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Abstract Lake sediments constitute an important compartment in the carbon cycle of lakes, by burying
carbon over geological timescales and by production and emission of greenhouse gases. The degradation
of organic carbon (OC) in lake sediments is linked to both temperature and oxygen (O2), but the interactive
nature of this regulation has not been studied in lake sediments in a quantitative way. We present the
first systematic investigation of the effects of temperature on the apparent respiratory quotient (RQ, i.e., the
molar ratio between carbon dioxide (CO2) production and O2 consumption) in two contrasting lake
sediments. Laboratory incubations of sediment cores of a humic lake and an eutrophic lake across a 1–21°C
temperature gradient over 157 days revealed that both CO2 production and O2 consumption were
positively, exponentially, and similarly dependent on temperature. The apparent RQ differed significantly
between the lake sediments (0.63 ± 0.26 and 0.99 ± 0.28 in the humic and the eutrophic lake, respectively;
mean ± SD) and was significantly and positively related to temperature. The O2 penetration depth into
the sediment varied by a factor of 2 over the 1–21°C temperature range and was significantly, negatively, and
similarly related to temperature in both lake sediments. Accordingly, increasing temperature may
influence the overall extent of OC degradation in lake sediments by limiting O2 supply to aerobic microbial
respiration to the topmost sediment layer, resulting in a concomitant shift to less effective anaerobic
degradation pathways. This suggests that temperature may represent a key controlling factor of the OC burial
efficiency in lake sediments.

1. Introduction

Inland waters are an important component of the continental carbon cycle (Cole et al., 2007; Tranvik et al.,
2009), both by emitting carbon dioxide (CO2) and methane (CH4) to the atmosphere (Bastviken et al., 2011;
Raymond et al., 2013) and by burying organic carbon (OC) in their sediments (Dean & Gorham, 1998;
Kastowski et al., 2011). The sediments play a key role in the carbon budget of lakes and reservoirs, since they
act both as a source and as a sink of carbon. Organic particles, either derived from lake-internal production of,
e.g., phytoplankton, or originating from land plants and soils, sink through the water column and accumulate
at the lake bottom. Some of the particulate organic matter deposited onto the sediment will be degraded by
microbes to CO2 and CH4, while some of it will be buried over geological timescales. Hence, the sediments
contribute to CO2 and CH4 emission from lakes and reservoirs to the atmosphere (Cardoso et al., 2013;
DelSontro et al., 2010; Kortelainen et al., 2006), while also acting as long-term carbon sink (Anderson et al.,
2009; Ferland et al., 2012; Kortelainen et al., 2004). Evidently, the burial efficiency of organic carbon, i.e.,
the ratio between OC deposition and OC burial, is an important parameter for understanding the carbon bal-
ance of lakes and reservoirs (Sobek et al., 2009).

A large body of research in soils and marine sediments has identified several important mechanisms contri-
buting to organic matter preservation (Burdige, 2007; von Lutzow et al., 2006), such as the chemical charac-
teristics of the organic matter, protection by sorption to mineral particles, and the availability of molecular
oxygen (O2). The few existing studies on lake and reservoir sediments suggest that, in general, similar pro-
cesses may be at work (Lalonde et al., 2012; Sobek et al., 2009). There is evidence that in particular tempera-
ture and O2 availability are important regulators of the OC burial efficiency in lake and reservoir sediments,
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potentially explaining observed differences in OC burial efficiency between differently shaped lake basins
(Ferland et al., 2014).

OC mineralization increases exponentially with temperature (Bergström et al., 2010; Cardoso et al., 2014;
Gudasz et al., 2010), leading to a corresponding decrease in the OC burial efficiency (Gudasz et al., 2010).
Even if the magnitude of OC mineralization was higher in a sediment dominated by lake-internally produced
OC compared to a sediment dominated by land-derived OC, the temperature sensitivity of sediment OC
mineralization was independent of the organic matter source (Gudasz et al., 2015). However, many lake sedi-
ments contain a large share of land-derived organic matter, and microbial degradation is inhibited in the
absence of O2, particularly for land-derived organic matter (Bastviken et al., 2003; Zehnder & Svensson,
1986). Therefore, with decreasing O2 availability, the sediment OCmineralization is reduced and the OC burial
efficiency enhanced, and this effect is particularly strong in sediments dominated by land-derived organic
matter (Sobek et al., 2009). The O2 availability of a sediment is linked to the O2 exposure time, i.e., the time
until a newly deposited particle arrives at the anoxic sediment layers, and calculated by dividing the O2 pene-
tration depth (typically not more than a fewmillimeters or centimeters (Sobek et al., 2009)) with the sediment
accumulation rate (Hartnett et al., 1998). The O2 penetration depth is dependent on the O2 consumption rate,
i.e., the lower the consumption rate, the deeper oxygen can diffuse into the sediment. Since the O2 consump-
tion rate itself is also temperature-dependent (Hargrave, 1969), temperature is possibly the strongest regula-
tor of OC mineralization and thus OC burial efficiency in lake and reservoir sediments.

