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Abstract
Many boreal lakes are experiencing an increase in concentrations of terrestrially derived dissolved organic mat-

ter (DOM)—a process commonly labeled “browning.” Browning affects microbial and photochemical mineraliza-
tion of DOM, and causes increased light attenuation and hence reduced photosynthesis. Consequently, browning
regulates lake heterotrophy and net CO2-efflux to the atmosphere. Climate and environmental change makes eco-
logical forecasting and global carbon cycle modeling increasingly important. A proper understanding of the mag-
nitude and relative contribution from CO2-generating processes for lakes ranging in dissolve organic carbon
(DOC) concentrations is therefore crucial for constraining models and forecasts. Here, we aim to study the relative
contribution of photomineralization to total CO2 production in 70 Scandinavian lakes along an ecosystem gradi-
ent of DOC concentration. We combined spectral data from the lakes with regression estimates between optical
parameters and wavelength specific photochemical reactivity to estimate rates of photochemical DOC mineraliza-
tion. Further, we estimated total in-lake CO2-production and efflux from lake chemical and physical data. Photo-
chemical mineralization corresponded on average to 9% � 1% of the total CO2-evasion, with the highest
contribution in clear lakes. The calculated relative contribution of photochemical mineralization to total in-lake
CO2-production was about 3% � 0.2% in all lakes. Although lakes differed substantially in color, depth-integrated
photomineralization estimates were similar in all lakes, regardless of DOC concentrations. DOC concentrations
were positively related to CO2-efflux and total in-lake CO2-production but negatively related to primary produc-
tion. We conclude that enhanced rates of photochemical mineralization will be a minor contributor to increased
heterotrophy under increased browning.

Most lakes worldwide are supersaturated with carbon diox-
ide (CO2), emitting 0.32–0.53 Pg CO2-C yr−1 to the atmo-
sphere on a global scale (Cole et al. 2007; Raymond
et al. 2013). A major part of the CO2 emitted from lakes is pro-
duced through mineralization of dissolved organic matter
(DOM) (Vachon et al. 2016). DOM in freshwaters originates
both from in situ primary production and from the surround-
ing terrestrial ecosystems, with a general dominance of the lat-
ter (Karlsson et al. 2009). Terrestrially derived DOM consists
primarily of high molecular weight humic substances. These
substances make the majority of the dissolved organic carbon
(DOC) pool in most lakes and thus we will primarily refer to

DOC, hence using C as a common currency, through the fol-
lowing text. DOC poses a multitude of partly contrasting
impacts on the physical and chemical properties of water, as
well as on the biota (Hessen and Tranvik 1998).

Humic substances are a major source of energy to hetero-
trophs in aquatic ecosystems with high terrestrial influence and
the subsequent increase in heterotrophic CO2 production may
indirectly stimulate autotrophs. Nutrients associated with DOC
may stimulate both heterotrophic and autotrophic productivity
in nutrient-poor regions. Further, humic substances are often
highly aromatic and can protect aquatic organisms from harmful
UV-radiation (Dillon and Molot 2005; Kritzberg and
Ekström 2011). On the other hand, at a certain threshold con-
centration (possibly around 5 mg l−1; Seekell et al. 2015), terres-
trial DOC may shift from acting as a nutrient subsidy to
suppressing primary production due to light attenuation (Thrane
et al. 2014; Seekell et al. 2015). Lakes with high inputs of terres-
trial DOC are often to a larger degree supersaturated with CO2

than lakes where the major part of the DOC pool originates
from in-lake production (Cole et al. 2000; Larsen et al. 2011a).
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Besides being an essential source of energy for bacter-
ioplankton (Hessen 1992), this terrigenous DOC is highly chro-
mophoric and photo-reactive, especially in the UV waveband
(Lindell et al. 1995). Photomineralization of DOC to dissolved
inorganic carbon (DIC) might therefore be a significant part of
the DIC production and carbon cycling in humic lakes, adding
to the high respiratory activity of heterotrophic prokaryotes
and low autotrophic CO2-fixation. The annual photochemical
mineralization has been estimated to account for 9–12% of the
total lake CO2 emission in the boreal biome, and amount to
13–35 Tg C yr−1 from inland waters worldwide (Koehler
et al. 2014). However, the relative contribution of photochemi-
cal mineralization to in-lake carbon cycling varies significantly
both between systems (Granéli et al. 1996; Molot and
Dillon 1997; Cory et al. 2014) and temporally within the same
system (Groeneveld et al. 2016; Vachon et al. 2016).

In order to simulate photochemical mineralization, knowl-
edge of the reactivity across the whole spectrum of photo-
chemically active wavelengths is needed. This photochemical
reactivity or apparent quantum yield (AQY) of DIC photo-
production is defined as moles photochemically produced
DIC per mole photons absorbed by the DOC pool (Miller
et al. 2002). Besides the quantity of DOC, studies have found
photochemical DIC production rates to be dependent on its
quality, as well as on water chemistry, such as pH and iron
concentration (Lindell et al. 1995; Bertilsson and Tranvik 2000;
Panneer Selvam et al. 2019) while other studies have found no
such relationships (Cory et al. 2014). A significant share of the
AQY variability between lakes can be explained by simple
optical parameters (Koehler et al. 2016), allowing for estimates
of photochemical DIC production when system-specific AQY
spectra are not available.

