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Water and carbon cycles of the Earth are tightly linked to each other. One linkage of these cycles
is through the water use efficiency of photosynthetic production its interactions with drought, and its
possible changes. A second linkage between the water and carbon cycles: the transport of terrestrial
carbon as dissolved organic carbon (DOC) to aquatic ecosystems has received much less attention and
is, therefore, the subject of this thesis.

The thesis shows that latent heat exchange in boreal and arctic biomes differs, under similar climatic
conditions, between different land cover types in the boreal and arctic climatic zones. Furthermore, we
found that there are large differences in the way ecosystems are exchanging water in the winter and the
summer. Winter time surface resistances were much higher and the transition between the winter and
summer phenological stages was slow.

Similarly, stream water DOC concentrations show high temporal and spatial variability between dif-
ferent catchments in boreal landscapes and globally between big river systems. The model, developed
here and applied to a boreal catchment simulates stream water DOC concentrations as a function of
catchment water storage, soil temperature and runoff. The model is parsimonious, i.e. all parameters
could be estimated statistically and it its performed better than previous models for the 18 partially
nested sub-catchments of the Kryckland research area.

Finally, the contribution of terrestrial DOC promoting heterotrophic food webs in coastal waters was
quantified after receiving a radiation dose corresponding UV-radiation absorbed by Earth’s surface in
a month. Irradiation removed approximately half from the initial terrestrial chromophoric dissolved
organic matter (tCDOM) suggesting that sun-light induced photochemistry is a significant sink of tC-
DOM in coastal waters. Tropical rainforest covered large basins of Amazon and Congo Rivers con-
tributed the highest production of biologically labile photoproducts (BLPs) and the highest tCDOM
fluxes of investigated rivers, which might be linked to large water fluxes and carbon sequestration in
their basins.

A strong relationship between photobleaching of tCDOM and bacterial production based on bioavail-
able labile photoproducts (BLPs) was found and used to estimate BLP production globally. Extrap-
olation of production revealed that the majority of tDOC will be mineralized to CO2 either directly
or through bacterial respiration in coastal waters. In these research articles, I have investigated biogeo-
chemical cycles of water and carbon focusing to latent heat exchange and DOC dynamics in landscapes,
as well as, in coastal waters, describing their variability across space and time.

Keywords: Latent heat, evapotranspiration, DOC, hydrology, photochemistry
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1 INTRODUCTION

Latent heat exchange (energy used for evapotranspiration) between atmosphere and land sur-
face is one of the ubiquitous biogeochemical processes in which living plants are involved
(Collatz et al. 1991; Leuning et al. 1995). In surface energy exchange incoming shortwave
solar radiation is converted to latent heat or sensible heat (Kiehl and Trenberth 1997). Latent
heat exchange of vegetation is a trade off, where water will be released through a stomata
of a plant at the same time when carbon dioxide (CO2) is taken in (Baldocchi et al. 1988).
CO2 is used in photosynthesis and stored to chemical energy, which will be then available for
the plant and later also heterotrophic organisms (Farquhar and Sharkey 1982; Farquhar et al.
1989).

Latent heat exchange (λE) and carbon cycle are directly linked in biogeochemical pro-
cesses when organic tissue of a plant senescene (Schlesinger and Melack 1981; Aufdenkampe
2011). After the death of a plant, formerly living tissues will be converted to soil organic mat-
ter (SOM) trough degradation (Kalbitz et al. 2000; Neff and Asner 2001). SOM constitutes
the largest storage of organic carbon that is greater than the atmospheric carbon storage and
the carbon storage in living biomass combined (Batjes 1996; Thurner et al. 2014). Therefore,
SOM has a significant role in global biogeochemical carbon cycle (Schlesinger and Andrews
2000; Jobbágy and Jackson 2000).

SOM is linked to water cycle trough precipitation, snow and discharge (Cole et al. 2007;
Tranvik et al. 2009). The water content of soil is regulating the degradation of SOM together
with soil temperature (Schlesinger and Andrews 2000; Worrall and Burt 2004). In this con-
tinuum, the water content of soil is the source of water for plants and water that cannot be
retained in soil, generates discharge (Bergström 1992; Bergström 1995). Limited water avail-
ability can limit photosynthetical efficiency and latent heat exchange (Lagergren and Lindroth
2002; Bernier et al. 2006; Wharton et al. 2009; Duursma et al. 2008) leading to decreasing
carbon uptake (Clark et al. 2005; Barr et al. 2007). The fraction of SOM, which gets dis-
solved to water and is transported to rivers, lakes and other water bodies is called dissolved
organic carbon. This transport of DOC provides a tight linkage between the water and carbon
cycle (Battin et al. 2009; Aufdenkampe 2011; Müller et al. 2013), including responses of
DOC exports due to changes in evapotranspiration.

Increasing atmospheric CO2 concentration might be linked to the water use efficiency
of plants (Frank et al. 2015) and the water cycle in land surface (Keenan et al. 2013). On
the other had, increasing mean temperature in boreal biomes are suggested to have an effect
to the behavior of the soil organic matter storage (Schlesinger and Andrews 2000) and could
increase SOM turnover rates to DOC. Most of the climate scenarios have predicted increasing
precipitation for the boreal and arctic region, which would lead to increased transportation of
DOC to rivers and ocean (Aufdenkampe 2011; Mann et al. 2012).

Although these biogeochemical processes are suggested to be sensitive to a changing cli-
mate (Sheffield et al. 2012; Jasechko et al. 2013), we do not understand well how phenology
of the vegetation in the boreal and arctic biomes affect the water balance and its intra-annual
variation (Jung et al. 2010; Jasechko et al. 2013).

1.1 Energy exchange, latent heat and water cycle

Incoming solar radiation absorbed by the Earth and its atmosphere will be balanced trough
the release of outgoing long-wave radiation (Figure 1) (Kiehl and Trenberth 1997). Trough
those processes that reflect, absorb or convert incoming solar energy to water vapor and sen-
sible heat or store the radiation energy into living tissues of plants is called energy exchange
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Figure 1. Annual and Global Mean Energy Balance of the Earth modified from IPCC
2007. Note that terms are not balanced and figure does not show all terms given in the
original.

(Sellers et al. 1997). Approximately half of the incoming extraterrestrial radiation is absorbed
by the surface of the earth and about half of the absorbed energy is converted to latent heat
trough evaporation and transpiration of plants, which are together defined as evapotranspira-
tion (Figure 1) (Kiehl and Trenberth 1997).

Latent heat exchange of the earth surface is the energy used for evapotranspiration, which
describes the amount of water evaporated by plants and the soil. The role evapotranspira-
tion is significant in the global water cycle (Figure 2). It will return a part of the precipi-
tation back to atmosphere through plants, which utilize only 1% of the taken water for the
formation of products of photosynthesis and release 99% trough the transpiration back to
atmosphere.

Although transpiration of vegetation dominates the terrestrial ecosystem water fluxes re-
moving up to half of the annual precipitation, it is poorly constrained in earth system models
(ESM) (Jasechko et al. 2013). However, global climate predictions seems to be sensitive to
changes in latent heat exchange (Sellers et al. 2009). During the past two decades, the in-
terested and need for accurate measurement of energy and gas fluxes between atmosphere
and land surface have increased. Due this development, a global Eddy Covariance (EC) flux
tower network (FLUXNET) has been built. In 2015 FLUXNET database reported 775 tower
locations of which 520 were active providing tremendous amount of data products regard-
ing the energy exchange between atmosphere land surface ecosystems (Aubinet et al. 2000;
Baldocchi et al. 2001)

Most of the previous work based on FLUXNET data products have focused on biosphere-
atmosphere carbon exchange (Hollinger et al. 2004; Baldocchi 2008; Jung et al. 2009; Stoy
et al. 2009) and on site-specific energy exchange studies (Admiral and Lafleur 2007; Peichl et
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Figure 2. Some components of the water cycle of the Earth. Modified from the original
from USGS.

al. 2013). At the same time, only a few studies have concentrated on multi-site energy fluxes
to describe energy exchange in different biomes (Jung et al. 2010; Wang and Dickinson 2012)
and majority of these large scale studies are based on remote sensing data products.

1.2 Dissolved organic carbon and photochemistry

Precipitation that is not evaporated is flowing through the soil to streams, lakes and rivers
and finally to the ocean. During this transport a substantial proportion of the ecosystems
production is transported as dissolved organic matter (Cole et al. 2007; Tranvik et al. 2009;
Aufdenkampe 2011; Weyhenmeyer et al. 2012). Furthermore, as shown in this thesis, the
export of DOC depends on the water-flow and ultimately also on evapotranspiration.

Dissolved organic carbon (DOC) is the most abundant form of organic carbon in sur-
face waters, largely determining the carbon balance and strongly affecting water quality of
freshwater ecosystems (Thackeray 2014). DOC constitutes the majority of organic carbon
fluxes from terrestrial ecosystems to streams and rivers (Dai et al. 2012) and soil organic
matter(SOM) to carbon cycling and sequestration in aquatic ecosystems (Cole et al. 2007;
Tranvik et al. 2009; Weyhenmeyer et al. 2012). The degradation and transport of organic
carbon from terrestrial ecosystems to streams is regulated by physical factors such as precipi-
tation and temperature (Köhler et al. 2009; Öquist et al. 2014), but also on evapotranspiration
which determines part of the runoff.