OC mineralization and oxygen availability in lake sediments are also closely interrelated through aerobic
microbial respiration. The molar ratio of CO2 production to O2 consumption is termed the respiratory quoti-
ent (RQ) and refers to aerobic respiration of organisms or cells. In parallel, the RQ is used in environmental
research to describe the overall metabolism of a community or an entire system (Berggren et al., 2011;
Rich, 1975) and is widely applied to calculate rates of organic carbon mineralization (i.e., CO2 production)
from more easily measurable rates of oxygen consumption. For this purpose, the RQ is commonly assumed
to be a constant value between 0.8 and 1 (Märki et al., 2006; Ohle, 1952), based on the stoichiometry of micro-
bial degradation processes, although the RQ also depends on the organic substrate (Williams & del Giorgio,
2005). Accordingly, Berggren et al. (2011) found a broad range of RQs in freshwater bacterioplankton commu-
nities, often exceeding 1. In addition, at the system scale, the RQ integrates all processes that consume or pro-
duce CO2 or O2. In sediments, these are CO2 production via aerobic and anaerobic pathways, CO2

consumption by chemoautotrophic bacteria, O2 consumption by aerobic respiration, and O2 consumption
by oxidation of reduced compounds (e.g., Fe2+, S2�, and CH4). The system-scale RQ may therefore be termed
“apparent RQ” as opposed to the biochemically constrained RQ describing aerobic respiration. Empirical
determinations of the apparent RQ of lake sediment are rare and range from 0.8 to 2.8 (Granéli, 1979; Rich,
1979). Also in an estuarine sediment, the apparent RQ varied between 0.3 and 1.3 across seasons
(Therkildsen & Lomstein, 1993). Studies on the hypolimnetic O2 deficit in lakes have reported apparent RQ
values between 0.7 and 3.9 (e.g., Rich, 1975). These strong deviations of observed apparent RQ stem from
the variability and dynamics of the various processes affecting it; for example, reduced substances may accu-
mulate in the sediment during periods of low O2 concentration in the bottom water, constituting an “oxygen
debt” that is redeemed at periods of high O2 availability (Mortimer, 1941, 1942). Since the variation of the
apparent RQ of lake sediments has not been systematically assessed, it is uncertain in how far assuming an
apparent RQ close to unity is warranted for converting measured O2 consumption rates to CO2 production
rates of lake sediments.

While the linkage between OC mineralization, O2 consumption, and temperature has been studied in marine
sediments (see review by Glud, 2008), no studies have systematically quantified these relationships in lake
sediments. Since lake sediments differ from marine sediments with respect to, e.g., OC concentration, the
share of terrestrial OC, the OC burial rates, the OC burial efficiency, and the occurrence of anoxia (e.g.,
Dean & Gorham, 1998; Sobek et al., 2009), studies of lake sediments are needed. For this reason, this study
investigates the effect of temperature on O2 consumption, apparent RQ, and O2 penetration depth of two
contrasting lake sediments. Incubating sediment cores of a eutrophic lake and of a humic lake across a tem-
perature gradient in a 157 days long laboratory experiment, we addressed the hypotheses that O2 consump-
tion and O2 penetration depth depend similarly on temperature in different lake sediments and that the
apparent RQ can significantly deviate from unity.
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2. Methods
2.1. Study Sites

We sampled sediment cores at the deepest point of two lakes in south-central Sweden. Svarttjärn (literally,
“black tarn”) is a small and oligotrophic boreal lake, surrounded by forest and wetlands, with a high content
of dissolved humic matter. Vallentunasjön is a shallow eutrophic lake situated in a densely populated area
close to Stockholm (Rydin et al., 2010). Hence, sediment organic matter originates mainly from terrestrial
sources in Svarttjärn (Chmiel et al., 2015), and mainly from aquatic production in Vallentunasjön; the C:N
ratios are 19–21 and 8–10 in Svarttjärn and Vallentunasjön sediments, respectively (Gudasz et al., 2010,
2015). Samples were taken during ice cover in February 2010. In both lakes, the bottom water overlaying
the sediment was anoxic and had a temperature of 4.8°C. The sediment cores were transported to the labora-
tory in insulated boxes, prepared for incubations according to Gudasz et al. (2015), and kept open to the
atmosphere, at in situ temperatures and with mixing the water column overlying the sediment for 1 week
until the start of the experiment.

2.2. Lab Experiment

We used repeated incubations of intact sediment cores overlain by fully oxygenated water to assess O2 con-
sumption rates, O2 penetration depth, and apparent RQ. We incubated triplicate cores of the two study lakes
across a 1–21°C temperature gradient and measured O2 consumption rates at six occasions over the course
of 157 days. Within this experiment, CO2 production rates were measured as well (Gudasz et al., 2015); more
details on the experiment can be found there.