In this study, we used data of such optical parameters from
70 Scandinavian lakes along a gradient of DOC concentrations,
together with correlation estimates between the absorption coef-
ficient at 420 nm (a420) and the specific UV absorption coeffi-
cient at 400 nm (SUVA400) and the AQY (Koehler et al. 2016) to
estimate the lakes’ wavelength specific AQY spectra. Together
with atmospheric radiative modeling, we then simulated the
photochemical DIC production in the study lakes. We further
estimated the lakes’ primary production using lake-specific phy-
toplankton absorption coefficients and in situ irradiance.
Finally, we calculated the air-water CO2 flux through surface
water CO2 concentrations, temperature and wind speed, using
Fick’s law of diffusion and Henry’s law to find the CO2 deficit
from concentrations at equilibrium with the atmosphere.
Assuming that the deviation of CO2 from saturation is kept at
steady state due to production, lateral input, evasion, and con-
sumption we estimated the sum of total lake CO2 production
and the lateral input as the sum of the consumption and eva-
sion. This allowed us to calculate the relative contribution of
photochemical DIC production to lake carbon cycling. As short-
wave radiation attenuates quickly in the water column of lakes,
we expect all incoming photochemically reactive photons to be

absorbed within the top few meters of all lakes, even the clear
ones. Therefore, we hypothesized that the total amount of
photomineralization of DOC would be similar in all lakes
regardless of their CDOM concentrations.

Methods
Study sites

During July and August of 2011, 77 lakes along a geographi-
cal gradient between western Norway and eastern Sweden were
sampled (Fig. 1). The lakes were chosen to represent gradients in
DOC and total phosphorus (TP), aiming for an orthogonal gradi-
ent between these parameters, and to avoid strong temperature
gradients with respect to latitude and altitude. All lakes met the
following criteria: latitude 57–64�N, altitude < 600 m, surface
area > 1 km2, pH > 5, TP < 30 μg l−1, and DOC < 30 mg l−1.

Field sampling
Composite samples (15 L in total) were taken from 0 to 5 m

in the central part of each lake during daytime, using an inte-
grating water sampler (Hydro-BIOS, Germany). Water temper-
atures were measured using XRX-620 10-channel CTD (RBR
Ltd., Canada). Vertical temperature profiles indicated that the
thermocline was deeper than 5 m in all lakes (Fig. S1) and the
integrated 0–5 m samples could be considered representative
of the entire mixed layer of the lakes. Vertical profiles of scalar
irradiance in the photosynthetically active radiation (PAR)
region (400–700 nm; Ed) were measured using a spherical irra-
diance sensor (BioSpherical instruments) attached to a
10 channel CTD profiler (WRW620. RBR Ltd., Canada). The
sensor was lowered at a rate of approximately 20 cm s−1 with
a sampling rate of 6 Hz. The vertical attenuation coefficient
for scalar PAR (KdPAR) was estimated by taking the median of
the distribution of slopes obtained from regressing natural log-
transformed Ed against depth (z) for each 10 sampling points
(i.e., sliding windows). This was done to correct for temporal
changes in irradiance caused by for example wave action and
clouds during the haul. pH in the samples was measured
within 1 h after sampling using a handheld pH-meter
(PHM201, Radiometer Analytical, France).

Laboratory analyses
Concentrations of total phosphorus (TP), total organic car-

bon (TOC), and total nitrogen (TN) were measured in two
accredited laboratories, at the Norwegian Institute for Water
Research (NIVA) and at the University of Oslo (UiO). Differ-
ences between laboratories were small for TOC and TN but
slightly higher for TP. Regressions of UiO vs. NIVA measure-
ments had the following statistics: TP: R2 = 0.77, residual stan-
dard error (RSE) = 2.27 μg l−1; TOC: R2 = 0.99, RSE =
0.25 mg l−1; TN: R2 = 0.91, RSE = 81 μg l−1. There were no sys-
tematic differences between the laboratories and the averages
of the results were used in the subsequent analysis. DOC was
calculated as the difference between the total organic carbon
(TOC) and particulate organic carbon (POC). TOC was
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measured by infrared CO2 detection after catalytic high tem-
perature combustion (Shimadzu TOC-VWP analyzer (UiO), or
Phoenix 8000 TOC-TC analyzer (NIVA)). On average, >95% of
the TOC was in dissolved form (DOC). POC was measured on
an elemental analyzer (Flash EA 1112 NC, Thermo Fisher Sci-
entific, Waltham, Massachusetts) through rapid combustion
in pure oxygen of a pre-combusted GF/C-filter with particu-
lates. TP was measured on an auto-analyzer as phosphate after
wet oxidation with peroxodisulfate in both laboratories. TN
was measured on unfiltered samples by detecting nitrogen
monoxide by chemiluminescence using a TNM-1 unit
attached to the Shimadzu TOC-VWP analyzer (UiO), or detec-
tion of nitrate after wet oxidation with peroxodisulfate in a
segmented flow auto-analyzer (NIVA). Concentrations of CO2

and O2 were determined by automated gas chromatography
(GC) analysis with back-flushing H2O (see Yang et al. 2015 for
details). Total iron (Fe) was measured using an inductively
coupled plasma mass spectrometer (ICP-MS, PerkinElmer
NexION 300, Norwalk, Connecticut) equipped with three
quadrupole mass analyzers, a cyclonic spray chamber, and a
concentric nebulizer. Three subsamples from each lake were
measured to evaluate the analytical precision.