The DOC export of any watershed depend on the production and consumption of DOC,
as well as, the transport of DOC from the watershed (Wallin et al. 2015). According to the
latest estimates, the amount of carbon that rivers receive, process and transport equals the
net ecosystem carbon balance in their watersheds thus playing a significant role in global
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estimates (Aufdenkampe 2011).
According to its biological availability for heterotrophic organisms DOC can be divided

to three categories according to the degradation time of DOC: labile (few hours - two weeks),
semi-labile (from few months up to to one year) and refractory (several years) (Søndergaard
and Middelboe 1995; Davis and Benner 2007; Lønborg and Alvarez-Salgado 2012). The
previous studies regarding the biogeochemical processes linked to DOC have concentrated
on investigating for example bacterial responses based on labile fractions of DOC, while
the studies studying the responses based on semi-labile and refractory DOC, are a minor-
ity.

Although, DOC is recognized as an important flow of carbon from a terrestrial reservoir
to water bodies, surprisingly few models have concentrated on investigating rapid changes
in stream runoff and DOC concentrations in boreal ecosystems (Xu et al. 2012), which are
associated to precipitation events or snowmelt. Similarly, excluding few exceptions (Bauer
et al. 2013; Fichot and Benner 2014), the fate of riverine non-readily labile DOC in coastal
waters is poorly understood, although there are indications that the majority of riverine DOC
(80%) cannot be defined as directly bioavailable (Søndergaard and Middelboe 1995; Lønborg
and Alvarez-Salgado 2012).

The terrestrial chromophoric dissolved matter (tCDOM) constitutes the fraction of DOC,
which contributes the majority of light absorption and thus defining the optical properties of a
water column Vähätalo (2009). tCDOM is typically not a readily available substrate for het-
erotrophic consumers, but can be degraded slowly by the heterotrophic bacteria (Vähätalo
et al. 2010; Koehler et al. 2012), although photolytic degradation is several times faster
(Vähätalo and Wetzel 2004; Vähätalo and Wetzel 2008). Therefore, the complete sunlight-
induced photochemical degradation or transformation of tCDOM to CO2 and biologically
labile photoproducts (BLPs) is the major sink of tCDOM in surface waters (Vähätalo and
Wetzel 2008; Spencer et al. 2009; Nelson and Siegel 2013).

Sunlight-induced degradation of tCDOM is an important component in the biogeochem-
ical cycling of terrestrially derived DOC (tDOC) in aquatic ecosystems (Kieber et al. 1989;
Mopper et al. 1991; Mopper and Kieber 2002; Zepp et al. 1998). This process produces
direct CO2 emissions and converting non-labile DOC to labile forms providing source of en-
ergy for heterotrophic food webs (Vähätalo et al. 2011). For example, the recent study of
Cory et al. 2014 suggests that from 70.4% to 94.9% of mineralization of DOC in shallow and
optically thin arctic aquatic ecosystems is based on sunlight-induced photochemical degra-
dation. However, similar estimates for riverine terrestrial derived DOC is lacking, although it
transports annually about 250 Tg C to coastal waters.

1.3 Modeling

Modeling is an umbrella concept that is usually used to describe representation of a process
or operational system using theoretical approaches (Wainwright and Mulligan 2004; Lark
2013). Different modeling strategies can be divided to physical, conceptual and empirical
approaches. While physical models try to describe the behavior of a system using physi-
cally based theories, conceptual models pay a little attention to physics and instead, tries to
describe the modeled phenomena using conceptualized model structures like storages and
fluxes between storages (Wainwright and Mulligan 2004). Empirical models are based on the
observed patterns of the data and cannot typically be extrapolated or used to predict behavior
of a system outside of its original range. Models can be based on these represented concepts
be a combination of both. Different models typically vary in their complexity. For example, a
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simple model can be based on linear regression of measured and predicted variable (I), which
can be utilized in the prediction of investigated phenomena within the range of the observed
values.

The amount of studies utilizing different modeling approaches is continuously increasing.
The simulations of the investigated phenomenon is a cost-efficient method to produce infor-
mation based on existing measurements, scale them to cover spatially larger regions, as well
as, validate or calibrate models. Models can also be the only way to produce information on
future changes under warming climate.

The continuously increasing amount of stored data in global, national and research site
data bases provide a valuable resource for the development of models, which try to describe
the physical behavior of environment. Although several models have been developed for the
modeling of latent heat exchange and DOC dynamics, there is ongoing debate regarding the
desirable complexity of the used models (Futter et al. 2015).

Previously, several simple (Thornthwaite 1948; Penman 1948; Allen 1998) and more
complex methods, as e.g. models based on remote sensing based data products (Mu et al.
2011; Jung et al. 2010), have been developed for the estimation of latent heat exchange (or
evapotranspiration). All of these methods are applicable for small or large scale studies and
produce reasonable annual and monthly estimates based on mean air temperature, radiation
and day length (I) or remote sensing derived data products. However, the effect of seasonal
adaptation of plants or the effect of the vegetation cover are rarely taken into account although
it seems to have significant effect to latent heat exchange in boreal and arctic ecosystems (I).
Further on, ecosystems within the same ecosystem type (e.g. wetlands, peatlands), may vary
significantly in their response to environmental forcing (I,II).

In general, physical based biogeochemical models simulating DOC tend to be highly
parameterized, because carbon dynamics in soil and water are relatively complex. However,
complex presentation may lead to parameter and model uncertainty. On the other hand, a
model should be able to describe fairly the behavior of the modeled system and too simple
approaches may lead to a coarse representation of a system.

Although, DOC is recognized as a important flow of carbon from a terrestrial reservoir
to water bodies, surprisingly few models have concentrated to investigate rapid changes in
stream runoff and DOC concentrations in boreal ecosystems (Xu et al. 2012), which are
associated to precipitation events or snowmelt (III). Similarly, with a few exceptions (Bauer et
al. 2013), the fate of riverine non-readily labile DOC in coastal waters are poorly understood
(VI), although there are indications that the majority of riverine DOC (8̃0%) cannot be defined
as directly bioavailable (Søndergaard and Middelboe 1995; Lønborg and Alvarez-Salgado
2012).

1.4 Aim of the study

The aim of this dissertation is to analyze how the water and DOC fluxes are linked in land-
scapes across space and time. Thus, there are several alternatives to describe the biogeo-
chemical linkages between water and carbon cycles, three major approaches were selected
to be covered in this study. The thesis develops firstly a physically as well as biologically
based approach to simulate the latent heat fluxes for different ecosystems types in the bo-
real and arctic regions(I, II). Secondly, I apply thus approach to a model that analyses DOC
concentrations in relation to catchment hydrology(III). Thirdly, I investigate to what extend
the photochemical transformations of, supposedly terrestrially derived, riverine DOC can be
used heterotrophic bacteria (IV). The latter approach provides an estimated flux describing
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in which extent the sunlight-induced degradation of tDOC will be converted to BLPs and
CO2 and released to atmosphere. The coupling of photosynthesis with evapotranspiration via
stomatal regulation has received a lot attention elsewhere and is, therefore, not part of this
thesis.

In these research articles, I have investigated biogeochemical processes related to water
and dissolved organic carbon using mainly existing measurements from various data sources
and carried out work in laboratory (IV). This multidisciplinary work combines physically and
biologically based summary models from the different scientific fields such as micrometeo-
rology, hydrology, microbiology, forest soil and aquatic sciences, as well as, environmental
photochemistry. By using these methods, the effect of land cover type on the surface energy
exchange (I, II), DOC release from boreal forested catchments (III) and the fate of riverine
non-labile terrestrial DOC in coastal waters, were investigated (IV).
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Figure 3. Location of eddy covariance sites are marked with red star (*) (I).

2 MATERIAL AND METHODS

2.1 Data sources and management

2.1.1 Eddy covariance data (I, II)

Sixty-five sites were selected for the latent heat exchange modeling in boreal and arctic
biomes from FLUXNET database (http://fluxnet.ornl.gov). In these areas, vegetation is ex-
pected to experience seasonal adaptation (winter vs. summer) and therefore expressing phe-
nological differences. The selected ecosystems represented natural and the most common
ecosystem types in the hemiboreal, boreal or arctic areas (Fig 3). The aim was to select rep-
resentative EC sites with rather long and continuous measurements providing all data prod-
ucts for the model calibration and reject sites restricted to summer periods or with large gaps
during the time λE are typically high. Agricultural sites were excluded from the analysis,
because their seasonal behavior is regulated by the human activity.