Briefly, the top 5 cm of undisturbed sediments were transferred to polycarbonate incubation tubes, keeping
about 0.6 L of lake bottom water on top of the sediment. All incubation tubes were placed in thermally insu-
lated water basins in the dark, and temperatures were set using constant temperature circulators (Julabo,
Germany) and logged at 5 min intervals using fast-response thermocouples (Fluke, USA), which were cali-
brated against a reference thermometer equipped with Pt 1000 sensor (Hart Scientific, USA). We incubated
the cores over a gradient of six temperatures: 1, 3, 5, 8, 13, and 21°C. In all water basins, temperatures varied
with less than ±0.1 °C over the course of the experiment. The water overlying the sediment was kept fully oxy-
genized, and continuously mixed with a magnetic stirring system that avoids sediment resuspension (Gudasz
et al., 2015), for 24 days prior to the first measurements of O2 consumption rates.

2.3. Oxygen Consumption Rates

Wemeasured the change of dissolved O2 concentration in the water overlying the sediment at six occasions
(days 24, 42, 65, 73, 107, and 157 after oxygenation of overlying water and putting the cores into the respec-
tive incubation temperature). We used a 10-channel noninvasive optode system (PreSens, Germany) to mea-
sure O2 concentrations. Oxygen-sensitive spots were fixed on the inside of the incubation tubes, and optical
measurement was accomplished with fiber-optic cables attached to the outside of the core. All optode spots
were from the same factory-calibrated batch. Checking against fully oxygen-saturated water between incu-
bations provided evidence for nondetectable sensor drift over the course of the experiment. In 10 incubation
cores, distributed across temperatures and lakes, we surveyed dissolved O2 levels continuously (logged at
5 min intervals) over the entire course of the experiment. For all other cores, the dissolved O2 concentration
was measured at the start and end of each of the six incubations.

Each incubation lasted between 45 and 192 h, depending on O2 consumption rates. During incubations,
cores were closed with gas-tight stoppers excluding headspace gas. Between the incubations, the cores were
kept open and with mixed overlying water to guarantee full oxygenation. O2 concentration at the end of the
incubation always exceeded 3 mg L�1. The relatively long incubation times were chosen to optimize the rate
measurements of dissolved inorganic carbon (DIC) production (Gudasz et al., 2015), which is difficult to mea-
sure precisely against high background values of DIC. However, this procedure resulted in relatively low O2

concentrations at the end of incubations, which is known to suppress O2 uptake rates of sediments (Glud,
2008; Granéli, 1978; Hargrave, 1969). Accordingly, we could observe in the 10 continuously monitored cores
that the O2 concentration decrease was linear during the initial ~10–15% drop in O2 concentration but
became progressively nonlinear with increasing incubation time, i.e., decreasing O2 concentration (not
shown) (Glud, 2008). We used these continuous measurements at every incubation occasion, temperature,
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and lake to calculate the difference in O2 consumption rate if calculated from the linear initial 10% drop in O2

concentration or if calculated from the change in O2 concentration over the entire 45–192 h of incubation
time. The resulting percentage was then applied to all cores for which there were only start and end values
of O2 concentration during incubations. This procedure corrects for the nonlinearity of O2 consumption rate
with decreasing O2 concentration. There were no continuous measurements of O2 concentration at 3°C; for
those cores, we applied the average correction factors derived from the incubations at 1°C and 5°C of the
respective lake and incubation occasion.

2.4. Apparent Respiratory Quotients

From the measured rates of O2 consumption (this study) and DIC production (Gudasz et al., 2015), we calcu-
lated the apparent respiratory quotient (RQ) of overall sediment metabolism (CO2 production/O2 consump-
tion, expressed in molar units).

2.5. Oxygen Penetration Depth

On days 109 and 121 of the experiment, i.e., when cores were kept open to the atmosphere between two
incubation occasions, we measured O2 penetration depth into the sediment using microoptodes (50 μm
tip size; Presens, Germany) that were moved vertically into the sediment by means of a micromanipulator
(PyroScience, Germany), in steps of 100–200 μm. Three O2 profiles were measured in one core per lake
and temperature, apart from cores incubated at 3°C. Water mixing was turned off during the microprofile
measurement to avoid mechanical disturbance, but turned on for 3 min before the next profile was mea-
sured. The sensor was programmed to reside at each depth for 20 s prior to making 10 measurements at a
rate of 1 Hz; this ensured a stable value given the 90% response time of <2 s. Sensors were calibrated once
every measurement day using water vapor-saturated air and O2-free solution (10 g L�1 Na2SO3). Oxygen
penetration depth was determined as the distance between the sediment-water interface (Archer et al.,
1989) and the depth of onset of anoxia.

