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Abstract
Lakes and streams in mountain regions are important contributors to carbon (C) fluxes. However, detailed car-

bon balances of the stream-lake continuum are rare. Combining eddy covariance (EC) measurements of lake-
atmosphere net ecosystem CO2 exchange with measurements of fluvial C fluxes (dissolved organic C, DOC; partic-
ulate organic C, POC; dissolved inorganic C, DIC), and in-lake sedimentation, we here present a detailed annual C
balance of an oligotrophic clearwater lake in the eastern European Alps. The C flux into the lake was 1522 Mg
C year−1 by DIC (93%), DOC (6%), and POC (0.7%). The largest C losses were fluvial exports (1595 Mg C year−1)
of DIC (93%), DOC (6%), and POC (0.8%), while sedimentation accounted for 7.3 Mg C year−1. The residual of all
fluvial and sedimentation fluxes revealed the lake as a net sink of atmospheric CO2 of 77 Mg C year−1. The EC
measurement confirmed a small positive or negative contribution of atmospheric exchange to the lake C balance.
In-lake transfer among C pools was only significant for the flux from DIC to POC (8.4 Mg C year−1), which, fol-
lowing our model, is the transfer through primary production in summer. Fluvial DOC and DIC fluxes were con-
trolled by discharge; POC retention and sedimentation depended on the meteorological season and in-lake
residence time. Following our findings, we conclude that hydrology acted as the most important control for the C
balance of this clearwater mountain lake by controlling inflow, outflow, and sedimentation fluxes.

Lakes represent a significant component of the global
carbon (C) cycle (Mendonca et al. 2017; Raymond et al. 2013;
Sobek et al. 2005; Tranvik et al. 2009). They receive organic
and inorganic C from various terrestrial sources within the
catchment and from in-lake primary production (PP). Some of
this C may be stored in lake biota and/or sediments (Cole
et al. 2007; Mendonca et al. 2017), is released as gaseous C
(i.e., CO2 and CH4) to the atmosphere (Tranvik et al. 2009;
Raymond et al. 2013), or leaves the lake through its outlet.
The lake net balance of gross primary production (GPP) and
community respiration (ER) defines its role as net-
heterotrophic or net-autotrophic, while lake sedimentation,
mineralization and evasion, and PP define the status of a lake
as C sink or source along the aquatic continuum. Overall, lake

ecosystems are considered as dynamic and sensitive players
within the global C cycle (Tranvik et al. 2018).

Streams are the main source of organic C (OC) in the form
of dissolved OC (DOC) and particulate OC (POC), and dis-
solved inorganic C (DIC) to lakes from the catchment
(Schindler et al. 1997; Jonsson et al. 2001; Solomon
et al. 2015), with increased C supply during high-flow events
(McKnight et al. 1997; Likens 2009; Johnson et al. 2018). In
addition to streams, rainfall and groundwater can also provide
direct C inputs to lakes, with high DIC inputs from groundwa-
ter dominating the DIC pool in some boreal lakes
(Weyhenmeyer et al. 2015). Overall the fluvial inputs link the
C cycle of lakes to the terrestrial C balance and to the hydro-
logical processes within the catchment.

Terrestrial OC may reside over varying times in the water
column of the lake. This OC becomes engaged in biogeochem-
ical cycling, that can alter the quantity and quality of DOC
and POC (Meyers and Ishiwatari 1995). Specifically, lake trans-
fer has been shown to modify the DOC composition depen-
dent on season and residence time (Ejarque et al. 2018), while
considerable proportions of inflowing DOC can also be
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respired (Algesten et al. 2004). Chemical flocculation and
microbial uptake convert DOC into POC (Allgaier and
Grossart 2006), while, at the same time, microorganisms trans-
form POC back to DOC. This renders microorganisms to
important players for large and rapid transformations between
the POC and DOC stocks in lakes (Weisse et al. 1990). It
should be noted that GPP-derived DOC is commonly more
labile than terrestrial DOC and high GPP may thus enhance
lake respiration (Ask et al., 2012; Brett et al. 2017).

Inflowing terrestrial and internally produced OC, as well as
DOC precipitation contribute considerably to sedimentation
(Gudasz et al. 2017; Guillemette et al. 2017). Thereby high PP
can induce rapid precipitation of CaCO3 and its subsequent
sedimentation in hard-water lakes (Müller et al. 2016). As lake
sediment decomposition rates are substantially lower than
those of OC in the water column (Sobek et al. 2009; Gudasz
et al. 2010), lake sediments sequester C (Downing et al. 2008;
Tranvik et al. 2009).

Recent studies have highlighted the sensitivity of mountain
lakes to climate change. For example, in high-mountain lakes,
the duration of ice cover and the volume of snowmelt water
determined the variation in summer epilimnetic temperatures
(Sadro et al. 2019; Smits et al. 2020). Further, changes in
stream flow altered the deliveries of terrestrial C into lakes
(Schindler et al. 1997; Erlandsson et al. 2008; Fasching
et al. 2016), with implications for lake ecosystem structure
and functioning (Solomon et al. 2015). Finally, variations in
stream flow also drive the water residence times in lakes and
hence C transformations (Tranvik et al. 2009; Weyhenmeyer
et al. 2012; Ejarque et al. 2018).

Modeling work has suggested that in clearwater lakes
that are low in DOC, GPP and ER remain largely balanced
with increasing water temperatures, whereas in lakes with
high DOC from allochthonous sources, ER will dominate
over GPP increasing CO2 evasion (Hanson et al. 2003). This
notion is supported by empirical findings that demonstrated
a negative relationship between epilimnetic net heterotro-
phy and DOC concentration during the summer across low-
land lakes in eastern Canada (Prairie et al. 2002). In addition,
high input of presumably recalcitrant terrestrial DOC to
lakes may also decrease lake productivity, as stained lakes
enhance light attenuation (Carpenter et al. 2001; Karlsson
et al. 2015).

With air temperatures increasing twice as fast in alpine
regions since the industrial revolution compared to the global
average (Böhm et al. 2001), mountain lakes around the world
are substantially affected by climate change (Moser
et al. 2019). A hydrological regime shift from glacial to a
snow-dominated regime has been reported in high elevation
catchments of the European Alps as glaciers retreat (Paul
et al. 2004; Bavay et al. 2013). Similarly, lower elevation catch-
ments shifted from snow to a rain-dominated regime (Paul
et al. 2004; Bavay et al. 2013). Further alterations of lake
catchments following an alpine temperature increase include

changes in vegetation cover and soils (Dirnbock and
Grabherr 2000) that will likely result in a modification of the
soil water balance, as well as a potentially enhanced DOC
mobilization from soils with higher temperatures (Freeman
et al. 2001; Schelker et al. 2013).