The selected sites were grouped based on the dominant plant functional type (PFT) into
nine different categories: (i) harvested or burnt areas temporarily void of trees (C), (ii)
Douglas-fir forests (D), (iii) pine forests (P), (iv) spruce or fir dominated forests (S), (v)
broadleaf deciduous forests (BD), (vi) larch forests (L), (vii) wetlands (W), (viii) tundra (T)
and (ix) natural grasslands (G) (I). For the study investigating energy partitioning and evapo-
transpiration of peat lands, eight sites from Fennoscandia, were selected for the detailed data
analysis. The selected peat lands were influenced by anthropogenic impacts in varying de-
grees and covering pristine open mires, peat lands converted to agricultural and drained peat
lands with well developed canopy structure (II). Detailed site descriptions for peatlands are
provided in (II).

The data analysis covered in study one compromises more than 400 EC site-years half-
hourly of λE and meteorological data (I). The data were checked and quality controlled
for obvious measurement and reporting errors. For the estimation of latent heat exchange,
seven meteorological variables were required : air temperature (Ta), wind speed (u), friction
velocity (u∗), global radiation (Rg), net radiation (Rn), air pressure (Pa) and relative humidity
(RH). To avoid conditions when EC technique does not work properly, periods with low
turbulent mixing (u∗ less than 0.1 m s−1) were removed (I, II) (Alavi et al. 2006; Papale et al.
2006).

Meteorological variables required for the estimation of λE, were gap-filled using linear
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Figure 4. Krycklan catchment and measurement stations (III).

interpolation for short measurement gaps up to four hours in duration and longer periods of
missing data were filled by using mean diurnal variation (MDV) (Reichstein et al. 2005) in a
14 days moving window (I) and 30 days moving window (II). Flux data were not gap filled
and our analysis uses only measured fluxes.

2.1.2 Stream water dissolved organic carbon data (III)

The Krycklan catchment (64°23’N, 19°46’E) is located in northern Sweden, approximately
50 km northwest of the Baltic sea (Bothnian bay). At Svartberget field station DOC, hy-
drological and meteorological data are monitored. The catchment is divided into eighteen
partially nested long-term monitored sub-catchments and the size of sub-catchments varies
from 0.03 to 68 km2 (Figure 4. A data set containing approximately 5000 stream water DOC
concentration measurements for eighteen sub-catchments from 2003 to 2013, were used for
the model calibration predicting stream water DOC concentrations (III).

2.1.3 Terrestrial chromophoric dissolved organic carbon samples (IV)

The river water samples (Table 1, Figure 5) used in the study estimating photochemical pro-
duction of biologically labile photoproducts (BLPs) (III) contributes 28% of the global tDOC
flux, and 33% of the freshwater discharge to coastal waters (Carlson 2002; Cauwet 2002;
Coynel et al. 2005; Milliman and Farnsworth 2011). These same samples replicates have
been used previously for the determination of dissolved black carbon (Jaffé et al. 2013),
molecular composition of DOM (Wagner et al. 2015), dissolved iron (Xiao et al. 2013) and
the photochemical isotopic fractionation of DOC (Lalonde et al. 2014).
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Figure 5. Sampling points of riverine DOC samples.

2.2 Analytical methods

2.2.1 Modeling latent heat (I)

The estimation of λE was carried out using the Penman-Monteith equation (Penman 1948;
Allen 1998) (I) and the surface resistance was estimated using a multiplicative model similar
to those originally proposed by Jarvis (1976) and Stewart (1988) yielding:

rs = f (P) f (δe) f (Rg) (1)

where f (P), f(δe) and f(Rg) are phenological, δe and Rg environmental modifiers.
The modifiers accounting the phenology for seasonal resistances (summer vs. winter) are

based on the previous work of Mäkelä et al. 2004; Mäkelä et al. 2006; Mäkelä et al. 2008 and
Gea-Izquierdo et al. 2010. Phenology modifiers are expressed as follows:

f (P) = rSMax−2
(

1− 1
1+S(t)

)
(rSMax− rSmin) (2)

where rSMax and rSMin are the maximum and minimum stomatal resistances (s m−1) and
S(t), a variable describing the phenological state of the plants, yielding:

S(t) = min
(∫ t

t−τ
Ta(t)dt

τ θ
,1
)
, (3)

where Ta is air temperature, θ (◦C) is a parameter describing the long-term average tem-
perature at which stomatal resistance reaches its minimum value, τ is the integration time
delay of the response of the stomata (days). The phenological model describes the slow de-
velopment of a surface resistance to changes in temperature as it occurs during spring. It is
a modification of the model of Gea-Izquierdo et al. (2010) that they used for the analysis of
Gross Primary Production (GPP). The behavior of S(t) as a function of τ and θ and Ta is
shown in Figure 6.

Surface resistance was also assumed to have a hyperbolic dependence on Rg (Wong et al.
1979; Leuning 1995) as follows:

f (Rg) =
kr +Rg

(Rg +5)
(4)
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the measured air temperature. The variable S (blue line) is calculated based on the running
mean (blue line) of the measured air temperature (black line) and with delay (which depends
on τ). S is saturated when it reaches the value 1 (on the right y-axes)

where kR is a parameter describing the sensitivity of surface resistance to global radiation.
An offset of five W m−2 was added to Rg (in the denominator) to avoid frequent problems
caused by occurrences of negative values of Rg and to constrain rs surface resistance to finite
values.

Finally, rs was assumed to depend on δe as follows:

f (δe) =

(
1+

δe

kV PD

)
(5)

where kV PD (kPa) is an empirically estimated parameter describing the sensitivity of stom-
atal conductace to δe. High values of kV PD indicate low stomatal sensitivity to VPD.

To produce mean model parameters for each ecosystem type, ecosystem specific data
from each ecosystem type were concatenated. The average ecosystem type parameters were
estimated from this pooled data. Based on the parameters derived from this estimation, the
λE values of different vegetation types were compared by using the ecosystem average model
parameters for each vegetation type (rSMax,rSMin, kR and kV PD) and the meteorological data
of the station Hyytiälä (FI-Hyy) for 2011 (I).

2.2.2 Comparison of Fennoscandic peatlands (II)

To investigate differences between different peatlands ecosystems, several commonly used
micrometeorogical analyses were made. These details are provided in (II), but shortly the
main focus were in energy partitioning to latent and sensible heat fluxes including short-
term storages, contribution of bulk aerodynamic and surface resistances and the behavior of
decoupling parameter (Jarvis and McNaughton 1986) and Bowen ratio (Bowen 1926) and
their relationship to water table depth.
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Figure 7. Conceptual flow chart of hydrological and DOC simulations

2.2.3 Modeling stream water dissolved organic carbon concentrations (III)

The regional discharge required for the simulation of stream water DOC concentrations was
produced using distributed hydrological toolbox ENKI (http://www.opensource-enki.org) (Kol-
berg and Bruland 2012; Hailegeorgis and Alfredsen 2014). The hydrological model was sim-
ulation was executed in 50 × 50 grid cells and responses were aggregated to sub-catchment
means (Figure 7. The discharge for all sub-catchments were generated using dynamical
rainfall-runoff model (Kirchner 2009), which assumes that discharge can be described us-
ing simple equation for conservation-of-mass. In this mass balance the evapotranspiration
was estimated using the models from (I).

The method assumes that the discharge (Q) is dependent on the catchment water storage
(S) that can be expressed using a non-linear storage-discharge function (III), which represents
the relationship between the change of discharge and discharge (Kirchner 2009).

The model of Xu et al. (2012) and K-DOC requires the estimation of catchment water
storage. The relationship of catchment water storage and runoff is non-linear and can be
solved by using the method of Kirchner (2009). In this approach, the use of a single stor-
age discharge relationship leads to a fixed relationship between the change of discharge and
discharge (Q). The differential equation and the relationship between discharge sensitivity
(g(Q)) and measured discharge were solved yielding:

log(g(Q)) = log(
−dQ/dt

Q
)≈ a0 +(1−a1)log(Q)+a2(log((Q))2 (6)

where, a0, a1 and a2 are statistically determined watershed-specific parameters describing
the non-linear relationship between Q and S.

Stream water DOC concentrations were simulated by using model of Xu et al. (2012).
The original model of Xu et al. (2012) was modified to include soil temperature Tsoil and
catchment water storage S dependencies of DOC release and consumption. After these mod-
ifications, the modified DOC-model, K-DOC, was able to simulate stream water DOC con-
centrations in boreal catchments that are affected by the thermal winter and snow (III).

The original formulation of Xu et al. (2012) for stream water DOC concentrations is
written:
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dCstr

dt
=

dCTres

dt
= (ksrS− kremCTres−QCTres +[

1
k′p
−CTres]

dS
dt

)/S (7)

where, Cstr is carbon concentration (mg C L−1) in stream water, CTres (mg C L−1) is
the carbon concentration in terrestrial reservoir, ksr (mg C L−1) is the slow release of DOC
from soil, krem (mg C L−1) is the slow removal of DOC from the soil water. k

′
p (L kg−1) is

derived from the relationship of the equilibrium partition coefficient of DOC from SOM (kp)
(III).

