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Abstract

We compared the burial efficiency of organic carbon (buried OC : deposited OC) in a diverse set of 27 different
sediments from 11 lakes, focusing on the potential effects of organic matter source, oxygen exposure, and
protective sorption of OC onto mineral surfaces. Average OC burial efficiency was high (mean 48%), and it was
particularly high in sediments receiving high input of allochthonous organic matter (mean 67%). Further, OC
burial efficiency was strongly negatively related to the oxygen exposure time, again particularly so in sediments
receiving high allochthonous loads. On the other hand, OC burial efficiency was not related to the mineral surface
area, which was used as a proxy of the sorption capacity of the mineral phase for OC. The high OC burial
efficiency in many lake sediments can thus be attributed to the frequent and significant input of allochthonous
organic matter to lakes, as well as to a strong dependence of OC burial efficiency on oxygen exposure time. This
study demonstrates that the carbon sink in lake sediments alters the OC export from the continents to the sea and
that the fate of OC in lake sediments (burial vs. mineralization to carbon dioxide and methane) is highly sensitive

to environmental conditions.

Organic carbon (OC) that is deposited onto the surface
of a sediment will either be mineralized to CO, or CHy4 by
heterotrophic microbes or it will be buried in the sediments
over geological timescales. OC burial in sediments is an
important sink in the global carbon cycle, removing carbon
from the actively cycling carbon pools. Compared to other
fluxes in the global carbon cycle, OC burial constitutes a
small flux (about 0.1 Pg C yr—! in marine sediments; IPCC
2007), but it has lead to the accumulation of vast stocks of
fossil carbon. Accordingly, substantial research efforts in
oceanography have been directed toward a mechanistic
understanding of the factors governing OC burial in marine
sediments (Burdige 2007).

Studies on accumulation of OC in lakes, on the other
hand, have been more fragmented, and the rates of OC
burial reported from different lakes differ by more than two
orders of magnitude (Mulholland and Elwood 1982;
Kortelainen et al. 2004; Downing et al. 2008). Dean and
Gorham (1998) estimated that the annual OC burial in lake
sediments could amount to about 50% of the annual OC
burial in marine sediments. Considering that lakes cover
only about 2% of Earth’s surface, as compared to 71%
covered by ocean, it becomes evident that lake sediments
represent a very efficient sink in the global carbon cycle.
However, the reasons for this highly efficient OC burial in
lake sediments are poorly understood. Two studies report
relationships between OC burial and a number of lake and
sediment characteristics (Hédkanson 2003; Alin and John-
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son 2007) but provide no explanations of the mechanisms
responsible for the efficient OC burial in lake sediments.
Similarly, a recent study by Downing et al. (2008)
demonstrated very high OC burial in small impoundments
such as farm ponds, but the mechanisms responsible for
this high OC burial remain unclear. Due to this lack of
mechanistic understanding, it is presently impossible to
gauge the response of OC burial in lake sediments to
climate change.

Extensive studies on marine sediments have identified a
wide array of different factors that may contribute to the
preservation of OC in sediments, such as primary pro-
duction rate, chemical composition of organic matter,
sediment accumulation rate, bottom water oxygen concen-
tration, the availability of electron acceptors, characteris-
tics of the microbial decomposers, mixing by macro-
benthos, oscillations in redox potential, and sorption on
inorganic particles (Hedges et al. 1999). Many of these
factors are interdependent, and their relative importance is
likely to shift with time and space. The mechanisms that
have received most attention in marine sediments are
oxygen exposure, protective sorption onto mineral surfac-
es, and the chemical composition of the organic matter
(Burdige 2007).

Several different studies have shown that anoxia favors
OC preservation and the formation of oil precursors in
marine sediments (Demaison and Moore 1980; Gelinas et
al. 2001). The oxygen exposure time (OET) has been found
to act as a major regulator of OC preservation in marine
sediments (Hartnett et al. 1998; Hedges et al. 1999), as it
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integrates several environmental factors that are related to
OC burial (oxygen concentration, primary productivity,
sedimentation rate). There are indications that in lake
sediments as well, long oxygen exposure time may favor the
extent of OC mineralization, thereby lowering OC burial
(Mirki et al. 20006).

Organic matter can adsorb onto the surfaces of mineral
particles, which limits or inhibits mineralization rates in
marine sediments (Keil et al. 1994; Mayer 1994b). There is
evidence that sorption onto mineral surfaces, storage in
meso-sized pores of mineral particles, and association with
amorphous metal oxides all contribute to the physical
protection of organic matter against attacks by microbial
exoenzymes (Burdige 2007). Accordingly, a model based
solely on the physical protection of organic matter by
mineral particles could explain the empirically observed OC
decay rates in marine sediments (Rothman and Forney
2007). In soils and sediments, the surface area of minerals is
positively related to the OC concentration (Mayer 1994a),
and it may therefore be regarded as an indicator of the
extent of protective sorption of OC on minerals. Also for
lake sediments, there are indications that protective
sorption onto mineral surfaces can contribute to the
preservation of OC (Laskov et al. 2002).

The fate of organic matter in sediments is ultimately
determined by its chemical composition, i.e., its molecular
structure (Westrich and Berner 1984). Several studies have
demonstrated that allochthonous (i.e., land plant—derived)
compounds, as well as microbial membrane remnants, are
prone to selective preservation in marine sediments
(Burdige 2007). Autochthonous (i.e., internally produced)
organic matter, on the other hand, is comparatively easily
decomposed by heterotrophic microbes, and thus it is less
prone to accumulation in sediments (Burdige 2007). A few
studies have hinted that similar mechanisms are also valid
for lacustrine ecosystems (Cranwell 1981; Ho and Meyers
1994), and hence the organic matter source may profoundly
affect OC burial in lake sediments.