Despite the notion that mountain lakes are subject to ongo-
ing change, there remain substantial knowledge gaps regard-
ing the controls and integrated effects of climate change on
the C balance of clearwater mountain lakes. The overarching
aim of this study was thus to examine how current hydrologi-
cal variability affects the C balance of a mountain lake in the
eastern European Alps. We established a full C balance of Lake
Lunz, Austria that currently undergoes temperature changes
(Kainz et al. 2017), over the course of 1 year. By quantifying
major aquatic, sediment, and atmospheric C fluxes during dif-
ferent seasons and hydrological conditions, we tested the fol-
lowing hypotheses. First, hydrology acts as the major
determinant of the lake C balance by delivering, and remov-
ing the main fractions of DOC, POC, and DIC, respectively,
and second, C sequestration in sediments is linked to hydro-
logical events with high POC inflows and/or high in lake POC
production in summer.

Materials and methods
Study site

Lake Lunz is a mountain lake of glacial origin located in
Lower Austria (47�510N, 15�030E; 609 m.a.s.l.). The lake is
characterized by oligotrophic transparent waters with a mean
total phosphorous concentration of 3.21 μg L−1, a mean total
nitrogen concentration of 1.14 mg L−1 and a mean Chloro-
phyll a concentration of 1.4 μg L−1 (Horváth et al. 2017). The
Secchi depth varies between 10.5 and � 7 m during normal
years, but can be reduced to values below 5 m during dry and
hot summer conditions (Rasconi et al. 2018). The lake mixing
pattern is dimictic with the length of summer stratification
depending on temperature and the amount of discharge
(Ejarque et al. 2018). The average water residence time is typi-
cally short (� 0.3 years at median flow) due to the elongated
shape and straight connection between inlet and outlet. The
lake morphometry is steep and deep (average and maximum
depth, 20 and 34 m, respectively), with few shallow littoral
areas. The lake has a surface area of 68 ha and it is located in a
mostly pristine limestone catchment of 23.4 km2. The catch-
ment is mainly forested with spruce (Picea abies) and larch
(Larix decidua) and covered with shallow, humic-rich soils.

The Oberer Seebach (OSB) stream is the main lake inlet,
draining 79% of the lake catchment. It is a second-order
stream recharging the lake through alluvial deposits underlain
by a low-permeability layer of fine lake sediment and calcare-
ous rock (Battin, 1999). The riparian vegetation is character-
ized by common ash (Fraxinus excelsior), sycamore (Acer
pseudoplatanus), common beech (Fagus sylvatica) and goat wil-
low (Salix caprea) (Bretschko, 1990). The lake discharges into
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one single outlet, the Unterer Seebach (USB). The hydrograph
of the USB closely follows that of OSB with lag times of less
than 1 day (Ejarque et al. 2018). The hydrological regimes of
the streams in the region are nival or nivo-pluvial with low
flows in winter, high flows during the spring freshet, and fre-
quent storm events throughout summer and autumn.

Model of lake C mass balance
We conceptualized the lake as a control volume of � 1.3

107 m3 receiving and exporting C from and to the surround-
ing landscape (Fig. 1, Table 1). C was categorized into three
main species: DOC, POC, and DIC. For each of these pools,
we identified the main fluxes in and out of the lake. These
included surface- and groundwater flows, sedimentation, and
lake-atmosphere exchange (Table 1, Eqs. 1–3). Using mass
conservation principles, we assumed that any imbalance
among C species would correspond to a net-transformation in
the lake; that is, C mass transfer from one pool to another due
to biogeochemical cycling. Namely, carbon can be transferred
from DOC to DIC through bacterial respiration and photo-
mineralization; or to POC through bacterial production and
flocculation. DIC can be transferred to DOC through meta-
bolic loss of GPP via exudates or to POC via GPP, for example
as algal biomass. Finally, POC can become DOC following bac-
terial degradation, or consequently DIC due to heterotrophic
respiration (Table 1, Eqs. 4–6). We note that this conceptuali-
zation does not explicitly include two potentially relevant
fluxes: the removal of DIC by calcite precipitation (Müller
et al. 2016) and the release of CO2 to the water column from
sediment respiration (Algesten et al. 2005).

Sampling design and analytical methods
In this study, we present data for a 1-year period

(15 February 2016–15 February 2017). OSB and USB were sam-
pled as the main lake inlet and outlet of DOC, POC and DIC,
respectively, in surface water. OSB was sampled 450 m

upstream of the inlet into Lake Lunz (Fig. 1) and USB was sam-
pled directly at the lake outlet. At both sites, grab water sam-
ples were collected three times a week (Monday, Wednesday,
and Friday) for DOC, DIC, and POC analysis. At OSB,
streamwater was additionally sampled every 6 h using an
automated sampler (Teledyne ISCO, model 3700) for DOC
analysis to account for sub-daily variability due to a strong
covariation with discharge. Samples collected by the auto-
sampler were returned to the lab three times a week. Water
samples for DOC concentration were filtered using pre-
combusted GF/F filters (0.7 μm diameter pore size) and col-
lected in pre-combusted, acid-rinsed (0.1 N HCl), 30 mL glass
vials. POC was collected in triplicates by filtering 1 to 2 L of
stream water using pre-combusted GF/F filters (0.7 μm diame-
ter pore size). Filters were weighed before and after filtration
(previous drying at 60�C for 24 h) to obtain the mass of
suspended solids per water volume. Filters were stored at
− 80�C until C content analysis. DIC was determined by calcu-
lation from pH and total alkalinity (TA), following But-
ler (1991). For the TA analysis, 250 mL of water were collected
at each site in headspace-free glass bottles. pH, TDS, water
temperature, and atmospheric pressure were measured in-situ
using portable probes (WTW pH 3310, Xylem Analytics Ger-
many Sales GmbH & Co. KG, Weilheim, Germany). During a
subset of sampling dates (n = 24) we additionally sampled
streamwater in headspace-free 40 mL glass vials for direct DIC
measurements. These were used to determine a linear regres-
sion function between estimated and measured DIC values
(DICmeasured = 0.944*DICcalculated – 0.015, df = 23, RMSE =
0.214 mg L−1, adj R2 = 0.93, p < 0.0001) in order to correct cal-
culated DIC values for possible overestimation (Abril et al.,
2015). Table 2 presents the results of the chemical analysis at
the OSB and USB used to estimate aquatic C fluxes. TDS was
used as a conservative tracer of water flows.

