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Abstract We studied in 2013 and 2014 the spring
carbon dynamics in a Boreal landscape consisting of a
lake and 15 inflowing streams and an outlet. The first
year had weather and a hydrological regime typical of
past years with a distinct spring freshet connected with
the thaw of the average snowpack. The latter year had
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higher air temperatures which did not permit snow
accumulation, despite similar winter precipitation. As
such, there was hardly any spring freshet in 2014, and
stream discharge peaked in January, i.e., the condi-
tions resembled those predicted in the future climate.
Despite the hydrological differences between the
years, there were only small interannual differences
in the stream CO, and DOC concentrations. The
relationship between the concentrations and discharge
was stronger in the typical year. CO, concentrations in
medium-sized streams correlated negatively with the
discharge, indicating dilution effect of melting
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snowpacks, while in large-sized streams the correla-
tion was positive, suggesting stronger groundwater
influence. The DOC pathway to these streams was
through the subsurface soil layers, not the groundwa-
ter. The total amount of carbon transported into the
lake was ca. 1.5-fold higher in the typical year than in
the year with warm winter. In 2013, most of the lateral
inputs took place during spring freshet. In 2014, the
majority of inputs occurred earlier, during the winter
months. The lateral CO, signal was visible in the lake
at 1.5 m depth. DOC dominated the carbon transport,
and in both years, 12% of the input C was in inorganic
form.

Keywords CO, - DOC - Lake carbon dynamics -
Temporality - Terrestrial carbon export

Introduction

Inland waters, such as streams, rivers, and lakes play
an essential role in the carbon (C) cycle at the
catchment as well as the global scale (Aufdenkampe
et al. 2011, Battin et al. 2009; Cole et al. 2007). There
are still significant uncertainties in temporal event-
based export of terrestrial C into the freshwaters
(Drake et al. 2018), with the timing of events being
important at both the local (Dinsmore & Billett 2008)
and the regional (Zarnetske et al. 2018) scale. Aquatic
ecosystems connect hydrologically to terrestrial
ecosystems, and terrestrially fixed C transported to
lakes is processed therein, becoming deposited into the
sediments and released to the atmosphere in gaseous
form (Battin et al. 2009). This transport and release of
C is particularly important in the Boreal region, where
water bodies are abundant and cover a substantial part
of the landscape (Verpoorter et al. 2014). Surface
waters, i.e. streams or overland flow, transport a
significant amount of terrestrial C from the catchment
areas to lakes, which can result in a 6-50% decrease of
net ecosystem exchange in forested and peatland
catchments, respectively (Dinsmore et al. 2010; Huo-
tari et al. 2011; Jonsson et al. 2007; Rasilo 2013).
Further, organic C of terrestrial origin contributes to
30-80% of the C released from lakes to the atmo-
sphere (Algesten et al. 2003; Jonsson et al. 2007).
Laterally transported carbon in streams consist of
total organic carbon (TOC) and dissolved inorganic
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carbon (DIC). The most important dissolved forms of
carbon are methane (CH,) and carbon dioxide (CO»).
Further, TOC is categorized into dissolved organic
carbon (DOC) and particulate organic carbon (POC).
Most of the laterally transported carbon is in organic
form and dissolved in water and thus, the DOC is
among the most studied C species (e.g., Rasilo et al.
2015; Wallin et al. 2015), while the amounts of POC is
often insignificant (Laudon et al. 2004; Leach et al.
2016). Besides the organic C inputs, lakes also receive
inorganic C (DIC) originating mainly from soil
respiration processes and from the weathering reac-
tions (Campeau et al. 2017). The importance of DIC in
total C transport is clearly smaller, e.g., in Boreal
peatland catchment it contributed up to 33% of total
annual transport (Leach et al. 2016). However, the
contribution of DIC may be higher in catchments with
smaller peatland coverage (Huotari et al. 2013). In
streams with low temperature and pH conditions,
typical of the Boreal streams, most of the DIC is in
form of free carbon dioxide (CO,). The inorganic C
has a direct but shorter-lasting influence on lacustrine
C dynamics than the organic C inputs (e.g. Rasilo et al.
2011), and due to its smaller contribution to aquatic
exports it is also less studied. Lateral and atmospheric
fluxes of CH,4 have a small role in carbon cycle in the
Boreal catchments, consisting less than 5% of the total
export (Dinsmore et al. 2010; Leach et al. 2016;
Miettinen et al. 2015). However, although the down-
stream C transport to lakes is widely acknowledged,
there are only a few comprehensive studies on the
horizontal mixing of external C inputs and its influ-
ence into the lake C dynamics (Cortés et al. 2017,
Denfeld et al. 2018; Pasche et al. 2019; Vachon et al.
2017).

Riparian zones are usually rich in organic matter
(OM) and are one of the most active sites of C
exchange (Bishop et al. 1994; Grabs et al. 2012). Due
to vigorous transformation, transportation and reten-
tion of OM they can be referred to as ecosystems
control points (Bernhardt et al. 2017) where hydrology
is of utmost importance for the connectivity with
stream channels (Ledesma et al. 2018; Leith et al.
2015; Lyon et al. 2011). The riparian soil influence on
the C concentrations and fluxes is most substantial in
headwaters (Kling et al. 2000; Teodoru et al. 2009), in
contrast, for large, higher order rivers the physical
characteristics such as discharge mediate the soil
inputs (Teodoru et al. 2009). In the Boreal region, the
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hydrology during winter and spring periods is con-
trolled by precipitation, which mainly falls in form of
snow and accumulates in the snowpack. The thawing
of snow in spring results in flooding (Korhonen &
Kuusisto 2010), which has multifaceted effects on
terrestrial C transport towards streams and lakes.
Flooding mobilizes the soil C by saturating the soil
pores from below and raises the level of groundwater
(Nyberg et al. 2001), which is rich in CO, and TOC
(Grabs et al. 2012; Leith et al. 2015). This highly C
concentrated soil water (i.e. shallow groundwater
input) enters into the stream through the riparian zones
and is transported forward along the stream channels.
However, melting snow packs can also release water
low in C, which results in decrease in concentrations
due to dilution effect in stream channels (Dyson et al.
2011). For Boreal ecosystems, the spring freshet is
usually considered the most critical hydrological event
transporting terrestrial C to the aquatic environments
and can be responsible for more than half of the annual
C transport of CO, (Dinsmore et al. 2013a), and
organic C (DOC, TOC) (Laudon et al. 2004; Striegl
et al. 2001).

