conditions in the hypolimnion
deteriorate. Empirical studies on Lake Zürich exemplified that these mechanisms are relevant and
taking place [16]. The supply of nutrients from the sediment is therefore an ongoing prominent feature
of lakes/reservoirs under global warming and quantitative studies on the resulting solute fluxes are
important for long-term lake management and climate adaptation.
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