POC sedimentation in the lake was measured using sediment
traps deployed at the deepest location of the lake (lat 15.056�,

Fig 1. (a) Mass balance model of Lake Lunz. Solid arrows represent C flows through the system boundaries (i.e., net C mass balance). Dashed arrows
represent C flows between different C pools within the system boundaries (i.e., in-lake C cycling). See text for further details. (b) Sampling locations at
Lake Lunz and its location in Austria.
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lon 47.854�; near its surface center). The traps had a cylindrical
design with a collecting area of 78.54 cm2 and a height of 60 cm
(H/D ratio = 6). The traps were deployed in triplicate at 15 and
30 m depths and were exchanged approximately every 3 weeks.
Upon collection, the entire content of the traps was filtered
through pre-combusted GF/F filters (0.7 μm diameter pore size).
Filters were weighed before and after filtration (previous drying
at 60�C for 24 h) to quantify the total sedimented mass. Filters
were stored at − 80�C until C content analysis. Sediment traps
were deployed from 29 March 2016–01 December 2016.
February and March 2016 were assumed to have the same sedi-
mentation rate as April 2016; and December 2016, January and
February 2017 were assumed to have the same sedimentation
rate as November 2016.

The organic C load to the lake sediment was quantified by
the data of the lower sediment traps and the lake sediment

accumulation area. The sediment accumulation area, defined
as the lake bottom area in which continuous particle sedimen-
tation takes place (Håkanson and Jansson 2002) was assumed
to be 34 ha (50% of the total lake area), based on the lake
trough-shaped morphometry.

DOC, DIC, and TA analyses were conducted on the same
day, 1–4 h after sampling. A total organic C analyzer (GE-
Sievers 900) was used to measure both DOC (with an inor-
ganic carbon removal unit) and DIC concentration. TA was
determined by titration (Metrohm 702 SM Titrino) of 50 mL
water sample aliquots to an end point pH of 4.32 using 0.05 N
HCl as a titrator. C content on GF/F filters was determined
using an elemental analyzer (Flash 2000 HT Plus) coupled to a
mass spectrometer (Delta V Advantage, Thermo Scientific). All
analytical measurements were performed in triplicates.

We measured water-atmosphere CO2 exchange using the
eddy covariance (EC) method. During summer (22 March
2016–24 October 2016), EC measurements were conducted on
a floating platform anchored close to the deepest location of
the lake (Fig. 1). The rest of the time, an EC tower was set up
at the eastern shore of the lake. The platform/tower was
equipped with an enclosed infrared gas analyzer (Li-7200, Li-
Cor Inc., Lincoln, NE, USA) to measure CO2 and H2O dry
mole fractions and a 3-D sonic anemometer (R3, Gill Instru-
ments, Lymington, UK) to measure the three orthogonal wind
components and the sonic temperature. The instruments were
mounted at 2 and 3.9 m above the lake surface during sum-
mer and winter, respectively. Data were collected at 20 Hz.
Additionally, half-hourly mean air temperature and relative
humidity sampled once per minute were recorded.

CO2 fluxes were calculated using the software EddyPro (Li-
Cor Inc., Lincoln, NE) according to commonly accepted proce-
dures (Aubinet et al. 2012). Raw data processing prior to flux cal-
culation included de-spiking, a double rotation of the wind data,
as well as the detection and compensation of time delays in the
CO2 signal by use of the covariance maximization method. Half-
hourly CO2 fluxes were then derived from the covariance of the
CO2 dry mole fraction c and the vertical wind speed w: f 8= �w0c0,
where primes denote fluctuations around the mean and the
overbar a time average (30min in our case). We corrected
spectral losses in the low frequency range according to
Moncrieff et al. (2005); corrections for spectral losses in the
high frequency range was performed using the method by
Moncrieff et al. (1997).

Only data when wind was blowing from the lake and with
a quality flag of 0 or 1 (Foken et al., 2005) were considered.
Moreover, data were excluded when the infrared gas analyzer
or anemometer malfunctioned because of weather conditions
or technical problems. Data coverage was approximate 20%,
which appears low when compared to terrestrial EC applica-
tions, but corresponds to typical data coverages of other lentic
EC studies in complex terrain (Huotari et al. 2011;
Mammarella et al. 2016). The average CO2 flux from all data
with high quality was used to derive the annual budget for

Table 1. Equations for the C mass balance in Lake Lunz, as con-
ceptualized in Fig. 1a.

Eq.
No.

Lake mass balance (fluxes through
system boundary)

(1) dDOC/dt = f1 + f2

(1a) f1 = fDOCOSB + fDOCung

(1b) f2 = fDOCUSB + fDOCexfiltr

(2) dPOC/dt = f3 + f4 + f5

(2a) f3 = fPOCOSB + fPOCung

(2b) f4 = fPOCUSB

(2c) f5 = fPOCsedim

(3) dDIC/dt = f6 + f7 + f8

(3a) f6 = fDICOSB + fDICung

(3b) f7 = fDICUSB + fDICexfiltr

(3c) f8 = fDICatm

where

fDOCOSB, fPOCOSB, fDICOSB: inflowing loads through OSB.

fDOCung, fPOCung, fDICung: inflowing loads from ungauged

catchments.

fDOCUSB, fPOCUSB, fDICUSB: outflowing loads through USB.

fDOCexfiltr, fDICexfiltr: outflowing loads via exfiltration.

fPOCsedim: loss of POC through sedimentation.

fDICatm: lake-atmosphere CO2 exchange.

Internal lake cycling (fluxes within system boundary)

(4) dDOC/dt = fa + fb + fc + fd

(5) dPOC/dt = fc + fd + fe + ff

(6) dDIC/dt = fa + fb + fe + ff

where

fa = bacterial respiration + photomineralization

fb = metabolic loss of gross primary production (GPP) via

exudates

fc = bacterial degradation

fd = bacterial production + flocculation

fe = NPP

ff = ecosystem respiration

Ejarque et al. Hydrology controls mountain lake C-mass balance

4



the entire lake surface. As high quality data was reasonably
well distributed across seasons and different times of day, and
did not show clear diurnal variation, we expect no systematic
bias from this approach.