Transport of terrestrially fixed C is very sensitive to
precipitation changes both annually and seasonally.
Annually DOC concentrations and export from the
terrestrial upland catchment via soil water runoff are
mainly influenced by precipitation, while other phys-
ical environmental factors behind the DOC formation
in soils, e.g., soil temperature, are also important
(Pumpanen et al. 2014). Events of high precipitation
increase the amount of terrestrial C in streams and
lakes, but the time lag between the event and the
concentration increase can vary (Dinsmore and Billett
2008; Ojala et al. 2011; Rasilo et al. 2011). For
instance, Rantakari and Kortelainen (2005) observed
in that in Boreal catchments summer and autumn
precipitation rapidly increased the terrestrial C export
to lakes, whereas lacustrine CO, release remained un-
affected till the following spring (Rantakari and
Kortelainen 2005). On the other hand, Ojala et al.
(2011) recorded higher atmospheric CO, fluxes in
lakes soon after the long-lasting summer rains, which
were responsible for 46% of the total annual atmo-
spheric CO, release due to the enhanced transport of
external C from the catchment (Ojala et al. 2011).

In the future, the Boreal zone is predicted to have
higher winter floods and smaller spring freshets due to
warmer temperatures and more frequent rains and

decreased snow accumulation in winter (IPCC 2013;
Veijalainen et al. 2010). However, the influence of
snow cover changes to lateral C transport is poorly
understood. Model simulations show that decrease in
snow cover depth may increase soil temperatures
especially in spring which suggest earlier snowmelt
(Junggqvist et al. 2014). On the other hand, decrease in
snow cover increase the soil frost, which is found to
increase the soil DOC concentrations (Haei et al.
2010). So far, for instance, in Finland, there have been
no signs of a change in magnitude of the spring
freshets, but since 1912 they have come on average
8 days earlier per decade (Korhonen & Kuusisto
2010).

C dynamics in ice-covered lakes have lately raised
more interest among researchers, and now its dynamic
character is appropriately considered (Denfeld et al.
2018; Karlsson et al. 2013; MacIntyre et al. 2018). Ice
cover period in Boreal lakes, lasting for several months,
blocks the gas exchange between water surfaces and the
atmosphere resulting in C gas accumulation under the
ice cover (e.g. Huotari et al. 2009; Karlsson et al. 2013).
C gas accumulation, as well as C dynamics in lakes,
depends on a multitude of processes: in-lake metabolism
such as primary production (Baehr and DeGrandpre
2004; Striegl et al. 2001), mineralization of organic
matter (OM) (Vachon et al. 2016), quantity and quality
of allochthonous inputs both before and during the ice
cover period (Cortés et al. 2017; Denfeld et al. 2015;
Striegl et al. 2001) and additionally physical and
chemical conditions such as water movements and
hypoxia/anoxia (e.g. Kirillin et al. 2012). In comparison
to traditional discrete samplings, continuous measure-
ment techniques provide better information on the gas
concentrations and consequent atmospheric fluxes more
typically capturing the ice thaw period, which makes it
possible to evaluate the influence of hydrological spring
event in streams on C dynamics in the receiving lakes.
To date, the lateral fresh CO, inputs during ice thaw
period has mostly been ignored in studies of C dynamics
at the ice-melt. To understand how changes in snow
accumulation and melt in the future are likely to impact
carbon export across the Boreal region, we need to
deepen the understanding about the connection between
lentic and lotic systems during the snowmelt period.

In this study, we combined automatic and discrete
measurements to estimate the total lateral transport of
carbon dioxide (CO,) and dissolved organic carbon
(DOC) in small headwater streams draining to and
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from a Boreal lake. The particular interest of these C
species was based on the importance of CO, in cold
waters with low pH at high latitudes and the
abundance of DOC in surface waters comprising most
of the laterally transported carbon. We compared the
lateral inputs of CO, with the less studied dynamics of
CO; in the lake water column during two hydrolog-
ically different years from ice-on until the end of May
in 2013 and 2014. The former represents a typical year
with a substantial hydrological spring freshet and the
latter a year with a weak spring flood after a warm
winter; the latter thus resembles the model predictions
on climate change, i.e., decreased spring flooding due
to decrease in snowfall and snow accumulation due to
higher winter temperatures (IPCC 2013; Veijalainen
et al. 2010). We hypothesized that the concentrations
of CO, and DOC in streams are higher after a warmer
than a typical winter, due to less dilution from the
thawing snow packs (with low concentrations) and
stronger influence of the shallow groundwater sources
(with high concentrations). Furthermore, we assumed
that there would be differences in timing and amount
of lateral input through the streams into and from the
lake between years with the same precipitation sum,
but different snow accumulation and melt pattern.
Further, we analyzed the concentration gradients of
CO, in the lake and hypothesized, that the drainage
and shallow groundwater flow during a warm winter
increases the concentrations gradually keeping them
high during the ice cover period whereas during the
typical winter there are less inputs during ice cover
period due to ice and snow accumulation, and the C
inputs will mainly occur after snowmelt and increase
the concentrations in the lake rapidly. Finally, we
evaluated the impacts of the spring freshet on the
lateral C transport, for a Boreal catchment, in the
entirety consisting of 15 small streams and a lake with
its outlet. Our results provided new insight into the
coupling of Boreal streams and a lake ecosystem at the
most important time of the annual C cycling.

