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Abstract

We studied a small subarctic lake to assess the magnitude of winter respiration and the organic carbon (OC)
source for this respiration. The concentration and stable isotopic composition (5!13C) of dissolved inorganic
carbon (DIC) accumulating in the lake water under ice was analyzed over one winter (7 months). The DIC
concentration increased and the 6!13C of DIC decreased over time, with the greatest changes at the lake bottom.
Winter respiration was 26% of annual respiration in the lake. Keeling plot analysis demonstrated that the §13C of
respired DIC varied spatially, high §13C values occurring at shallow (2.5 m, —21.7%o) compared with intermediate
(4 m, —25.1%0) and deep (6 m, —27.8%o) locations in the lake. The variation in the §'3C of respired DIC was
related to the variation in the 613C of the sediments between locations, suggesting that sediment OC supported
much of the winter respiration and that the dominant OC source for respiration was OC from benthic algae at
shallow locations and settled OC, of predominately terrestrial origin, at deep locations. The respiration of OC
from benthic algae constituted 55% of the winter respiration, equaling 54% of the primary production by benthic
algae the previous summer. The study indicates the importance of temporal and spatial variation in respiration for
the metabolism and net DIC production in unproductive high-latitude lakes; both allochthonous and
autochthonous carbon can contribute to winter DIC accumulation and, consequently, to spring CO, emissions

from lakes.

Recent research has provided strong evidence that most
unproductive lakes are net heterotrophic, i.e., that total
community respiration exceeds gross photosynthetic car-
bon fixation (Duarte and Prairie 2005). Net heterotrophy is
caused by the import and respiration of terrestrial
(allochthonous) organic carbon (OC) (del Giorgio et al.
1999; Karlsson et al. 2007), but the metabolic imbalance
may be enhanced by an accompanying negative effect of
allochthonous OC on lake primary production (Carpenter
et al. 1998; Houser et al. 2003). Respiration often exceeds
primary production in the pelagic habitat of unproductive
lakes (del Giorgio and Peters 1994). Although few
comparative data are available, it is clear that respiration
in the sediment could be high and also quantitatively
important for total respiration and net CO, production in
shallow lakes (Kortelainen et al. 2006). However, in clear-
water lakes the benthic respiration should be largely
supported, and hence offset, by high carbon uptake by
benthic algae, causing the benthic habitat to be close to
metabolic balance or even net autotrophic in summer
(Algesten et al. 2005). The net heterotrophy of clear-water
lakes in summer is therefore mainly an effect of high
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respiration relative to the CO, fixation in the pelagic system
(Algesten et al. 2005).

Mineralization in winter is poorly understood and
seldom considered in studies of the metabolic balance of
lakes. Although metabolic activity is relatively low in
winter, this period could be important for the carbon
cycling in lakes in regions subject to long winters (Welch
and Bergmann 1985). Including the winter period in annual
estimates increases the respiration versus carbon fixation
ratio of lakes, the greatest relative importance of the winter
period being found in lakes at high latitudes and altitudes.
High winter CO, accumulation and the release of CO,
during ice breakup in spring has been demonstrated in
many lakes receiving a high input of terrestrial OC (Striegl
et al. 2001). The magnitude of this process has been related
to the concentration of dissolved OC (DOC) in the lakes
and, from the stable isotopic composition (5!3C) of
dissolved inorganic carbon (DIC), explained by the
mineralization of terrestrial OC in winter (Striegl et al.
2001).

However, clear-water lakes can also exhibit considerable
CO, accumulation in winter (Kling et al. 1992; Striegl et al.
2001). The source of the OC that supports winter
respiration in clear-water lakes is less obvious. Especially
in the case of shallow clear-water lakes, in which benthic
algae photosynthesize at a high rate in summer (Vadebon-
coeur et al. 2003), it could be expected that part of the CO,
sequestering and buildup of autotrophic biomass in
summer could support heterotrophic metabolism the
following winter. If that is true, part of the CO, emission
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to the atmosphere in spring from clear-water lakes may be
derived from the winter respiration of OC produced by
benthic algae the previous summer.