For measurements of particulate absorbance spectra, water
samples (150–170 mL, depending on particle load) were fil-
tered onto 25 nm Whatman GF/C glass filters under low vac-
uum. The filters were placed in the entrance of an integrating
sphere (ISR 2200, Shimadzu scientific instruments, Columbia,
Maryland) attached to a double beam Shimadzu UV-2550
spectrophotometer, and optical density was measure for each
nm from 400 to 800 nm. After the first measurement, the sam-
ple filters were bleached with sodium hypochlorite (Tassan
and Ferrari 1995). The bleaching oxidizes all pigments, leaving
only organic and inorganic detritus, including de-pigmented
algal remains, unbleached. The optical density of this nonalgal
particulate (NAP) matter was then measured and the absorp-
tion coefficients (m−1) of total particulate matter and nonalgal
particulate matter were calculated according to Mitchell
et al. (2002), using the algorithm of Bricaud and
Stramski (1990) to estimate the path-length amplification fac-
tor (β). Finally, the absorption coefficient spectra of phyto-
plankton pigments were calculated as the difference between
the total particulate and the NAP absorption coefficient spec-
tra. DOC absorbance spectra from 400 to 700 nm (1 nm reso-
lution) were measured in 0.2 μm filtered water samples

[DOC] (mg l- 1)

0-2.5

2.5-5

5-7.5

7.5-10

10-12.5

Fig. 1. Lakes included in the survey. The sizes of the symbols scale with the concentration of dissolved organic carbon (DOC; mg l−1).
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(Acrodisc 0.2 μm polyethersulfone membrane syringe filter,
Pall Life Sciences, Port Washington, NY) using a 50 mm quartz
cuvette. Absorption coefficient spectra were calculated
according to Mitchell et al. (2002). Due to missing values of
some of the absorbance measurements, seven lakes had to be
omitted, giving a data set of 70 lakes for further analysis.

Primary production calculations
Area-specific primary production (PPA; mg C m−2 d−2) was

calculated using a bio-optical model based on lake-specific
phytoplankton absorption coefficients, in situ irradiance, and
the light dependent quantum yield of photosystem II mea-
sured by a Pulse Amplitude Modulated (PAM) fluorometer
(AquaPen, PSI Czech Republic). In brief, this bio-optical model
is based on estimating the in vivo rate of light absorption by
phytoplankton, and subsequently electron transport rates
(ETRs) through photosystem II (PSII) using information about
the light-dependent quantum yield of photochemistry in PSII.
ETR can further be converted to a rate of gross carbon fixation
by assuming an appropriate value for the quantum yield of
CO2 fixation (Kromkamp and Forster 2003; Suggett et al. 2010).
While the method could be sensitive to phytoplankton com-
munity composition related to their pigments and light cap-
turing properties, it has gained increased interest over the last
two decades because it offers a fast and inexpensive way of
obtaining PP estimates (see Thrane et al. 2014 for details).
A comparison of this method and empirical estimates for PP
in boreal lakes demonstrates a good accordance (Thrane
et al. 2014). The method is thus a feasible tool for assessment
of primary production across a large number of sites. It also
avoids many of the pitfalls of 14C-bottle incubation, which in
any case could not have been applied in this kind of synoptic,
snapshot survey with sampling from a plane spanning many
lakes over a large geographical area.

Wavelength-specific AQY spectrum
Koehler et al. (2016) found the strongest predictors of AQY

to be the Napierian absorption coefficient at 420 nm (a420;
m−1) and specific UV absorption coefficient at 254 nm
(SUVA254; L mg C−1 m−1) (Kirk 1994). The data set in this
study only contained optical data for wavelengths in the PAR
band and therefore the relation between AQY and SUVA400

(B. Koehler, unpublished data, 2016) (Table S2) was used
instead of SUVA254.

A linear mixed effects model with the measured AQY as the
response variable, a420, SUVA400, and wavelength as fixed
effects, and intercept as a random effect was run for the lakes
in Koehler et al. (2016) using the lme4 package in R (Bates
et al. 2014).

ln Φð Þ� a420 + SUVA400 + λ+ 1jlakeð Þ ð1Þ

Where Φ is AQY for DIC photoproduction, λ is the wave-
lengths in the measured wavelength region (400–700 nm in

steps of 1 nm), and the (1jlake) term captures other between-
lake variations not related to chromophoric DOM (CDOM)
quality. The Napierian absorption coefficient at 420 nm (a420)
is a proxy for CDOM content, such that the higher the a420,
the browner the lake. We used the AQY model on data from
the lakes in Koehler et al. (2016) using SUVA254 and a420 and
compared it to the model with SUVA400 and a420. The models
resulted in close to exactly the same AQY spectra (Fig. S4) and
hence we did not lose information modeling the AQY from
SUVA400 instead of SUVA254. The model was then used to pre-
dict the AQY spectra for the 70 study lakes.

The arm package in R (Gelman et al. 2018) was used to gen-
erate Monte Carlo samples of fixed effect parameters of the
linear model, which was used to propagate model uncer-
tainties to the estimated lake specific AQYs over the entire
spectrum (300–600 nm; Figs. S2 and S3). AQY spectra were
extrapolated to wavelengths < 400 nm using the exponential
model (Eq. 1). The irradiation model included wavelengths
between 300 and 600 nm and therefore the AQY spectra were
also cut at 600 nm.

Irradiation model
Daily integrated downwelling scalar irradiation spectra

(300–600 nm) just below the water surface were obtained
using the libRadtran model (version 1.6) for radiative transfer
(Mayer and Kylling 2005), parameterized and cloud corrected
as described in Koehler et al. (2014). The clear-sky spectra were
integrated with calculated solar zenith angles and measure-
ments of ozone column fields in hourly time steps at the coor-
dinates of each lake. The true solar zenith angle was calculated
with hourly time step for each lake and day for a month
between early July and early August of 2011 (i.e., the time
period of field sampling), using approximations in the Astro-
nomical Almanac (Michalsky 1988). The actual ozone column
fields for the same time were extracted from the archive opera-
tional runs of the Integrated Forecasting System at the
European Centre for Medium-Range Weather Forecasts
(http://www.ecmwf.int/research/ifsdocs/CY33r1/index.html).
To correct for attenuation by clouds, total cloud cover data
were retrieved for the requested time period at the lakes coor-
dinates from the archive of the operational mesoscale analysis
system at the Swedish Meteorological and Hydrological Insti-
tute (Häggmark et al. 2000).