In parallel, we also calculated O2 penetration depth for all incubations of all cores, based on the measured O2

consumption rates and assuming a linear concentration gradient (Hartnett et al., 1998), and using
temperature-adjusted and tortuosity-adjusted sediment diffusion coefficients.

2.6. Statistical Analyses

We analyzed the data using random-slope linear mixed-effects models in order to discern the main effects of
the predictors lake, temperature, and time, as well as their interactions, on the response variable O2 con-
sumption, apparent RQ, and O2 penetration depth into the sediment (function lme in the R-package nlme
(Pinheiro, et al., 2014)). A full model was constructed for each response variable, including the linear terms
and the interaction terms of the predictors, with the sediment cores from each temperature treatment nested
in time as random effect. The linear mixed-effects models account for the correlation between repeated mea-
surements on the same sediment core and lack of their spatial independence (Crawley, 2009), i.e., that the
sediment cores from the same lakes cannot be regarded as statistical replicates. The right-skewed response
variables O2 consumption rate, apparent RQ, and O2 penetration depth were log10-transformed, and the con-
tinuous predictors time and temperature were mean-centered and standardized [x* = (x-mean(x))/standard
error(x)] (Schielzeth, 2010) for the entire data set prior to modeling. For every model it was checked if (1) a
first-order temporal autoregressive process, which assumes that correlation between measurements
decreases with increasing time distance, or (2) a variance function allowing different variances of the
response variable per lake would improve the models and was included when being beneficial based on
an analysis of variance (Crawley, 2009). Model adequacy was checked using residual plots. P values were
adjusted for multiple comparisons using the single-step method provided in the R-package multcomp
(Hothorn et al., 2008). Statistical analyses were conducted using the R software, version 3.1.0 (R Core
Development Team, 2010), and effects were accepted as statistically significant if p ≤ 0.05.

3. Results

For both lake sediments, O2 consumption rates were positively and exponentially dependent on temperature
over the entire course of the experiment (p < 0.001; Figures 1 and 2 and Table S1 in the supporting informa-
tion). The temperature sensitivity, i.e., the linear slope between log10-transformed O2 consumption and
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temperature, did not differ between the two lakes (p = 0.4456; Table S1). O2 consumption was higher in
Vallentunasjön than in Svarttjärn (p < 0.001); in Svarttjärn sediment, O2 consumption varied between 87
and 319 mg m�2 d�1, and in Vallentunasjön between 163 and 834 mg m�2 d�1. O2 consumption decreased
over time of the experiment (p = 0.0078). The change in temperature sensitivity of O2 consumption over
the course of the experiment differed between lakes (p = 0.0012; Table S1 and Figure 3). To statistically

Figure 1. Temperature sensitivity of oxygen consumption in Svarttjärn sediments. Mean regression parameter estimates (± approximate 95% CI) are derived from
linear mixed-effects models, based on mean O2 consumption rate of the three sediment cores at each temperature, and estimated for each incubation with
cores specified as random effect. The R2 is derived from simple linear regression using the single core data, as shown in the plot. Statistical effect testing was
conducted using linear mixed-effects modeling for the complete experiment (Table S1).

Figure 2. Temperature sensitivity of oxygen consumption in Vallentunasjön sediments. Mean regression parameter estimates (± approximate 95% CI) are derived
from linear mixed-effects models, based on mean O2 consumption rate of the three sediment cores at each temperature, and estimated for each incubation
with cores specified as random effect. The R2 is derived from simple linear regression using the single core data, as shown in the plot. Statistical effect testing was
conducted using linear mixed-effects modeling for the complete experiment (Table S1).
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test in how far the temperature sensitivity of oxygen consumption
was developing differently over time in the two lakes, we constructed
separate linear mixed-effects models for Vallentunasjön and
Svarttjärn. These lake-specific models indicated that the temperature
sensitivity of O2 consumption decreased over time in the eutrophic
Vallentunasjön, but not in the humic Svarttjärn (p = 0.0025 and
p = 0.9302, respectively), in congruence with the visually observable
patterns (Figure 3).

We also measured DIC production rates during the experiment, as
reported in detail elsewhere (Gudasz et al., 2015). Coupling those
results to the oxygen consumption rates reported here returned appar-
ent RQ values (i.e., CO2 produced/O2 consumed) ranging between 0.32
and 1.21 in Svarttjärn (mean ± standard deviation, 0.63 ± 0.26) and
between 0.45 and 1.58 in Vallentunasjön (mean 0.99 ± 0.28; Figure 4).
The apparent RQ was higher in Vallentunasjön than in Svarttjärn
(p< 0.001; Table S2). In addition, there was a positive effect of tempera-

ture on the apparent RQ (p < 0.001), and the temperature sensitivity of the apparent RQ was higher in
Svarttjärn than in Vallentunasjön (p < 0.001; Table S2 and Figure 4). Since the O2 consumption rates
decreased over time (p = 0.0078; Table S1) but the DIC production rates did not (Gudasz et al., 2015), the
apparent RQ increased over the course of the experiment (p = 0.0045; Table S2).