We studied a small clear-water subarctic lake to
investigate the magnitude and OC support of respiration
in winter. We hypothesize that OC produced by benthic
algae will be a substantial OC source for respiration and
net CO, production in winter. We tested the hypothesis by
following the concentration and 6!3C of DIC under the ice
during the course of one winter. On the basis of the data
gathered, we estimated the ¢13C, rate of respiration, and, by
comparison with the 613C of OC sources in the lake, the
carbon support for respiration in winter.

Materials and methods

The study was carried out in Lake Almberga. The lake is
small (mean depth 3.2 m, maximum depth 6 m, area
0.055 km?) and is located at 68°19'91"N, 19°09'22"E in
the birch forest belt in subarctic northern Sweden. The lake
bottom consists of a nearshore region rich in rocks to a
depth of approximately 1.5 m, whereas deeper parts consist
of soft sediments containing associated epipelic algae.
Macrophytes are not common in the lake.

The lake was sampled from June 2005 to March 2006,
every third week during the ice-free period (June-Septem-
ber) and monthly in winter (October 2005-March 2006).
The ice thickness was measured on each sampling occasion.
Photosynthetically active radiation (PAR) in the water
column was measured in the surface water or directly below
the ice using an LI-193 spherical quantum sensor (LI-COR
Biosciences). DOC, total nitrogen (Tot-N), total phospho-
rous (Tot-P), and pH were analyzed in water from a
composite sample during the ice-free period and from a
depth of 2 m over the greatest depth in winter. The
composite water sample (10-11 liters) was collected with a
tube sampler (0.5 m long, & = 5 cm) from every 1-m depth
interval at three different stations in the lake. The amount
of water collected from each layer was proportional to the
layer’s share of the total lake volume. DOC, Tot-P, and
Tot-N were analyzed using standardized methods at the
Department of Limnology, Uppsala University, Sweden.
The pCO, was measured at a depth of 1 m following the
method of Jonsson et al. (2003). Water was sampled with a
Ruttner sampler (2 liters), and 1,125-mL glass bottles were
filled without creating air bubbles, and allowing water to
overfill the bottle. Fifty milliliters of headspace gas (He)
were equilibrated with lake water by vigorously shaking the
bottle for 1 min and after which it was left to stand for one
additional minute. The headspace gas was transferred to a
plastic syringe and the concentration of CO, in the
headspace gas was analyzed with a gas chromatograph
(CP4900, Varian). The concentration of CO, in the water in
each bottle was calculated from the concentration of CO,
in the headspace according to the method of Cole et al.
(1994), using Henry’s law and the fugacity—pressure
relationship presented by Weiss (1974).

The respiration rate and OC sources supporting respi-
ration in winter were estimated from the accumulation of
DIC in the lake water under ice during the ice-cover period

between November and March (Welch and Bergmann
1985). Light begins to penetrate the ice when the snow
melts in late spring (April-May), so photosynthesis could
be high in the lake in the last few weeks before the ice melts;
however, this period was not included when calculating
respiration rates and OC sources from DIC changes under
ice. Samples for the analysis of DIC concentrations and the
o13C of the DIC were collected from each 1-m depth
interval at shallow (2.5 m), intermediate (4 m), and deep
(6 m) locations in the lake with a Ruttner sampler and
transferred into 118-mL bottles. The samples were analyzed
for DIC concentration and the §!13C of the DIC using a
headspace equilibration technique (Cole et al. 1994;
Miyajima et al. 1995). The bottles were acidified (HCI,
pH < 2) and 20 mL of He were added to create a
headspace. The bottles were shaken for 1 min and then left
to stand for an additional minute. The headspace gas was
transferred to evacuated 12-mL exetainers and analyzed for
CO, concentration and the §13C signature using an ANCA-
NT gas purification module and a model 20-20 stable
isotope analyzer (Europa Scientific). The results are
expressed using the 6 notation in per mil (%o) as d13C =
(Rsample : Rstandara — 1) X 1000, where R = 13C:12C. The
analytical precision of the isotopic analysis was better than
0.3%o. The isotopic composition of the carbon source added
on each sampling occasion was estimated from the change
in the concentration and the 613C of the lake DIC pool
(assuming freeze-out of CO,; Killawee et al. 1998) in winter
using the Keeling plot method (Pataki et al. 2003; Karlsson
et al. 2007).

