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Abstract Boreal lakes are impacted by climate change, reduced acid deposition, and changing loads
of dissolved organic carbon (DOC) from catchments. We explored, using the process-based lake model
MyLake, how changes in these pressures modulate ice phenology and the dissolved oxygen concentrations
(DO) of a small boreal humic lake. The model was parametrized against year-round time series of water
temperature and DO from a lake buoy. Observed trends in air temperature (+0.045°Cyr—') and DOC concentration
(0.11mgCL™"yr™", +1% annually) over the past 40 years were used as model forcings. A backcast of ice freezing
and breakup dates revealed that ice breakup occurred on average 8 days earlier in 2014 than in 1974. The
earlier ice breakup enhanced water column ventilation resulting in higher DO in the spring. Warmer water in
late summer led to longer anoxic periods, as microbial DOC turnover increased. A long-term increase in DOC
concentrations caused a decline in lake DO, leading to 15% more hypoxic days (<3mgL™") and 10% more
anoxic days (<15pugL™") in 2014 than in 1974. We conclude that climate warming and increasing DOC
loads are antagonistic with respect to their effect on DO availability. The model suggests that DOC is a stronger
driver of DO consumption than temperature. The browning of lakes may thus cause reductions in the
oxythermal habitat of fish and aquatic biota in boreal lakes.

1. Introduction

Dissolved oxygen concentration (O,,q), hereafter referred to as DO) is a fundamental parameter in aquatic
ecosystems [Wetzel, 2001] and a priority for freshwater management [Cooke et al., 2005]. The concentration
of DO is a critical factor in structuring biological communities both in the sediment and the water column of
lakes. In the former, it regulates the biogeochemical processes leading to carbon burial in sediment or
degradation during diagenesis [e.g., Gelda et al., 2013; Kraal et al., 2013; Miiller et al., 2012; Palastanga et al.,
2011], and in the latter it controls fish metabolism [Dillon et al., 2003; Jiang et al., 2012]. Economically,
important cold water fish such as salmon and brown trout thrive in an oxythermal habitat which combines
high DO concentrations and low water temperatures [Dillon et al., 2003; Jiang et al., 2012], typical for the
hypolimnion of natural boreal oligotrophic lakes.

The main biogeochemical processes contributing to variability of DO in a lake are oxygen production during
daylight by autotrophs, physical exchange of oxygen between water and the atmosphere, and oxygen
consumption by respiring organisms, for which O, acts as the terminal electron acceptor [Staehr et al.,
2010]. In boreal oligotrophic lakes, respiration is largely controlled by the availability of labile organic matter
(OM) as an electron donor [Bertilsson et al., 2013]. DO consumption in the course of OM degradation occurs in
the water column and in the sediment, resulting in the release of carbon dioxide, ammonia and phosphate.

The formation of lake ice is another chief factor controlling DO supply to the water column. Ice formation
depends on climate drivers, which control the storage of heat within the lake, and on the local weather condi-
tions that control freezing via the net heat exchange between a lake and the atmosphere, wind speed, air
temperature, and precipitation [Livingstone and Adrian, 2009]. This interplay between climatic drivers and ice
formation is captured by empirical [e.g., Livingstone and Adrian, 2009] and process-based models for lake ice
[e.g., Saloranta and Andersen, 2007]. Seasonal ice and snow cover diminish the renewal of water from the catch-
ment, hindering water mixing [Blenckner et al,, 2010; Kirillin et al.,, 2012]. As underwater light penetration and
wind-driven atmospheric exchange of O, between the atmosphere and the lake’s surface decrease, oxygenic
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photosynthesis and lake metabolism slow down [Bertilsson et al., 2013]. Algal communities may then rely on
heterotrophic metabolism for growth [Salonen et al., 2009]. Under these conditions, the water column is more
physically stable and DO is not replenished from the atmosphere. The rate of DO depletion under ice is then
primarily a function of lake volume, the rate of OM diagenesis, and of the allochthonous inputs of dissolved
organic carbon (DOC) [Bertilsson et al., 2013; Clilverd et al,, 2009]. The presence of ice cover and its duration
(i.e., ice phenology) have thus a profound impact on lake DO dynamics and on the physical and chemical
characteristics of the lake [Golosov et al., 2012; Terzhevik et al., 2010].

Large-scale, long-term changes in climate have impacted lake ice phenology in Nordic lakes [Arp et al., 2013;
Kheyrollah Pour et al., 2012; Magnuson et al., 2000; Weyhenmeyer et al., 2011]. Changed lake ice dynamics have
driven transitions in lake mixing regime [Livingstone and Adrian, 2009] and have modified the timing and
magnitude of primary productivity [Blenckner et al., 2010] through effects on light penetration and wind-induced
water column mixing. Despite the usefulness of lake ice as an indicator of climate change, ground-based observa-
tional recording has decreased dramatically since the 1980s [Blunden and Arndt, 2013]. Satellite remote sensing
has since assumed an important role in lake ice monitoring [Duguay et al.,, 2013; Kheyrollah Pour et al., 2012],
but such studies focus primarily on lakes with at least 1 km? continuous, land-free surface area. Thus, lakes with
a surface area of <1km?, which are abundant globally and represent an estimated 20% of total lake surface area
[Downing et al., 2006; Verpoorter et al., 2014], are neglected. There are few published long-term time series of ice
phenology available for Norway, as exemplified by the scarcity of entries in the Global Lake and River Ice
Phenology database [Benson and Magnuson, 2012]; only Lake Mjgsa—Norway's largest lake—is represented.