Discharge was continuously measured at the lake inlet
(OSB) and outlet (USB). In OSB, water levels were recorded at
10-min interval (Logger model: GPRS Datalogger type 255, HT
Hydrotechnik GmbH, Obergünzburg, Germany) and converted
into discharge according to the rating curve: Q = 0.00001503
wt3–0.00040711 wt2 + 0.02244630 wt − 0.36658727, r2 = 0.99,
with wt being the water table in cm. The rating curve included
16 manual discharge measurement covering the range from 0.1
to 12.1 m3 s−1. Higher discharges were extrapolated from the
fitted curve. Manual discharge was measured by salt slug addi-
tions and velocity profiling using an electromagnetic flow
meter (Flo-Mate Modell 2000, Marsh-McBirney Inc., Frederick,
MD). Additional 12 manual discharge measurement were
excluded due to questionable data quality. Discharge at USB
(5-min interval) was provided by the Hydrological Service of
Lower Austria (www.noel.gv.at; Station #214262). This station
is located in the first free flowing section of the USB, approxi-
mately 100 m downstream of the USB sampling site. Daily rain-
fall, snowfall (as snow water equivalents, using a heated
precipitation gage), and evaporation (GGI 3000 evaporation
pan) were regularly measured at the official Meteorological Sta-
tion “Lunz am See,” located at the north-eastern shore of the
lake, which is operated by the Zentralanstalt für Meteorologie
und Geodynamik (ZAMG), Austria.

Water balance and characterization of hydrological events
The annual hydrographs of OSB and USB were divided

into individual events. For OSB, storm events were opera-
tionally categorized into “high flows” (peakflow > 6 m3 s−1),
“moderate flows” (peaking between 2 and 6 m3 s−1) and “low
flows” (peakflow ≤ 2 m3 s−1). Two specific events were addi-
tionally discriminated; “snowmelt,” and “landslide,” with
the latter being an event that occurred on May 28, 2016,
when 53.4 mm of precipitation were registered within 1 h.
This event caused several small to medium sized landslides
within the OSB catchment. To put our records into context,
we compared the hydrological conditions during our study
year with long-term records using a data set of daily dis-
charge in USB measured by the Biological Station Lunz
(1931–1978) and the Hydrological Service of Lower Austria
(1979–2017).

To calculate the lake water balance, OSB and USB dis-
charges (QOSB and QUSB), as well as direct rainfall, snowfall,
and evaporation at the lake surface, were transformed into
total volume equivalent per day (m3 d−1). For this, pan evapo-
ration rather than EC water flux data was used, because of the
low data coverage of EC water flux estimates during warm and
low-wind summer conditions, when open water evaporation
is high. The residual term of the water balance (Qres, Eq. 7)
was considered to correspond to diffuse water inputs fromT
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groundwater and ungauged catchments (Qung, when Qres > 0)
or diffusive groundwater outflows, that is, exfiltration (Qexfilt,
when Qres < 0). We note that this approach is not capable to
represent diffusive inflows that are directly compensated by
exfiltration, that is, when Qexfilt > 0 and Qung > 0.

Qres = QUSB + Evaporationð Þ – QOSB + Precipitationð Þ m3d−1
� �

ð7Þ

Water and C flux calculations
DOC, DIC, and POC concentrations in OSB and USB were

transformed into daily mass flows (fCOSB, fCUSB, Table 1) as
follows. Data from grab samples (frequency: three times a
week) were interpolated to daily values using linear interpola-
tion. The resulting daily concentrations (mg L−1) were subse-
quently multiplied by the total daily water flows (m3 d−1),
thereby obtaining the total daily flow of DOC, DIC, and
POC (gC d−1). Specifically, DOC mass flows in OSB were
obtained from automatically sampled DOC concentration
data (frequency: 6 h). These DOC concentrations were
corrected for potential residual contamination by the plastic
tubing and bottles of the ISCO automated water sampler sys-
tem using a linear regression with manually sampled DOC
data (DOCmanual = 0.7695 × DOCautosampler + 0.1944, df = 99,
RMSE = 0.056 mg L−1, R2 = 0.92, p < 0.001). The final
corrected 6-h DOC concentration data were then multiplied
by their instantaneous water discharge. The resulting instanta-
neous mass flows were interpolated onto a continuous cubic
spline function, which was integrated to obtain the total daily
DOC mass flows (gC d−1).

We estimated additional C flows through diffuse inputs, that
is, the contribution from ungauged catchments and groundwa-
ter infiltration and outputs (groundwater exfiltration, fCexfiltr,
Table 1). For this, we attributed the same C concentrations
(i.e., DOC, DIC, and POC) as the OSB to all ungauged inflows
(Qung). Exfiltrating water (Qexfiltr) was assumed to have the same
C concentrations as the USB. We propose that these assump-
tions are reasonable for Lake Lunz. Most diffuse inflows origi-
nated from ungauged catchments (representing 21% of the lake
catchment area; fCung, Table 1) rather than groundwater. These
smaller streams have DOC concentrations in the same range as
the OSB (Caillon and Schelker 2020). Similarly, and given the
specific morphology of Lake Lunz, diffuse groundwater out-
flows will likely only occur at high water levels and near the
surface.

Mass balance calculations
The C influxes (f1, f3, and f6; Fig. 1) were calculated as the

sum of fluxes from OSB and those estimated from small,
ungauged catchments (Eqs. 1a, 2a, and 3a, Table 1). Out-
flowing DOC and DIC fluxes (f2 and f7, Fig. 1) were calculated
as the sum of fluxes from USB and those estimated to be lost

through exfiltration (Eqs. 1b and 3b). Outflowing POC fluxes
(f4 and f5, Fig. 1) were calculated as the sum of fluxes from
USB and sedimentation (Eqs. 2b and 2c). The difference
between mass inflows and outflows (Eqs. 1–3, Table 1) cor-
responded to the mass of DOC, DIC, and POC generated
(dC/dt > 0) or retained (dC/dt < 0) in-lake. Following mass
conservation, we assumed that dDOC/dt + dDIC/dt + dPOC/
dt != 0, meaning that any in-lake generation or retention of a
C species (DOC, DIC, and POC) is to be offset by a change in
another species. Lake-atmosphere CO2 exchange (f8, Fig. 1)
was calculated as a residual term in the mass balance. This
approach allowed us to compare the results from the mass bal-
ance to the independent estimate of annual net CO2 exchange
obtained by EC measurements.