Materials and methods
Study site
The study area, Lake Kuivajirvi, and its catchment

area, are situated in southern Finland near the SMEAR
I -station (Station for Measuring Ecosystem-
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Atmosphere Relations; 61° 51’ N, 24° 17" E, 180
a.s.l) and Hyytidld Forestry Field Station of the
University of Helsinki (Fig. 1). The catchment area
of the lake is 914 ha in size (of which 71 ha covered by
lakes) and consists mainly of Scots pine (Pinus
sylvestris L.) and Norway spruce (Picea abies (L.)
Karst.) dominated managed forests and small amounts
of peatlands and agricultural land (Miettinen et al.
2015). The 30-year annual mean temperature and
precipitation are 3.5 °C and 711 mm, respectively
(Pirinen et al. 2012). Lake Kuivajdrvi is a small
(63.8 ha), unregulated Boreal lake. It is narrow and
oblong with a length of 2.6 km and a mean depth of
6.4 m. The length of its shoreline is 6.1 km. It is humic
and mesotrophic lake (Miettinen et al. 2015). In this
dimitic lake the ice cover period typically lasts for five
months (from late November to early May).

During the spring freshet, 15 streams are draining to
Lake Kuivajirvi (Fig. 1). Most of these are shallow
and ephemeral; besides the spring freshet, they only
appear after very heavy rains. The main inlet
Saarijirvenpuro (S5) in the north end of the lake with
the highest discharge connects lakes Kuivajarvi and
Saarijérvi (15.3 ha) and flows all year round. Two of
the secondary inlets (S3 and S6) in the north end of the
lake with considerable discharges flow during the ice-
free seasons, even though the discharge during low-
flow periods can be minimal. The outlet stream
Huikonjoki drains the lake in the south, and thus,
most of the incoming water flows through the whole
lake. The lake water residence time is 439 days (3-
year mean; 2011-2013).

Sampling and measurements
Streams

The sampling took place in streams, and in the lake in
December 2012-May 2014, and the measurements
covered the ice cover period, the spring freshet, the
ice-out in the lake and continued as an open water
period at least one month after the ice-out. In the
secondary inlets, the sampling was carried out weekly
after 18 April in 2013 and 25 March in 2014 when the
flow was detectable, which was also defined as the
onset of the spring freshet. The end of the freshet
period was the complete ice-off in the lake. The
measurements were carried out until the end of May.
The main inlet and outlet were sampled fortnightly
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Fig. 1 The location of Lake Kuivajdrvi in North Europe. The
bathymetric map of Lake Kuivajirvi and the inlet streams (S1-
S15) and the outlet stream around the lake. The different colors

from the beginning of December, and when the freshet
period started, they were sampled weekly, too. Sam-
ples from the free-flowing stream water were taken
from the surface (2 cm depth) as close to the stream
mouth as possible. Two replicate gas samples were
taken into 60 ml plastic syringes to analyze dissolved
CO, concentrations in water. Besides, another water
sample for DOC was taken. Water temperature was
measured in situ during the sampling.

To estimate the total riverine C input into the lake
and output from the lake, we measured the water
discharge at the same time with DOC and CO,
sampling weekly in the flowing secondary streams
with an acoustic flow meter (SonTek FlowTracker
Handheld ADV®, SonTek, San Diego, CA, USA) in
three different points and used the mean of the
measurements for further calculations. In the main
inlet and the outlet, the discharge was measured over
14-weeks period in 2012 and 2013 and it covered the
times of the high flows as well as the base flows
periods. The discharge was measured with an acoustic
flow meter (SonTek FlowTracker handheld ADV®,
SonTek, San Diego, CA, USA). Water level in these
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of stream codes represent the streams size groups; green for the
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streams was recorded continuously at 30 min intervals
with Levelogger Edge data loggers (Solinst Canada
Ltd., Georgetown, Ontario, Canada) submerged in the
bottom of the streams and compensated with air
pressure measured with a Barologger Gold data logger
(Solinst Canada Ltd., Canada). The daily discharge
was estimated based on the continuous water level and
stream discharge measurements.

Lake

In the lake, we monitored the CO, concentrations and
temperature continuously. Besides, we also performed
manual gas sampling fortnightly during the ice cover
period, daily during the first week after the ice-out and
then once a week until the end of May. DOC sampling
took place monthly during the study period. Due to
weak ice before the ice-out, the manual measurements
had to be interrupted for 15 and 21 days in 2013 and
2014, respectively.

In the lake, a system for continuous measurement of
CO, at the depths of 1.5 m, 2.5 m, and 7.0 m, was
installed in 2009, when a platform was constructed in
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the middle of the lake (Fig. 1). The measuring system
is a closed system for each depth individually,
consisting of infrared sensors for measuring CO,
(CARBO-CAP GMP343, Vaisala Oyj, Helsinki, Fin-
land) connected to a 1-m-long semi-permeable silicon
rubber tube installed at each measuring depth via
stainless steel tubes extending to the measurement
depth. The silicon rubber tube allows the exchange of
gases between the system and the water in the
measurement depth. The air in the system is contin-
uously circulated with a pump (Gardener Denver
Thomas GmbH SMG-4, Puchheim, Germany). The
sensors were in a temperature-controlled box in the
platform. For more detailed information on the
measurement setup, see Hari et al. (2008) and
Provenzale et al. (2018). The concentrations in the
water (umol L") were calculated using the temper-
ature dependence of CO, solubility in water using an
appropriate Henry’s law constant and the equation
from Hari et al. (2008)

Cco, = Xco,PK,

where Xco, is the concentration measured with the
sensor (ppm), P is the atmospheric pressure (atm), and
Ky is Henry’s law constant with the appropriate
temperature in measuring depth. There were gaps in
the CO, data either due to sensors malfunctioning or
power cut-offs. Thus, the periods of data outage at
each depth were gap-filled with values that were
calculated from the linear regression model between
the continuous and manual CO, measurements. To
describe the physical conditions in the lake, we used
temperature data from continuously logging thermis-
tor string with Pt100 resistance thermometers in 16
different depths (0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0,4.5,5.0, 6.0, 7.0, 8.0, 10.0 and 12.0 m).