Photochemical DIC production in the lakes
According to the photon budget approach (Kirk 1994),

absorption spectra for the lakes were modeled for DOC
(aDOC[λ]; m−1) (Twardowski et al. 2004), nonalgal particles
(aNAP[λ]; m

−1) (Shen et al. 2012), phytoplankton (aPP[λ]; m
−1),

all from lake samples and for standardized water (awater[λ];
m−1) (Wozniak and Dera 2007). All absorption spectra were
extrapolated from the measured PAR band to 300 nm using
linear mixed effect models with prediction uncertainties
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propagated through Monte Carlo samples generated by the
arm package in R (Gelman et al. 2018).

The total absorption coefficient spectrum (atotal[λ]; m−1)
was calculated as the sum of aDOC(λ), aNAP(λ), awater (λ), and
aPP(λ) (Kirk 1994) and the relative contribution of DOC to the
total absorption (kDOC(λ)) was calculated as the aDOC(λ) to
atotal(λ) quotient (Fig. S5). Finally, the wavelength-specific
photon absorption by DOC per depth unit (Eabs,p [λ, z]; mol
m−3 d−1 nm−1) was calculated as the depth derivative of the
attenuation profile, weighted by the relative DOC
contribution:

Eabs,p λ,zð Þ=Ep λð Þe−atotal λð ÞzaDOC λð Þ ð2Þ

where Ep is the photon flux (Ep(λ); mol m−2 d−1 nm−1) at the
lake surface from the modeled irradiation spectra and z is
depth (m). Solving Eq. (2) for z ! 0, i.e., just below the sur-
face, the DOC absorbed photons per unit volume is given by:

Eabs,p λ,0ð Þ=Ep λð ÞaDOC λð Þ ð3Þ

Boreal lakes generally absorb all incoming irradiation
(Kirk 1994; Koehler et al. 2014; Thrane et al. 2014). Assuming
that this also is the case for the lakes in this study, integrating
Eq. (3) over the entire water column (

Ð∞
0 Eabs,p λ,zð Þdz ), DOC

absorbed photons per unit surface area (Eabs,p (λ); mol m−2

d−1 nm−1) is given by:

Eabs,p λð Þ=Ep λð ÞkDOC λð Þ ð4Þ

Wavelength-specific photochemical DIC production could
then be calculated as either volumetric rates at the surface
(ψDIC[λ, 0]; mol m−3 d−2 nm−1) or as production rates per unit
area (ψDIC(λ); mol m−2 d−2 nm−1), multiplying the photon
absorption by DOC by the AQY (Φ):

ψDIC λ,zð Þ=Eabs,p λ,zð ÞΦDIC λð Þ ð5Þ

CO2 flux
Air-water flux of CO2 (FCO2; mmol m−2 d−1) was calculated

from the surface CO2 concentrations in each lake using Fick’s
law of diffusion:

FCO2 = kCO2ΔCO2 ð6Þ

where kCO2 (m d−1) is the CO2 gas exchange coefficient at a
given temperature and ΔCO2 (mmol m−3) is the CO2 deficit
from concentrations at equilibrium with the atmosphere,
obtained using Henry’s law. kCO2 was estimated for each lake
using the gas transfer velocity (cm h−1) for a gas-temperature
combination with a Schmidt number of 600 (k600; CO2 at
20�C) according to Jähne et al. (1987):

kCO2 = k600
ScCO2
600

� �−x

ð7Þ

where x = 2/3 if wind speed ≤ 3 ms−1 and x = 0.5 if wind
speed > 3 ms−1, Sc is the temperature dependent Schmidt
number for CO2 (Wanninkhof 1992). k600 is estimated from
the wind speed according to Cole and Caraco (1998):

k600 = 2:07+0:215U1:7
10 ð8Þ

Hourly wind speed data at 10 m above ground (U10 in
Eq. 9) at all 70 lakes were received from the Norwegian
Reanalysis Archive (Furevik and Haakenstad 2012) and aggre-
gated into July–August means.

Lake pelagic CO2 production
From the dataset, it was not possible to distinguish between

lateral input of CO2 (surface- and ground water flow) and in-
lake production of CO2 (microbial and photochemical miner-
alization of DOC). Lake pelagic CO2 production (CO2,prod; mg
C m−2 d−1) will therefore be used as a term for the sum of the
in situ DOC mineralization and the lateral input. Assuming
that the deviation of CO2 from saturation is kept at steady
state due to production, lateral input, consumption and eva-
sion, the air-water flux of CO2 (FCO2; mg C m−2 d−1) can be
written as:

FCO2 =CO2,prod−PPA ð9Þ

Positive and negative values of FCO2 are evasion and inva-
sion across the air–water interface, respectively. Rearranging
Eq. (9), we estimate CO2,prod as the sum of FCO2 and PPA.

Statistical analysis
All data analysis was performed using the open-source soft-

ware R version 3.4.1 (R Development Core Team, 2017). For
linear modeling of the CO2 production, consumption, and
evasion in the lakes the explanatory variables were DOC
(mg l−1), TP (μg l−1) and TN (mg l−1). The predictors were cho-
sen using AICc in backwards stepwise regression. For estima-
tion of the best predictor, the largest value of the standardized
regression coefficients was used. All error estimates are given
in standard errors (standard deviation divided by the square
root of the number of observations: SE = SD=

ffiffiffi
n

p
).