We further gauged the effect of temperature on O2 penetration depth by means of microsensor measure-
ments as well as calculations based on the measured O2 consumption rates. The measured and calculated
O2 penetration depth agreed generally well (Figure 5), but the calculated O2 penetration depths were fre-
quently somewhat shallower compared to the measured penetration depths. For calculating O2 penetration
depths we assumed a linear O2 concentration decrease over depth (see Methods). Since the slope of O2

decrease over depth tended to decrease at low O2 concentrations (see the measured pore water O2 concen-
tration profiles; Figure S1 in the supporting information), our calculated O2 penetration depths may be under-
estimates. However, they were not consistently lower than measured penetration depths, and the general
agreement betweenmeasured and calculated O2 penetration depths (Figure 5) indicates that assuming a lin-
ear O2 concentration gradient provided an appropriate approximation. For statistical analyses, we used the
calculated O2 penetration depth data only (i.e., excluding the measured data), since they provide complete
coverage of all incubated cores over the duration of the entire experiment. O2 penetration depth was
strongly negatively related to temperature (p< 0.001; Figure 5) and was smaller in Lake Vallentunasjön than

Figure 3. Changes in the temperature sensitivity of sediment oxygen consump-
tion over the course of the experiment. The error bars indicate the 95% confi-
dence interval, as derived from the linear mixed-effects model (Table S1).

Figure 4. Relationships between the apparent respiratory quotient (RQ) and temperature in the two study lakes
(linear regression using the mean RQ of incubations at six time points for each temperature, and resulting R2). Mean
parameter estimates (± approximate 95% CI) are derived from linear mixed-effects models, estimated for each lake with
time specified as random effect. Statistical effect analysis was conducted using linear mixed-effects modeling for the
complete experiment (Table S2). The symbols are colored according to progressing time of the experiment, from day
24 (white) to day 157 (dark grey).

Journal of Geophysical Research: Biogeosciences 10.1002/2017JG003833

SOBEK ET AL. LAKE SEDIMENT RQ 3081



in Lake Svarttjärn (p < 0.001; Table S3). The temperature effect on O2 penetration depth did not differ
between the two lakes (p = 0.4535; Table S3).

4. Discussion
4.1. Temperature Sensitivity of Oxygen Consumption

This study shows that O2 consumption rates are strongly and similarly dependent on temperature, irrespec-
tive of the type of lake sediment (Figures 1 and 2 and Table S1). While a similar temperature dependence of
CO2 production in lake sediments was observed in the same experiment (Gudasz et al., 2015) as well as in
other experiments (Bergström et al., 2010; Cardoso et al., 2014; Gudasz et al., 2010), some previous studies
have reported that the temperature sensitivity of sediment O2 consumption varied between lakes (Granéli,
1978; Granéli, 1979). Our study shows that in spite of great differences in organic matter source and therefore
chemical characteristics (Gudasz et al., 2010, 2015), sediment O2 consumption in the humic Svarttjärn and in
the eutrophic Vallentunasjön depended on temperature in a similar way (Figures 1 and 2 and Table S1), in line
with earlier work (Hargrave, 1969). This corroborates our original hypothesis that the temperature sensitivity
of O2 consumption is independent of the type of lake sediment.

However, even if the overall temperature sensitivity of O2 consumption did not differ significantly between
the two lakes (p = 0.4456; Table S1; interaction term temperature × lake), we also found an important tem-
poral aspect in the data: the temperature sensitivity of O2 consumption decreased over time in
Vallentunasjön (p = 0.0012; Table S1, interaction term “temperature × time × lake”; see also Figure 3), but
not in Svarttjärn. It is somewhat surprising that the temporal effect on the temperature sensitivity of O2 con-
sumption was statistically significant in Vallentunasjön, while we could not detect any statistical difference in
overall temperature sensitivity between the two lakes (Table S1); we attribute this outcome to the relative
weakness of the temporal effect in Vallentunasjön compared to the overall similarity of the temperature sen-
sitivity of O2 consumption between lakes (Figure 3). The decrease in the temperature sensitivity over time in
Vallentunasjön may possibly be triggered by a potential decrease in organic matter reactivity, related to a
depletion of the readily degradable OC pool over the 157 days of experiment, given the negative relationship
between organic matter age and its reactivity (Catalan et al., 2016; Middelburg et al., 1993). This effect may be
more pronounced in Vallentunasjön because its original sediment organic matter is (1) more reactive than in
Svarttjärn, as evidenced by the higher O2 consumption rates (Table S1), and (2) relatively less aged, given that
sediment organic matter is largely derived from lake-internal production in Vallentunasjön, but from degra-
dation products of land plants in Svarttjärn (Gudasz et al., 2015). Accordingly, during the 157 days of incuba-
tion, selective loss of reactive fractions may have caused a detectable shift in the temperature sensitivity of O2

consumption in sediments from Vallentunasjön, but not in the more recalcitrant Svarttjärn sediments. Such