In addition to changes in ice phenology, boreal lakes are also impacted by “browning,” i.e., have received
higher loadings of DOC, as evidenced by water chemistry records for a large number of headwater lakes
and lower order streams across northern Europe and North America [Monteith et al.,, 2007; Skjelkvale et al.,
2007]. Boreal lakes, where browning occurs, are usually small, shallow, oligotrophic, acidic, and in formerly
glaciated landscapes with thin soils. Some of these lakes are humic or became so as a result of sustained
inputs of DOC originating in the catchments [Blenckner et al., 2010], i.e., allochthonous DOC. Although the
definition of “humic lake” is arbitrary, the term denotes a category of lakes that has low pH and high-DOC
concentrations (e.g, DOC>10mgL™"). The DOC is colored and has high aromaticity and a tendency to
flocculate [Kothawala et al., 2014], and its effects on light absorbance can modify the stratification properties
of the water column [Fee et al., 1996]. Although the response of lake productivity to higher DOC loads is
manifold, recent literature suggests that DOC decreases lake productivity mainly via DOC-driven light attenuation
[Finstad et al,, 2014] and DO consumption [Craig et al,, 2015].

Small boreal lakes are sensitive to allochthonous DOC loads as a driver of lake metabolism [Brothers et al.,
2014] and to seasonal ice cover as a limiting factor for DO replenishment [Kirillin et al., 2012; Terzhevik et al.,
2010]. Here we use a process-based lake modeling approach [e.g., Fang and Stefan, 2009] to disentangle the
respective effects of changing climate and DOC loads on DO, as well as their possible interaction. We update
a long-term data set (1973-2003) on hydrology and DOC flux data [De Wit et al, 2008, 2007; Futter and
de Wit, 2008] with the data from the latest decade (2004-2014) and combine it with a new data set on long-term
ice phenology (1974-2014) and high-frequency monitoring of water column temperature and DO (2010-2014)
in the humic boreal lake Langtjern, in Norway. Lake Langtjern is representative of a large portion of boreal
lakes, most of which cover a small area [Verpoorter et al., 2014], has a seasonal yet shortening ice cover [Duguay
et al, 2013], an acidic to circum-neutral water column chemistry [Garmo et al,, 2014], and high humic content
[Henriksen et al., 1998]. Using data sets with different temporal resolutions and lengths facilitates differentiation
between the two drivers of DO availability, in a decadal and short-term event perspective.

2. Method
2.1. Study Site

The Langtjern catchment (4.8 km?) is located in southeast Norway (60.372 latitude, 9.727 longitude) at 510 to
750 m elevation approximately 80 km northwest of Oslo (Figure 1). It is undisturbed and comprises predomi-
nantly pine forest on thin soils interspersed with peat lands. It has been included in the Norwegian national
monitoring program for effects of acid deposition since 1972. Lake Langtjern is acidic, humic, and oligotrophic.
The length of the lake is ~1km, and it consists of three basins, of which the southern basin is the largest and
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Figure 1. (a) Location of Lake Langtjern and (b) bathymetry of the three basins (B). The solid line denotes the boundary of
the catchment and of the main tributaries.

deepest. The lake is fed by two main inlet streams, and the outlet drains the lake toward the north. The
characteristics of the lake are given in Table 1.

2.2. Weather Data

A weather station located at the eastern lake shore of the northern basin has measured daily air temperature
(Tair) since 2006 and was upgraded in November 2012 for radiation, relative humidity, and wind speed and
finally for precipitation in May 2013. Prior to that (1972-2006), weather data were obtained from the meteorolo-
gical station Gulsvik-Il (# 24710; elevation 142 m above sea level (asl); 60.383 latitude, 9.605 longitude) located
6.8km from Lake Langtjern. Tp;, at the study site was obtained by correcting the measured Tp;, at Gulsvik-Il
by 0.46°C per 100m and precipitation by correcting by a multiplication factor of 1.17. The adjustments were

based on the comparison between the

Gulsvik-ll station and the on-site weather
Table 1. General Characteristics and Chemistry® of Lake Langtjern, Norway and runoff station at the lake, since both

stations are now running simultaneously

Longitude 9.727

Latitude 60372 for all measured parameters. Coefficient
Altitude 516 masl of determination (%) between daily Tair
Lake surface area 0.23 km; measured at Langtjern and those cor-
E:Iiceh\:?fu”;:rea s 64f1k(;2 3 rected from Gulsvik-Il is of 0.99, and of
Wi e asis ’ 12m 0.92 for annual discharge. Wind speeds
Thermocline range 1-3m from Gulsvik-Il were used uncorrected
Mean lake depth 2m throughout the simulation. Potential
Mean outlet discharge” 524mmyr”! biases between the station Gulsvik-II
Szl gty 14m and the local winds are accounted for
E:I erasl 2.0'1'8"‘_71 when the fraction of turbulent kinetic
DOC 113mgL™" energy from the wind applied at the lake
Alkalinity 0.029 mmol L™ surface is parametrized using the wind
NO3~ (as NO3 ) 1Tug |-7_11 sheltering coefficient in the lake model
IE 25721 :l‘gg |I_-" [Hondzo and Stefan, 1993; Saloranta and
FeC 026m gL Andersen, 2007].

50,2~ 084mgL™"

2.3. Runoff and Water Chemistry

@Mean of 2010-2013 period, measured at the lake outlet. Source: NIVA. isch . |
Mean of 2010-2013 period. Source: Norwegian water resources and Discharge was recorded continuously
energy directorate. by way of a V notch weir at the outlet
Mean of 2006-2008 period, measured at the lake outlet. Source: NIVA. of Langtjern, while total discharge to

COUTURE ET AL.