The relative importance of oxygen exposure time,
sorption onto mineral surfaces, and organic matter source
for OC burial in lake sediments has to date not been
studied systematically. Here, we compare a set of different
lake sediments, varying widely in oxygen exposure time,
mineral surface area, and organic matter source, in order to
better understand the mechanisms behind the effective OC
burial in lake sediments. We show that oxygen exposure
time and organic matter source are important regulators of
OC burial in lake sediments, while organic matter sorption
on mineral surfaces plays a subordinate role.

Methods

Site selection—We chose sampling sites for lake sedi-
ments representing end members of gradients in oxygen
exposure time, mineral phase properties, and organic
matter source (Table 1). While we collected quantitative
data on the oxygen exposure time and the mineral surface
area, the dominating source of organic matter was derived
from the literature and resulted in a qualitative grouping
into sediments dominated by autochthonous organic
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matter, and sediments dominated by allochthonous organic
matter.

The three Swedish boreal lakes (Svarttjarn, Gaddtjarn,
and Lilla Sangaren) are oligotrophic, humic-rich systems,
and the sediments are dominated by allochthonous organic
matter (Von Wachenfeldt and Tranvik 2008). These lakes
are small (0.007, 0.07, and 0.24 km2 for Svarttjirn,
Gaddtjarn, and Lilla Sangaren, respectively) and shallow,
and only one site was sampled within each of the three lakes
(Table 1). Lake Baikal (31,494 km?2) is the world’s largest
lake by volume and very oligotrophic, and the sediments of
Lake Baikal are the most highly oxygenated lake sediments
reported in the literature (Martin et al. 1998). Five sites were
selected in Lake Baikal. While the Posolskaya site receives
some input of allochthonous organic matter and riverine
particles from the Selenga River, the sediments of the four
other sites receive predominantly internally produced
material (Miller et al. 2005). In oligotrophic Lake Con-
stance (539 km?2), we sampled four sites along a gradient of
riverine input from the Rhine River, draining the Alps
(Wessels 1998). The site closest to the Rhine River inflow
receives almost exclusively allochthonous matter, while at
the south shore of the central basin, sediments consist
predominantly of autochthonous material. In the north
basin of eutrophic Lake Zug (38.3 km2), we sampled two
sites at different depths, which are characterized by different
bottom water oxygen regimes. Due to high internal
production and limited riverine inflow, sediments of this
basin are mainly derived from internal production (Meckler
et al. 2004). Lake Wohlen (2.5 km2) is a mesotrophic
reservoir in the Aare River with an average water retention
time of roughly 2 d (Albrecht et al. 1998); it consequently
receives high riverine input. We sampled Lake Wohlen at
five sites along a transect from the dam (WO-A) to the
inflow area (WO-H). Ultra-oligotrophic alpine Lake Brienz
(29.8 km2) receives high particle loads from tributaries fed by
upstream glaciers, and the deep site (210 m) receives a higher
particle load than the shallow site (20 m) (Miiller et al. 2007).
Lake Lugano (48.7 km?2) is eutrophic, resulting in the
sediment being mainly derived from autochthonous sources.
A certain proportion of allochthonous matter is present in
the sediment, derived from tributaries draining the alpine
catchment (Hofmann 1996). The north basin of Lake
Lugano has been meromictic during the past 40 yr, implying
that the sediments were deposited under permanently anoxic
conditions. In eutrophic Lake Kinneret (166 km2), three
shallow sites with increasing distance from the Jordan River
inflow were sampled, and one site was sampled in the middle
of the lake, where the sediments are anoxic for about 6
months per year. Sediments in Lake Kinneret are primarily
derived from internal production and have a variable, but
small degree of allochthonous input from the Jordan River
(Koren and Klein 2000). Lastly, tropical Lake Kivu (2370
km?) is a eutrophic lake with permanently anoxic bottom
waters. The sediments of Lake Kivu are mainly formed by
autochthonous material (Al-Mutlaq et al. 2008).

Sampling—For Lakes Baikal, Zug, Brienz, and Lugano,
published data on OC burial, OC mineralization, and
oxygen pore-water profiles were available (Table 1). The
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sediments of the other lakes were sampled with a gravity
corer, resulting in ~30-100-cm-long sediment cores. One
core from each site was sliced at 0.5-2-cm intervals,
depending on the expected sedimentation rate. These
samples were then analyzed for bulk sediment properties
(water content, elemental composition, mineral surface
area). An additional 2-3 cores were taken at ecach site for
the measurement of the oxygen penetration depth using
microsensors, as described in the following section. These
cores were stored in the dark until measurement, and care
was taken to minimize temperature change. Furthermore, 2—
3 cores equipped with side ports were taken at each site in
order to sample methane in the sediment pore-water.
Sampling was repeated in order to cover seasonal variations
in oxygen and methane pore-water concentrations. Lake
Wohlen was sampled three times at the site closest to the
dam (WO-A), and once along the riverine input gradient.
The other lakes (Swedish boreal lakes, Lake Constance,
Lake Kinneret) were sampled twice (Table 1). Lake Kivu
was sampled once as described already, but due to
permanently anoxic bottom waters, no cores for the
measurement of oxygen profiles were taken.