Results
Modeling the AQY spectra

The optical parameters a420 and SUVA400 explained
26–64% of the variation in AQY across lakes. The variation in
AQY explained by the parameters decreased with wavelength
giving a higher percentage explained at shorter wavelengths
where AQY variability between lakes is larger (Table S2; data
from Koehler et al. (2016)). The relative magnitude of the
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sums of squares (SS) of the fixed terms in the model (Eq. 1)
can be used to rank their contribution to the variance of the
predicted AQY. While wavelength was by far the largest vari-
ance contribution (SS = 48.9; p << 0.001), a420 contributed
about five times (SS = 0.87; p = 0.023) as much to the variance
in modeled AQY as SUVA400 (SS = 0.18; p = 0.027). Monte
Carlo simulations of the AQY spectra based on these regres-
sion relationships (n = 70) resulted in a SE ranging between
0.9% and 1.8% of the wavelength integrated AQY’s. The SE
was negatively related to a420 (r = −0.73; data not shown),
indicating that the model fits brown lakes somewhat better
than clear ones. The SE of the AQY had an almost one to one
fit with the SE of the DIC photoproduction. The uncertainty
of the modeled AQY thus propagated through to the DIC pho-
toproduction estimate and the uncertainties of the absorption
spectra or the downwelling irradiation did not contribute
substantially.

CO2 saturation
Out of the 70 lakes in this study, 62 were supersaturated

with CO2 while 6 lakes were close to saturation or slightly
undersaturated and 2 were clearly undersaturated with CO2.
DOC concentrations were strongly related to a420 (r = 0.88),
and the CO2 saturation deficit was positively related to both
DOC and a420 (r = 0.50 and 0.61 for DOC and a420, respec-
tively). The CO2 and O2 saturation deficits were negatively
correlated (r = −0.70), and the O2 saturation deficit was nega-
tively related to DOC concentrations and a420 (r = −0.74 and
−0.69, respectively; Fig. S6).

Photochemical DIC production
a420 and SUVA400 in the sampled lakes varied between 0.60

and 11.47 m−1, and 0.16 and 1.33 L mg C−1 m−1, respectively
(Table S1). Integrating the estimated areal photochemical
production of DIC (Fig. 2a), over wavelengths (300–600 nm)
gave a range in photoproduced DIC between 8.4 mg C m−2 d−1

� 1.5% and 21.4 mg C m−2 d−1 � 1.0%; Table S1) in the lakes.
Both SUVA400 and a420 were negatively related to pH (r = −0.51
and r = −0.28, respectively; Fig. S7) and positively related to iron
concentrations (Fe; r = 0.35 and r = 0.74 for SUVA400 and a420
respectively; Fig. S7). A multiple linear regression model showed
equal sized but opposite effects of pH and Fe concentrations on
the estimated DIC photoproduction rates (R2 = 0.31, Table S3).
The interaction term between the predictor variables was
nonsignificant (p > 0.05, Table S3).

In lakes with high a420, the shorter wavelengths are
absorbed at the surface, resulting in high DIC photo-
production in the top layer compared to lakes with lower a420
(Fig. 2b). While in the brownest lakes irradiance of all photo-
chemically active wavelengths was absorbed within the first
meter, this irradiance penetrated further in clearer lakes, all-
owing for DIC photoproduction to take place at greater depth.
Most DIC photoproduction is induced by absorption of pho-
tons with wavelengths in the UV and violet part of the

spectrum (Vähätalo et al. 2000). Of the estimated areal photo-
chemical DIC production in all lakes 85% � 0.1% and 93% �
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Fig. 2. Estimated photoproduction spectra of dissolved inorganic carbon
(DIC) from all 70 study lakes. In (a), the estimated areal DIC photo-
production (mg C m−2 d−1 nm−1) spectra are shown; and (b) shows the
estimated volumetric DIC photoproduction (mg C m−3 d−1 nm−1) spectra
just below the surface. In (c) the depth at which the volumetric DIC pho-
toproduction (mg C m−3 d−1 nm−1) is 1% of that just below the surface is
shown, indicating also the depth that receives 1% of incoming radiation.
The color gradient goes from dark blue for lakes with low a420 to brown
for lakes with high a420.
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Table 1. Regression coefficients for regressions predicting lake pelagic CO2 production, consumption, and evasion.

Response Predictors
Coefficient estimates
(SE, significance levels) R2

Lake pelagic CO2 production TP + TN 29.9 (�6.6***), 338.0 (�116.9**) 0.47

Areal primary production (PPA) DOC + TP + TN −29.2 (�7.4***), 21.9 (�4.6***), 174.8 (�75.7*) 0.47

CO2 flux DOC + TP 35.4 (�8.9***), 11.2 (�4.9*) 0.33

Significance codes:
***p < 0.001,
**p < 0.01,
*p < 0.05.
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0.1% was induced by wavelengths shorter than 465 and
500 nm, respectively (Fig. S5). Therefore, almost all DIC pho-
toproduction took place in the top 5 m of all lakes, regardless
of their color (Fig. 2c). In some of the clearest lakes, light of
wavelengths > 500 nm penetrated as deep as 15–20 m
(Fig. 2c). The contribution to total DOC photomineralization
by wavelengths > 500 nm was minor (Figs. 2a and S3), and
the majority of DIC photoproduction thus occurred in the top
5 m of the water column, even in the clearest lakes. The esti-
mated percentage of the DOC standing stock that was photo-
mineralized each day averaged about 2% (0.2–3%) at the
surface and 0.3% (0.1–1%) at 1-m depth (Fig. S8). At the sur-
face, the photomineralized share of the standing stock of
DOC increased somewhat with increased DOC concentration,
while at one meter the relationship was the opposite.