The manual samples were taken from the water
column with a Limnos® water sampler (2.0 dm?®). The
water samples for DOC were taken from the surface
(0.2 m) and close to the bottom of the lake (12.0 m).
Manual CO, samples were taken from depths of 1.0,
3.0, and 7.0 m into two plastic syringes. The ice
thickness and snow depth on the ice were measured
near the platform at each sampling occasion. The air
temperature and precipitation were obtained from the
SMEAR I station next to the study lake. The snow
cover depth in the terrain was estimated as a mean of
seven different measuring locations in the SMEAR 11
forest.
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Laboratory analyses

The gas samples from the streams and the lake were
processed within less than 2 h after sampling in the
laboratory of Hyytiild Forestry Field Station with the
headspace equilibrium technique (McAuliffe 1971).
In the laboratory, 30 mL of water was pushed out from
the syringe and refilled with N, gas. To equilibrate the
water and gas phases in the syringes, they were placed
in a water bath at 20 °C for 30 min and then shaken
vigorously for 3 min. The gas samples collected from
the headspace were stored in pre-evacuated 12 mL
Exetainer® vials (Labro Ltd., Lampeter, Ceredigion,
UK) by pressurizing the vial and stored in the dark at
4 °C until analyzed with a gas chromatograph (GC).
The GC (Agilent 7890, Agilent Technologies, Palo
Alto, CA, USA) was equipped with a flame-ionization
detector (FID; 300 °C) and a thermal conductivity
detector (TDC; 250 °C). The mean values from these
two detectors were used in final calculations. For more
information, see Miettinen et al. (2015). The partial
pressure of CO, was converted to gas concentrations
(mg L") using Henry’s law and the temperature
relationship at 20 °C.

The DOC samples were filtered through a 0.45 pm
membrane filter with a vacuum filtering system
(Millipore, Millipore Corporation, Billerica, MA)
within a few hours of sampling. The filtered samples
were stored in the dark at — 18 °C and later analyzed
with a C analyzer in the laboratory of Forest Sciences
of University of Helsinki (TOC-V,,, Shimadzu
Corporation, Kyoto, Japan).

Lateral flux calculations

For the daily lateral transport of CO, and DOC, the
missing values between the measured concentrations
and stream discharge were estimated with linear
interpolation. The daily lateral transport was calcu-
lated by multiplying the corresponding concentration
with the daily discharge into and from the lake. The
lateral transport during different periods was obtained
by integrating the daily CO, and DOC transport over
the ice cover period, freshet, and open water period.

Data analyses

For the analysis, we divided the data into three
different periods each year; ice cover, freshet, and
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open water period. To compare the CO, and DOC
concentrations in streams between the years and to
figure out the possible differences in CO, and DOC
concentrations caused by the water flow intensity, the
inlet streams were divided into three groups depending
on the discharge in 2013; i.e., large streams with a
mean discharge > 20 m> 57! (streams S3, S5, S6 and
S10), medium-sized streams with discharge < 20
ms7! (streams S2, S7, S8, S9, S11 and S12) and
small streams (streams S1, S4, S13, S14 and S15),
which were present in 2013, but were completely dry
in 2014.

All data were log-transformed before the analysis.
As the assumption for the normality of data was not
fulfilled, the non-parametric Kruskal-Wallis test
(p < 0.05) was used to determine the differences
between years, periods, and stream size groups. We
studied the relationship between concentrations of
CO; and DOC and discharge in different years with
streams divided into size groups with correlation
analysis. For correlations, we used Spearman correla-
tions, because not all the variables fulfilled the
assumption of normality. All statistical analyses were
performed with IBM SPSS Statistics 21 (IBM Corpo-
ration, New York).

Results
Weather conditions

In 2013, the daily mean air temperature remained
above 0 °C after the 11th of April, with no cold spells
after that. In the warm winter 2013-2014, the mean air
temperatures rose above 0 °C for the first time already
in late December 2013, then varied around 0 °C
resulting in a slowly warming spring (Fig. 2). Air
temperature during winter and spring months (De-
cember to May) was higher in 2014 (p < 0.004,
n = 360), but daily mean precipitation during the same
period was the same in both years (p = 0.976,
n = 360; Fig. 2). In 2013, the ice cover period was
longer and additionally both the ice thickness as well
as the snowpack thickness was greater in 2013
(Table 1). In 2013, the snow cover above ice cover
reached the maximum, 18 cm, in mid-March, while in
2014 the maximum was already in early-February,
28 cm, and there was less than 1 cm of snow on the ice
after 20 February. Also, in the forest, the snow cover

lasted longer and was thicker in 2013 than in 2014
(Table 1).

Streams
Discharge

Differences in snow accumulation and melt were also
reflected in the discharge pattern of the streams
(Fig. 3). In 2013, the discharge decreased gradually
during the period of ice-cover and increased rapidly
after the mean air temperature reached 0 °C in April
(Fig. 2). The start of the freshet was sudden due to the
rapid increase in air temperature followed by the quick
thawing of the accumulated snowpack (Table 1). The
event reached its peak discharge (1.57 m> s~ " and 1.82
m® s7! in the inlets and the outlet, respectively) five
days after the onset of the freshet and the discharge
then decreased gradually towards the end of May. In
the following winter, the peak of melting event and the
period of highest discharge (peak 0.46 m* s~ and 1.01
m® s~!in the inlets and the outlet, respectively) started
already in mid-December and lasted until late January.
Even though the snow cover was thickest in February,
and it persisted until the end of March (Table 1), there
was no clear spring freshet. Due to periods of high
precipitation, the discharge increased slightly in three
events in March—April, but the events were small in
comparison to the thaw in January (Figs. 2, 3). In
2013, the snowmelt event completely masked the
influence of precipitation. The water output from the
lake was higher than the input through the streams, and
the difference between the inputs and output was most
prominent during the high flow events during the ice
cover periods (Fig. 3). In 2013, the main inlet
discharge was 51% and in 2014 58% of that in the
outlet.