In the model development the seasonal differences in the slow release rates of the carbon
from the soil (ksr) and the slow removal rates of carbon from the soil water (krem) were
accounted. The process rates were assumed to be dependent on soil temperature (Tsoil) and
the catchment water storage (S). The slow release of DOC via microbial activity and its
consumption are processes that are affected by the microbial biomass, temperature and soil
moisture. While the original model of Xu et al. (2012) assumed no environmental sensitivity
in DOC release, the relationship of the slow release of DOC on the environment was modified
as follows (III):

ksr = ksr0 e(ksr1Tsoil)Sksr2 (8)

where ksr0 and ksr1 are empirically estimated parameters determining the dependence on
soil temperature and ksr2 is a parameter that describes the dependency of DOC release from
the catchment water storage. A similar relationship was assumed for the slow removal process
of DOC from the soil water yielding (III):

krem = krem0 e(krem1Tsoil)Skrem2 (9)

where krem, krem1 and is krem2 are calibrated parameters.
The K-DOC model was calibrated separately for two different periods (2003-2013 and

2006-2010) using maximization of NSE as the objective function (III).

2.2.4 Modeling production of biologically labile photoproducts based on chromophoric
terrestrial dissolved organic matter (IV)

To investigate photoproduction of BLPs based on tDOC, the experimental irradiations were
designed to degrade approximately half of CDOM to assess a typical (median) photochemical
reactivity of tDOC along its transport from estuaries towards open ocean. The quartz flasks
were irradiated for 44 h to 46 h with 765 W m−2 simulated solar radiation (Atlas Suntest
CPS+ solar simulator) in a purified water (MQ) bath regulated to 20 °C with a Lauda RE-112
thermostat. The irradiated samples received ultraviolet radiation dose corresponding from 26
to 27 days ultraviolet radiation does absorbed by the surface of Earth, calculated from mean
annual energy budget (Kiehl and Trenberth 1997). The apparent quantum yields (AQYs)
for the production of biologically labile photoproducts (BLPs) based on photobleached ter-
restrial derived chromophoric dissolved organic carbon (tDOC, tCDOM) were determined by
relating the amount of absorbed photons to the amount of produced or utilized substrates. De-
tailed descriptions of analytical methods used for the determination of bacterial cell densities,
biomass, respiration and calculations of AQYs are described in (IV).

For the global estimates, data were adapted from the previous study of Lalonde et al.
(2014), which investigated same river water samples, but photobleached CDOM of the sam-
ples completely. Lalonde et al. (2014) reported that direct photomineralization of CDOM
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to DIC varied from 16% to 43% (mean 30%) during the 10 days irradiation experiment and
the following bioassay was able to degrade from 22% to 38% (mean 30%) of the remain-
ing DOC within 28 days. These results of Lalonde et al. (2014) and determined bacterial
growth efficiency (BGE) in (IV) were used in the figure 14 to demonstrate roughly the con-
tribution of photochemical transformation of DOC compared to labile DOC. BGE estimates
for labile DOC were taken from the literature and assumed to vary from 3% to 46% (mean
22%) (Giorgio et al. 1997; Giorgio and Davis 2003) and the fraction of labile DOC from
total riverine DOC flux was assumed to vary from 3% to 35% (mean 19%), which covers
the estimates for labile DOC in coastal waters (Søndergaard and Middelboe 1995; Lønborg
et al. 2009; Lønborg and Alvarez-Salgado 2012). In all estimates given in figure 14, the frac-
tion of refractory DOC resisting photochemical and microbial degradation is not taken into
account.
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Figure 8. Distribution of model parameters θ (°C) (a), τ (days) (b) maximum resistance
rSMax (c), minimum resistance rSMax (d) sensitivity global shortwave radiation kR (e) and
sensitivity to rapid VPD changes kV PD (f). Results are presented in all subpanels according
to ecosystem types where, BD, broadleaf deciduous forest; C, cut/open/burned f.; P, pine
f.; S, spruce f.; L, larch f.; D, Douglas-fir f.; G, grass- land; W, wetland and T, tundra.
Red points are model parameters that are calibrated against the all ecosystem type data
and represent values estimated for all sites of an ecosystem type. Heavy black line of the
box-and-wisker plot shows the arithmetic mean, thin black line 25% and 75% quartiles, and
wisker lines (or single points) minimum and maximum values of the data. Red points are
model parameters that are calibrated against the all ecosystem type data (I)

3 RESULTS

3.1 Latent heat exchange in boreal and arctic biomes (I)

3.1.1 Phenological parameters

The simulated parameters describing the differences in ecosystem behavior in terms of λE
showed clear differences between ecosystem types and also differences between sites within
the same ecosystem category (I). Such result indicates that the phenological adaptation even
within same ecosystem type (defined based on the dominant tree species and vegetation
cover) may vary (Figure 8, 9) (I).

3.1.2 Adaptation to increasing air temperature

The parameters indicating the saturation temperature, where minimum value of rs (θ ) and the
delay (τ) were reached, was clearly smaller for wetland and tundra land cover types than for
forests (Figure 8) (I).

Wetland and tundra ecosystems shifted from the winter state (rSMax) to the summer state
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(rSMin) faster and at lower temperatures (Figure 8) (IV). Among the forested ecosystem cat-
egory, only larch and Douglas-fir had a similar low temperature requirements, although the
latter did not show significant seasonal adaptation (Figure 8).

Typically forests, excluding larch and Douglas-fir, reached phenological state typical for
summer resistance when θ varied between 10 and 13 °C with τ varying from 15 to 25 days
(Figure 8a, b). Grassland ecosystems had the longest spring recovery period (defined trough
parameters θ and τ). For grasslands, the values of θ were higher than for other ecosystems
and values of τ were higher than for tundra and wetland ecosystems (IV).

3.1.3 Surface resistance

The modeled maximum surface resistance parameters rSMax varied between 100 and 250
s m−1 for all ecosystem types (rSMax (Figure 8c) (I). The modeled winter values of rs were
clearly higher than the modeled summer values of rS (rSMin in all ecosystems. The varia-
tion in wintertime stomatal resistance (rs) parameters within grassland, broadleaf deciduous
forest and wetland ecosystems was large, while the variation for evergreen coniferous forest
ecosystems was smaller (Figure. 8c) (I).

The highest modeled mean values of rSMin were observed for Douglas-fir, grassland, tun-
dra and wetland (Figure 8d). For coniferous forest ecosystems, the values of rSMin were
approximately half of the values for deciduous forests. Broadleaf deciduous forests had the
smallest values of summer time rs followed by the other forest ecosystems. In general, wet-
lands and tundra ecosystems had higher values of rs than forests (I).

The mean values of kR that describes the sensitivity of the surface resistance to Rg were
small for all sites, typically less than 100 W m−2. There was no clear relationship of kR with
vegetation type or climatic characteristics. The largest variation in kR was observed for the
broadleaf deciduous forest vegetation type (Figure 8e)

High values of kV PD suggest that rs changes slowly with increasing e, while low values
indicate a rapid reduction in rs when e increases. Low values of kV PD can be interpreted so
that stomatal resistance (rs) is sensitive to vapor pressure deficit (δe). Values of kV PD were
higher (>500 Pa) for sites where freely evaporating water is present, and low (<500 Pa) for
sites where the evaporative flux is governed largely by stomatal regulation. The values were
highest for the grass, tundra and wetland-types (Figure 8f).

3.1.4 Modeling ecosystem scale latent heat exchange

In order to investigate the differences of λE between ecosystems, the ecosystem specific λE
flux was generated by using mean ecosystem parameters and meteorological variables from
one EC site (Hyytiala, Finland). These simulations showed clear differences in terms of
annual λE exchange, even when identical levels of meteorological forcing was used in the
simulation (I). The proportion of simulated λE of net radiation varied between ecosystems
from 39% in broadleaf deciduous forest to 16% in tundra (Figure 9). This simulation indicates
that the vegetation cover type has a crucial role in latent heat exchange in boreal and arctic
region and its effect might be larger than the changes in environmental forcing like as in air
temperature and radiation (I).

3.1.5 Latent heat exchange in peatlands (II)

The comparison of eight Fennoscandinavian peatlands revealed significant variation within
same ecosystem type. Although, the mean seasonal course in Ta was rather similar for all
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Figure 9. Proportion (%) of annual net radiation (Rn) used for λE based on the
parameter values estimated for each ecosystem type. Meteorological data from station FI-
Hyy were used in the simulations. Results are presented according to ecosystem types where,
BD, broadleaf deciduous forest; C, cut/open/ burned forest; P, pine forest; S, spruce forest;
L, larch forest; D, Douglas-fir forest; G, grassland;W, wetland and T, tundra.

sites, variation were grater in water table depth (WT), net radiation (Rn) and V PD (Figure 2
in (II)).

Further on, clear differences were observed in seasonal energy partitioning (Figure 10)
and showed that peatlands with significant tree density had higher sensible heat fluxes and
highest short-term energy storages than naturally open peatlands (II). Surface conductance
(inverse surface resistance) defined from the measured λE was variable between different
peatlands (Figure 5 in (II)) and related to changes in water table depth (Figure 6 in (II)).
This analysis showed that in some peatlands λE decreases during the rainless periods, while
in some λE remained nearly similar. The change was the fastest in agriculturally managed
peatlands (JOK, LIN) and slowest in peatlands with high WT.