Samples for the analysis of the ¢13C of lake water
particulate organic matter (POM) were collected at the
deepest location, and surface sediment (0-1 cm) was
collected at depths of 2, 2.5, 3, 4, 5, and 6 m following
the method of Karlsson et al. (2003). Artificial rocks in the
form of stone cylinders (3 cm high, o = 5 or 8§ cm, n = 4)
were placed on the lake bottom in June at a depth of 1 m to
provide an easily handled substrate for the growth of
epilithic algae; the material growing on the cylinders was
collected at the end of summer. The solid samples were
dried (either freeze-dried or dried at 65°C) and analyzed for
o13C using an Europa Scientific carbon and nitrogen
analyzer connected to an Europa 20-20 stable isotope
analyzer (analytical precision better than 0.3%o).

Primary production in the pelagic region was measured
in summer for 4 h at midday according to the standard 4C
incorporation method described by Schindler et al. (1972)
and converted to daily whole-lake values following the
method of Karlsson et al. (2002). Pelagic respiration was
estimated in summer by collecting water from a depth of
1 m and analyzing the change in DIC during incubation in
the dark at in situ temperature. Primary production in the
soft-bottom benthic habitat in summer was obtained from
the change in DIC concentration in transparent and dark
plastic tubes, each containing a sediment core and
overlying water. A total of 14 sediment cores were collected
from depths of 2, 2.5, 3, 4, and 5 m (in triplicate at the
shallowest depths) and incubated in the lake at each
sampling depth for 24 h. Before and after incubation, a
118-mL water sample was taken from the overlying water
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Ice formed on the lake in early October, melted partly in Fig. 2. (A) Benthic primary production (PP) and (B) stable

mid-October, and then formed a permanent cover in late
October 2005, which lasted until late May 2006 (Fig. 1).
The ice thickness grew throughout the winter sampling
period, from 0.2 m in early November to 1.0 m in late
March. The PAR in the lake water decreased to very low
values after ice formation (and subsequent snowfall) and
was undetectable under ice between November and March
(Fig. 1). The DOC concentration (mean = 1 SD: 4.1 =
0.2mg L-1, n = 11), Tot-N (156 = 26 mg L—!, n = 10),
and Tot-P (10.6 = 3.5 uyg L—1, n = 7) displayed small
variation over the sampling period. After ice formation in
late October, the lake water pCO, increased and the pH
decreased relative to the values in summer (Fig. 1). The
primary production in soft sediment decreased with
increasing water depth (Fig. 2). The mean primary
production and respiration during the ice-free period were
estimated to be, respectively, 10.3 and 191.8 g C m—2 d—!
in the pelagic habitat and 101.5 and 113.3 gCm—2d-!in
the benthic habitat (Table 1). Mean sediment respiration in
winter was estimated to be 60.6 mg C m—2 d—! (range of all
incubations: 34-76 mg C m~2 d—!), no differences being
found between depths (z-test, p = 0.658). The §13C of the
epilithic algae at a depth of 1 m was —24.7%o and the 613C
of the pelagic POM was —30.8%o (Fig. 2). The 613C of the
surface sediment decreased (—25.7 to —31.6%0) with
increasing depth (Fig. 2).

carbon isotopic composition (013C, %o) of surface sediments,
organic matter on rocks incubated in the lake (epilithic algae), and
pelagic POM in Lake Almberga. The values represent mean values
(=1 SD) for summer 2005. The broken line in B represents the
013C of sediments between depths of 0 and 2 m inferred from the
linear change of sediment 613C between depths of 2 and 6 m.

In general, the concentration of DIC increased while the
013C of the DIC decreased under the ice, these changes
becoming more pronounced with depth in the water column
(Fig. 3). The changes in both the concentration and 6!3C of
the DIC were also more pronounced at deep than at shallow
locations in the lake. The total mass of DIC increased over
the winter (Fig. 4). From the accumulation of DIC over the
winter, total respiration was calculated to be 52.4 g C
m~2d-! at shallow, 81.0 g C m—2d-! at intermediate,
and 94.6 g C m—2 d—! at deep locations. Winter respiration
amounted to 16.1 g m—2 C for the whole lake.

Keeling plot analysis (Fig. 5) revealed that the 613C of
accumulated DIC decreased from shallow (—21.7%o),
through intermediate (—25.1%0), to deep locations
(—27.8%o0) in the lake. The respired DIC was 13C enriched
compared with pelagic POM, except at the deep locations.
The 613C of the respired DIC followed the change in 6!3C
of the surface sediment with increasing depth (Fig. 2) but
with enrichment of 3.7-4.1%o.
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Table 1.