Pore-water analyses—Profiles of oxygen concentration
in the sediment pore-water were measured using oxygen
micro-optodes (tip size <50 um; PreSens) mounted on a
computer-controlled micromanipulator (Newport), which
moved the micro-optodes vertically in step sizes of 0.1-0.2
mm. Measurement commenced usually 1-4 h after retriev-
ing the core; hence, bottom water oxygen concentrations
were probably similar to in situ conditions. For measure-
ment, most of the water overlying the sediment was
carefully siphoned off, leaving about 5 cm of water column
above the sediment. In each core, three oxygen profiles
were recorded. Measurements were conducted as close to in
situ temperature as possible; occasionally observed moder-
ate temperature increases during measurement are not
expected to have affected the measured profiles to any large
extent during the short time of measurement. The similarity
of diffusive boundary layer thickness observed in the cores
(mean = SD, 0.64 = 0.32 mm) with values typically
reported from benthic lander measurements of lake
sediments (range 0.2-1 mm; Miérki et al. 2009) indicates
that the artificial turbulence conditions inside the core did
not seem to have any major effect on our estimates of
oxygen flux across the sediment-water interface. The
oxygen sensors were calibrated using water-saturated air
and an oxygen-free solution (1:1 mixture of 0.1 mol L—!
sodium ascorbate and 0.1 mol L—! NaOH). Analytical
precision was =0.5%. The oxygen penetration depth was
calculated as the difference in distance between the
sediment-water interface (defined from the shape and the
standard deviations of the oxygen profile; Archer et al.
1989) and the depth of onset of anoxia.

Samples for the measurement of dissolved CHy in
sediment pore-water were taken using a core liner with
side ports (1-cm distance between ports). From each core,
eight samples were taken, covering between 0 and 15 cm of
sediment depth. From each layer, 2 mL of sediment were
extracted through a side port using a plastic syringe with a
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cut-off tip, and transferred to a 25-mL glass vial prefilled
with 4 mL of 2.5% NaOH. The vial was sealed immediately
using a gas-tight butyl-rubber stopper and an aluminum
crimp seal, shaken, and then stored upside down until
analysis. Quantification of CH,4 was accomplished by
injecting 500 uL of equilibrated headspace from the glass
vials into a Carlo Erba HRGC 5160 gas chromatograph
equipped with a J&W GSQ column (30 m X 0.53 mm) and
a flame ionization detector (FID). Known amounts of
standard gas (Scotty, Supelco) were injected in quadrupli-
cate and served for quantification. Analytical precision was
+5%.

Sediment analyses—Water content of the sediment was
measured by weighing samples both wet and after freeze
drying. Contents of total carbon and nitrogen were
measured by high-temperature catalytic oxidation using a
LECO CHNS-932. Inorganic carbon concentrations were
measured on a coulometer after acidification with 2 mol
L-1 perchloric acid (UIC). The organic carbon (OC)
content was then calculated as the difference between total
and inorganic carbon. Analytical precision was *+1%.

Dry bulk density (p) of the sediment was calculated from
the OC content (Miiller et al. 2005), assuming that the
sediment is a two-phase mixture between silicate and
carbonate minerals (density about 2.65 g cm—3) and
organic matter (density about 1 g cm~—3):

p (gem™ )= —0.0523 x OC (%)+2.65 (1)

We also measured the dry bulk density in 45 samples from
different sediments using a pycnometer. The difference
between calculated and measured density was on average
4% and did not affect the estimates of OC burial.

From bulk dry density (p, g cm—3) and water content
(we, %), we then calculated porosity (@) as follows:

wce

*= (we+(1—we)-p) )
The mineral surface area (MSA) was determined by means
of N, adsorption at —196°C on a Sorptomatic 1990
(Thermo Electron Corporation), according to the BET
method (named after Brunauer, Emmett, and Teller 1938).
Organic matter was removed by thermal oxidation at
350°C for 12 h (Mayer 1999). To remove water vapor prior
to adsorption analysis, each sample was evacuated at 100°C
until pressure was <0.02 Pa, and then evacuated at 100°C
for another 2 h. For calculation of BET parameters, six
points within the linear part (relative pressure [p: po] 0.05—
0.3) of the adsorption isotherm were used. MSA at sites in
lakes Baikal and Brienz was measured on archived
sediment samples.

Sedimentation rates were determined from depth profiles
of 210Pb and/or 137Cs, analyzed by gamma spectrometry
using germanium detectors (Canberra). The sedimentation
rate was corrected for compaction of sediment according to
Lu (2007). At some sites with very heterogeneous sedimen-
tation regime in lakes Constance and Wohlen, the depth
profiles of 137Cs and/or 219Pb could not be used for dating.
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At the site close to the inflow of the Rhine River in
Lake Constance (CO-IN), the sedimentation rate was
determined from the depth difference of a stratigraphic
marker (the August 2005 extreme flood event) at two
consecutive years. In Lake Wohlen, sedimentation rates
were derived from water-depth surveys conducted by
the hydropower company (BKW FMB Energic) in 1990
and 2004. The difference in standardized water depth
between 1990 and 2004 represents the sedimentation rate
during this period. For each of the coring sites, the
sedimentation rates of two to four nearby depth-survey
locations were averaged to represent the sedimentation rate
of the coring site.

Calculations—The burial efficiency of organic carbon
(OC BE, %) was calculated as the ratio between OC burial
(i.e., mean mass accumulation rate in the sediment, g C
m~2 yr—!) and OC gross sedimentation (i.e., mean mass
deposition rate onto the sediment surface, g C m=2 yr—1).
Gross sedimentation was either derived from sediment
traps, if such data were available, or calculated as the sum
of OC burial and OC mineralization (Table 1). OC
mineralization (g C m~2 yr—!) was calculated from pore-
water profiles of oxygen and methane using Fick’s first law
of diffusion. The methane profiles observed in this study
generally exposed a strong quasi-linear decrease of methane
concentrations over the top 4 or 5 cm of sediment,
probably induced by intense methane oxidation at the
oxic—anoxic boundary (data not shown). Methane fluxes
were calculated over this gradient and therefore include
methane oxidation. Oxygen fluxes were converted to
carbon dioxide fluxes by using a respiratory quotient of
0.9 (Granéli 1979), and total OC mineralization was then
calculated as the sum of CO, and CH, flux from the
sediment to the water column. Oxygen exposure time was
calculated by dividing the mean oxygen penetration depth
by the sedimentation rate.