In all inflowing streams, the total discharge was
higher in 2013 than in 2014 (p < 0.000; Fig. 4a, b).
The mean discharge in the outlet was three times
higher in 2013 than in 2014, i.e., 0.32 m> s~" and 0.10
m® s, respectively. In 2013, water was flowing in 15
inlet streams whereas in 2014 five out of the 15 inlets
(S1, S4,S13, S14, S15) were dry. The secondary inlets
were of greater importance in 2013; they covered 21
and 11% of the discharge in the outlet in 2013 and
2014, respectively. Taking together, the inlets covered
72% and 69% in 2013 and 2014 of that in the outlet.
The lake thus receives water inputs also as overland
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Table 1 Characteristics of 2013 2014
the ice cover period
Ice cover
Length, days 155 137
Freeze over 27 Nov (in 2012) 27 Nov (in 2013)
Ice out 01 May 12 Apr
Ice cover depth
Mean, cm 32 24
Max, cm (date) 44 (19 Mar) 29 (29 Feb)
Snow cover (above ice)
Mean, cm 11 5
Max, cm (date) 18 (19 Mar) 28 (6 Feb)
Snow cover (forest)
Lenght, days 140 70
Mean, cm 40 8
Max, cm (date) 58 (18 Mar) 15 (3 Feb)
Snow free, date 29 Apr 31 Mar
Precipitation (Dec—Apr)
Sum, mm 192 156
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flow from the riparian zone, or through direct
groundwater inputs, which were not directly
measured.

CO, and DOC concentrations

In general, the CO, concentrations showed differences
within and between the streams, but despite these
substantial hydrological differences, there were only
small concentration differences between the years
(Fig. 4c, d). In the medium-sized streams the concen-
trations of CO, were the same in both years (p = 0.29,
n = 43), whereas in the large-sized inlet streams, the
concentrations were higher in 2013 than in 2014
(» < 0.028, n = 75), indicating stronger connection
with shallow groundwater in 2013. However, in the
large outlet stream, the concentrations were the same
in both years (p = 0.303, n = 34). The small streams
were completely dry in 2014. However, when present,
the small streams had the same CO, concentration as
the other streams (p = 0.448, n = 125).

The DOC concentrations had high instream vari-
ability and did not show apparent differences between
the years in the medium (p = 0.773, n = 43) or large-
sized streams (p = 0.428, n =77; Fig. 4e, ). We
measured very high DOC concentrations in 2013 in
the stream number 4, whereas in 2014 that stream
remained dry. DOC concentrations were lowest in
small-sized streams, and of similar size in medium and
large-sized streams (p = 0.032, n = 136). In the outlet
stream, DOC concentrations were higher in 2013 than
in 2014 (p < 0.000, n = 34).

Between the study years, the relationship between
the concentrations of CO, and DOC and discharge was
stronger in 2013 than in 2014 (Table 2). In 2013,
significant correlation between the variables were
found in various stream size groups. In 2014, the
relation between concentration and discharge was
indistinguishable, and significant correlation with
discharge was only found with DOC concentrations
in medium sized streams and with CO, concentrations
in large sized streams. In all stream size groups, the
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Table 2 Spearman’s correlation coefficients (2-tailed; r), and p-values (P) with significance level < 0.05 (**) and < 0.01 (*) for
CO, and DOC concentrations in correlation with discharge (Q) in streams divided into size groups

Small streams Medium streams Large streams All inlets together Outlet
2013 2014 2013 2014 2013 2014 2013 2014 2013 2014
CO, r — 0.485 -0.657** —0.112  0.419* 0.363* 0.105 0.214 0.517* — 0.109
P 0.057 0.000 0.670 0.011 0.029 0.364 0.124 0.034 0.688
N 16 25 17 36 36 76 53 17 16
DOC r —0.182 0.423* 0.445* 0.468** —0.176  0.286* — 0246 — 0.003 0.232
P 0516 0.040 0.038 0.005 0.276 0.015 0.056 0.991 0.354
N 15 24 22 34 40 72 61 16 18

N the number of samples

Statistically significant correlations are marked in bold

significant relationship between DOC concentrations discharge. No clear relationship between DOC con-
and discharge was always positive, whereas the centrations and discharge was found in small sized
response of CO, concentrations to discharge differed streams.

between the stream size groups. In medium sized

streams, the increasing discharge in 2013 resulted as Lateral transport of CO, and DOC in streams
decreased CO, concentrations, while in large sized

streams and in the outlet this relationship was positive The total amount of CO,—C and DOC-C transported
and the CO, concentrations increased with increasing into the lake was almost 1.5-fold higher in 2013 than in
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2014 (Fig. 5). However, the difference in daily lateral
transport between the years was statistically signifi-
cant neither with CO,—C (p = 0.173, n = 364) nor
DOC-C (p = 0.174, n = 364). The DOC-C transport
dominated the C transport in streams in both years. In
2013 and 2014, during the six months study period, the
CO,—C input was 5760 and 3818 kg, respectively, and
the DOC-C input was 43,794 and 29,308 kg, respec-
tively. Thus, the transported CO,—C and DOC-C in
2014 were 66% and 67% of the amounts transported in
2013, respectively following the much higher dis-
charge in all streams in 2013 than in 2014. The output
from the lake exceeded the total input of CO,—C as
well as DOC-C in both years and similarly to input,
the total output from the lake was higher in 2013 than
in 2014, i.e., 7217 and 4744 kg CO,—C, in 2013 and
2014, respectively, and 65,659 and 37,442 kg DOC—
C, in 2013 and 2014, respectively. Thus, the output of
CO,—C was 25% and 24% higher than the input in
2013 and 2014, respectively. Corresponding values for
the DOC-C was 50% and 28% in 2013 and 2014,
respectively. The differences in daily output between
the years were statistically significant with both CO,—
C (p=0.028, n=364) and DOC-C (p = 0.000,
n = 364). In both years, the small and medium-sized
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streams only contributed 2 and 3% of the total
transport of CO, and DOC-C, respectively.