Respiration and primary production in different habitats and on the basis of different OC sources (for winter respiration) in

Lake Almberga in summer 2005 and winter 2005-2006. Pelagic winter respiration was calculated as the difference between total (derived
from DIC accumulation under ice) and benthic respiration (measured).

Primary production Respiration
Summer Summer Winter
mg C m—2d-! g C season—! mg Cm—2d-! g C season—! mg Cm~-2d-! g C season—!

Habitat

Pelagic 10.3 1.6 191.8 29.2 (15.3) (3.2)

Benthic 101.5 154 113.3 17.2 60.6 12.9
Total 111.8 17.0 305.1 46.4 75.9 16.1
OC source

Pelagic OM 33.1 7.0

Benthic algae 42.8 9.1

Discussion

The large changes in DIC, pCO,, and pH under the ice
indicate significant heterotrophic metabolic activity in the
lake in winter. PAR was absent from the lake water during
the winter sampling period, implying negligible photosyn-
thetic activity and that the DIC accumulation over time
reflected the heterotrophic respiration under ice. The
respiration in winter was too low to cause anaerobic
conditions in the water column, so methane was not found
in the water during the sampling period (Ask unpubl. data).
We therefore assume that aerobic heterotrophic activity
dominated the lake in winter. Groundwater could also
contribute to the accumulation of DIC in winter. However,
the variation in 613C across sampling depths and locations
is evidence of stable conditions and low input of
groundwater (high input of groundwater would have
resulted in similar ¢13C values for accumulated DIC across
the lake). In fact, although pelagic respiration was not
measured in winter, the estimated sediment respiration
alone accounted for most (i.e., 80%; see Table 1) of the
winter DIC accumulation in the lake.

The accumulation and 6!3C of DIC varied between
depths, implying spatial variation in the source and
magnitude of respiration. The higher accumulations at
deep compared with shallow locations could be due to the
differences in the depth of the water column, enabling
higher total pelagic respiration at deep locations. The
isotopic data suggest that much of the respiration was
based on benthic OC sources. The 613C of respired carbon
(Fig. 5) was clearly enriched compared with that of pelagic
POM, especially at shallow locations, and was more similar
to that of surface sediments (Fig. 2). The 6!13C of respired
carbon at the shallow location was also similar to the §13C
of the respired DIC (—23.5%0) in shallow sediments in
summer 2005 (Ask unpubl. data). However, from the ¢13C
data alone we cannot determine whether the respiration of
benthic OC occurred in the sediments or in the water
column. The estimated sediment respiration occurring
during incubations in winter (Table 1) was sufficient to
account for the DIC accumulation under ice at shallow
locations and 64% of the DIC accumulation at deep
locations. Pelagic respiration was likely significant at deep

locations, but it is impossible to distinguish between
respiration in different habitats at this site since the 613C
values are similar for benthic and pelagic OC at deep
locations (Fig. 2). For the whole lake, however, the
estimated benthic respiration suggests that pelagic respira-
tion only contributed approximately 20% of the total
winter respiration (Table 1).