Statistics—We used partial least squares regression
(PLS; Hoskuldsson 1988) in order to determine the way
different variables perform as predictors of OC burial
efficiency. A PLS regression places uncorrelated latent
components (i.e., orthogonal axes) into the X data space in
order to maximally explain the variability in the Y data.
Compared to ordinary multiple linear regression, PLS is
relatively insensitive against the interdependence of X
variables on each other, and against deviations from
normality. Also, the PLS algorithm is very tolerant to
missing values. The performance of the PLS model is
expressed in the terms R2Y and Q2. R2Y is comparable to
R? in linear regression, and Q2 is a measure of the
predictive power of the model. Using a permutation test,
R2Y was corrected for the intrinsic “background correla-
tion” of the data, i.e., the baseline in R2Y that is not
indicative for any correlations between variables, but is
only due to chance. Highly skewed variables (skewness >
2.0 and min:max ratio < 0.1) were logarithmically
transformed prior to modeling in order to increase model
performance. All PLS modeling was done on the SIMCA-
P+ 12.0 software (Umetrics).
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Fig. 1. Partial least squares regression (PLS) loadings plot,

depicting the relationships between the different X variables
(closed circles) and OC burial efficiency (open circle). The model
explains 84% of the variability in OC burial efficiency; when
corrected for background correlation, the degree of explanation is
68%. Variables situated along the same directional axis correlate
positively with each other; variables situated at opposite ends of
the plot correlate negatively with each other; variables situated in
the center of the plot are poor predictors of OC burial efficiency.
The horizontal axis explains about three times as much of the
variability in OC burial efficiency as compared to the vertical axis.
Abbreviations are as follows: OET, oxygen exposure time; MSA,
mineral surface area; Sed R, linear sedimentation rate.

Results

In the studied 27 lake sediments, OC burial ranged
between 0.2 and 1140 g C m—2 yr—! (median 27, mean 192 g
C m~2 yr—!), and OC mineralization ranged between 5.3
and 196 g C m—2 yr—! (median 40, mean 58 g C m—2 yr—1).
Consequently, organic carbon burial efficiencies (OC BE;
OC burial: OC deposition, see Methods section) varied
greatly, covering a range from 3% to 93% (median and
mean, 48%). Oxygen penetration depths in the sediments
overlain by oxygenated water varied between 0.4 and >50
mm, and sedimentation rates covered over three orders of
magnitude (0.02-79 mm yr—!). This resulted in oxygen
exposure times (OET) ranging from essentially zero in lakes
with permanently anoxic bottom waters to >2000 yr at
Akademisky Ridge in Lake Baikal (median OET 0.5 yr,
mean 93 yr). Also, the mineral surface area (MSA) was
variable among the different lake sediments; values were
between 5.7 and 86 m2 g—! (median 21.6, mean 30.3 m?2
g~ 1). Hence, the broad diversity of lake sediments included
in this analysis ensures that general conclusions can be
drawn regarding the influence of OET and MSA on OC
BE.

The partial least squares regression (PLS) explained a
significant fraction of the variability in OC BE between sites
(R2Y = 0.83; R?Y orrected = 0.68; 02 = 0.69) and provided a
comprehensive overview of the correlation structures in our
data set (Fig. 1). The results of the PLS analysis show the
importance of the different X variables in explaining the Y
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variable (i.e., OC BE), and the relationships of the X
variables with each other. Variables are positively correlated
if they plot close to each other, while they are negatively
correlated if they are placed at opposite ends of the plot.
Variables in the center of the plot are at most poorly related
to the variables at the outer ends of the plot area. The first
component (horizontal axis in Fig. 1) explained roughly
three times as much of the variance in the data set as the
second component (vertical axis in Fig. 1), and it is therefore
of higher importance when interpreting the plot.

The OC BE was strongly positively correlated with OC
burial and the sedimentation rate (Fig. 1). Also, the
OC : MSA ratio, expressing the organic loading of the mineral
surface area, was positively related to OC BE. On the other
hand, OET and water depth were negatively related to OC BE
(along the first component), as well as OC mineralization and
annual mean bottom water temperature (along the second
component). The OC concentration, the molar C: N ratio,
and the MSA were at most weakly related to OC BE.

A closer look at the negative relationship between OET
and OC BE revealed that the different lake sediments
followed two different relationships (Fig. 2). Sediments
that receive significant input of autochthonous material
(BA-AK, BA-SB, BA-NB, BA-VY, KI-LA, KI-TI, ZG-50,
7G-120, LU and KIVU; see Table 1) grouped around the
OET-OC BE regression line for marine sediments reported
by Hartnett et al. (1998). Sediments that receive a
significant input of allochthonous material followed a
different relationship with steeper slope (OC BE = —16.7
X log[OET] + 61.2; R2 = 0.81; p < 0.0001; n = 14).

When comparing the OC concentration with the mineral
surface area in individual sediment layers, we found a weak
positive relationship (Fig. 3A). On the other hand, we did
not find a relationship between OC BE and mean MSA for
our 27 different sediment sites (linear regression R2 = 0.06;
p = 0.24; Fig. 3B), indicating that MSA is not an important
regulator of OC BE in the studied sediments.