Lake pelagic CO2 production and consumption
Estimations of summer lake pelagic CO2 production

(photochemical and biological mineralization + lateral input
of CO2) in the studied lakes ranged between 120 and
1770 mg C m−2 d−1. The best predictors for lake pelagic
CO2 production were TP (μg P l−1) and TN (mg N l−1;
Table 1). The relative contribution of DIC photoproduction
to lake pelagic CO2 production averaged 3.0% � 0.2%
regardless of DOC concentration (Fig. 3a,d). Primary pro-
duction in the lakes was negatively related to DOC concen-
tration and positively related to nutrient content, mainly
TP (Table 1). The share of lake pelagic CO2 production
used for primary production was thus smaller in lakes with
a high DOC concentration than in lakes with a low DOC
concentration (Fig. 3b,d).

CO2 flux
The majority of the lakes were net sources of CO2 to

the atmosphere. The CO2 flux ranged from −0.12 to 1.0 g C
m−2 d−1. CO2 evasion from lakes was best explained by DOC
concentration, followed by TP (Table 1). Assuming that all
photochemically produced DIC was emitted as CO2 from super-
saturated lakes, the relative contribution of estimated DIC
photoproduction to total CO2 efflux ranged between 1.4% and
36%, averaging 9% � 1%, and with higher contribution in lakes
with low than in lakes with high DOC concentrations (Fig. S7).
The source of the remaining CO2 efflux must be attributed to
respiration and lateral CO2 input. Of the total DIC production
in the lakes, a larger share was emitted as CO2 in lakes with high
than in lakes with low DOC concentrations (Fig. 3c,d).

Discussion
We estimated DIC photoproduction in boreal lakes using

modeled spectra of irradiance and AQY, and spectra of attenu-
ation coefficients and absorption extrapolated from the mea-
sured PAR to the UV region from 70 lakes in Norway and
Sweden. We found that DIC photoproduction contributed on
average 9% � 1% to the CO2 emission from the lakes.

Regarding that this percentage decreases with increased DOC
concentrations and that water temperatures as well as DOC
and nutrient concentrations in boreal lakes are increasing
(Larsen et al. 2011b; O’Reilly et al. 2015), we expect that the
relative contribution of sunlight for CO2 production in boreal
lakes may decline in the future.

The AQY spectra were modeled using regressions between
AQY at discrete wavelengths and the optical parameters
SUVA400 and a420, which were set up based on AQY spectral
measurements of 25 lakes worldwide (Koehler et al. 2016).
While a420 is a proxy for CDOM content, SUVA400 is well cor-
related with DOC aromaticity, and both parameters describe
absorbing properties of the DOC. (Koehler et al. 2016). Even
though SUVA400 is well correlated with DOC aromaticity,
SUVA254 is usually a better indication of DOC aromaticity.
Likewise, in the study by Koehler et al. (2016), SUVA254 was
somewhat better correlated with AQY than SUVA400 was.
However, the difference in R2 between SUVA400 and SUVA254

as linear predictors of AQY was minor (Table S2). Running the
AQY model (Eq. 1) on the data from Koehler et al. (2016) with
SUVA254 produced similar spectra as with SUVA400, mean
values of the Monte Carlo simulations had a one to one fit
(Fig. S4) and there were no significant differences in SEs
between the two. We therefore used the measured SUVA400

instead of an extrapolated value of SUVA254. The uncertainty
in the modeled AQY spectra propagated through to the DIC
photoproduction estimates. The SEs in the modeled AQY’s
were however small (1.2% � 0.02%) and the errors in the esti-
mated DIC photoproduction were therefore also small. Addi-
tionally, the AQY spectra estimated in this study match
spectra from other studies on boreal lakes well (Koehler
et al. 2014; Groeneveld et al. 2016; Vachon et al. 2016).

Estimated DIC photoproduction contributed about 3%
(1–5%) of the total production and lateral inflow of CO2 in
the 62 lakes supersaturated with CO2. Further, assuming that
all photochemically produced of DIC is outgassed from the
lakes, the relative share of DIC photoproduction to total CO2

emission averaged about 9% across the 70 study lakes. These
results conform to earlier studies on photomineralization of
DOC and CO2 flux from boreal lakes. For example, the contri-
bution of DIC photoproduction to total DOC mineralization
in two Swedish humic lakes amounted to about 7% (Jonsson
et al. 2001) and 6% (Chmiel et al. 2016). In a third lake, the
mean contribution of DIC photoproduction to CO2 out flux
was 1–8%, depending on the time of the year (Groeneveld
et al. 2016). Or, in a large-scale modeling study for 1086 Swed-
ish lakes, the mean contribution of DIC photoproduction to
out flux of CO2 was about 12% and upscaling to the entire
boreal region about 9–12% (Koehler et al. 2014). However, in
other aquatic systems than boreal lakes, photochemical degra-
dation has been found to have an important role in aquatic
carbon cycling. In arctic surface waters photochemical reac-
tions accounted for 75% of the total DOC processed (Cory
et al. 2014) and in a number of boreal streams photochemical
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degradation accounted for more than 60% of DOC losses
(Molot and Dillon 1997).

Rates of DIC photoproduction in lakes are controlled by
three wavelength-dependent processes: the amount of sun-
light reaching the lake surface; the fraction of this that is
absorbed by CDOM across wavelengths; and the amount of
DIC produced per unit absorbed light (AQY) (Cory and
Kling 2018). The latter two processes had the largest varia-
tions between our 70 study lakes while the solar irradiation
spectra were similar, owing to the fact that we sampled in a
similar geographic region and time, and that cloud cover
variability was low. Both AQY and the CDOM fraction of
absorbed irradiance are dependent on the quantity and qual-
ity of CDOM in the water. Volumetric DIC photoproduction
rates at specific depths are therefore closely related to
CDOM content.