Uncertainty analysis
For aquatic C concentrations, three relevant sources of uncer-

tainty were considered: (1) analytical variability, (2) uncertainty
from gap filling, and (3) uncertainty from data corrections using
regression models. The uncertainty caused by analytical variabil-
ity was quantified as the average standard deviation of triplicate
measurements. Uncertainty of interpolated missing values was
estimated for each gap length using the following procedure.
First, we created artificial gaps in the interpolated data record. For
gaps longer than 3 days, we imposed the condition that at least
2/3 of the data values should correspond to original data. Then,
the artificial gaps were filled using linear interpolation. Finally,
the error was estimated as the average difference between the
estimated and the original data. To obtain an average error, this
process was iterated for all possible gaps throughout the data set
and the error averaged. The error associated with data transfor-
mation using regression models was considered to be the root of
mean squared error (RMSE) of the fitted regression model. For
discharge, we assumed a constant relative error of 10%, a com-
mon value for established gauging stations at natural streams
(Harmel et al. 2006). We note that this assumption is a simplifi-
cation and does not account for unsteady conditions, such as
“out-of-bank” high flow events or similar. Assuming the three
uncertainties to be independent, the overall uncertainty for each
C species was derived by a Gaussian error propagation.

Furthermore, the uncertainty associated to the overall mass
balance model was quantified using TDS as a conservative ref-
erence tracer of water flows. We inferred that any imbalances
between inputs and outputs for C species can only be attrib-
uted to in-lake reactive processes if the imbalance in C were
greater than the observed variation in TDS. For this, we
assume that TDS is not significantly altered by carbonate pre-
cipitation or dissolution.

Statistical analyses
We analyzed the responsiveness of C inflow (f1, Fig. 1;

Eq. 1a, Table 1) to hydrological events using the following
methods. First, we calculated the flow-weighted average (FWA)
concentrations of each C species i (DOC, DIC, and POC) as
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P
CiQi/

P
Qi, where C is concentration and Q is discharge.

FWA values were then compared among different event types.
Second, we fitted a generalized least squares (GLS) model to pre-
dict the inflowing mass of each C species per event, as a func-
tion of event magnitude (total water volume exported per
event), and season. Third, we compared how the response of C
fluxes during hydrological events changed from lake inflow to
outflow. For this, we performed an analysis of covariance
(ANCOVA), that is, for each season and C pool, we fitted a GLS
model predicting the total mass of exported C as a function of
event magnitude, flux (inflow, outflow), and their interaction.

In both statistical models, the significant predictors were
selected using fivefold cross-validation and the AIC criterion.
In the ANCOVA approach, we interpreted the model selection
analysis as follows. If the sampling site factor was significant,
both individually and as an interaction term with event mag-
nitude, it would indicate that the lake had a significant effect
on the slope of the relationship between C mass export and
event magnitude. If the sampling site factor was only signifi-
cant as an individual term, then it would indicate that the
lake had an effect only on the intercept. Finally, if sampling
site was not significant at all, it would indicate that the lake
had no relevant effect on the responsiveness of C mass export
to hydrological events.

In all models, the variance of the residuals was allowed to
vary by meteorological season (spring, March to end of May;
summer, June to end of August; fall, September to end of
November; winter, December to end of February). Non-factor
variables were mean-centered and normalized by their stan-
dard deviation to obtain standardized slopes, comparable
among C pools. The explanatory power of the model (R2) was
obtained by correlating the observed and fitted data using
ordinary least squares. GLS models were fitted with the mgcv
package (Wood et al., 2015) for R (R Core Team, 2018).

Results
Hydrology

Hydrological analysis showed that the study year (2016) rep-
resented average hydrological conditions for the region with a
pluvio-nival flow regime with high flows in spring and summer.
Flow percentiles in USB during 2016 (P25 and P75, 2.09 and
0.64 m3 s−1, respectively) were only slightly higher than those
of long-term (1913–2017) data records (1.87 and 0.64 m3 s−1 for
P25 and P75, respectively). Discharge in OSB and USB ranged
between 0.24 and 13.9 m3 s−1 with frequent events. We regis-
tered a total of 35 events (Fig. 2) 2016. In OSB, high-flow events
(n = 9) exported 13.4 × 106 m3, representing 41.0% of the total
annual water flows. Moderate- (n = 11) and low-flows (n = 12)
delivered 8.6 × 106 and 4.8 × 106 m3, representing 26.3 and
14.6% of the total annual flow. The spring freshet began in
April and lasted for 34 d with two distinct snowmelt events,
overall contributing 13.1% to the annual water flow. Finally,
the landslide event was the one individual event with the
highest discharge (1.56 × 106 m3; peakflow 13.9 m3 s−1 at OSB)
and represented 4.9% of the total annual discharge, despite its
short duration of only 44 h. The USB hydrograph mimicked
that of OSB with peak lag times of less than 1 day.

On an annual basis, the OSB provided most water to the
lake (62.5%) with diffuse water sources from ungauged catch-
ments representing 35.4%. Direct inputs from precipitation to
the lake surface accounted for 2.1% of total water inputs.
95.7% of water outputs occurred through USB outflow,
whereas exfiltration and evaporation (normalized to lake area)
represented only 3.9% and 0.4% of the total, respectively.

Aquatic C inflows
On average, lake inflow (OSB streamwater and ungauged

catchments; that is, f1, f3, and f6, Table 1, Fig. 1) had

Fig 2. Stream discharge at OSB and classification of hydrological events during the study period.
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2.96 ± 0.55, 0.20 ± 0.38, and 43.33 ± 2.70 mg C L−1

(FWA ± SD) of DOC, POC, and DIC, respectively. Therefore,
DIC was the dominant species of inflowing C. Because high-
flow events delivered, on average, the largest amounts of water
(1.49 ± 0.48 × 106 m3), these were also responsible for the larg-
est loads of DOC (4.84 ± 1.04 Mg C), POC (0.21 ± 0.70 Mg C)
and DIC (61.53 ± 13.20 Mg C) per event. During moderate
and low-flow events, lower water flows resulted in reduced C-
inputs. C deliveries were 0.92 ± 0.38, 0.12 ± 0.09, and
19.56 ± 8.63 Mg C per low flow event for DOC, POC, and

DIC, respectively. Snowmelt events, despite their moderate
discharge (1.46 ± 0.71 m3 s−1 average, 3.84 m3 s−1 maximum),
exported similar amounts of water as high-flow events due to
their extended duration. This resulted in similar contents of
exported DOC (4.26 ± 0.77 Mg C), POC (0.39 ± 0.08 Mg C),
and DIC (67.22 ± 9.21 Mg C) as high-flow events. The land-
slide event, amounting to 1.56 × 106 m3 of water volume,
exported similar contents of DOC (5.45 Mg C) and DIC
(62.80 Mg C) as other high-flow events, but delivered twice as
much POC (0.48 Mg C).