No distinct relationship between latitude and OC BE
was observed in our data set (data not shown). However,
we found that the annual mean bottom water temperature
was positively related to OC mineralization in lake
sediments, in particular in the range of 3°C to 10°C
(Fig. 4), and thereby negatively related to OC BE (Fig. 1).

The OC BE was calculated from OC burial and OC
mineralization, which in turn were calculated from several
different parameters (see Methods). Our data showed that
the magnitude of OC BE was most strongly influenced by
OC burial, which in turn was most strongly influenced by
the sedimentation rate (Fig. 1). The sedimentation rate
alone explained 67% of the variability in OC BE (Fig. 5;
OC BE = 32.1 +27.9 X log(sedimentation rate); R?2 = 0.67;
p < 0.0001; n = 27).

Discussion

Organic carbon burial efficiency in lake sediments—Our
results show that in many lake sediments, OC burial
efficiency is high (mean 48%). This applies particularly to
sediments receiving significant input of allochthonous
matter, where average OC BE was 66%. In sediments that
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are predominantly composed of autochthonous matter, on
the other hand, average OC BE was 22%. These average
values only reflect a qualitative trend due to the limited
amount of data, and because autochthonous and allochtho-
nous sediments were distinguished qualitatively based on the
published literature. The C: N ratio, which is frequently used
as a quantitative indicator of organic matter source, was not
found to be related to the OC burial efficiency in the present
analysis (Fig. 1). This could possibly be attributable to the
very large differences between the studied sediments in terms
of organic matter sources, degradation pathways, and
microbial decomposers, all of which may affect the C: N
ratio in different ways. This implies that in a cross-system
comparison of very different sediments, the C: N ratio may
not be a reliable indicator of organic matter source.
Furthermore, 50% of the C:N ratio data were within a
narrow interval (9.9-11.4), potentially occluding any statis-
tical effect of the C:N ratio. Nevertheless, the large
difference in mean OC BE between different organic matter
sources illustrates that allochthonous inputs to lake sedi-
ments stimulate OC burial and hamper OC mineralization.
Further, these data indicate that the fate of allochthonous
organic matter in lake sediments is primarily burial.
Autochthonous organic matter, on the other hand, is less
prone to burial and, consequently, primarily fuels microbial
respiration in the sediments. Based on a very diverse data set
(Table 1), these conclusions are most probably valid for lake
sediments in general. Overall, our data show that roughly
half of the OC deposited on lake floors may be buried in the
sediments, illustrating that lakes are important modifiers of
carbon export from the continents to the ocean, and
highlighting the role of lake sediments as significant sinks
in the global carbon cycle (Cole et al. 2007).

The effect of oxygen exposure time on organic carbon
burial efficiency—The OC burial efficiency was found to be
strongly negatively related to the oxygen exposure time
(Fig. 2). While the lake sediments derived from mainly
autochthonous sources followed a similar trend as marine
sediments (Hartnett et al. 1998), the OC BE in lake
sediments derived from mainly allochthonous sources had
a much stronger response to changes in OET (Fig. 2). Of
the 27 different sediments in the present data set, there were
only two exceptions to this pattern, both in Lake Kinneret.
The sediment in the inflow area of the Jordan River (KI-
IN) had a comparatively low OC BE (Fig. 2). Possibly, the
allochthonous inputs from the river to this sediment are
diluted by the deposition of autochthonous matter derived
from the high phytoplankton production in this eutrophic
lake (Ostrovsky and Yacobi 1999). Further, this site is
shallow (7-m depth), and the oscillating redox conditions in
the top sediment probably result in frequent sediment
mixing, which may significantly promote OC mineraliza-
tion (Hulthe et al. 1998). On the other hand, OC BE in the
central basin of Lake Kinneret (KI-C) was comparatively
high (Fig. 2), given that the main OC source is autochtho-
nous material (Ostrovsky and Yacobi 1999). However,
lateral transport of sediment from shallow to deeper areas
(i.e., focusing) is a significant process in Lake Kinneret due
to the frequent and regular occurrence of strong internal
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Plot of oxygen exposure time against OC burial efficiency for the 27 different lake sediments. Open circles represent sites

receiving sediment from mainly autochthonous sources; closed circles represent sites receiving sediment from mainly allochthonous
sources. The solid line shows the linear regression for mainly allochthonous sediments (closed circles), excluding KI-IN (see Discussion):

OC BE = 61.2 — 16.7 X log(OET); R? =

0.81; p < 0.0001; n = 14. The dashed line gives the relationship for marine sediments according

to Hartnett et al. (1998). Linear regression for the mainly autochthonous sediments (open circles, excluding KI-C; see Discussion) returns
OC BE = 23.3 — 4.39 X log(OET); R2 = 0.49; p < 0.05; n = 12 (line not shown for clarity). The error bars show the 95% confidence
interval; for some of the literature data, no error bars could be calculated. Maximum OC burial efficiency is 100%, even though some
confidence intervals exceed 100% mathematically. Abbreviations are as in Table 1.

waves. Hence, sediment at KIN-C has a relatively long
predepositional history and is consequently relatively
degraded (Ostrovsky and Yacobi 1999), which may help
to explain the high OC BE at this site.

Apart from these exceptions, our data show that
allochthonous inputs to lake sediments both trigger a high
OC BE, and result in a greater sensitivity of the OC toward
oxic degradation. This effect is most likely due to the organic
matter characteristics and not the mineral phase character-
istics of the imported allochthonous matter. The lack of a
positive relationship between OC BE and mineral surface
area in lake sediments (Fig. 3B) indicates that mineral phase
properties have subordinate importance for OC burial in lake
sediments. Further, enhanced OC burial efficiency in
allochthonous sediments is both observed in mineral-poor
sediments with slow sedimentation rates (e.g., boreal lakes),
and in mineral-rich sediments with high sedimentation rates
(e.g., Brienz, Constance-inflow, Wohlen; Table 1; Figs. 2, 5).
This strongly suggests that the high OC BE in allochthonous
sediments is not primarily caused by a high rate of
sedimentation of mineral particles per se, but rather by the
recalcitrance of allochthonous organic matter.