While the variability in absorption coefficients between
lakes was substantial, the total estimated areal photochemical
production of DIC did not differ as much, as similarly shown
in earlier studies (Granéli et al. 1996; Koehler et al. 2014).
Lower a420 allows light to penetrate deeper down in the water
column and DIC photoproduction to take place at greater
depths compared to waters with higher a420. In the latter, all
short wavelength photons are strongly absorbed by the DOC
and therefore all photoproduction occurs close to the water
surface. The absolute areal DIC photoproduction rates were
similar whether they were integrated over the entire lake
depth or over five meters, indicating that even in the clearest
lakes all photochemical production of DIC takes place in the
top five meters, where the sampling took place. Both SUVA400

and a420 were negatively related to pH, and positively related
to Fe concentrations (Fig. S9). This implies that the effect of
extrinsic variables may affect the intrinsic properties of the
DOC and therefore the DIC photoproduction rates. A positive
correlation between Fe concentrations and CDOM absorption
(e.g., a420) has been shown before (Kritzberg and
Ekström 2011). SUVA400 was principally related to pH. As
SUVA400 is a measure of the aromatic character of the DOC,
this implies that aromaticity is increasing at decreasing pH. In
acidic waters, DIC photoproduction rates have frequently
been reported to increase with decreasing pH (Panneer Selvam
et al. 2019). In alkaline waters, the relationship between pho-
tochemical degradation of DOC and pH is less certain. While
some studies find photomineralization rates to keep decreas-
ing as pH increases (Bertilsson and Tranvik 2000; Molot
et al. 2005), others report that they start increasing as pH
increases above 7 (Pace et al. 2012; Panneer Selvam et al. 2019).
Iron concentrations are also known to interact with pH,
having a stronger positive effect on CDOM absorption and
hence DIC photoproduction rate under acidic conditions
(Gu et al. 2017). However, the pH in the study lakes ranged
between 6.3 and 8.0 with two outliers at 5.4 and 8.9 and was
thus close to neutral, possibly explaining why the interaction
term between Fe and pH in our model was not significant.

Photons entering the water column are likely to be
absorbed, if not by DOC, by phytoplankton, nonalgal parti-
cles, or by the water itself. Lake absorption spectra show that
close to all the photons in the UV region and the largest frac-
tion of the photons in the PAR region were absorbed by DOM,
and only a small number were absorbed by other chromo-
phoric compounds (Fig. S3; see also Thrane et al. (2014)). In
this study, absorption spectra were only measured in the PAR
region. Since the major part of absorption by DOC and
thereby the major part of photochemical mineralization of
DOC takes place in the UV region, we extrapolated the absorp-
tion spectra to wavelengths < 400 nm. We acknowledge that
the extrapolation may have led to increased uncertainties of
the absorption estimates and through that to increased uncer-
tainties of the DIC photoproduction estimates. However, DOC
absorption is rather well studied and the spectra are known to
be approximately exponential (Bricaud et al. 1981). Therefore,
the mean value of the Monte Carlo simulated spectra and
their SE can be assumed to capture most of the uncertainty
of the absorption and its propagation through to the DIC pho-
toproduction estimates. For wavelengths between 280 and
400 nm, the DOC absorption fraction in boreal lakes is gener-
ally close to 1, and the DOC concentrations are often suffi-
cient for absorption of all incoming photons in this waveband
in the top meters of the water column (Williamson et al. 1996).
In lakes with high a420, primary production is constrained to
the surface layer due to high light attenuation, resulting in
lower rates of primary production on the whole-lake scale
(Thrane et al. 2014). However, in regard to the areal photo-
chemical DIC production, the critical limitation is the total
amount of DOM-absorbed photons regardless of where in the
water column they are absorbed. The major part of the esti-
mated photoproduction of DIC took place above 5 m (Fig. 2c)
and was therefore within the mixed zone of the lakes (Fig. S1).
The photic zone is deeper in clear than in brown lakes and we
can expect that some DIC photoproduction might take place
below the mixed zone. However, the photons reaching depths
deeper than 5 m are of longer, less photoreactive wavelengths
and the contribution of DIC photoproduction at such depth
to total lake DIC photoproduction is minor.

While some studies have reported that the vast majority of
the CO2 evasion from boreal lake surfaces is explained by
pelagic respiration (Jonsson et al. 2001), others have shown
that input of DIC has a larger role than previously thought
(Weyhenmeyer et al. 2015). In this study, it was not possible
to distinguish between lateral flow and respiration; lake
pelagic CO2 production is therefore used as a common term
for the sum of the two. There was, however, a strong relation-
ship between O2 and CO2 saturation deficits (r = −0.70; Fig. 4).
The intercept was not significantly different from 0, meaning
that lakes that were saturated with O2 were also saturated with
CO2. This relationship indicates that microbial respiration was
the predominant source of CO2 in the lakes. Furthermore,
both O2 and CO2 concentrations correlated well with DOC,
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but not with chlorophyll a (Fig. S10). This suggests that the
major DOC source for microbial degradation was of terrestrial
origin. The strong relationship between DOC concentrations
and a420 confirms that the dominant part of the DOC pool in
the lakes originated from the terrestrial surroundings.