OXYGEN DYNAMICS IN A BOREAL LAKE 2443



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2015JG003065

the lake was estimated based on a full water balance for the entire lake catchment, using precipitation data,
estimated evapotranspiration from the lake, changes in lake water storage related to lake level variations, and
outlet discharge [De Wit et al., 2014]. Temperature of the inflowing streams (Tyater) Was calculated based on
daily T, [Stefan and Preud’homme, 1993]. Biweekly to monthly measurements of water chemistry parameters
and total organic carbon concentration (TOC) in the inlets and outlet (Table 1) were performed at the
Norwegian Institute for Water Research (NIVA) according to procedures established in the ICP Waters
program [ICP Waters, 2010]. At our site, TOC is a good proxy for dissolved organic carbon concentration
(DOC, defined as the fraction passing through a 0.45 um filter): parallel measurements of TOC and DOC
showed that particulate organic carbon (TOC-DOC) was on average 3% and 4% of TOC in the inlet (n=24,
January to November 2007) and outlet (n =24, September 2006 to November 2007 and n=39, January 2011
to December 2012), respectively. The analytical method used and weekly TOC data from 1986 to 2004 is
presented in De Wit et al. [2007]. Here we extend this data set and present new data from 2004 to 2014.

2.4. Ice

A record of ice phenology observed during site visits was maintained sporadically from 1974 to 2011 and
recorded using an on-site time-lapse camera (Figure S1 in the supporting information (Sl)) from 2011 to
2014. The record consists of (1) observed breakup days (n=10), (2) intervals within which breakup days is
known to have occurred (n=10), (3) observed freezing dates (n = 18), and (4) intervals within which freezing
is known to have occurred (n=9).

2.5. In-Lake Temperature and DO Sensors

High-frequency sensors were deployed in the lake on a buoy and at the outlet on 27 May 2010. The lake buoy
sensors monitor Tyater and DO (Oxygen Optode 4330, Aanderaa Instruments) with 2h and 0.5 h intervals,
respectively. These frequencies were chosen in order to allow calculation of heat and DO budgets while
minimizing energy consumption of the buoy, which is powered by solar panels. Tyater has been monitored
at eight depth intervals (0.5, 1, 1.5, 2, 3, 4, 6, and 8 m) and DO at two depth intervals (1 and 8 m) in the
northern basin since May 2010. The buoy remains in the lake all winter, providing under-ice measurements.
The data are transmitted to NIVA via a GSM service.

2.6. Modeling Approach

Process-based lake models possess several advantages over empirical ones because in-lake phenomena,
such as wind-induced physical mixing, heat capacity, and penetration of short-wave radiation, are all
dependent on daily stochastic weather progression and need to be explicitly accounted for [Fang and
Stefan, 2009]. One-dimensional (1-D) process-based models are convenient tools to study lake basins
for which the bathymetry and hydrodynamics allow for assumptions of horizontal homogeneity. One-
dimensional models are used, for instance, to access the impact of climate on lake thermal regimes
[Dibike et al., 2012; Hondzo and Stefan, 1993; Read et al., 2014], ice formation [Gebre et al, 2014;
Kheyrollah Pour et al., 2012; Rooney and Bornemann, 2013], DO dynamics [Fang and Stefan, 2009; Golosov
et al., 2012; Peha et al., 2010; Rucinski et al., 2014], and phytoplankton blooms [Couture et al., 2014;
Robson, 2014; Trolle et al., 2011, 2014].

Here we use three-chained setups of the 1-D, process-based daily time step lake model MyLake. MyLake is
a MATLAB package designed for the simulation of seasonal ice formation, snow cover, water column
stability, daily distribution of heat, phosphorus species dynamics, and phytoplankton abundance in the
water column [Saloranta and Andersen, 2007]. Light absorption by water, phytoplankton, colored DOC,
light scattering, and shading allows calculation of light attenuation. It follows that light availability then
limits DOC photobleaching and phytoplankton growth. MyLake uses a stacked layer geometry consisting
of mixed horizontal layers. Its hydrodynamic module (1) calculates daytime and nighttime surface heat
fluxes and heat sources, turbulent kinetic energy from wind (in the absence of an ice cover), and heat fluxes
between water and sediment; (2) performs convective mixing; and (3) applies a routine to calculate the
vertical turbulent diffusion coefficient and the settling of solid components. If the density of the inflow
is less or equal than the density of the surface layer, the inflow is mixed with the surface layer.
Otherwise, the inflow is added on top of the first layer heavier than it, thus lifting an equal amount of
outflowing water and conserving lake volume. However, the model does not handle water inflows from
groundwater (see section 4.2). The model is forced by time series of daily meteorological input data
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comprising global radiation, cloud cover, Ty, relative humidity, air pressure, wind speed and precipitation,
inflow volumes, and geochemical fluxes.

MyLake has been applied to several lakes in Norway, Finland, and Canada to simulate lake stratification and
ice phenology [Dibike et al., 2012; Gebre et al., 2014; Saloranta and Andersen, 2007], as well as phosphorus
loadings, total phosphorus and algae concentrations in eutrophic Norwegian lakes [Couture et al., 2014;
Romarheim et al., 2015]. A module simulating the bacterial decay of DOC was added to the model and used
to simulate carbon dynamics in a Finnish lake [Holmberg et al., 2014]. The module relies on a 3G approach to
OM degradation using parameters from Vdhdtalo et al. [2010]. As defined by Arndt et al. [2013], the 3G
approach assumes that OM is composed of three discrete compound classes, each characterized by a specific
degradability and reactivity toward bacterial mineralization.

The current version of MyLake thus handles ice dynamics, primary productivity, DOC degradation, and the
effect of colored dissolved organic matter on light attenuation. This provides a suitable basis to model DO
dynamics in humic boreal lakes [Fang and Stefan, 2009]. Here we implement key processes in MyLake for
DO dynamics and for the early diagenesis of OM in the sediment, as described below, and refer to these
changes collectively as MyLake v.2.