Overall, these results indicated that the total content of C
delivered during an event was positively related to the volume
of exported water. However, the FWA concentrations differed
among event types, and among C species (Fig. 3). For DOC,
the FWA concentrations tended to decrease from landslide
and high-flow to low-flow and snowmelt events (Fig. 3a)
reflecting a flushing effect where higher discharge increased
DOC concentration in OSB streamwater. DIC followed the
opposite trend with FWA concentrations increasing from
landslide and high-flows to low-flow events (Fig. 3b). This
reflected a dilution effect, where higher discharge is associated
with decreased DIC concentration. During snowmelt, how-
ever, FWA concentration was lowest. POC results also
suggested a dilution effect; yet, patterns were less evident due
to an overall high variability (Fig. 3c). The FWA POC concen-
trations for moderate and low-flow events were higher than
for high-flow events, however, data variability was also higher.
During the landslide event, FWA POC concentration was
higher than the average for all other event types. Yet, some
individual moderate and low-flow events exceeded the land-
slide FWA POC concentrations.

The relationships between hydrology and C export to the
lake was further explored by correlating the C mass export per
event with event magnitude (water volume exported per event)
and season (Fig. 4). GLS modeling revealed that, for DOC and
DIC, the total C mass exported per event was significantly
dependent not only on event magnitude, but also on season.
During summer and autumn, normalized slopes were higher
than those of winter and spring, indicating a higher response
of C export to event magnitude during these seasons. Models
had a high goodness-of-fit, explaining up to 91.2% (DOC) and
96.2% (DIC) of total variance. In contrast, we found no sea-
sonal effect for POC and the only significant predictor for POC
export per event was event magnitude. The POC standardized
slope (0.735) was similar to the slopes of DOC and DIC during
winter (0.760 and 0.812, respectively). However, the model had
a much lower explanatory power (54.7%), indicating a less pre-
dictable response of POC to hydrological events.

Aquatic C outflow and sedimentation
FWA DOC and POC concentrations in the outflow were

1.91 ± 0.26 and 0.24 ± 0.08 mg L−1, respectively (f2 and f4 in
Table 1 and Fig. 1, respectively). These fluxes were not statisti-
cally different from inflowing fluxes (weighted t-test, p > 0.05).

Fig 3. Flow-weighted average (FWA) concentrations during different
types of hydrological events.
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However, FWA DIC concentration (29.67 ± 1.82 mg L−1, flux
f7 in Table 1 and Fig. 1) was significantly lower (weighted t-test
p < 0.05) than the inflow. Further, the FWA concentrations
varied between inflow and outflow among hydrological events
(Fig. 3). For DOC and DIC, FWA concentrations were similar
among event types and remained at lower average values than
inflows for all types of event (Fig. 3a,b). Also, data variability
was reduced in the outflows. At the outlet, POC had a similar
variability as the inflow, but POC FWA concentrations tended
to decrease from high-flow to low-flow events (Fig. 3c). This
variability (range of 0.07–0.37 mg L−1) was one and two orders
of magnitude lower than that of DOC (1.51–2.37 mg L−1) and
DIC (26.05–32.74 mg L−1), respectively.

The ANCOVA analysis revealed that the relationship
between C mass export per event and event magnitude was
not significantly different in inflow and outflow. This indi-
cates that the lake does not have a significant effect on C
export during hydrological events. Exceptions were found as a
significant increase in the intercept during winter for DOC
(Δintercept = +0.386 gC) and DIC (Δintercept = +0.412 gC),
and during summer for POC (Δintercept = +0.489 gC). In
autumn, a significant decrease in the slope was found for DIC
(Δslope = −0.407 gC m−3).

The POC sedimentation flux varied by season and followed
a bell shaped curve, peaking in summer (Fig. 5). This contra-
sted with lower and temporally stable amounts of inflowing

Fig 4. ANCOVA analysis of the relationship between inflowing C mass to the lake and event magnitude for DOC (panel a), DIC (panel b), and POC
(panel c). Data have been mean-centered and normalized to allow for comparison among C species. The gray line in panel c indicates that slope and
intercept were not significantly different among seasons.

Fig 5. Monthly fluxes of POC in the lake inflow (OSB and small ungauged catchments), outflow (USB and exfiltration), and sedimentation. February
2016 and February 2017 include only half a month of data.
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POC. The highest in-lake POC sedimentation (13.1 ±
0.3 Mg C) was measured in June. This deviated from the over-
all seasonal pattern as represented by the bell-shaped curve
and corresponded to the occurrence of the landslide event at
the end of May.

Annual mass balance and EC-based net ecosystem CO2

exchange
Annually, up to 1600 Mg C were transferred through Lake

Lunz. Among the inputs, 93% of the C was in the form of
DIC, whereas DOC and POC were only minor fluxes (6 and
0.6%, respectively) in comparison. DOC mass transfer was bal-
anced (Table 3). The difference between DOC inputs and out-
puts (+ 3.23%) was lower than the estimated uncertainty
(TDS = +4.60%), indicating no significant change of DOC
quantity between in and outflow. According to that, the fluxes
fa to fd of our mass balance model (Fig. 1a) were negligible in
2016 in terms of the total C mass losses or gains.

Contrastingly, POC had a 76.71% imbalance between inputs
and outputs, indicating an in-lake production of
8.4 ± 0.4 Mg C. The even mass balance for DOC between
inflow and outflow implied that the main internal cycling
pathway for the observed POC production had to be fe (net
primary production, NPP). Further, this also purported that
for DIC the reduction through NPP was the only relevant
internal C-cycling pathway of the lake. Therefore, we could
calculate the CO2 exchange across the lake-atmosphere inter-
face simply as the residual term in the DIC mass balance.
According to this estimate, the lake was a net sink of
76.5 ± 2.1 Mg C. Interestingly, this flux represented only
5.13% of DIC inputs to the lake.

Lake-atmosphere EC measurements registered, on average,
a CO2 emission flux of 0.8 ± 2.9 g C m−2 d−1 from the lake to
the atmosphere throughout the study year. This evasion was
highest in August and lowest in May and January (Fig. 6), with
the latter coinciding with a fully developed ice cover on the

Table 3. Annual lake C mass balance.