Figure 5. Relationships between oxygen penetration depth and temperature in the studied lake sediments. The circles
represent calculated values of oxygen penetration depth (mean at each of the six incubation occasions), colored according
to progressing time of the experiment, from day 24 (white) to day 157 (dark grey). The line shows a linear regression fit to
the data, and the resulting R2. Mean parameter estimates (± approximate 95% CI) are derived from linear mixed-effects
models, estimated for each lake with time specified as random effect. Statistical effect analysis was conducted using linear
mixed-effects modeling for the complete experiment (Table S3). The triangles show measured values of oxygen penetration
depth (mean ± SD; for details, see section 2).
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an interpretation may appear to be in conflict with the finding that the temperature sensitivity of sediment
CO2 production did not change over time (Gudasz et al., 2015), and additionally in conflict with reports of
increasing temperature sensitivity of soil organic matter degradation with decreasing reactivity (Craine
et al., 2010). However, and importantly, O2 production and CO2 consumption are not always equivalent (as
also shown by the apparent RQ values presented here). O2 is consumed not only by aerobic respiration of
recently deposited organic matter in surficial sediment layers but also by oxidation of reduced inorganic
and organic compounds that originate from anaerobic respiration and fermentation of organic matter in
deeper and older sediment layers (Märki et al., 2006, 2009). It may therefore well be possible that the change
in temperature sensitivity of O2 consumption in Vallentunasjön over time (Figure 3) was related to a combi-
nation of temperature responses of several processes, including changes in anaerobic metabolism or other
redox processes over the course of the experiment. In addition, microbial acclimation to experimentally
manipulated temperatures (Bradford et al., 2008) might have contributed to a decreasing temperature sen-
sitivity over experiment duration in Vallentunasjön, thanks to higher microbial activity than in Svarttjärn.
While we lack the data to address this possibility, the CO2 production data of this experiment did not show
any evidence for microbial acclimation (Gudasz et al., 2015).

4.2. Temperature Dependence and Between-Lake Difference of Apparent Respiratory Quotients

Our results evidence that the apparent RQ of lake sediments can be very different between lakes and vary
strongly within lakes, partly driven by temperature. We report, for the first time, a strong temperature depen-
dence of the apparent RQ in lake sediments (p< 0.001; Table S2 and Figure 4). The temperature sensitivity of
the apparent RQ was stronger in Svarttjärn than in Vallentunasjön (p < 0.001), probably because the tem-
perature sensitivity of O2 consumption decreased over experiment time in Vallentunasjön (Table S1 and
Figure 3). In addition, the average apparent RQ was significantly higher in Vallentunasjön (mean ± standard
deviation, 0.99 ± 0.28) than in Svarttjärn (0.63 ± 0.26) and covered a broad range (0.32–1.21 in Svarttjärn and
0.45–1.58 in Vallentunasjön). Some previous studies also indicated variable apparent RQ in sediment incuba-
tion experiments, such as 0.77–1.04 in four south Swedish lakes (Granéli, 1979); 1.0 ± 0.3, 0.8 ± 0.4, and
1.3 ± 1.5 during different seasons in a pond in Connecticut (mean ± 95% confidence interval; Rich, 1979);
or 0.3–1.3 in a shallow Danish estuary (Therkildsen & Lomstein, 1993). These results show, in support of our
hypothesis, that the apparent RQ of organic matter degradation in lake sediments can deviate strongly from
unity, and thereby be different from the stoichiometry of microbial organic matter degradation processes
(Glud, 2008; Hargrave, 1973; Ohle, 1952). Importantly, we show that temperature seems to play a significant
role in regulating the variability in apparent RQ (Table S2 and Figure 4).