The timing of the lateral transport differed between
the years and was connected to events with higher
discharge. In 2014, the lateral transport mainly took
place during the ice cover period, while in 2013 the
transport was more evenly distributed, even though the
highest inputs into the lake took place during the
freshet (Fig. 5). In 2013, most of the transport in the
inlets occurred during the freshet, when 51% of CO,—
C and 54% of DOC-C was transported. The corre-
sponding values for the ice cover period were 33% of
CO,—C and 24% of DOC-C. In 2014, the input was
highest during the ice cover period, due to two
different hydrological events: the small snowmelt,
which induced small flooding in January, and the
precipitation lasting few consecutive days at March.
During these periods, 68% and 64% of CO,—C and
DOC-C, respectively, was transported. During the
freshet in 2014, the input was small and covered only
11% of CO,—C and 6% of DOC-C transport. The
relation between CO,—C and DOC-C indicate higher
input of DOC-C during melting events and lower
during cold periods, although the relation during the
whole study remained constant; 12% of the laterally
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Fig. 5 CO,—C (kg; a, b) and DOC-C (kg; ¢, d) input into the lake in different sized streams (small, medium and large-sized streams)
and from the lake (lake output) during the ice cover, freshet and open water periods in 2013 and 2014
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transported input C was CO,—C and 88% of DOC-C
during both years.

The timing of the output of CO,—C seemed to have
a similar pattern with the highest transport in a freshet
in 2013 (48%) and ice cover period in 2014 (82%).
The outputs of DOC-C, however, were equal in size
during the ice cover period and freshet in 2013, 41% in
both periods indicating that the discharge was not the
only factor defining the output. In 2014, 82% of the
DOC-C output took place in the ice cover period.
Similar to the input, the total output was dominated by
the DOC-C and with no differences between the
years: 10% of the C was in CO,—C and 90% in DOC-
C.

Lake
Temperature

In 2013, when the lake was ice-covered for 155 days,
the lake showed inverse stratification with tempera-
tures close to 0 °C below the ice (Fig. 6a). At the onset
of the freshet, temperatures from the depths of 0.5 m
to 4.5 m decreased further. From 19 April onwards,
the surface temperature increased gradually and
showed a diurnal variation. The lake was stratified at
the onset of the freshet, with the thermocline at a depth
of 4.0 m. However, the mixing started in the middle of
the freshet, but the turnover was not complete until 2
May, i.e., one day after the ice-out on 1 May.
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Fig. 6 Water temperature (°C) in different depths of the lake from December to May in 2013 (a) and 2014 (b). The vertical dashed lines

separate the periods of ice cover, freshet and open water
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The warm period in January 2014 did not affect the
under-ice thermal stratification, although the surface
water (< 2.5 m) temperatures fluctuated slightly after
the hydrological peak entered the lake (Fig. 6b). In
general, the warmer year resulted in higher lake water
temperatures. In March, the snowless ice-cover was
already thin (Table 1), and as a result, the below-ice
temperatures were higher than in 2013. During the last
ten days before ice-out, the surface water under the ice
was 2.0 °C warmer than in 2013. Similar to 2013,
there was a diurnal variation in water temperature
under the ice. The surface water then warmed up
gradually, and the water column was homothermal at
3 °C from mid-March until the ice-out on 12 April.
After that, the water column warmed and finally
stratified at the end of May.

CO; and DOC concentrations in the lake

During the ice cover period in 2013, CO, concentra-
tions at 7.0 m depth increased, while concentrations at
1.5 and 2.5 m remained constant (Fig. 7a). On the first
week of the ice cover period, the mean concentrations
of CO, at all depths were similar, i.e., 3.0, 2.6 and
3.4 mg L~! at the depths of 1.5, 2.5 and 7.0 m,
respectively. Concentrations at 7.0 m then increased

gap-filled periods. The vertical dashed lines separate the periods
of ice cover, freshet and open water. The spring turn-over is
marked with the black arrow

clearly, so that just before the start of the freshet, the
concentrations in the two upper depths were only half
of that at 7.0 m depth. When the freshet started, the
concentrations at 1.5 m depth increased within four
days close to concentrations at 7.0 m. At the same
period, the lake stayed stratified. The concentrations at
2.5 m depth increased smoothly after ten days from
the onset of the freshet, simultaneously with the lake
surface water mixing. During the freshet, the concen-
trations at 7.0 m did not increase anymore. The mean
concentrations during the freshet were 8.3, 4.3, and
10.0 mg L~ " at the depths of 1.5, 2.5, and 7.0 m,
respectively. At the ice-out, the CO, concentration
was lowest at 2.5 m, 5.8 mg L™', and highest at
7.0 m, 8.4 mg L', Since CO, accumulated in the
water column was rapidly released to the atmosphere
after the ice-out (results not shown), CO, concentra-
tions at all depths dropped clearly at the beginning of
May. In mid-May, the concentrations at 7.0 m started
to increase again, while concentrations closer to
surface decreased. The mean concentrations during
the open water period were 5.4, 5.7, and 7.3 mg L ™" at
1.5, 2.5, and 7.0 m depths, respectively.

In 2014, the CO, dynamics was more unstable than
in 2013, and thus in agreement with water column
stratification (Fig. 7b; 6b). At the beginning of the ice
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cover period, the concentrations were low; 2.0, 2.5,
and 2.6 mg L 'at15 m, 2.5 m, and 7.0 m, respec-
tively. The warm period in December-January resulted
in smooth increases in CO, concentrations at 1.5 m
depth, but it did not have clear influences on the
concentrations at 2.5 m and 7.0 m, which increased
steadily until the freshet. The mean concentrations
during the freshet were 5.9, 7.0, and 9.7 mg L~! at
depths of 1.5, 2.5, and 7.0 m, respectively. The water
mixing started one week after the onset of the freshet
but did not affect deeper (> 6 m) layers before the four
last days of the freshet, and the turnover completed on
11 April, one day before the ice-out on 12 April. The
concentrations at all depths increased to their maxima
just before the ice-out simultaneously with complete
turnover. After the ice-out, concentrations rapidly
declined until May. The mean concentrations during
the open water period were relatively low, 2.6, 3.6, and
4.3 mg L' at 1.5, 2.5, and 7.0 m, respectively.

The mean concentrations during the ice cover
period were significantly lower in 2014 than in 2013 at
I.5m (p=000, n=14) and 7.0 m (p = 0.00,
n = 14), but the concentrations at 2.5 m did not differ
(p = 0.08, n = 14). Concentrations during the freshet
in 2014 were lower at 1.5 m (p = 0.00, n = 36) and at
2.5 m higher (p = 0.00, n = 36) than in 2013 and at
7.0 m depth the concentrations were the same in both
years (p = 0.48, n = 36). In 2014, the concentrations
during the open water period were lower than in 2013
at all depths (1.5 m, p=0.00, n=82; 2.5m,
p =0.00,n=282;7.0m, p =0.00, n = 82).