Several studies have shown that while the degradation of
autochthonous OC is independent of oxygen availability,

the less reactive allochthonous OC is mineralized much
faster under oxic than under anoxic conditions (Kristensen
et al. 1995; Hulthe et al. 1998; Bastviken et al. 2004b). First,
allochthonous OC is generally older than autochthonous
OC (Mollenhauer and Eglinton 2007) and has consequently
to a higher degree been exposed to predepositional
degradation and transformation processes. Second, al-
lochthonous OC is typically rich in molecules that are
relatively resistant to anaerobic oxidation, e.g., long-
chained aliphatics, lignin, and humic matter (Zehnder and
Svensson 1986; Emerson and Hedges 1988). Only in the
presence of molecular oxygen can this aged, structurally
complex allochthonous OC be exposed to the powerful
attack by oxygenases (synthesized by aerobic bacteria) and
by reactive oxygen species such as H,O, and radical
intermediates (Zehnder and Svensson 1986; Stumm and
Morgan 1996). Furthermore, the activity of phenol oxidase
is strongly inhibited under anoxic conditions, leading to an
enrichment in phenolic compounds that in turn inhibit
organic matter degradation by hydrolases (Freeman et al.
2001). Hence, the primary attack of the OC is compara-
tively weaker in the absence of oxygen, which may
represent the rate-limiting step of the degradation of
allochthonous OC in lake sediments. Intriguingly, even
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(A) Relationship between mineral surface area and OC for individual sediment layers

in the different lake sediments. (B) Mineral surface area against OC burial efficiency in different
lake sediments. Open circles represent sites receiving sediment from mainly autochthonous
sources; closed circles represent sites receiving sediment from mainly allochthonous sources. The
points show the mean, vertical error bars show the 95% confidence interval, and horizontal bars
show the range of mineral surface area in each sediment core.

the OC of ancient sediments (kyr-Myr) can readily be
mineralized by aerobic bacteria if re-exposed to oxygen
(Moodley et al. 2005; Schillawski and Petsch 2008). To
conclude, the greater effect of OET on the fate of OC in
lake sediments with a high proportion of allochthonous
compounds may be attributed to the restricted mineraliza-
tion of allochthonous OC under anoxic conditions.

The absence of a mineral surface area effect on organic
carbon burial efficiency—No positive relationship was
observed between the OC BE and the mineral surface area
(Fig. 3B), although such a correlation could have been
expected based on frequent reports on the importance of
protective mineral sorption for OC preservation in marine
sediments (Keil et al. 1994; Mayer 1994h; Rothman and
Forney 2007). The lack of a MSA effect on OC BE may
possibly be attributable to the relatively high organic
matter loading of the mineral surfaces in many lake
sediments. The OC: MSA ratio in our lake sediments was
on average 1.7 mg m—2, as compared to a range of 0.5-1 mg
m~2 frequently found in marine sediments (Mayer 1994b).
Furthermore, we suspect that the large effect of OET on
OC BE, in particular in sediments dominated by allochtho-
nous substances, may result in a comparatively little effect
of MSA on OC BE in lake sediments as opposed to marine
sediments. Hence, in spite of the obvious fact that organic
matter sorbs onto mineral surfaces also in lake sediments,
the frequently high organic matter loading, as well as the
pronounced importance of OET, may mask a potential role
of MSA in regulating the OC BE in the present analysis.

Relationships of organic carbon burial efficiency with
other variables—Contrary to the study of the earth’s large
lakes by Alin and Johnson (2007), our data did not indicate
a positive relationship between OC BE and latitude (not
shown). Notably, Alin and Johnson (2007) defined the OC
BE as the ratio between OC burial and primary production,
while in the present study, OC BE is defined as the ratio
between OC burial and OC deposition onto the sediment.

A direct comparison of OC BE in the present study and the
one by Alin and Johnson (2007) is therefore not possible.

We observed a negative relationship between annual mean
bottom water temperature and OC BE (Fig. 1). Closer
examination of this relationship shows that OC mineraliza-
tion was positively related to annual mean bottom water
temperature in the 3-10°C interval (Fig. 4), as observed in
hypolimnetic sediments of mono- and dimictic lakes.
Although the relationship is not very strong, it is in
accordance with Den Heyer and Kalff (1998), who showed
that mineralization rates in lake sediments are sensitive to
temperature. The flattening of the relationship toward higher
temperatures may partially be related to seasonally and
permanently anoxic bottom waters in two of the five warm-
water sites (Kinneret central and Kivu), potentially resulting
in comparatively low mineralization rate at these sites.

We further found that water depth was weakly negatively
related to OC BE (Fig. 1). This relationship is probably
attributable to two effects. First, annual mean bottom water
temperatures are generally colder in deep lakes than in
shallow lakes, and this hampers mineralization and therefore
triggers OC BE (Fig. 4). Second, OC degradation rates
decrease exponentially with increasing OC age (Middelburg
et al. 1993), implying that degradation rates may be higher
for sinking particles, which are comparatively young,
compared to sediments, which are comparatively old.
Accordingly, sediment trap studies at a 1400-m-deep site in
Lake Baikal showed that about 30% of the particulate OC
sinking out of the mixed surface layer is mineralized during
sinking to the sediment surface (Miiller et al. 2005). Hence, it
is likely that predepositional degradation in the water
column is more intense for deeper lakes. High predeposi-
tional degradation reduces OC deposition on the sediment
surface, and consequently stimulates OC BE as defined here.