To summarize the interaction and significance of detected ecophysiological parameters
(Ω, β ) to measured latent and sensible, a meta-analysis were carried out using WT and above-
ground biomass as a proxy describing the measured behavior of peatlands (Figure 11). The
analysis clustered peatlands into three groups based on low, intermediate and high WT, which
were linked to behavior of decoupling parameter Ω and Bowen ratio β . Forested peatlands
(ALK, KAL, FAJ) expressed the lowest Ω and the highest β indicating these sites are well
coupled to atmosphere due the surface roughness and having the highest sensible heat flux.
Pristine mires with low surface roughness, high WT expressed low β and high Ω. Peatlands,
which experienced antrophogenic management had the lowest WT and their Ω and β settled
between the values of two previous groups (Figure 11, (II)).

3.2 Simulating regional hydrology and stream water DOC concentrations in boreal
catchments (III)

The parameter set from the regional hydrological model calibrations providing the highest
NSE and NSE(log) for stations C7 and C16 was used to generate the discharge for the whole
Krycklan catchment area and it was used for subsequent DOC simulations. The best per-
forming parameter set produced NSE values of 0.75 and 0.43 NSE(log) for C7 (from 2003
to 2012) and 0.84 NSE and 0.74 NSE(log) for C16 (from May 2010 to October 2012) (III).
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This set was assumed to be representative for the whole catchment and able to describe the
hydrological response of the remaining 16 ungauged sub-catchments (Figure 4, (III)).

In-stream DOC concentrations were modeled for all 18 sub-catchments using the K-DOC
model for 2006-2010 and 2003-2012. The observed DOC values for the shorter simulation
period varied for C16 from 1.9 mg L−1 to 24.2 mg L−1 and for C3 from 6.5 mg L−1to 80.6 mg
L−1 (Fig 12), showing approximately 12-fold difference between the lowest and the highest
recorded DOC concentrations.

The NSE for simulated DOC concentrations in different sub-catchments for the years
2006-2010 varied from 0.46 to 0.76 (Figure 12, (III)). When calibration was applied for
the longer simulation period, NSE varied from 0.25 to 0.69 (III), being slightly lower than
for the simulations spanning 2006-2010. K-DOC was able to successfully simulate DOC
concentrations for both forest and wetland dominated sub-catchments (Figure 12). When
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Figure 11. Analysis of the mean parameters (WT, Ω, β and above-ground biomass)
using the data from Tables 1 and 3 in (II)
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Figure 12. Measured and modeled DOC and discharge for selected example stations for
the years 2006-2010. Description concerning the land cover types is provided in Figure 3.
Grey dots are the measured DOC concentration (mg L−1), black line the simulated DOC by
using K-DOC (mg L−1), red line is the simulated Q (L−1 s−1) and the blue dots observed Q
for C7 and C16 (L−1 s−1)

the simulation period was extended to 10 years, NSE were slightly lower than for the short
simulation, and decreased most for those sub-catchments with largest proportion of lakes (C5
& C6) varying from 0.25 to 0.29 (III).

3.3 Production of biologically labile photoproducts based on chromophoric terrestrial
dissolved organic carbon (IV)

3.3.1 Bacterial response

In order to evaluate bacterial production (BP) in irradiated samples and their dark controls, as
well as, based on biologically labile photoproducts (BLPs) (the difference of the preceding
and the latter), an inoculum of riverine bacterioplankton were introduced to both samples.
The initial bacterial cell densities at day 0 were small and increased by one or two orders of
magnitude (from five to twelve days) in the irradiated being from 33% to 152% higher than
in the dark control samples (IV). After defining bacterial cell densities, BP was evaluated
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Figure 13. The relationship between the bacterial production based on biologically labile
photoproducts (BP on BLPs) and the photobleached CDOM at 300 nm. ∆aCDOM,300 shows
individual samples, the solid line linear fit to the individual samples (BP on BLPs = 0.336
∆aCDOM,300; R2 = 0.871, F1,9 = 68.77, df= 1,9, p< 0.001) and the dotted lines shows the 95%
confidence intervals of linear regression.

based on accumulated bacterial biomass, which were clearly higher in the irradiated than in
the dark controls (III). The BP on BLPs was significantly related to the photobleaching by a
linear regression coefficient of 0.336 mmol C L m−2 (Figure 13)

3.3.2 Global estimate for BLPs

To estimate quantitatively the photobleaching of (CDOM) and how it is related to BP based
on BLPs, the relationship between BP on BLPs and ∆aCDOM,300 (Figure 13) was multiplied
with the annual CDOM fluxes (IV). This estimate describes the photochemical transformation
of tDOC in coastal waters in front of each examined river and describes the carbon transfer
of non-labile DOC to heterotrophic food webs.

The photobleaching of CDOM fluxes was calculated to promote altogether 1.1 ± 0.3
Mt C yr−1 BP on BLPs (mean ± 95% confidence interval; Table 2). The corresponding
amount of BR on BLPs was calculated to be 9.5 ± 4.8 Mt C yr−1 when accounting for the
12.0% BGE on BLPs (Table 2). The sum of BP and BR on BLPs was 10.7 ± 4.5 Mt C yr−1

representing the total production of BLPs (Table 2). This total production of BLPs corre-
sponds to 15% ± 6.8% of the total DOC flux (69 Mt C yr−1) of examined rivers (Table 2).
Assuming that the rivers examined responsible for 28% of global DOC flux are representative
for the remaining 72% DOC flux to ocean, the estimate for the global coastal production of
BLPs from tDOC is 38.0 ± 15.9 Mt C yr−1 supporting 4.1 ± 1.1 Mt C yr−1 BP and 33.9 ±
16.9 Mt C yr−1 BR.
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4 DISCUSSION

4.1 Linking water and carbon cycles

Adequate description and linking of water and carbon cycles is important for models trying
to simulate ecosystem scale interactions between water and carbon cycles. The explicitly
addressed differences in λE in different ecosystem types led to improved description of λE
taking into account phenological changes in surface resistance (I). The central findings were
confirmed also by the comparison of eight Fennoscandian peatlands (II) indicating that sig-
nificant differences existing also within same ecosystem types. The improved description of
λE was linked to a hydrological model and used to calculate evapotranspiration based on
dominant vegetation cover for 18 partially nested sub-catchments (III). The simulated dis-
charge and catchment water storage were linked to biogeochemical model simulating stream
water DOC concentrations, which revealed differences in the dynamics controlling DOC re-
lease between forested and mire-dominated, as well as, between small and large catchments
(III). Based on quantitative estimate regarding the photobleaching of tCDOM and bacterial
production based on biologically labile photoproducts, the carbon flux based of terrestrial
chromophoric dissolved organic matter after phototransformation in coastal waters is greater
than photochemical DIC production in lakes and reservoirs and equal to riverine labile DOC
that enters to coastal waters (IV). The estimated conversion of tCDOM to BLPs in coastal wa-
ters indicates that the majority of the organic carbon after photochemical transformation will
be converted to DIC directly or through bacterial respiration and released back to atmosphere
(IV).

4.2 Latent heat exchange (I, II)

The latent heat exchange in boreal and arctic biomes was modeled in paper (I). There were
clear differences in phenological behavior and the summertime parameter values between
the most common ecosystem types, as well as, in measured λE in peatlands (II). Therefore,
the response of the vegetation cover to environmental forcing is not similar and a substantial
portion of the land surface energy exchange is controlled by the vegetation type.

However, the range of variation in the rs model parameters was large also within ecosys-
tem types. Summer minimum resistance (rSMin) parameters and the VPD sensitivity (kV PD)
for different sites were strongly correlated. Based on the modeled parameters, the surface
resistance in peatlands and tundra is fairly constant and does not depend on the environment,
indicating that poikilohydric mosses, bare ground and open water dominate the surface resis-
tance, while in forested ecosystem stomatal regulation controls largely λE (I, II). Neverthe-
less, the effect of a well developed canopy can be seen also in peatlands, where the forested
peatland ecosystems have higher Bowen ratio and lower decoupling coefficient expressing
lower λE than pristine mires or agriculturally managed sites (II). These findings confirms
that energy exchange in peatlands and wetland ecosystems (I) is naturally more variable than
in forested ecosystem (I, II).

Tundra and wetland ecosystems had also the highest values for rs. In these ecosystems
types, the vegetation cover is typically dominated by mosses, short shrubs and plants. Feather
moss, Sphagnum and lichen, which are typical for wetlands and tundra, are not similar to vas-
cular plants in terms of physiological structures and λE (Brown et al. 2010), since they have
no stomatal control of evapotranspiration. Such differences between forests and wetlands
can contribute to differences in λE of these ecosystems (Kettridge et al. 2013), although this
hypothesis cannot be justified only based on the implemented model and the data available in
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the Flux databases.
The phenological approach for the modeling of λE emphasizes a gradual transition from

winter to summer states in most common ecosystems typical for boreal and arctic biomes.
The model for λE was able to describe the transition also in other ecosystem types than
evergreen coniferous forest (I). The phenological control of photosynthetic capacity has been
well documented (Suni et al. 2003; Mäkelä et al. 2004; Mäkelä et al. 2008; Kolari et al.
2007; Gea-Izquierdo et al. 2010) for evergreen coniferous dominated ecosystems, while other
ecosystem types have been neglected. Although, phenological models have been used less
for λE; the stomatal resistance has a tendency to increase during the winter periods (Wieser
2000; Sevanto et al. 2006) as indicated in (I).