The mean DOC concentrations in the lake surface
during the ice cover period were 16.2 and
13.2 mg L™"in 2013 and 2014, respectively (Table 3).
After the ice-out, the concentrations dropped to 14.0
and 10.7 mg L™" in 2013 and 2014, respectively. The
concentrations close to the bottom (12.0 m) were
lower in comparison to the surface concentrations, but

the decline from the values of the ice cover period to
open water period was small.

Discussion
CO, and DOC concentrations in streams

Despite the substantial hydrological differences
between the study years, the mean concentrations of
CO, and DOC in the streams showed only small
differences. This result is against the hypothesis and is
surprising since the terrestrial C flow paths into the
adjacent aquatic surfaces are known to be closely
connected to hydrology (Dinsmore et al. 2013b) and
environmental conditions, such as differences in air
temperature and winter precipitation (Tiwari et al.
2018). In terms of the amount of precipitation, the
winters were similar, but the accumulation of snow
and thus the intensity of spring freshet differed. This
resulted in higher discharge peak values in 2013 and as
a result, also the concentrations of CO, and DOC
varied more than in warm year, indicating that after the
warm winter, the spring conditions resembled more
baseflow conditions than flashy extreme event condi-
tions. Also, the relationship between the concentra-
tions of CO, and DOC and stream discharge was
stronger in 2013 than in 2014. Our data is supportive of
the idea that the hydrological carbon source areas and
the connecting flow paths differ during different
hydrological conditions both laterally across the
landscape and vertically due to the shallow ground-
water table changes.

The CO, dynamics in the small and medium-sized
streams around Lake Kuivajdrvi suggest that they are
not predominantly connected to C enriched ground-
water sources, but rather that melting water dilutes the
concentrations in the stream channel. This is in

Table 3 Mean DOC concentrations (mg L") and standard deviation in brackets in lake surface (0.2 m) and bottom (12.0 m) during
the ice cover and open water periods in each year. n = number of samples (subscripts ic: ice cover, ow: open water)

Sampling depth (m) Nic Now Year DOC Ice cover (mg L™ DOC Open water (mg L™
0.2 4 2 2013 16.2 (2.8) 14.0 (1.7)
9 4 2014 13.2 (1.4) 10.7 (0.2)
12.0 4 2 2013 14.2 (1.1) 13.9 (0.3)
8 4 2014 11.3 (0.6) 10.7 (0.5)

@ Springer



Biogeochemistry (2020) 148:91-109

105

contrast to the larger streams, where the increased
discharge led to increases in CO, concentrations.
While in the smallest streams there was no relationship
between CO, discharge, in the medium-sized streams
the correlation with CO, and discharge was negative,
i.e., in these streams, the dilution effect through the
thawing snow and possible rain events were contribut-
ing to stream CO, concentrations. Dilution by
increased water inputs in spring has also been
observed before (Dinsmore et al. 2011; Dyson et al.
2011) and has been explained by CO, poor water
flowing over the frozen soil surface (Laudon et al.
2004). In contrast to diluted CO, concentrations in the
medium-sized streams, DOC concentrations showed a
positive relationship with discharge in both years. This
is a typical result found in earlier studies from similar
Boreal ecosystems (Laudon et al. 2011; Pumpanen
et al. 2014). The correlation between DOC concen-
trations and discharge could result from the different
location of DOC in comparison with CO, located in
deeper layers (Rasilo et al. 2011) in the soil profile,
which would explain the high DOC concentrations in
the shallow streams without a connection with
groundwater sources. When water rich with DOC
percolates or infiltrates through the mineral soil, most
of the DOC precipitates in the illuvial layer of the
podzolic soil (Pumpanen et al. 2014). Thus, the deeper
groundwater usually contains less DOC compared to
the superficial flow. The largest streams were better
connected to groundwater sources, and their CO,
concentrations increased concomitantly with the
increasing discharge, a pattern described earlier in
Boreal streams after significant precipitation events
(Rasilo et al. 2011). Rapid snowmelt events flushed
and filled the soil pores releasing soil-derived CO, into
the streams. Leith et al. (2015) observed the highest
riparian CO, export in 30-50 cm depth and continu-
ous but smaller export in layers deeper than 65 cm. In
our study location, the large streams were also the
deepest (data not shown), reinforcing the idea that
deeper soil layers were the source of CO, in the large
streams around Lake Kuivajirvi. The deeper soil
layers as a source of CO, is consistent with the lower
CO, concentrations in these streams in 2014 when the
spring freshet was very small.

Current hydrological conditions are crucial for the
soil water mobilization and further, to C mobilization,
because the infiltration rate differs in the dry and wet
soils. While the response in wet soils is immediate, in

dry soils, the time lag between the event and water
flow could be up to 36 days (Ilvesniemi et al. 2010).
However, the soils in the upland catchment area next
to the lake typically reach the maximum water holding
capacity in late autumn or early winter (Ilvesniemi
et al. 2010), which would predict the fast response of
events during the ice cover period and freshet.
However, we know, that the summer and autumn
2012 were wet, and 2013 dry in comparison with a
typical year (Miettinen et al. submitted), which
probably resulted in lower response and longer water
residence time in soils in 2014. The influence of the
previous seasons and years on DOC (Agren et al.
2010; Tiwari et al. 2018) and CO, (Einola et al. 2011;
Rantakari and Kortelainen 2005) concentrations in
aquatic surfaces have already been addressed in earlier
studies. This is also following the C dynamics in the
large-sized streams, which indicated stronger ground-
water influence during the typical spring 2013.