2.7. Oxygen Module

Physical exchanges of DO between air and water were added to the model based on Staehr et al. [2010].
Briefly, at the lake surface, oxygen exchange between the atmosphere and the water column is calculated
from DO saturation and the piston velocity, a function of the wind speed [Cole and Caraco, 1998]. DO in
the lake is controlled by the balance between photosynthetic production and respiratory consumption.
DO production during photosynthesis is proportional to the O, yield coefficient of 120 mg O, per milligram
Chl a [Fang and Stefan, 2009], building on the first-order kinetic formulation for photosynthesis used in
MyLake v.1.2 [Saloranta and Andersen, 2007]. DO is also supplied to the lake by stream inflows, which are
assumed to be at saturation with respect to atmospheric O, concentrations of 21%, as calculated daily as
a function of Tyater and air pressure [Benson and Krause, 1984]. DOC is provided by stream inflows and
consumed via photodegradation and biodegradation [Holmberg et al., 2014], the latter process consuming
DO. Under ice oxygen supply from the atmosphere is assumed by be zero [Hemmingsen, 1959], and oxygen
supersaturation at the ice-water interface, due to O, exclusion during ice formation [White et al., 2008], is
neglected. Equations implemented in the DO module are given in the Sl and references therein.

2.8. Sediment Diagenesis Module

Sediment resuspension, focusing, and heat exchange is calculated on an area-weighted basis, assuming that
the difference in area between two successive water column layers consists of sediment area [Saloranta and
Andersen, 2007]. Sediment-water interactions are handled by coupling MyLake to an existing package that
simulates nonsteady state carbon diagenesis in sediments [Couture et al., 2010]. Fluxes of settling particles
and the concentrations of bottom water dissolved species are provided by MyLake and passed as boundary
conditions to the sediment-diagenetic module, which considers only the hypolimnion. Our approach is
similar to that of Smits and van Beek [2013], who used a process-based sediment diagenesis module rather
than empirical sediment-oxygen demand (SOD) module [Fang and Stefan, 2009; Rucinski et al., 2014].

The sediment diagenesis module comprises a coupled transport-reaction scheme describing kinetic (e.g.,
microbially mediated primary redox reactions) and equilibrium expressions (e.g., the carbonate system).
The reaction network (Table S1) describes the degradation of OM via oxic respiration, denitrification, and
sulfate reduction. Consumption of terminal electron acceptors (TEA: e.g., O, and NOs) is coupled to the rate
of OM oxidation through a Michaelis-Menten kinetic dependency on the TEA concentration and an inhibition
term limiting the rate of a respiratory pathway in the presence of stronger oxidants [Canavan et al., 2006].
Secondary O, consumption pathways include the oxidation of Fe?*,NH,*, and of H,S and were implemented
using bimolecular reaction rate laws and parametrized using default literature values [Couture et al., 2010].
Fluxes of dissolved species are the sum of diffusive, advective, and nonlocal transport fluxes, while those
of solid species are advective and proportional to particle concentration in the water column and their
settling velocity [Boudreau, 1997]. The settling particles originate from two sources: (1) autochthonous
biomass from decaying primary producers [Saloranta and Andersen, 2007] and (2) flocculation of allochtho-
nous DOC [von Wachenfeldt and Tranvik, 2008; von Wachenfeldt et al., 2008]. In terms of the pools defined
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by the 3G approach to OM degradation (see section 2.6), fluxes of autochthonous OM (e.g., settling
phytoplankton) were ascribed to labile OM (OM; in Table S2), and fluxes of allochthonous OM (e.g., DOC)
to semilabile OM pool (OM,; in Table S2). The measured sediment porosity, decreasing from 0.97 at the
sediment-water interface to 0.94 at 25 cm depth, was imposed throughout the calculations. Bioirrigation
and bioturbation were both turned off given the low chironomids density of < 10animals m~2 in profundal
sediments [Lindholm et al., 2014].

2.9. Model Setup

The model consists of an overarching MATLAB script controlling three individual setups of MyLake: one for
each lake basins, chained from upstream to downstream. Each model in the chain receives inputs as follows:
(1) the southern basin receives direct and diffuse inflowing water from its local subcatchment, (2) the central
basin receives the outflow from the southern basin and diffuse inflowing water, and (3) the northern basin
receives the outflow from the central basin and the direct and diffuse inflowing water from its local catch-
ment. Mixing of lake and stream water is calculated at run time.

2.10. Parameter Estimation

Parameter values were estimated by a Bayesian inference algorithm which converges on acceptable
parameter sets: the Markov chain Monte Carlo self-adaptive differential evolution learning scheme (MCMC-
DREAM) [Vrugt et al., 2009]. It has previously been implemented in MATLAB [Jackson-Blake and Starrfelt,
2015; Starrfelt and Kaste, 2014] and configured for MyLake [Couture et al,, 2014]. The parametrization was
performed over the time period 2010-2014 using data for Tyyater and DO (at 1 m and 8 m depths). Because
of the variability in the Tyater and DO time series, and given that only 4 years of data were available, we
trained the MCMC-DREAM algorithm against the entire time series. Site-specific parameters were allowed
to vary within the parameter space bound by prior knowledge. The algorithm was executed over 16 concur-
rent DREAM chains until the value of the Gelman-Rubin statistics was lower than 1.2 for all chains, after 10°
iterations. The median simulation among the simulations based on these converged chains of parameter sets
was used here as the single-parameterized model. Additional support for the parametrized model was
sought by evaluating it against time series of ice phenology over the time period 1974-2014.

Values for other objective functions were calculated to provide alternative performance metrics, although
those were not used during calibration: (1) r?, to quantify the linear relationship between simulated and
measured data, (2) the dimensionless Nash-Sutcliffe (NS) statistics which provide a relative model evaluation
assessment [Moriasi et al., 2007], (3) the normalized bias (B*, where asterisk denotes normalization), and
(4) the normalized unbiased root-mean-square difference (RMSD'*, where apostrophe denotes the removal
of bias). Plotting B* against RMSD™* for each pair of observed and modeled time series provides an aggregated
model assessment [Los and Blaas, 2010] (See Figure S4).