Even assuming that the respiration was completely based
on sediment OC, the ¢13C of the respired carbon would still
be approximately 4%o enriched compared with the 6!13C of
the bulk sediment OC. The !3C fractionation during
respiration has been reported to be relatively low (Hullar
et al. 1996). The differences between respired carbon and
sediment OC found in our study were likely mainly due to
the preferential degradation of a 13C-enriched fraction of
the sediment organic matter (Lehmann et al. 2002). The
sediments are composed of settled pelagic OC and of OC
generated by benthic algae, and the relative importance of
these sources changes with depth. The high 613C in the
shallow rather than deep sediments reflects the decreased
production of 13C-enriched OC by benthic algae (Fig. 2)
and the increased settling of pelagic, 13C-depleted OC with
depth (Karlsson and Bystrom 2005). Thus, the 6!3C of
sediment should approach the 613C of OC from benthic
algae at shallow depths. On the basis of the y-axis intercept
of the 913C—depth relationship (Fig. 2) of the sediment, the
o13C of benthic algae should be approximately —23.0%o.
The 613C of OC (—24.2%0) accumulated on rocks at a depth
of 1 m was slightly 13C enriched compared with that of
shallow bulk surface sediment but not as high as —23.0%o.
However, epilithic algae growing on rocks probably
discriminate more strongly against !3C than do faster-
growing epipelic algae (Goericke et al. 1994; Hansson and
Tranvik 2003; Vadeboncoeur et al. 2003), and the OC on
the rocks may also contain a fraction of settled pelagic OC,
suggesting that the §13C of epilithic algae in the lake should
be higher than the 6!13C of epipelic algae recorded in the
lake. Furthermore, the 613C of littoral zoobenthos (Gam-
marus lacustris) was as high as —21.6%o in summer 2005
(Karlsson unpubl. data), suggesting a food source 6!13C of
approximately —22.0%o. Altogether, the data suggest that
the 613C of epipelic algae in Lake Almberga is in the
—22.0%0 to —23.0%0 range and that the relatively high 613C
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of respired carbon reflects the preferential respiration of
OC from benthic algae in sediments. Assuming that
respiration at shallow depths is based on OC generated
by benthic algae suggests a fractionation of between 0.3%o
and 1.2%o between respired CO, and the OC source, which
is similar to experimentally derived values (Hullar et al.
1996).

A two-source mixing model, assuming a ¢13C of benthic
algae of —22.5%o, that the 613C of POM reflects the 613C of
respired pelagic OC (Karlsson 2007), and a 13C enrichment
of 0.8%o in respired carbon, indicates that OC from benthic
algae accounted for 58% and 26% of winter respiration at
intermediate and deep locations, respectively. This suggests
that the winter respiration of OC from benthic algae
corresponds to a rather similar fraction of summer primary
production by benthic algae (Fig. 2) at shallow (50%),
intermediate (70%), and deep (50%) locations. In total,
55% of winter respiration was supported by OC generated
by benthic algae and this respiration equaled 54% of the
benthic primary production of the previous summer
(Table 1). Considering the low pelagic primary production
(Table 1), it is clear that the winter respiration not
supported by benthic primary production must be pre-
dominately supported by allochthonous OC.

The estimated winter respiration equaled 35% of the
respiration (pelagic + benthic) in the lake in summer 2005
and 26% of the annual respiration in the lake (Table 1). On
an annual basis, both the pelagic and benthic habitats were
net heterotrophic (Table 1). However, the data suggest that
the habitat that contributes the most to whole-lake net
heterotrophy and net CO, production changes over the
season. In summer, the benthic habitat is more or less in
metabolic balance while the pelagic habitat is highly net
heterotrophic and responsible for most of the net CO,
production in the lake (Table 1). In winter, however, the
data suggest that net CO, production mainly takes place in
the benthic habitat. This seasonal difference could be
attributed to the different physical structures of the two
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against the inverse of the concentration of DIC (1/[DIC]) at (A)
shallow, (B) intermediate, and (C) deep locations in Lake
Almberga during winter 2005 to 2006. In winter, the respiration
of organic carbon adds CO, to the background DIC, increasing
[DIC] and changing the 613C of the DIC pool. When respired CO,
is added to background DIC, a linear relationship exists between
1/[DIC] and 613C, with an intercept that corresponds to the
isotopic composition of respired CO, (Pataki et al. 2003).

habitats, the respiration in the pelagic habitat being
dependent on a continuous OC supply, whereas the
respiration in the benthic habitat could be sustained,
although at lower rates, by the OC pool accumulated in
the previous summer period.

These results are important for understanding the carbon
cycling in clear-water lake ecosystems. The data show that
the winter respiration accounted for a considerable propor-
tion of the annual carbon budget of the lake. The total
winter respiration in Lake Almberga was slightly lower than
estimated values for similar lakes in North America (Welch
and Bergmann 1985) but agreed with estimates of pCO,
under ice (Striegl et al. 2001; Kortelainen et al. 2006) in terms
of both winter accumulation rates and their potential relative
importance for annual net CO, production and emissions.
Furthermore, the data show that much of the benthic
primary production in Lake Almberga was respired in
winter. Thus, high DIC accumulation in winter and
subsequent CO, evasion to the atmosphere in spring do
not necessarily only result from the decomposition of
allochthonous OC, but could largely be generated by the
decomposition of autochthonous OC in clear-water lakes.
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