Sampling of the lakes used in this study was performed dur-
ing mid-summer in July and August. Our results cannot be
extrapolated to estimate annual rates, but rather present a pic-
ture of summer conditions. Photochemical reactivity of DOC
depends on the degree of aromaticity (Bertilsson and
Tranvik 2000). As DOC leaves the soil and enters the aquatic
systems, it will be altered through both biological and photo-
chemical reactions and lose aromaticity (Brinkmann
et al. 2003), becoming less photoreactive. Hence, the DOC
photochemical reactivity is linked to light exposure time. AQY
spectra of photochemical DOC mineralization show pro-
nounced seasonal variability. Photomineralization rates were
found to be higher during seasons with high inputs of DOC
to lakes, after snowmelt during spring flood (Vachon
et al. 2016), and in connection to rain events in autumn, and
lower in summer when DOC inputs are low (Groeneveld
et al. 2016; Vachon et al. 2016). Photochemical DIC produc-
tion is dependent on both irradiation and on DOC composi-
tion. The AQY might thus be higher in autumn than in
summer but due to less sunlight in autumn than in summer,
the amount of DIC photoproduction does not necessarily dif-
fer substantially between the two seasons. However, increased

light absorption due to brownification may lead to enhanced
lake stratification (Williamson et al. 2015), and especially it
may give rise to microlayers of stratification at the surface
where most irradiance is absorbed. The CO2 concentrations in
these microlayers could thus be much higher than in the
underlying water, causing increased rates of photochemically
induced CO2 emissions from brown lakes, especially during
the summer months when daily irradiation rates are high. We
did not see any indication of increased thermal stratification
with increased CDOM content in the study lakes. The CO2

concentrations of the composite samples can therefore be
assumed to represent the concentrations in the entire mixed
layers.

On the other hand, pelagic respiration is strongly related to
temperature and, therefore, also has a seasonal pattern with
higher rates during summer than the rest of the year (Vachon
et al. 2016). The relative contribution of photomineralization
to total pelagic CO2 production can thus be assumed to be
lower during summer. This was confirmed by Vachon
et al. (2016) where the relative contribution of photochemical
DIC production to total pelagic CO2 production in three lakes
averaged 14% over the year with larger contribution in spring
(26%) than in summer (7.6%) and autumn (12%). The mean
value of lake pelagic CO2 production in the 70 lakes in our
study was 616.4 mg C m−2 d−1, ranging from 118.7 to
1769.1 mg C m−2 d−1. These numbers accord with measure-
ments of DOC mineralization in other boreal lakes at summer
conditions (Jonsson et al. 2001; Vachon et al. 2016). The DIC
photoproduction rates and their relative contribution to lake
CO2 production and evasion also correspond to measures and
estimates in previous studies (Jonsson et al. 2001, Vachon
et al. 2016). The typical seasonal variations in both microbial
and photochemical mineralization rates reported from other
lakes make it likely that the role of DIC photoproduction also
in the 70 boreal lakes of this study is larger during spring and
autumn conditions than found here at summer conditions.

In this study, we estimated photochemical mineralization
of DOC. Other photochemical processes in the water column
may also have a large impact on the aquatic carbon cycle.
Such processes are photomineralization of organic nutrients
and partial photooxidation of DOC (Bertilsson and
Tranvik 2000). In the latter processes, recalcitrant DOC is
transformed to more biologically available organic compounds
(Bertilsson and Tranvik 1998). Microbial consumption of such
photodegraded compounds is thus often preferred over the
nonphotodegraded compounds (Allesson et al. 2016).
Although most photochemical processes take place near the
surface, photochemically produced carboxylic acids may mix
downwards and be a source of labile DOC in the entire mixed
layer (Bertilsson and Tranvik 1998). Enhanced microbial deg-
radation of photodegraded DOC may have an impact on
aquatic carbon cycling as large as photomineralization.

Post-acidification recovery, increased vegetation cover in
catchments, and a wetter climate promote carbon export to
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Fig. 4. Lake O2 departure from saturation with the atmosphere vs. CO2

departure from saturation with the atmosphere (y = −0.70x – 3.02,
R2 = 0.49, p << 0.001).
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lakes (Finstad et al. 2017; de Wit et al. 2018). Concentrations
of allochthonous DOC are thus predicted to increase in most
boreal lakes (Larsen et al. 2011b). Input of DOC in boreal lakes
is correlated with export of TP and TN (Dillon and
Molot 2005), and the predicted increased nutrient levels will
most likely promote microbial activity and thus pelagic CO2

production. Although DOC and TP have contrasting effects
on primary production, the net effect of enhanced levels will
probably be a reduced primary production due to light attenu-
ation in most lakes with initial moderate to high DOC con-
centrations (Thrane et al. 2014). In lakes with low initial levels
of DOC, an increase in DOC and nutrient levels could lead to
enhanced primary production, and thus an enhanced level of
autochthonous DOC which in turn could result in enhanced
microbial respiration (Lapierre and del Giorgio 2014).
Increased DOC input will thus most likely lead to enhanced
levels of heterotrophy in boreal lakes (Larsen et al. 2011a).
Moreover, higher levels and more frequent input of fresh,
photolabile, DOC are to be expected and therefore the AQY
and by that DIC photoproduction can be expected to increase
as well. However, the rather small difference in estimated areal
DIC photoproduction between lakes compared to the wide
ranges in DOC and a420 indicates that enhanced rates of pho-
tochemical mineralization will not be a major contributor to
shifting levels of boreal lake net heterotrophy. In all lakes, all
photons active to DOC photochemistry were absorbed within
the top five meters, regardless of DOC concentration. This
suggests that the contribution of enhanced rates of DIC pho-
toproduction to lake net heterotrophy will probably be largest
when clear, shallow lakes undergo browning. While the
observed strong increase in surface water temperatures
(O’Reilly et al. 2015) will promote microbial respiratory activ-
ity, photomineralization is only weakly temperature depen-
dent (Chatwal and Arora 2007), hence the relative
contribution of DIC photoproduction to total CO2 production
will most likely decrease in boreal lakes under a changing
climate.
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