Lateral transport

Changes in the timing of precipitation and snowmelt
were the controlling factors behind the total riverine
transport, and as expected, the timing of C transport
differed significantly between the years. In 2013, the
lateral transport took place mainly during the freshet;
i.e., approximately half of the total C transport
occurred then. Hydrologically, the year 2013 repre-
sented the typical spring freshet, when most of the
annual C load is transported (Dinsmore et al. 2011;
Dyson et al. 2011; Laudon et al. 2004). The DOC
export was comparable with the earlier springtime
measurements on DOC (Pumpanen et al. 2014)
whereas CO, was slightly higher (Dyson et al.
2011). In 2014 instead, the lateral transport in streams
during the freshet was ca. 90% lower in comparison to
2013, and the transport mainly occurred during the
winter months. The CO, and DOC transport in the
streams was then ca. 2/3 of the total transport of the
study period, i.e., the ice-covered winter months were
more important than the spring freshet. Winter is
typically a period with low flow and small transport,
but in 2014 the winter time transport was much higher
than reported earlier (e.g. Agren etal. 2007; Leith et al.
2015), indicating changes in the timing of C transport
under future warmer conditions. Climate models
predict increases in winter precipitation and warmer
winters (IPCC 2013), which will shift the lateral C
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transport towards winter months. However, our study
shows that the change in timing does not necessarily
change the daily C transport. The proportion of
organic and inorganic C in lateral transport also
remains unchanged.

Under ice dynamics in lake coupled with lateral
transport

Despite the similarities in total lateral transport
between the years, the concentrations of CO, in the
uppermost layer (1.5 m depth) in the lake were lower
in 2014 than in 2013, which was against our hypoth-
esis. However, there was apparent synchrony between
the lateral C input and lake CO, dynamics during the
ice cover period and the freshet. Depending on the
intensity of the hydrological events and water storage
conditions in the catchment, the external inputs
entered the lake either as surface or deeper ground-
water inputs, influencing the concentrations at differ-
ent depths. CO, concentrations in the uppermost layer
started to increase immediately after the onset of the
thaw period, regardless of the season, i.e., during the
ice cover period in the middle of winter (2014) or the
freshet (2013). The increase was fast and drastic in
2013, while in 2014 the concentrations increased only
gradually, which agrees with the size of the lateral C
input into the lake. At the time of the supposed
terrestrial signal, the lake was clearly thermally
stratified in both years and this forced the cold, surface
water input (stream water temperature between 0.5
and 1.0 °C) to flow to the surface layers with the same
temperature (Bengtsson 1996), i.e., to the uppermost
layer under the ice cover. In the end of the freshet in
2013, after the mixing of the water column had started,
the clear terrestrial signal was lost, and the increases in
concentrations could have also resulted from in-lake
water movements (Maclntyre et al. 2018; Pasche et al.
2019).

While most of the water entered the lake as surface
flow, the volume of the output water exceeded the
volume of input waters during ice-cover and freshet
periods indicating additional inputs, e.g., deeper
groundwater flows (Supplementary Fig. S1). Deeper
groundwater can provide a small but continuous
source of CO, in surface waters (Leith et al. 2015),
and these inputs can be responsible for up to 64% of
the total external inorganic C inputs into the lake
(Einarsdottir et al. 2017). Groundwater flow paths in
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the soil differ from the event-related surface inputs and
are affected, for example, by hydraulic conductivity
and porosity of the system (Alley et al. 2002). Thus,
depth-specific groundwater inputs to the lake are hard
to predict. Thus, groundwater inputs, containing a high
quantity of CO, (e.g. Rasilo et al. 2011) are a plausible
explanation for increases of CO, deeper down in the
water column during the high flow events (Fig. 3).
However, we can likely expect, that in thermally
stratified lake during ice-cover period, the surface and
deeper groundwater C flows were distributed between
hypolimnion and epilimnion according to the temper-
ature gradient, and the deeper groundwater inputs
were small in C dynamics in the uppermost layer
(1.5 m). Usually, the constant CO, increase under ice
cover is due to a combination of organic matter inputs
and microbially-driven decomposition under condi-
tions with limited photosynthesis during the ice cover
period (Demarty et al. 2011; Huotari et al. 2009;
Striegl et al. 2001; Vachon et al. 2017). High DOC
inputs particularly in 2014 can explain the observed
increase of CO, concentration in the lake during the
low flow periods and are supported by DOC concen-
tration decline (data not shown), which is an indication
of efficient mineralization. Moreover, sediment respi-
ration can also be a significant source of under-ice CO,
in oligotrophic lakes such as arctic lakes (MacIntyre
et al. 2018) and shallow subarctic lakes (Karlsson et al.
2008). Since mineralization of DOC is temperature
and substrate dependent (Gudasz et al. 2010), sedi-
ment respiration alone cannot explain the sudden
increases of subsurface CO, concentrations during the
stratification period, but it can be important for CO, at
the ice-out.

Conclusions

Our findings have significant implications for the
understanding of C dynamics in an interface of Boreal
lentic and lotic ecosystems, especially under future
climatic conditions where snow may not persist
throughout the winter, emerging from this intensive
two-year study with distinctively different winter and
spring freshet. In the studied landscape surrounded by
managed forests but with an unregulated lake, the
hydrological regime strongly altered the C dynamics
in the land-stream-lake continuum. When the winter
was warm (2014) with a thin accumulated snow cover,
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the peak in C transport shifted from the spring freshet
to mid-winter. However, the drastic change in timing
does not necessarily change the amount of daily C
transport. We also found that most of the C was
consistently transported as DOC, and the relation of
CO,—C and DOC-C was the same in both study years,
i.e., 12% of the C transported into the lake was in the
form of CO, and 88% in DOC. The stream CO, and
DOC concentrations showed different responses to
hydrology, depending on the size of the streams and
thus the connection to shallow groundwater inputs.
Regardless of the hydrological regime, the bulk of the
carbon was always transported in the largest streams.
Besides the C input via streams, the high water and C
export from the lake in comparison with inlet indicate
alternative C inputs into the lake, possibly via deeper
groundwater or higher C production and mineraliza-
tion in the shallow end of the lake close to the outlet.
Our results emphasize the role of lakes in the
landscape and show, that the external C input, whether
taking place just before the ice-out or during the ice
cover period, increases the CO, concentrations in the
upper layers of the lake and can thus increase the
atmospheric release at the ice-out. Thus, to understand
the future springtime C dynamics under the changing
climate, all components of the terrestrial-aquatic
continuum should be studied concomitantly.
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