2.11. Scenarios for DO Backcast

The model was used to backcast the response of DO in the epilimnion and in the hypolimnion to increasing DOC
concentrations and to increasing Ty, for the time period 1974-2014. Scenarios were prepared by subtracting a
Sen-slope [Sen, 1968] calculated using annual means from the time series of Tp;, and DOC, yielding a detrended
signal that preserves the seasonal dynamics (e.g., Figure S2). Significance of the slopes was established using a
Mann-Kendall nonparametric test [Libiseller and Grimvall, 2002] on annual means. Using annual means reduced
the autocorrelation in the time series and fulfilled the assumption of independence underpinning the
Mann-Kendall test. Four scenarios were performed (1) in the “Baseline” scenario both historically increasing
Tair and DOC time series were replaced by linearly detrended ones, (2) in the “Tp;, increase” scenario only DOC
time series was detrended, leaving the increasing Ty, intact, (3) conversely, in the “DOC increase” scenario
only the Ty, time series was detrended, leaving the increasing DOC intact, and finally, (4) the “Historical”
scenario refers to the scenario where both observed Ty;, and DOC time series are used.

3. Results
3.1. Trends in Temperature and Catchment Inputs of DOC

Mean annual Ty at Langtjern increased significantly (p <0.0002) between 1970 and 2012 with a
Sen-slope of 0.045°Cyr~". Air temperature varied seasonally from 19°C in the summer to —21°C in the
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Jun {Break-up winter and spring (Figure S3). Mean
I ./_\/.L . ™ annual DOC increased at Langtjern by

May - )J'I J_J_I_,é\ /\I[v/\ <A I-‘/J\VA"TG". about 22% over the entire period (calcu-
T - lated as the difference between mean

DOC in 1986-1988 and 2011-2014).

T PY T  Similarly, a Sen-slope fitted to DOC con-
Dec - I I centrations from 1986 to 2014 revealed
anincrease of 0.11mg CL™"yr~' during
Nov 4 this time period (p <0.0001), similar
g to the values of 0.13mg CL 'yr'
OCt",:fe,e,ZI'??,,I,,,,I,,,,I,,,,l,,,,l,,,,I,,,,I,,,,I reported by De Wit et al. [2007] for the
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 period 1985 to 2007. DOC concentra-
Year tions in the outlet stream (1986-2013)

from the catchment varied seasonally

Month

Figure 2. Observed (symbols) and modeled (lines) ice breakup (squares) 4 .
and freezing dates (circles) at Lake Langtjern for the observation period from ~6.5CmgL™" during snowmelt
1974-2014. The dashed line indicates the trend calculated using model in spring to ~13mgCL™" in the late
predictions, and error bars represent intervals within which breakup or autumn and winter (Figure S3). The
freezing occurred but was not directly observed. That is, if ice was present
at a given date and absent 7 days later, an error bar spanning 7 days is
represented in place of a symbol for the breakup date.

difference between the seasonal mini-
mum and maximum concentrations of
DOC is considerably larger than the
magnitude of the long-term trend. Meanwhile, concomitant long-term changes in runoff were not observed
(slope=0.009m3yr~', p>0.02).

3.2. Ice

The mean freezing date over the past 40 years was 30 October. Ice breakup occurred around mid-May in the
1970s and in the beginning of May in the recent years (Figure 2). Personal communications from site visits
suggest that breakup is occurring earlier now than in the early 1970s, but the observation record is too
fragmentary to allow robust trend analysis. Instead, ice phenology predicted by MyLake will be used for that
purpose (see section 4.1).

3.3. Lake Water Temperature

Observed Tyater (2010-2014) in Lake Langtjern is characteristic of dimictic lakes (Figure 3). During open-water
periods after spring turnover, surface Tyater Warmed, peaking at 17.8 — 22.2°C toward the end of July. The
Twater decreased afterward until fall turnover, which occurred in late October. During ice cover period, surface
water progressively cooled down to 1.5 — 3.6°C until spring turnover. At 8 m depth, bottom Ty, increased
steadily through the summer from 4.6 to 6.4°C before fall turnover. Bottom Tyyater Under ice cover was stable
at 4.0°C throughout the winter period. During the day of ice breakup, the water column was briefly isothermal
at 4.0°C, as was also observed by Pierson et al. [2011], a phenomenon followed by a rapid increase in surface
Twater and the establishment of a thermocline.

3.4. Dissolved Oxygen

DO concentrations in the surface waters at 1 m depth reached 10mgL™" during both the spring and fall
turnovers (Figure 3). The concentrations followed a V-shaped pattern during summer months, decreasing
steadily and reached minimum values of 2.4-6.1 mg L™ during short-lived oxygen depletion episodes
occurring during the warmest days; DO then increased again as the lake cooled down toward fall turnover.
Under ice cover, DO decreased to different plateaus depending on the year. Inmediately following spring
turnover, surface water DO peaked at 11.2-11.7 mg L™". In the bottom waters at 8 m depth, DO concentration
reached 10mgL~" just before freezing, then decreased steadily under the ice. Anoxia was observed under
the ice cover for all years. DO increased immediately after ice breakup in the spring, but the DO level varied
strongly between years, from 2mgL™" in 2011 to 10mgL™" in 2013. A steady decrease in DO at 8 m depth
occurred every summer, but whether hypoxia (<3 mg DO L™") was reached appears to depend on the extent
of the ventilation of the water column after spring turnover (Figure 3c). In the summer, bottom water DO
generally decreased steadily: the hypolimnion became anoxic in 2011, hypoxic in 2010 and 2012, and remained
oxygenated in 2013.
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Figure 3. Daily average of observed (symbols) and simulated (lines) (a) water temperature and (b) DO in surface and
(c) bottom water of the Northern basin of Lake Langtjern for the model parametrization period 27 May 2010 to 27 May
2014. The shaded areas indicate ice cover period.