Predictability of organic carbon burial efficiency—The PLS
model (Fig. 1) explained 68% of the variability in OC BE, and
it had a high predictive power (02 = 0.69). However, the PLS
model is based on many variables, several of which are not
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easily assessed. Our analysis shows that the sedimentation
rate alone explained 67% of the variability in OC BE (Fig. 5).
Hence, the sedimentation rate is the statistically most
important predictor of OC burial efficiency in our data set.
However, it is not evident what kind of mechanism could link
the yearly increase in sediment thickness to the extent of OC
mineralization or preservation; instead, we attribute the high
predictive power of sedimentation rate to the fact that it is the
most important factor in the calculation of OET and OC
burial, which in turn can be mechanistically linked to the OC
burial efficiency. As illustrated by the confidence bands of the
regression line in Fig. 5, there is considerable uncertainty in
the regression slope, as well as great deviations from the
regression line for some of the sediments. Hence, predictions
of OC BE from the sedimentation rate may suffer from a lack
of accuracy. Inclusion of other easily available data (water
temperature, water column depth) into a multiple linear
regression model did not contribute significant additional
explanatory power. However, an analysis of the residuals of
the linear regression between the sedimentation rate and OC
BE (Fig. 5) revealed that 75% of the positive residuals were
associated with sediments dominated by allochthonous
inputs, while 82% of the negative residuals were associated
with sediments dominated by autochthonous inputs. This
difference in residual direction between allochthonous and
autochthonous sediments was statistically significant (z-test, ¢
= 2.78, df = 25, p = 0.010), implying that allochthonous
sediments tend to have a higher OC BE at a certain
sedimentation rate, while autochthonous sediments tend to
have a lower OC BE at a certain sedimentation rate. It is
therefore likely that quantitative information on the source of
the sediment (autochthonous vs. allochthonous) will greatly
enhance the predictability of OC BE in lake sediments.

Comparison with marine sediments—The average OC BE
in the studied lake sediments (48%) was considerably higher
than the average OC BE for different marine sediments
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Fig. 5. Relationship between the OC burial efficiency and
the sedimentation rate. The solid line shows the linear regression:
OC BE = 32.1 + 27.9 X log(sedimentation rate); R2 = 0.67; p <
0.0001; n = 27. Open circles represent sites receiving sediment
from mainly autochthonous sources; closed circles represent sites
receiving sediment from mainly allochthonous sources. The
dashed lines show the 95% confidence bands.

(29%; Burdige 2007). The range in OC BE in the studied lake
sediments, however, was similar to that found in marine
sediments (Burdige 2007), except that very low OC BEs
(<3%) were absent in the lake sediments. Also, the ranges of
OET and MSA in the studied lake sediments were
comparable to marine sediments (Mayer 1994a,b; Hartnett
et al. 1998). Since the gradients in OC BE, OET, and MSA
are similar in lake and marine sediments, the potential
mechanisms regulating OC BE may be compared.

In marine sediments, both OET and MSA were found to be
related to OC burial and OC BE (Keil et al. 1994; Hartnett et
al. 1998), while in lake sediments, our data suggest a major
role of OET and allochthonous OC, and a minor role of MSA
for OC BE (Figs. 2, 3). However, there are indications that
the mechanisms regulating OC BE in lake and marine
sediments are fundamentally similar. Short OET and high
allochthonous OC inputs do not only trigger high OC BE in
lake sediments, but were also reported to give rise to the very
high OC BE values in sediments of the Bengal Fan in the
Indian Ocean (Galy et al. 2007). Further, allochthonous
organic matter in the ocean is to a far greater extent prone to
burial in the sediments than autochthonous organic matter
(Burdige 2007), similar to lake sediments (this study). Also, if
lake sediments resemble open-ocean sediments (long OET
and mainly autochthonous OC), they display OC BE values
similar to open-ocean sediments (e.g., BA-AK, 3%). The main
difference in the geochemistry of marine and freshwater
sediments is the concentration of sulfate. Because it is the rate
of fermentation that kinetically limits both sulfate reduction
and methanogenesis (Postma and Jakobsen 1996), the
difference in sulfate concentration should not result in a
different extent of overall OC mineralization in marine vs.
freshwater sediments. From this point of view, it makes sense
that the mechanisms regulating OC BE in marine and
freshwater sediments appear to be similar.
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Hence, we propose that for both marine and freshwater
sediments, the specific characteristics in terms of OET,
mineral surface area, and organic matter source will
determine the different mechanisms that will be the most
important regulator of OC BE. Lakes receive frequently high
inputs of allochthonous OC (Sobek et al. 2007), and the
OET tends to be shorter in lake sediments (Fig. 2) than in
open-ocean sediments (Hartnett et al. 1998). Hence, OC
source and OET have a comparatively large influence on OC
BE in lake sediments. Open-ocean sediments receive mainly
autochthonous OC, and the OET is in most cases longer
than in lake sediments. Therefore, the effect of OC source
and OET may be moderate in open-ocean sediments, and the
protective sorption of potentially bioavailable autochtho-
nous OC on mineral surfaces may be more important (Keil
et al. 1994). To conclude, the high average OC BE in lake as
compared to marine sediments is probably attributable to
the frequently sizable allochthonous OC inputs to lakes, as
well as to the frequent occurrence of suboxic conditions in
bottom waters of lakes.