The inclusion of phenology improved model estimates for boreal and arctic land cover
types. The results showed that differences are large between summer and winter periods even
for ever-green conifers. The relatively large differences in λE between different ecosystems
types suggest that an ecosysten type specific approach for the estimation of λE may improve
regional estimates compared simulation of climatic zones using a single ecosystem type and
approaches that the phenological behavior and differences in parameter values of different
ecosystems (I). Also the comparison of eight Fennoscandinavian peatlands showed that the
variation within the same ecosystem type can be large (II).

Previous studies modeling phenological adaptation of photosynthetical capacity and gross
primary production have reported shorter adaptation time for recovery of transpiration (Mäkelä
et al. 2004; Kolari et al. 2007) than the results for λE, which varied from 2 to 30 days in dif-
ferent conifer forests. This difference is most likely caused by the development of the ground
vegetation, which increases the time interval required for the recovery (indicated by the pa-
rameter τ) also the formulation of the lagged temperature effect differed slightly from the
approach used in the previous research. For the λE model saturation temperature (θ and time
interval (τ) was calibrated to implement the transition of the whole ecosystem and its effect
on model performance, while in studies dealing with the phenological behavior of photosyn-
thetical capacity the focus has been more onto the adaptation of the dominant tree species
(I).

4.3 Modeling DOC transport (III)

Ecosystem specific evapotranspiration (ET) was taken into account in the hydrological simu-
lations by using the mean ecosystem specific parameters in the hydrological simulations (I).
Actual ET was calculated based on the gridded vegetation maps and dominant tree species
composition in different sub-catchments (Laudon et al. 2013). Regionally estimated ET for
sub-catchments based on the composition of the different trees (Birch, Spruce, Pine, mires
and open water), improved the performance of the hydrological model (data not shown) com-
pared to Pristely-Taylor based approach (Priestley and Taylor 1972) (III).

Adequate description of runoff over different parts of a large watershed is crucial for the
modeling of stream water DOC concentrations. Based on the findings in Krycklan catchment,
the best performing parameter set for discharge generation was achieved by optimizing the
performance for stations C7 & C16 simultaneously (III). When the performance was eval-
uated using NSE and NSE(log) as optimization criteria, the simulated discharge replicated
fairly well observed high flow and low flow conditions.

Based on simulated stream water DOC concentrations, forest and mire dominated land
cover types showed differences in terms of DOC release during the hydrological events (III).
While in the forest-dominated sub-catchments stream water DOC concentrations increased
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during snow melt, in mire dominated sites concentrations decreases indicating dilution of
transportable DOC in soil and the highest DOC concentrations were observed and modeled
during the low-flow season (I). The K-DOC were able to capture the differences between
mire- and forest-dominated catchments that have been reported in several studies (Laudon
et al. 2004; Billett et al. 2011)) previously.

K-DOC performed better compared to previous models used in Krycklan catchment. For
the period 2006-2010, Oni et al. (2014) reported NSE by using RIM for C2 (forest), C4 (mire)
and C7 (mixed) to be 0.62, 0.52 and 0.54, while INCA-C based simulation produced NSE
0.52, 0.49 and 0.50. The corresponding NSE for the same catchments using K-DOC was
0.76, 0.68 and 0.73. For the Krycklan catchment outlet (C16), our results can be compared to
RIM and INCA-C simulations that produced R2 values 0.59 and 0.49 (Oni et al. 2015), while
NSE for K-DOC was 0.61.

Although, several DOC models have been published, only four of them have been used
in the Krycklan catchment and typically limited to few sub-catchments (Yurova et al. 2008;
Winterdahl et al. 2011; Oni et al. 2014; Tiwari et al. 2014; Oni et al. 2015). None of these
models has used catchment water storage (S) as model input for simulating stream water DOC
concentrations. At the same time, most of remaining published DOC models have been used
in more southern and partly temperate catchments (Boyer et al. 1995; Michalzik et al. 2003;
Jutras et al. 2011; Xu et al. 2012; Dick et al. 2014) (III).

From the hydrological point of view, K-DOC differs compared to other published DOC
models (excluding the model of Xu et al. (2012), because catchment water storage is used
to predict stream water concentrations (III). The more common approach in the previous
models has been to link soil moisture (SM) and DOC production, which describes the DOC
production from soil organic matter (SOM). However, SM is a relatively slowly changing
variable that does not respond to rapid hydrological events unlike catchment water storage
(Kirchner 2009).

In the K-DOC the simulated discharge is linked with a biogeochemical model that rep-
resents the relationship of flow and DOC stream water concentrations using non-linear de-
pendencies (III). This approach combines slowly changing simulated soil temperature and
S, which has instantaneous response to changing discharge. This might be one reason why
K-DOC is able to capture stream water DOC concentrations during the hydrological events
better than previously tested models in same catchments (III).

The results based on the K-DOC simulations and investigation of model variables, in-
dicates that catchment water storage is important for DOC release, while soil temperature
is important for DOC consumption. The simplified approach to divide SOM degradation
to DOC release and DOC consumption rates were applicable for 18 partially nested sub-
catchment. This finding suggest that a parsimonious conceptual description of interactions
between discharge and stream water DOC concentration better and a complex physical model
like INCA-C (Futter et al. 2007; Oni et al. 2014) (III).

4.4 Photochemical transformation of terrestrial chromophoric dissolved organic mat-
ter and production of BLPs (IV)

After DOC is released from the soil to stream waters, it is be transported to lakes and rivers
and during this time, a part of the DOC will be degraded (Algesten et al. 2004; Weyhenmeyer
et al. 2012). However, the retention times in inland waters and rivers are typically short,
water columns are optically thick compared to coastal waters. Therefore ultraviolet radia-
tion can penetrate typically less than 0.31 m depth (Salonen and Vähätalo 1994; Amon and
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Figure 14. BLPs Min is the estimate given in (IV) for assimilation of BLPs, DIC
rivers is calculated flux based on the reported DIC production (Lalonde et al. 2014) and
BLPs Rivers is reported estimate for BLPs assimilation after 28 day incubation (Lalonde
et al. 2014). DIC lakes is the estimate for photochemical production of CO2 in lakes and
reservoirs Koehler et al. 2014. BP Labile DOC and BR labile DOC are bacterial production
and bacterial respiration estimated based on the fraction of labile DOC (Søndergaard and
Middelboe 1995; Lønborg et al. 2009; Lønborg and Alvarez-Salgado 2012) and BGEs from
literature (Giorgio et al. 1997) and BP+BR Labile DOC is the sum or the two latter. Panel
a) represents flux estimates in Mt C y−1 and b) proportion from total annual riverine DOC
flux 246 Mt C y−1 (Cauwet 2002)

Benner 1996; Granéli et al. 1996; Reitner et al. 1997; Vähätalo et al. 2000; Pers et al. 2001;
Pullin et al. 2004; Aarnos et al. 2012) (IV). tCDOM is also resistant to microbial degradation
Vähätalo and Wetzel 2004; Vähätalo and Wetzel 2008 and is the fraction of tDOC, which
is transported to lakes and rivers. Water cycle is important for the biogeochemical cycle of
tCDOM, because the effective photochemical degradation require transportation coastal wa-
ters (IV) and carbon assimilation in large river basins are associated to latent heat exchange.
The most productive tropical basins of Amazon and Congo Rivers receives large amounts
of water as precipitation and evapotranspiration can be as high as 1400 mm annually (Jung
et al. 2010), while in boreal ecosystems ET is typically less than 350 mm. These large water
fluxes are associated to carbon sequestration in their catchments and lead to high DOC fluxes
(Aufdenkampe 2011).

The estimate based on photobleaching of tDOC provides the first time a quantitative ap-
proximation for the production of BLPs in the coastal waters in front of each river (IV). The
estimated production of BLPs from tDOC (38.0 ± 15.9 Mt C yr−1) had only a small contri-
bution compared to estimated earlier (206 Mt C yr−1) of Miller et al. (2002). The previous
estimate of Miller et al. (2002) corresponds roughly global riverine DOC flux to the ocean
(246 Mt C yr−1) (Cai 2011) and must be based partly on the autochthonous production in
marine waters similarly as in the study of Aarnos et al. (2012), where BLPs originated from
marine DOC and tDOC in the Baltic Sea. Therefore, these previous BLP estimates (Miller
et al. 2002; Aarnos et al. 2012) do not describe production of BLPs based on tDOC only
(IV).