3.5. Model Performance

Convergence of the MCMC-DREAM chains indicates that the parameters were probably calibrated to the
global maximum within the prior parameter space. Performance indicators of the model are shown in
Table 2. Overall, values of r?, root-mean-square error (RMSE), and NS testify to good model performance

Table 2. Summary of Model Performance Statistics for Parametrization and Evaluation Calculated Using the Median
Model of the MCMC-DREAM Calibration®
2

Parameter n r RMSE NS RMSD* B*
Model Parametrization (2010-2014)
Temperature m 1384 0.74 0.02°C 0.56 —0.71 9x10 3
Temperature 8m 1384 0.85 0.01°C 0.82 0.54 5%1072
Oxygen m 1384 0.69 1.70mgL™" 0.58 —0.71 —6x10 2
Oxygen 8m 1384 076 167mgL™" 0.63 —066 8x10 3
Model Evaluation (1974-2014)

Freezing date 26 0.76 0.48d 0.68 —0.69 0.12
Breakup date 21 0.92 1.55d 0.92 —0.38 0.10

3Coefficient of determination (rz), root-mean-square error (RMSE), Nash-Sutcliffe coefficient (NS), normalized unbiased
root-mean-square difference (RMSD'*), and normalized bias (B*) for temperature and oxygen at 1 m and 8 m depths
and for ice freezing and breakup dates.
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Figure 4. Net effect of increasing (a) Taj, (b) DOC, and of (c) both Taj, and DOC on DO concentrations at 1 m (solid lines)
and 8 m (dashed lines) depth in Lake Langtjern calculated by subtracting the results of the baseline simulations for
which neither Tpj, nor DOC is increasing.

[Moriasi et al., 2007]. B* values indicate that simulations are unbiased, that is, the model does not systematically
overestimate or underestimate the observations. RMSD"* values further indicate that the standard deviation
(o) of simulated values is smaller than that of the observations for all variables except Tyyater Simulated at 8 m
depth (Table 2). Observed spring and summer Ty ater are well reproduced, as the model captures the temporal
patterns and the timing of the water column turnover. Simulated oxygen time series are unbiased, and their
variance is similar to that of the observations. The performance of the model is lower for DO at 1T m thanat 8 m
depth (Figures 3 and S3, Table 2, and section 4.2). In particular, at 1 m depth there are mismatches in the
magnitude of ventilation events during spring and fall turnover, and of the short-lived DO depletion events
in the summer at the lake’s surface. Ice phenology is reproduced well by the model, and the RMSE for simulated
freezing and ice breakup dates is low.

3.6. Effect of Increasing Air Temperature and DOC on DO Concentrations

Four scenarios were tested to illustrate the net effect of Tp;, and DOC on DO concentrations. The results of the
historical simulation, of the Tp;, increase, and of the DOC increase scenario were subtracted from the results of
the Baseline scenario (Figure 4). This shows that increasing Ty;, resulted in increasingly higher DO concentrations
throughout the simulation period of 1974-2014, when compared to the baseline, amounting to a maximum
increase of 2 and ~4 mg DO L™ in epilimnion and hypolimnion, respectively (Figure 4a). In contrast, increas-
ing DOC resulted in a steady decline of DO. The increase of DOC concentration led to a decline of 2 and
~35mgDOL™" in the epilimnion and hypolimnion, respectively (Figure 4b). The Historical scenario, which
combines the observed increase in T, and in DOC, showed that these two drivers of DO resulted in a net
decrease in DO in both the epilimnion and the hypolimnion (Figure 4c).

Daily simulated DO values were averaged over 40 years, for each Julian day in a year, to further examine the
intraannual response of DO to increasing Ty, and DOC. This produced a sequence of 365 means (ignoring
29 February in leap years), with sample size n=40 (Figure 5). The effect of increasing Ta;, on DO depended
on the season: under the “T;” scenario, DO increased throughout the fall, winter, and early spring in both
the epilimnion and hypolimnion, while it sharply decreased in the hypolimnion in late summer (Figure 5d).
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Figure 5. Average DO concentrations for the period of 1974-2014 predicted for each Julian day, starting at the lake
freezing date, simulated using measured increasing Ta;, and DOC (i.e., Historical, long dashed), detrended Tp; and DOC
time series (i.e., Baseline, dotted line), and with either Ty, increase (solid line) or DOC increase (dashed line) at the (@) T m
and (b) 8 m depths. Values normalized against the Baseline simulations show the net effect of increasing temperature, DOC,
or both at (c) 1 m and (d) 8 m depth. Shaded areas indicate ice cover periods.

The increase in DOC had a negative effect on DO throughout the year, but the decline in DO was more
pronounced under ice cover and in the period leading up to anoxia in the hypolimnion in the midsummer.
The more DOC, the faster was the decline in DO. Finally, all simulations showed relatively similar DO values
during spring and fall turnovers (Figures 5a and 5b), which is an indication of yearly resetting of DO concentration
profiles in the water column.

4. Discussion
4.1. Trends in Air Temperature, Ice Phenology, and DOC

Trends observed in Ty, and ice phenology at Langtjern agree with what is observed at the larger scale. The
increase in Ty, measured at Langtjern (0.045°C yr”) for the period 1970-2012 is close to the reported regional
climate warming for southeast Norway [Hanssen-Bauer, 2005] of 0.039°Cyr~' for 1965-2004. The 1970-2012 trend
suggests faster warning than the long-term 1875-2004 trend of 0.011°Cyr™ ' in the same region. Climate warming
in the twentieth century has been most pronounced in the spring and fall season in Scandinavia [Zveryaev and
Gulev, 2009] and in southeast Norway [Hanssen-Bauer, 2005].