Apparent RQ > 1 can be expected when O2 consumption is comparatively small, e.g., when low concentra-
tions of bottom water O2 lead to lower O2 uptake rates or when the rate of anaerobic respiration (producing
CO2) is higher than the reoxidation rate of reduced compounds such as Fe2+, S2�, or CH4 (consuming O2)
(Glud, 2008; Märki et al., 2006, 2009; Rich, 1975; Therkildsen & Lomstein, 1993). Apparent RQ values <1 can
be expected when reoxidation rates of reduced compounds are higher than respiratory CO2 production or
when dark CO2 fixation by chemoautotrophic bacteria is large. The observed temperature response in appar-
ent RQ (Figure 4) may therefore be related to the temperature sensitivity of O2 solubility, anaerobic respira-
tion, reoxidation of reduced compounds, and dark CO2 fixation. The solubility of oxygen in water decreases
with increasing temperature and may contribute to the temperature dependence of apparent RQ by sup-
pressing sediment O2 uptake due to reduced bottom water O2 concentration with increasing temperature
(Rasmussen & Jorgensen, 1992). Also, the temperature sensitivities of redox processes may be important:
the production of CH4 is more strongly dependent on temperature than its oxidation (Duc et al., 2010;
Yvon-Durocher et al., 2014), such that at low temperatures, CH4 oxidation will be favored over CH4 produc-
tion, and aerobic microbial CH4 oxidation proceeds with an RQ of 0.5 (Williams & del Giorgio, 2005).
Similarly, the respiratory reduction of Fe3+ is more strongly dependent on temperature than the oxidation
of Fe2+ (Bullock et al., 2013), such that at low temperatures, CO2 production by iron reduction may be inhib-
ited, and O2 consumption by iron oxidation may be favored, resulting in a low apparent RQ. In addition, dark
CO2 fixation may contribute to low apparent RQ values. Even though dark carbon fixation has been shown to
correspond to 3–15% of the sediment O2 consumption in four Swedish lakes (Santoro et al., 2013), it remains
unknown in how far chemoautotrophic CO2 fixation may have contributed to the temperature dependence
of apparent RQ observed in the study lakes.
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The significant difference in apparent RQ between the two study lakes (p< 0.001; Table S2) may be related to
differences in microbially mediated redox processes. The O2 consumption rate was higher in Vallentunasjön
than in Svarttjärn, and hence, O2 did not penetrate as deeply into Vallentunasjön sediment (Tables S1 and S3),
leaving a larger share of the sediment for anaerobic degradation. In addition, the sediment of eutrophic Lake
Vallentunasjön is dominated by autochthonous organic matter as suggested by the high total P concentra-
tion and phytoplankton and macrophyte biomass (Rydin et al., 2010), the degradation of which is not
strongly dependent on O2 availability (Bastviken et al., 2003; Zehnder & Svensson, 1986). The overall extent
of anaerobic organic matter degradation is therefore probably higher in Vallentunasjön than in Svarttjärn,
where the sediment is dominated by land-derived organic matter, the degradation of which is strongly inhib-
ited in the absence of molecular O2 (Bastviken et al., 2003; Isidorova et al., 2016; Sobek et al., 2009).
Accordingly, we could occasionally observe gas bubbles in Vallentunasjön sediment cores during the incuba-
tion experiment, but not in Svarttjärn sediment. This indicated more CH4 production in Vallentunasjön sedi-
ment, supporting that the higher apparent RQ (up to 1.58) in Vallentunasjön may be related to a higher
extent of anaerobic respiration and accumulation of reduced compounds in the sediment of that lake.

There is also a temporal aspect to apparent RQ values, since respiratory CO2 production in lake sediments can
be temporally uncoupled from the O2 consumption, which to a large degree can be caused by oxidation of
reduced respiration products that can accumulate in the sediment and thereby represent an “oxygen debt”
(Glud, 2008; Rich, 1975). Periods where the O2 debt is redeemed result in low apparent RQ, while periods of
growing O2 debt result in high apparent RQ. It can therefore be expected that over longer periods of time, the
apparent RQwill be less variable. We observed that the apparent RQ increased significantly over the course of
the experiment in both lakes (p = 0.0045; Table S2), which may be interpreted as increasing O2 debt.
However, the very low apparent RQ values, particularly in Svarttjärn (Figure 4), might indicate significant
O2 debt caused by reduced substances that have accumulated in the sediment in the past. Such an interpre-
tation is plausible since the water column of Svarttjärn is typically strongly stratified, due to its dark, humic
matter-stained water, and its small (0.007 km2) but relatively deep (6m) basin. These circumstances favor bot-
tomwater O2 deficiency during both winter and summer (own, unpublished data) and thus the accumulation
of reduced substances, i.e., an O2 debt in Svarttjärn sediment. In contrast, Vallentunasjön is much larger
(5.8 km2) but comparably shallow (5m), and less stained by humicmatter. Thus, the water column is generally
well mixed during summer, warranting higher bottom water O2 availability and making the accumulation of
an “O2 debt” over long periods of time less likely. Clearly, the temporal variability of apparent RQ in lake sedi-
ments requires further attention.

We conclude that over the timescales typically applied for studies of sediment degradation rates, the appar-
ent RQ was different between lakes, highly variable, and temperature-dependent. These findings question
the use of O2 consumption rates measured at a short timescale, and an RQ based on metabolic considera-
tions, to derive OC mineralization rates of lake sediments.