DOC DIC POC TDS

Mg C % Mg C % Mg C % Mg C %

Inflow OSB 62.4�0.1 64.57 895.3�1.1 60.01 7.5�0.3 68.68 7620.8�9.4 63.5

Diffuse inflow 34.2�0.1 35.43 520.1�1.1 34.86 3.4�0.2 31.32 4383.6�9.5 36.5

Atm. exchange NA NA 76.5�2.1* 5.13 NA NA NA NA

Total 96.6�0.1 100.00 1491.9�2.6 100.00 10.9�0.3 100.00 12,004.4�13.4 100.00

Outflow USB 96.0�0.1 96.23 1424.4�1.3 96.01 11.9�0.1 61.99 12,059.8�13.3 96.04

Exfiltration 3.8�0.0 3.77 59.1�0.5 3.99 NA 496.6�4.6 3.96

Sedimentation NA NA NA NA 7.3�0.1 38.01 NA NA

Total 99.7�0.1 100.00 1483.6 �1.4 100.00 19.3�0.2 100.00 12,556.4�14.1 100.00

Mass Cout − Cin (Mg C)† +3.1�0.1 −8.4�2.9 +8.4�0.4 +552.0�19.4

Balance Cout − Cin (%)† +3.23 −0.56 +76.71 +4.60

*Estimated as a residual term.
†Positive numbers denote in-lake C production, whereas negative numbers indicate a loss.

Fig 6. Monthly net ecosystem CO2 exchange of the lake surface as quantified by EC measurements. Positive numbers indicate a net flux from the water
column to the atmosphere (error bars represent one standard deviation of means).
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lake that is likely to have limited gas exchange. This variation
was similar in preceding years (data not shown). There was
nearly no gas exchange recorded in January for years where an
ice cover was present (2015 and 2017, but not 2016), followed
by intermediate emissions during spring (range 0.2–
0.8 g C m−2 d−1; February to April) and a second minimum
(< 0.2 g C m−2 d−1) in late spring/early summer (April/May).
Summertime emissions were intermediate to high and
highly variable; emissions peaked between 1.1–1.6 g C m−2 d−1

in August (2015, 2016) or September (2017). Fall and
winter emissions were intermediate again, ranging from
0.3–1.0 g C m−2 d−1.

Extrapolating the net ecosystem CO2 exchange measured by
EC to the entire lake surface for the full study year resulted in a
total emission of 190 Mg C, with a range (95% confidence inter-
vals) of + 1496 Mg C (lake as source) to − 1116 Mg C (lake as
sink). This range consistently overlapped with our previous cal-
culation as the mass balance residual (sink of 76.5 ± 2.1 Mg C).
The resulting annual C balance is portrayed in Fig. 7.

Discussion
Contemporary C balance of Lake Lunz

This study presents a 1-year C mass balance of a clearwater
mountain lake. The overall finding of this analysis was that
the lake mass balance is dominated by fluvial fluxes of DIC,
DOC, and POC. The fluvial fluxes were much larger than the
atmospheric exchange, as well as the sedimentation. Sedimen-
tation represented only � 0.5% of the fluvial C input to the
lake, while atmospheric CO2 exchange following the residual
approach accounted for � 5%, respectively. Even the EC-based
estimate of atmospheric CO2 exchange, although subject to
substantial uncertainty, represented only � 12% of the com-
bined inflowing DOC, POC, and DIC on an annual basis.
These findings demonstrate the fundamental relevance of flu-
vial C fluxes for mountain lake C budgets.

Several previous studies have reported C budgets for lake
ecosystems in different climates, but few quantified all incom-
ing and outgoing DOC, POC, and DIC fluxes over a duration
of at least 1 year (Dillon and Molot 1997; Jonsson et al. 2001;
Andersson and Kumblad 2006; Sobek et al. 2006; Stets
et al. 2010; Cremona et al. 2014; Hanson et al. 2015;
Einarsdottir et al. 2017). Overall, these studies present a wide
range of fluvial contributions to the lake C mass balance. For
example, Andersson and Kumblad 2006 quantified a sedimen-
tation rate of 187% of the C influx, meaning that the sedi-
mentation was a much larger flux than the fluvial C inflow.
This high sedimentation was caused by high C fixation and
POC production in this small and shallow, high DOC lake in
central Sweden. At the contrary, Cremona et al. (2014) esti-
mated the sedimentation flux to be � 8% of the total C
inflow, while atmospheric exchange represented 9.3% of the
inflowing C. This eutrophic lake is large (270 km2) and shal-
low, with intermediate DOC concentrations (2–8 mg L−1).

Hanson et al. (2015) show in their summary, that the fate
of inflowing C (and especially OC) depends, in addition to tro-
phic status and the water residence time, on the degree of
brownification. Of the studies mentioned above, only two
studies investigated clearwater lakes with mean DOC
concentrations < 2 mg L−1 (Dillon and Molot 1997; Hanson
et al. 2015). Similarly, only one study focused on a lake with a
mean depth equal or greater to Lake Lunz (mean depth Lake
Örträsk, Sweden � 23 m, see Jonsson et al. 2001 vs. mean
depth Lake Lunz � 20 m).

In brown-water lakes, heterotrophic microbial uptake and
much of the entire aquatic food web is sustained by autoch-
thonous DOC (Brett et al. 2017), while allochthonous DOC
additionally supports secondary production and respiration
(Pace et al. 2004; Kritzberg et al. 2005; Bade et al. 2007). In
contrast, in clearwater lakes, DOC availability is lower
resulting in a reduced contribution of terrestrial DOC to het-
erotrophic microbial metabolism (Hanson et al. 2015). Thus,
increases in autochthonous DOC from high PP during sum-
mer fuels both enhanced microbial uptake and respiration
leading to a coupling of ER and GPP (Prairie et al. 2002; Han-
son et al. 2003). This coupling then results in a largely bal-
anced C-budget of clearwater lakes at an annual timescale.

We found substantial seasonal variation in lake C fluxes,
concerning most C species at the inflow and outflow. The
dynamic DOC and POC inflow patterns were strongly linked
to hydrological variation and event type. Large runoff events
during spring and summer provided most DOC and POC
(Fasching et al. 2016). However our study system was largely
balanced, while dominated by DIC loads. Overall, this would
also support the proposed coupling of ER and GPP to be rele-
vant in Lake Lunz. We note, however, that we did not explic-
itly quantify these ecosystem fluxes.

The EC measurements indicated that the CO2 exchange
derived from our mass balance calculations as a residual were
within a plausible range. We note, however, that the EC

Fig 7. C mass balance of Lake Lunz during the study period. Numbers
denote C-fluxes in Mg C year−1; arrows and boxes indicate the approxi-
mate magnitude (not to scale). Dashed arrows indicate fluxes that likely
occur, but were not explicitly quantified in this study.
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measurements were subject to substantial methodological dif-
ficulties. For example, the location of the EC-system on the
floating platform was limited from spring to late fall due to
lake ice, while in wintertime the EC systems had to be oper-
ated from the shore. Next, low wind speeds, often found in
mountain valleys, caused a substantial reduction of high qual-
ity data and thus a low data coverage. We propose that these
challenges in quantifying atmospheric exchange with EC
methods are common for mountain lakes. As a result, the esti-
mated confidence intervals of EC measurement are large and
would allow the lake to be either a CO2 sink or source to the
atmosphere during the study period.