The annual production estimate for BLPs based on tDOC in coastal waters (38.0 ± 15.9
Mt C yr−1) is similar or larger compared to the global photochemical production of dissolved
inorganic carbon (DIC) (from 13 to 35 Mt C yr−1) in inland waters (Koehler et al. 2014)
(IV). This comparison suggests that although solar radiation is an effective way to trans-
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form a remarkable amount of DOC in lakes and reservoirs (excluding rivers), the majority
of sunlight-induced photobleaching of terrestrial and freshwater DOC occurs in coastal wa-
ters (IV). These differences between lakes (including reservoirs) and coastal waters are due
to differences in optical depth, where photochemical reactions can efficiently degrade tC-
DOM (Vodacek et al. 1997; Del Vecchio and Subramaniam 2004; Fichot and Benner 2014)
(IV).

Assuming that the determined mean BGE on BLPs 12% (IV) is representative for BLPs
produced from tDOC, the majority of BLPs will be respired rapidly to DIC contributing 33.9
± 16.9 Mt C yr−1 in coastal waters. This estimate is roughly 10% from the DIC transported
by the rivers (407 Mt C yr−1; Cai 2011). Nevertheless, assimilated BLPs produced based on
photobleaching of tDOC produces 4.1± 1.1 Mt C yr−1 bacterial biomass that is an additional
carbon source for heterotrophic food webs in coastal waters (IV).

The production of BP based on BLPs was significantly related to the photobleaching
of CDOM with an R2 0.88 (Figure 13). Similar linear relationships have been found for
various BLP compounds in earlier studies (Miller and Moran 1997; Obernosterer and Herndl
2000; Brinkmann et al. 2003). ∆aCDOM,300 explained well (R2 > 96%) the photoproduction
of individual BLP-compounds (formaldehyde, acetaldehyde and glyoxylate (Kieber et al.
1990)), but did not describe the bacterial response to produced BLPs. The estimated R2-
value (Figure 13) for the production of BP based on BLPs is lower than R2-value for BLPs in
the study of Kieber et al. (1990). However, R2-value is higher than the corresponding one for
38 lake water samples (Bertilsson and Tranvik 2000) indicating that the production of BLPs
is quantitatively linked to the photobleaching of CDOM and can be used as a useful proxy
for the BLP production based on tDOC.

The results regarding the biological responses based on photobleaching of tDOC comple-
ment our understanding regarding the fate of photolabile tDOC in coastal waters, which is
the major sink of tDOC (Figure 14). Although, photoproduction rates for single BLPs are
previously reported (Kieber et al. 1990; Miller and Moran 1997; Obernosterer and Herndl
2000; Bertilsson and Tranvik 2000), the estimates regarding the relationship of ∆aCDOM,300
and bacterial responses based on BLPs are scarce. Previous review reported 44 identified
BLPs (Vähätalo 2009), but the newest research indicates that the group of compounds that
can be considered as BLPs may contain more than 2600 different chemical compounds (Wag-
ner et al. 2015), which can be assimilated by heterotrophic bacteria in coastal waters. For the
estimation of global significance of tDOM derived BLPs, the production rates for single com-
pounds cannot be used to estimate the biological significance. Therefore, future research is
needed to interpret our first estimate, which suggests that BLP flux is roughly similar to la-
bile DOC flux and in the same scale with the photochemical DIC production in lakes and
reservoirs (VI) (Figure 14).
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5 CONCLUSIONS

The results introduced in these four research articles described linkages between biogeo-
chemical cycles of water and dissolved organic carbon bringing into focus the importance of
adequate of description of these processes across time and space. The small and large scale
heterogeneity of landscapes is playing a crucial role in the modeling of latent heat exchange
and dissolved organic carbon and partly affected by the seasonal behavior of ecosystems. The
findings of these studies may help to improve physical and conceptual model descriptions of
investigated phenomena in global models simulating these complex interactions between wa-
ter and carbon cycles.
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Abstract

In this study latent heat flux (kE) measurements made at 65 boreal and arctic eddy-covariance (EC) sites were

analyses by using the Penman–Monteith equation. Sites were stratified into nine different ecosystem types: har-

vested and burnt forest areas, pine forests, spruce or fir forests, Douglas-fir forests, broadleaf deciduous forests,

larch forests, wetlands, tundra and natural grasslands. The Penman–Monteith equation was calibrated with vari-

able surface resistances against half-hourly eddy-covariance data and clear differences between ecosystem types

were observed. Based on the modeled behavior of surface and aerodynamic resistances, surface resistance tightly

control kE in most mature forests, while it had less importance in ecosystems having shorter vegetation like

young or recently harvested forests, grasslands, wetlands and tundra. The parameters of the Penman–Monteith

equation were clearly different for winter and summer conditions, indicating that phenological effects on surface

resistance are important. We also compared the simulated kE of different ecosystem types under meteorological

conditions at one site. Values of kE varied between 15% and 38% of the net radiation in the simulations with

mean ecosystem parameters. In general, the simulations suggest that kE is higher from forested ecosystems than

from grasslands, wetlands or tundra-type ecosystems. Forests showed usually a tighter stomatal control of kE as

indicated by a pronounced sensitivity of surface resistance to atmospheric vapor pressure deficit. Nevertheless,

the surface resistance of forests was lower than for open vegetation types including wetlands. Tundra and wet-

lands had higher surface resistances, which were less sensitive to vapor pressure deficits. The results indicate

that the variation in surface resistance within and between different vegetation types might play a significant

role in energy exchange between terrestrial ecosystems and atmosphere. These results suggest the need to take

into account vegetation type and phenology in energy exchange modeling.
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Introduction

Boreal and arctic biomes account for 22% of the land

surface of the globe (Chapin et al., 2000). Boreal land-

scapes are often considered to be dominated by ever-

green needle leaf conifers, but broadleaf forests, larch

forests, open areas also occupy large areas of the boreal

and arctic biomes and wetlands occupy large areas of

boreal and arctic domain. These boreal and arctic eco-

systems play an important role in earth-atmosphere

dynamics because of their large extent and their sensi-

tivity to a warming climate (Chapin et al., 2000; Bonan,

2008a).

Transpiration dominates the terrestrial ecosystem

water fluxes and is poorly constrained in global model-

ing (Jasechko et al., 2013). Nevertheless, global climate

predictions are sensitive to changes in evapotranspira-

tion (e.g., Sellers et al., 1997, 2009). Over the last two

decades, an extensive eddy-covariance (EC) flux tower

network (FLUXNET) has been built, which is providing

new insights on the energy exchange between the

atmosphere and arctic and boreal ecosystems (Aubinet

et al., 2000; Baldocchi et al., 2001). However, most of the

work has focused on biosphere-atmosphere carbon

exchange (Hollinger et al., 2004; Baldocchi, 2008; Jung

et al., 2009; Stoy et al., 2009) as well as on site-specific

energy exchange studies (Admiral & Lafleur, 2007; Ta-

naka et al., 2008; Peichl et al., 2013). At the same time,

fewer studies have concentrated on multi-site energy

fluxes to infer biome wide or regional water and energy

fluxes (Jung et al., 2010; Wang & Dickson, 2012) aside

from their relationship with CO2 exchange (Hollinger

et al., 1999; Law et al., 2002; Jung et al., 2011). kE is esti-

mated in eddy flux data from fluxes of water vapor,

which are measured by using usually an infra red gas

analyser (Foken, 2008). FLUXNET measurements have

not been much used to estimate the energy balance of

large regions, while micrometeorological problems, like

energy balance closure (Wilson et al., 2002; Foken, 2008;

Barr et al., 2012; Leuning et al., 2012; Stoy et al., 2013),

EC footprint (G€ockede et al., 2008) and gap-filling (Fal-

ge et al., 2001; Moffat et al., 2007) have received much

attention. In spite of these problems, EC technique is

one of the best and least biased methods to measure

water and energy fluxes at the ecosystem-scale.

The Penman–Monteith (PM) equation is one of the

most widely used and accepted approaches to model

kE (Katul et al., 2012; Wang & Dickinson, 2012). The

Penman Monteith method models explicitly the energy

balance of an ecosystem: Net radiation is partitioned

into latent heat flux (kE) and sensible heat flux depend-

ing on the surface (rs) and aerodynamic resistances (ra).

It is widely used as a tool in agricultural related

research (Allen, 1998) and has been used to analyze dif-

ferences between boreal and temperate ecosystem

(Blanken & Black, 2004; Zha et al., 2010; Br€ummer et al.,

2012). Recently, the approach has been extended by

including various parameterizations to estimating sur-

face resistance (rs) (Grelle et al., 1999; Valiantzas, 2006;

Launiainen, 2010). In the simplest modifications, the

aerodynamic (ra) and surface resistance (rs) are

assumed to be constant on the daily level (Allen, 1998).

Models with surface resistances that vary over time

give better predictions of latent heat flux during a sin-

gle day although models with constant canopy resis-

tance give accurate predictions of kE over longer time

spans (as e.g. daily or monthly) (Lecina et al., 2003)

However, stomatal regulation could become important,

if the climate is changing and might change the values

of surface resistance. The PM equation has previously

been used successfully to estimate rs in remote-sensing

algorithms as well as in temperature-based kE models

(Cleugh et al., 2007; Mu et al., 2011).