At Lake Langtjern, the observed ice record is sparse. The model allows us to fill this data gap by integrating
40years of atmospheric and hydrologic forcings with existing ice observations (Figure 2). A trend toward
early ice breakup dates (—0.25dyr™"; p < 0.002) is found in the model-predicted ice phenology, which can
be related to the increasing Ty, [Dibike et al., 2012; Johnson and Stefan, 2006]. In contrast, there is no significant
trend in ice freezing dates. This is consistent with ice phenology observed throughout Fennoscandia [Duguay
et al, 2013] where a shortening of ice coverage is generally observed. However, not all lakes were subjected to
early breakup, as trends in the duration of ice cover vary depending on altitude. Increased precipitation occurs
together with increased in Ty leading to thicker snow cover [Sporka et al, 2006]. As a result, lake ice cover
decreased in southern part of Fennoscandia, where Langtjern lies, while the opposite tendency was found in
the north throughout the period of 1936-2000 [Baltic Earth Assessment of Climate Change, 2008].

Temperature and discharge have explained seasonal and interannual variations in DOC at Langtjern [De Wit
et al,, 2007]. The increase in DOC observed over the past 30years at Lake Langtjern is characteristic of a
large-scale phenomenon occurring in boreal catchments [Monteith et al., 2007]. The hypothesized mechanism
behind the widespread increase in DOC is the enhanced mobilization of soil OM in response to reduced acid
deposition, through the complex interplay between the solubility of humic acids, soil pH, and the soil ionic
strength [De Wit et al., 1999, 2007]. Model projections of DOC in boreal lakes suggest that hydrology (i.e.,
droughts and floods), rather than acid deposition, will impact future trends in DOC [Holmberg et al., 2014].
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Given the strong relation between discharge and DOC export, a continuing increase of aquatic DOC export from
catchments seems likely [Wilson et al., 2010] as a combined effect of positive trends in DOC and increases in
discharge due to climate change [Raike et al, 2012]. As DOC in surface waters increases, less light penetration
in the water column might hamper autochthonous production of organic carbon, thus increasing the role of
DOC in aquatic food webs via the microbial loop [Finstad et al., 2014]. Yet because climate change could result
in more variable weather, it is possible that DOC in boreal lakes will be more variable in the future than in the past.

4.2. Sources of Uncertainty

Simulated DO values have either less variance (at 8 m) or more variance (at 1 m) than the observations,
suggesting that aspects of the DO dynamics are not fully captured by the model particularly at the lake’s
surface (Table 2). Keeping in mind that singling out specific reasons for mismatches is speculative when
modeling dynamic systems [Fang and Stefan, 2009], it is likely that the high-frequency DO sensor responds
to convective mixing across a stratified layer, to horizontal exchange of DO with the shallow littoral zone
[Staehr et al., 2010], or to internal waves [Kirillin et al., 2012]. These phenomena are not captured by a 1-D
model with a daily time step. On the other hand, better model performance for DO at 8 m than at 1 m depth
(Table 2) suggests that DO consumption via DOC degradation in the hypolimnion [Stefanovic and Stefan,
2002] and sediment respiration are well constrained (Figure 3).

Further, uncertainty in the temporal variation of the DO saturation of inflowing streams may have impacted
the model results. Specifically, the assumption that DO in the streams is at equilibrium with the atmosphere
may not hold if primary productivity leads to oversaturated inflows, or if respiration and seepage of DO-depleted
groundwater into the lake lead to undersaturated inflows. In the absence of measurements of stream DO, we
tested the response of the model to deviations of +40% with respect to theoretical saturation values, which have
been reported in streams [Chen et al., 2014]. The model forecasts average changes of —26% and +34 % in water
column DO, as a response to a change in inflow of DO of —40% or +40%, respectively. Nevertheless, because DO
saturation was shown to be a reasonable assumption for daily averages in cold streams [Demars et al.,, 2011], we
do not expect that this sensitivity will impact the direction or magnitude of the changes in DO predicted by
the model.

Finally, uncertainty in the model predictions may stem from the representation of sediment processes. First,
the module averages sediment properties within the hypolimnion. The spatial representation of sediment
diagenesis in lake models is an enduring challenge [Gal et al., 2014], and to our knowledge it has not been
implemented in 1-D models and only rarely in 3-D lake models [Frass/ et al., 2014; Smits and van Beek,
2013]. Instead, a single sediment column is the most commonly used representation of diagenesis when
sediment modules are two-way coupled with the water column [Paraska et al., 2014], in part because most
of the 1-D modeling efforts have historically been dedicated to marine settings [Peria et al., 2010]. This is
the approach we have selected here as it allows accounting for sediment diagenesis while retaining key
features of 1-D models such as speed of execution, flexibility, and suitability for autocalibration and sensitivity
analysis [Gelda et al., 2013]. Second, methane (CH,4) production in the sediment and its aerobic oxidation is
not included in the reaction network, which may lead to an overestimation of other O,-consuming processes
because CH, oxidation can be a significant DO sink in lakes [Maeck et al., 2013; Maerki et al., 2009; Schwarz
et al., 2008]. However, CH, oxidation in oligotrophic boreal lakes is lower than in eutrophic lakes [Bretz and
Whalen, 2014], because of the lack of strong seasonal pulses of autochthonous carbon (i.e., algal blooms)
to fuel CH, production [Schwarz et al., 2008]. For example, Algesten et al. [2005] reported an average summer
CH,4 production rate, in the sediments of 15 oligotrophic lakes, of ~0.4 mmol CH, m~2d~". In comparison,
model-predicted DO consumption in the sediment at Lake Langtjern is ~12 mmol O, m~2d ™", thus thirtyfold
higher than the potential CH,4 production rates. Such a low contribution of CH, oxidation to DO consumption
at the sediment-water interface contrasts with findings for eutrophic lakes, where it can account for 39-56%
of DO removal [Maerki et al., 2009]. As a result, our model structure would need adaptation for applications
in eutrophic lakes and in the event that boreal lakes get warmer and more productive in the future, thus
producing more CH,.