Overall, we conclude that Lake Lunz, in accordance with
other clearwater lakes, cannot be considered as a defined sink
or source of CO2 to the atmosphere under present conditions.
These findings are also in broad agreement with recent work
suggesting that carbon dioxide supersaturation may be abun-
dant in high-elevation mountain lakes, while their annual
atmospheric CO2 exchange remains small compared to other
freshwater ecosystems (Cohen and Melack 2020).

In this study, the respiration of the lake sediments contrib-
uting to DIC in the water column (Algesten et al. 2005;
Gudasz et al. 2010) was not measured. Assuming a mean sedi-
ment temperature of 4�C in Lake Lunz, one can derive an
approximate sediment respiration rate of � 62 mg C m−2 d−1

(Equation given in Fig. 1a; Gudasz et al. 2010). Considering a
lake sediment accumulation area of 34 ha, this would result in
an approximate gain of 7.6 Mg C of DIC in the water column
per year. It is worth noting that this flux would exceed our
uncertainty estimate for the annual DIC influx of ± 2.6 Mg C
(Table 3), whereas it would only represent 0.51% of the
annual inflow of DIC (1492 Mg C). With this, the contribu-
tion of sediment respiration would also stay well below the
overall flux uncertainty estimate according to the TDS mass
balance of + 4.60% between inflow and outflow.

Climate sensitivity of the lake C-balance
With Lake Lunz not being a significant source or sink of

atmospheric CO2 during the study period, the question which
factors may shift this balance in the future is of ecological
importance. Specifically, we are attentive to what may modify
the fluxes and storage of C in a mountain lake, given altered
environmental conditions. In the following, we use our results
as a framework to investigate potential implications of some
climate change scenarios on mountain lake C-cycling.

Hydrological regime shift
A change of mountain stream runoff regimes from snow

governed to a rain-dominated regime is predicted to result in
profound hydrological changes. More runoff is expected in
winter, while the spring freshet will be reduced or may even
be absent (Zierl and Bugmann 2005; Gobiet et al. 2014). This
change will likely enhance the influx of DOC and nutrients
into lakes during winter (Likens 2009), while springtime DOC

loads are reduced (Stottlemyer and Toczydlowski 1991). The
lake water residence time in spring will also be enhanced due
to lower stream discharge, while water temperatures in sum-
mer may increase (Sadro et al. 2019; Smits et al. 2020).

Following our analysis of event types and GLS modeling, we
predict that this change may result in some alterations of the
lake C-balance. For DOC, we predict minor changes, as
the dynamics of the inflow and outflow remain approximately
the same for snowmelt, as compared to other low and moderate
flow events (Fig. 3), while DOC dilution is higher during snow-
melt. Although GLS results showed some seasonal DOC dynam-
ics, the slopes of C export vs. event magnitude were similar in
winter and spring, suggesting only minor changes if the spring
freshet is replaced by mid-winter flow events. For POC, a strong
increase of the load during snowmelt was observed (Fig. 3). This
was also similar to other high flow events, while moderate and
low flows resulted in lower POC loads. Further, the GLS model
suggested no sensitivity of POC loads to seasonal variation. This
points towards a likely increase of POC sedimentation if the
number of mid-winter high flows increases.

Increased occurrence of hydrological extreme events
An increase in the occurrence and intensity of hydrological

extreme events has been proposed for alpine catchments
(Gobiet et al. 2014). European extreme droughts, such as the
events in 2003 and 2015 may become common by the end of
the 21st century (Gobiet et al. 2014; Laaha et al. 2017). Simi-
larly, the occurrence and intensity of floods is predicted to
rise. Blöschl et al. (2019) estimated that for the northern side
of the central and eastern European Alps, future floods will
increase by � 2.5–12% in water volume per decade.

Following our results for different event types on C-
transport and storage, we suggest the following possible impli-
cations of these changes: An increased occurrence of droughts
will potentially result in enhanced DOM transformation dur-
ing lake transit. This pattern has already been observed during
the exceptional summer of 2015 as compared to 2016 in Lake
Lunz (Ejarque et al. 2018). However, as inflows and outflow
remained largely stable regarding DOC and POC masses dur-
ing the observed drought, we propose that no major change
of the lake C-balance is to be expected from more frequent
drought events.

An increased occurrence of floods will likely enhance sup-
ply of terrestrial DOC (Schindler et al. 1997; Erlandsson
et al. 2008) and POC (Johnson et al. 2018) to mountain lakes.
Our previous analysis on DOC dynamics during different flow
conditions (Ejarque et al. 2018) attested little sensitivity of
DOC retention to more frequent moderate and regularly
occurring high flows (recurrence interval, Ri < 1 yr), as during
these conditions the lake mainly transits solutes. Similarly,
the ANCOVA results indicated that the lake has no significant
effect on DOC and POC export during such hydrological
events (no significant difference in the relationship of event C
export and event magnitude between USB and OSB).
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However, the data from the landslide event suggest that large
hydrological events (with Ri > 1 to Ri >> 1) that also cause
strong erosion in the catchment will likely result in substan-
tially increased sedimentation fluxes (Figs. 4, 5) (Johnson
et al. 2018). Further, they can transiently increase water tur-
bidity, thereby limiting PP and favoring heterotrophy (Sadro
and Melack 2018). Thus, we propose that more frequent large
floods, as explicitly predicted for the Lunz region (Blöschl
et al. 2019), will likely result in an enhancement of future C
sedimentation. Also, these events may contribute to tran-
siently shifting the C balance towards an atmospheric CO2

source in clearwater mountain lakes.

Conclusions
This study quantified all major C fluxes of the mountain

Lake Lunz for 1 year, with the overall result that the contem-
porary C budget is well balanced and has a low atmospheric
exchange. That is, C inputs largely matched C outputs, with
only minor internal net-transfer among C pools. The hydro-
logical connectivity of the lake with the catchment was a
major control of the C balance, as inflowing and outflowing
waters dominated the main loads of DOC, POC, and DIC. In
light of these results, we suggest that the most relevant impli-
cations of climate change are the increased occurrence of
floods, that affect lake C input and subsequent C sedimenta-
tion, while factors such as hydrological regime shift will likely
have less effect on the lake C balance.
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