Effects of environmental change on organic carbon burial
efficiency and methanogenesis—OQOC burial in lake sediments
is an important sink in the global carbon cycle (Dean and
Gorham 1998). Likewise, methanogenesis in lake sediments
constitutes an important source of atmospheric methane
(Bastviken et al. 2004«). Thus, lake sediments are important
players in the global carbon cycle because they are able to act
as both a sink and a source. Our analysis shows that the
relative proportions of allochthonous OC and autochtho-
nous OC, in concert with the oxygen exposure time, largely
determine if the deposited OC is buried or mineralized
(Fig. 2). Also, the bottom water temperature had a
discernible effect on OC mineralization, and thus OC BE
(Fig. 4). The proportion of different OC sources, oxygen
availability, and temperature is dependent on environmental
conditions. Hence, it is evident that environmental change
will affect the role of lake sediments in the carbon cycle.

Eutrophication increases the input of autochthonous OC
to the sediment, which is to a far greater extent mineralized
than buried in the sediments. Oxygen consumption during
OC mineralization leads to anoxic bottom waters, which is
typically observed in eutrophic stratified lakes. As anoxic
conditions do not impede the degradation of autochthonous
OC (Kristensen et al. 1995), eutrophication thereby stimulates
methanogenesis in hypolimnetic sediments. While methane
diffusing out of the sediment will probably be oxidized,
methane ebullition could, dependent on water-column depth,
result in the emission of methane from the lake to the
atmosphere (McGinnis et al. 2006). Hence, if a lake is subject
to eutrophication, the OC BE is likely to decrease, but the
methane emission to the atmosphere is likely to increase.

Climate change has the capacity to alter terrestrial
vegetation, soils, and hydrology, and it can thus modify
the export of OC from catchments to lakes. The increased
terrestrial OC export reported from some regions (e.g.,
northern Europe) has resulted in a concomitant increase in
the sedimentation of allochthonous OC in lakes (Von
Wachenfeldt et al. 2008). Increased allochthonous OC input
to the sediments has probably resulted in a higher OC BE in
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the lakes of such regions. In regions where terrestrial OC
export has decreased (e.g., Ontario; Schindler et al. 1997),
the OC BE in lake sediments has probably been reduced.

Climate change will further alter the thermal properties
of lakes; while surface waters are expected to experience
substantial heating, hypolimnetic waters will probably only
warm moderately or not at all (De Stasio et al. 1996). This
has two implications with respect to the fate of sediment
OC. On one hand, higher epilimnetic temperatures will
promote OC mineralization, and thereby reduce OC BE, in
epilimnetic sediments (Fig. 4). On the other hand, an
increased temperature difference between epilimnetic and
hypolimnetic waters implies prolonged periods of stratifi-
cation, which in turn have the potential to greatly increase
the oxygen deficiency in bottom waters (Jankowski et al.
2006). The strong relationship between OC BE and OET
(Fig. 2) suggests that an increasing hypolimnetic oxygen
deficiency would result in a concomitant increase in the OC
BE of hypolimnetic sediments in the future.

Further, prolonged anoxia will not only stimulate OC
burial, but it will also stimulate methanogenesis. We tested
the potential stimulation of methanogenesis as a result of
oxygen deficiency by combining data from this study with
data from meso- to hypereutrophic lakes and reservoirs in
Finland (Huttunen et al. 2006). We found that with
decreasing oxygen penetration depth into the sediment,
diffusive CH4 flux from the sediment increased (Fig. 6).
Even if the relationship was weak (R? = 0.28), the
regression slope was significantly different from zero (p =
0.023), illustrating the negative coupling between oxygen
availability and methane flux from the sediment in a very
diverse set of sediments. Hence, prolonged anoxia will not
only trigger increased OC BE, but it will at the same time
give rise to increased methane emission from the sediment.
Given this whole array of potential climate-change effects
on OC BE, it is not possible to gauge the net feedback to
climate change with any certainty. However, due to the
~20-fold greater global warming potential of CHy as
compared to CO,, it takes only a very little increase in
methane emission to offset any potential future increase of
the OC sink in lake sediments.

The high OC BE, particularly of allochthonous OC, in
lake sediments illustrates the importance of lakes as
modifiers of carbon export from land to sea. As the mean
OC BE for allochthonous lake sediments was 66%, we may
infer that, on average, on the order of two thirds of the
allochthonous OC deposited onto lake sediment is buried.
The remainder is mineralized to CO, and CH4 and may
eventually reach the atmosphere. In that respect, lake
sediments could not only act as OC sinks, but they could
also act as transformers of terrestrial organic carbon to
atmospheric CO, and CHy. This is particularly important
in the case of methane because the transformation of OC to
CH,4 along the flow path from land to sea is largely
confined to lake sediments. The channeling of OC into
burial carbon dioxide or methane is dependent on the OC
source, oxygen exposure time, and temperature, all of
which are sensitive to environmental change (eutrophica-
tion and climate change). While the present study
demonstrates that environmental change will substantially
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into the sediment and diffusive CHy flux from the sediment to the
water column. Circles represent data from this study (Swedish
boreal lakes, Lake Constance, Lake Wohlen); the open circle
represents a site receiving sediment from mainly autochthonous
sources, and the closed circles represent sites receiving sediment
from mainly allochthonous sources. The gray squares show data
from eight meso- and hypereutrophic lakes and reservoirs in
Finland (Huttunen et al. 2006). The solid line represents a linear
regression for all data in the plot (log CH, flux = 1.91 — 0.15 X
oxygen penetration; R? = 0.28; p < 0.05; n = 18).

affect the OC BE of lake sediments, further studies are
needed in order to quantify the overall effect of environ-
mental changes on OC BE.
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