4.3. Controls on DO Dynamics

The model results suggest that diminishing ice cover duration enhances spring oxygenation of the water
column (Figure 4a). At the same time, as Tp;, warming trends strengthen, the lake changes toward a more
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Table 3. Number of Days yr_1 and Total Number of Events During Which Water Column DO Concentrations at 1 m and
8 m Depths Remained Below the Thresholds for Hypoxia (3 mg L Affecting Fish) and Anoxia (16 ng L Affecting
Microbial Metabolism) in Scenarios Using Measured Increasing Ta;, and DOC (i.e.,, Historical), Linearly Detrended Ta;,
and DOC Time Series (i.e., Baseline), or Either Tpj, Increase or DOC Increase®

Input Time Series Criteria Tm 8m
Baseline (detrended DOC + Ta;y) anoxia Days yr_1 0 102
Events # 0 65
hypoxia Days yr71 0 209
Events # 0 81
Historical (observed DOC + Taj,) anoxia Days yrf1 0 163
Events # 0 76
hypoxia Days yr71 7 244
Events # 6 79
Tair increase (detrended DOC + observed Ty;,) anoxia Days yr71 0 107
Events # 0 67
hypoxia Days yr71 0 210
Events # 0 77
DOC increase (observed DOC + detrended Thj,) anoxia Days yri1 0 180
Events # 0 81
hypoxia Days yr71 14 249
Events # 13 82

See Figure 4 and 5 for results of these simulations.

temperate type with shorter ice cover period and warmer Tyyater, both of which enhance microbial activity
and reduce DO availability (Figure 5d). Therefore, the current beneficial effect of increasing Tp;, on boreal lake
DO is likely to be compensated for in the longer term by the negative effect of enhanced oxygen demand, as
observed by Jankowski et al. [2006] for temperate lakes. These predictions of the effect of climate change on
DO are in line with those of Fang and Stefan [2009], who showed that lake anoxia under ice is projected to
shorten, but that the periods of hypolimnetic summer anoxia are projected to lengthen. Later freezing dates
might also affect Tyyater and enhance DO availability. Interestingly, in Lake Pdijanne (Finland), the lowest
hypolimnetic Tyater On record (~1°C) was observed when the lake freezing date was exceptionally late
[Pulkkanen and Salonen, 2013]. This phenomenon is ascribed to the fact that, in northern latitudes, solar
radiation is low in the autumn when ice usually forms, such that delayed freezing allows more time for the
cooling of the water and sediment, causing lower under-ice Tyater [Saloranta et al., 2009] and potentially
reducing oxygen demand.

The MyLake model predicts that an increase in DOC is systematically followed by a decline in DO (Figures 4b
and 5), leading to an earlier onset of anoxia in the hypolimnion, both under ice and around the midsummer
(Figure 5d). DO depletion is mainly driven by heterotrophic microbial processes and, under ice, is often
viewed as a zeroth-order reaction leading to a linear DO decrease [Bertilsson et al., 2013]. This is what we
observed at Lake Langtjern, where DO depletion was linear under ice cover (r>=0.99). Using our under-ice
DO measurements (Figure 3), we estimated a rate of DO consumption (Rpo, mgL™"' d™") of 7.50+0.05x 1072
This value falls within the range of 2x10"2-1mgL~"d ™" reviewed by Terzhevik et al. [2010] for under-ice DO
consumption. Under-ice Rpo values calculated using the results of the long-term simulations Baseline, T,
increase and DOC increase are 6.51, 634, and 7.50x 102 mg L~'d7 ", respectively. The fastest depletion
rates are thus found during the DOC increase scenario, and the slowest rates during the T, increase scenario,
suggesting that DOC and higher Tj;, are antagonistic factors influencing DO concentrations under ice.

5. Implications

Longer periods of anoxia in the hypolimnion and the higher frequency of naturally occurring winter anoxic
episodes in lakes have potential impacts on heterotrophic microbial metabolism, fish oxythermal habitat,
and drinking water quality. The impact of DOC on the lake ecosystems is unlikely to be limited to lowering
DO level anoxia, because colored DOC can impede energy flow in the food webs [Finstad et al., 2014]. Still,
DOC-controlled anoxia appears to be a chief factor controlling productivity in lakes, as recently discussed
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by Craig et al. [2015]. This highlights the usefulness of modeling tools able to quantify the response of water
column oxygenation to variable DOC loads.

Table 3 summarizes the model-predicted influence of Tp;, and DOC on oxygen availability for fish and
oxygen-respiring microorganisms in Lake Langtjern by showing the total number of hypoxic and anoxic days
for each of the four scenarios tested. Two conclusions stand out: (1) increasing only T;, by +1.3°C does not
change the number of hypoxic or anoxic days (compared to the baseline scenario), and (2) increasing both
Tair and DOC (+22% from 1986 to 2013) leads to shorter hypoxic and anoxic events than when increasing
DOC only. Therefore, a shorter ice cover period mitigates the DO decrease brought about by increasing
DOC. The model suggests that, thus far, the impact of DOC-driven decrease of DO concentrations has been
much larger than the climate-driven shortening of ice cover duration [Craig et al., 2015]. Drinking water in
boreal regions often comes from surface waters, where high and increasing DOC concentrations cause pro-
blems for water treatment in terms of DOC removal [Hongve et al., 2004]. If shortening of ice cover duration
continues along with increasing of water temperatures and DOC concentrations, hypoxia and anoxia might
become more common in Fennoscandian drinking water reservoirs.

The impact of browning and warming on DO in productive lake is likely to be more multifaceted than what is
described here for oligotrophic lakes. Factors such as CO, concentrations, nutrient availability, and microbial
community dynamics will modulate the growth rates of photosynthetic organisms and thus DO production
[Kosten et al., 2012]. It is expected that algal species such as Microcystis aeruginosa [Paerl and Paul, 2012] or
Gonyostomum semen [Hagman et al., 2015] will thrive. Anoxic conditions in the hypolimnion of eutrophic
lakes can also trigger the release of sediment-bound phosphorus (further sustaining algal growth), the forma-
tion of methyl mercury and its accumulation in fish, and the formation of CH, which can be released to the
atmosphere [Vuorenmaa et al., 2014].
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