4.3. Temperature Effects on Oxygen Penetration Depth and OC Burial

O2 penetration depth was strongly dependent on temperature, and this effect was similar in both lakes
(Figure 5 and Table S3). While the within-lake and between-lake variability in O2 penetration depth has pre-
viously been ascribed to temperature (Sweerts, 1990), this is the first experimental quantification of the tem-
perature dependence of O2 penetration depth into lake sediments. The temperature dependence is
expected since penetration depths were calculated from O2 consumption rates, which in turn were
temperature-dependent (Table S1) (Revsbech et al., 1980). Similarly, the O2 penetration depth was signifi-
cantly smaller in Lake Vallentunasjön than in Lake Svarttjärn (p < 0.001; Table S3) consistent with the differ-
ence in O2 consumption rate between the two lakes (Table S1). The calculated penetration depths were
corroborated by direct measurements of O2 penetration depths (Figure 5), indicating that the assumptions
of the calculation are reasonable (see Methods).

Over a temperature range frequently observed in temperate lake sediments (1–21°C), O2 penetration varied
with a factor of 2 as a function of temperature (Figure 5). This may have important implications for the fate of
OC in lake sediments, since it has been shown that the O2 exposure time, i.e., the ratio between O2 penetra-
tion depth and sediment accumulation rate, is negatively related to the OC burial efficiency (Sobek et al.,
2009). Microbial OC mineralization, O2 consumption, and O2 penetration depth are intertwined and all
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related to temperature, and we suggest that this represents a self-regulatory mechanism of microbial activity
in lake sediments. With increasing microbial OC mineralization rate (i.e., at increasing temperature), the O2

consumption rates increase (Figures 1 and 2), which leads to lower O2 availability in the sediment
(Figure 5). A reduced O2 availability to sediment microbes, in turn, decreases the rate of aerobic microbial
respiration (Rasmussen & Jorgensen, 1992) and will thereby have a dampening effect on the overall organic
matter mineralization rate (Bastviken et al., 2003; Sobek et al., 2009). A consequence of this self-regulating
mechanism is that as aerobic respiration becomes limited by decreased O2 availability at increasing tempera-
ture, anaerobic organic matter degradation is favored. This promotes the production of reduced compounds
that consume O2 chemically, as they diffuse toward the sediment-water interface. Hence, aerobic respiration
(the most efficient organic matter degradation pathway) and the chemical oxidation of reduced compounds
(which originate from comparatively ineffective anaerobic organic matter degradation pathways) compete
for molecular O2; the less O2 is channeled to aerobic respiration, the less OC will overall be mineralized,
and the more efficient OC burial will be. One important reason for different effectiveness of aerobic versus
anaerobic OC mineralization is likely that the powerful extracellular attack of organic substrates by oxyge-
nases is not possible in the absence of O2; the strongest difference between the extent of aerobic versus
anaerobic OCmineralization can therefore be expected in lake sediments with a high share of the structurally
complex, land-derived OC, which cannot be easily cleaved by hydrolases (Bastviken et al., 2003; Zehnder &
Svensson, 1986). A critical step in this potential self-regulatory process is the slow rate of O2 transport to
sediment-living microbes by molecular diffusion over the diffusive boundary layer and into the tortuous void
space between sediment grains (Boudreau & Jorgensen, 2001). A higher rate of O2 supply would therefore
likely have a stimulating effect on lake sediment OC mineralization (Gudasz et al., 2015).

We conclude that by strongly regulating not only OC mineralization but also O2 consumption and penetra-
tion depth, temperature is a major regulator of the OC burial efficiency in lake sediments. Interestingly, how-
ever, observations across latitudinal gradients do not provide evidence of a strong temperature regulation of
the lake sediment OC. Clow et al. (2015) showed that across the latitudinal gradient of the conterminous U.S.,
sediment OC concentration was not related to latitude or temperature, but rather to soil and vegetation char-
acteristics. In the same study, as well as in a European study, OC burial rates in lakes were positively (not nega-
tively!) related to temperature, possibly due to interdependence with net ecosystem productivity and the
occurrence of easily erodible soils (Clow et al., 2015; Kastowski et al., 2011). Similarly, OC burial in lakes across
climatic gradients in Finland and Minnesota was rather driven by land use than by temperature (Anderson et
al., 2013; Kortelainen et al., 2004). Lastly, the OC burial efficiency of lake sediments did not show a distinct
latitudinal pattern (Sobek et al., 2009, 2014), probably because important regulators of OC burial efficiency,
i.e., OC source, sedimentation rate, and O2 exposure, can vary strongly between lakes within the same cli-
matic zone (Sobek et al., 2014). While the role of temperature on lake OC burial may be overridden by other
factors at larger scales, we conclude from the present study that in each individual lake, factors affecting the
thermal structure such as air temperature, stratification properties, and the shape of the lake basin (Ferland
et al., 2012, 2014; Gudasz et al., 2010) will have strong effects on the magnitude and efficiency of lake
OC burial.
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