Lately, the interest concerning the importance and

effects of phenology on ecosystem behavior has

increased. There have been several studies investigat-

ing phenological effects on seasonal and annual carbon

balance (Suni et al. 2003, Gea-Izquierdo et al., 2010),

bud burst (Richardson et al., 2010), feedback mecha-

nisms to the climate system (Richardson et al., 2013)

and spring onset (Richardson et al., 2012). Richardson

et al. (2012) conducted an analysis related to ecosystem-

scale CO2 exchange by using 14 different models in ten

forested ecosystems. There are also some studies

related to phenology and kE (e.g. Blanken et al., 1997;

Blanken & Black, 2004). However, the effect of delayed

stomatal adaptation during the spring recovery to kE
has been rarely estimated (Br€ummer et al., 2012).

In this article, flux and climate observations from

FLUXNET are used to evaluate simulations of kE by

using the PM equation. Boreal and arctic ecosystem

types are investigated to determine how their modeled

and measured kE depends on ecosystem type. Further-

more, a phenological model was used to investigate

how the properties of the vegetation type affect kE. The
hypothesis of the study was that different land cover

classes differ in their kE and the way it depends on eco-

system properties and meteorological forcing.

Materials and methods

Study sites

Sixty-five sites representing the most common ecosystem

types in the subboreal, boreal or arctic areas were selected

from FLUXNET database (http://fluxnet.ornl.gov) for this

study (Fig. 1; Table 1). Agricultural ecosystems were excluded

from the analysis, because their annual cycle is mainly con-
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trolled by human activity like harvesting and seeding, fertil-

ization or irrigation. Therefore, analysis was limited to natural

ecosystems including forests that have been planted with

native species after cuts. The selected sites were grouped

based on the dominant plant functional type (PFT) into nine

different categories. These were: (i) harvested or burnt areas

temporarily void of trees (C), (ii) Douglas-fir forests (D), (iii)

pine forests (P), (iv) spruce or fir dominated forests (S), (v)

broadleaf deciduous forests (BD), (vi) larch forests (L), (vii)

wetlands (W), (viii) tundra (T) and (ix) natural grasslands (G).

The attempt was to select available EC sites in the boreal

and subboreal region, but to reject sites where measurements

are restricted to summer periods with large gaps occur during

the periods when kE are typically high. We acknowledged

that the quality requirements were stricter for ecosystem types

that are well represented in the database, while we had less

stringent requirements for vegetation types that were not

often measured. We thought that in these cases it might be

important to increase the sample size of ‘underrepresented

ecosystems’. Exceptions were particularly made for tundra

ecosystems, where data from winter months was very scarce.

A complete site list with references, land type covers and cli-

matological characteristics are presented in Table 1.

Data selection and estimation of missing measurements

For the data analysis, more than 400 EC site-years half-hourly

of kE and meteorological data were checked for obvious mea-

surement errors or reporting errors in units. Rather complete

time series of seven meteorological variables were required

for the estimation: air temperature (Ta), wind speed (u), fric-

tion velocity (u*), global radiation (Rg), net radiation (Rn), air

pressure (Pa) and relative humidity (RH). To avoid conditions

when EC technique does not work properly, we removed peri-

ods with low turbulent mixing (u* less than 0.1 m s�1). Similar

kind of data filtering criteria has been used previously in other

studies (Alavi et al., 2006; Wu et al., 2010), but selected thresh-

old value can be considered low for forests. It was selected

mainly to ensure a similar kind of analysis for all ecosystems

types (same u* and kB�1). Higher filtration criteria would have

removed too much data from naturally open ecosystems (tun-

dra, grasslands, wetlands, cut forests) and wintertime mea-

surements from forests. Determination of optimal threshold

value for each site or ecosystem type separately would have

been hard and more or less subjective decision.

Thus, the most complete data series of half-hourly data

were selected for the analysis and missing values for some of

the meteorological data were estimated. First short gaps in Ta

and RH (up to 4 h) were linearly interpolated (Amiro et al.,

2006). Longer gaps of these variables that could not be esti-

mated by using mean diurnal variation (MDV) (Reichstein

et al., 2005) in a 14 days moving window, were filled by data

recorded at the nearest weather station. This was done only

for sites RU-Che, RU-Cok, RU-Ylr, RU-Ypf, RU-Sam, US-Atq,

US-Brw, with distances varying from 1 to 50 km from the

weather station. Weather station data are reported typically

for every third or sixth hour and was interpolated to half-

hourly values by using linear regression. Please note that the

phenology model requires an air temperature history for the

calculations related to delayed response of the vegetation to

the increasing temperature during the spring [S & s; see

Eqn (4)]. It should also be noted that model parameter estima-

tion was always done on nongap filled values of kE.
Missing periods in Rg data were estimated by using a linear

regression relationships between photosynthetically active

radiation (PPFD) as an independent variable. Estimated Rg

was accepted only if the linear correlation coefficient between

the estimated values and measured values exceeded 0.95,

otherwise data were removed from estimation. Missing peri-

ods in Rn was estimated similarly between Rg and Rn and esti-

mated values were accepted, if the linear correlation between

estimated and independent variable exceeded 0.8. The theoret-

ical relationship and conversion methods between radiation

PPFD and short wave irradiance are reported in many studies

(Weiss & Norman, 1985; Papaioannou et al., 1993; Escobedo

et al., 2011), and instead of using constant relationships,

parameters was estimated for each site separately by using

site-specific measurements. Dry-foliage data were not used in

the analysis, because all sites did not provided high quality

precipitation data.

Model of latent heat exchange

The model parameters were estimated using the meteorologi-

cal variables measured on site. The modeling was imple-

mented using R software (R Core Team, 2013) by applying
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Fig. 1 Location of eddy covariance sites are marked with red star (*).

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12640

LATENT HEAT EXCHANGE IN THE BOREAL AND ARCTIC BIOMES 3



Table 1 Eddy covariance sites that were used in the study, coordinates, characteristics and site references

Sites Coordinates Characteristics

Nr Code Name Latitude Longitude IGBP Forest type Site reference

1 CA-Ca1 BC-Campbell River 1949

Douglas-fir

49.87 �125.33 ENF Douglas-Fir Krishnan et al., 2009;

2 CA-Ca2 BC-Campbell River 2000

Douglas-fir

49.87 �125.29 ENF Douglas-Fir Krishnan et al., 2009;

3 CA-Ca3 BC-Campbell River 1988

Douglas-fir

49.53 �124.9 ENF Douglas-Fir Krishnan et al., 2009;

4 CA-Gro ON-Groundhog River Mixedwood 48.22 �82.16 MF Leaf McCaughey et al., 2006;

5 CA-Man MB-Northern Old Black Spruce 55.88 �98.48 ENF Spruce Dunn et al., 2007;

6 CA-Mer ON-Mer Bleue Eastern Peatland 45.41 �75.52 WET Wet Lund et al., 2009;

7 CA-Na1 NB-Nashwaak Lake 1 1967

Balsam Fir

46.47 �67.1 MF Spruce Yuan et al., 2008;

8 CA-NS1 UCI 1850 55.88 �98.48 ENF Spruce Goulden et al., 2011;

9 CA-NS2 UCI 1930 55.91 �98.52 ENF Spruce Goulden et al., 2011;

10 CA-NS3 UCI-1964 55.91 �98.38 ENF Spruce Goulden et al., 2011;

11 CA-NS4 UCI-1964 wet 55.91 �98.38 ENF Spruce Wang et al., 2003;

12 CA-NS5 UCI 1981 55.86 �98.49 ENF Spruce Goulden et al., 2011;

13 CA-NS6 UCI 1989 55.92 �98.96 ENF Cut Goulden et al., 2011;

14 CA-NS7 UCI 1998 56.64 �99.95 ENF Cut Goulden et al., 2011;

15 CA-Oas SK-Old Aspen 53.63 �106.2 MF Leaf Black et al., 1996;

16 CA-Obs SK-Southern Old Black Spruce 53.99 �105.12 ENF Spruce Jarvis et al., 1997;

17 CA-Ojp SK-Old Jack Pine 53.92 �104.69 ENF Pine Griffis et al., 2003;

Zha et al., 2010

18 CA-Qc2 QC-1975 Harvested Black Spruce 49.76 �74.57 MF Cut –

19 CA-Qcu QC-2000 Harvested Black Spruce -49.27 �74.04 ENF Cut Bergeron et al., 2008;

20 CA-Qfo QC-Eastern Old Black Spruce 49.69 �74.34 ENF Spruce Bergeron et al., 2008;

21 CA-Sf1 SK-1977 Fire 54.49 �105.82 ENF Pine Mkhabela et al., 2009;

22 CA-Sf2 SK-1997 Fire 54.25 �105.88 MF Cut Mkhabela et al., 2009;

23 CA-Sf3 SK-1998 Fire 54.09 �106.01 ENF Cut Mkhabela et al., 2009;

24 CA-Sj2 SK-2002 Jack Pine 53.94 �104.65 ENF Cut Coursolle et al., 2006;

25 CA-Sj3 SK-1975 (Young) Jack Pine 53.88 �104.65 ENF Pine Margolis & Ryan, 1997;

26 CA-TPW ON-Turkey Point 1974 White Pine 42.71 �80.35 MF Pine Peichl et al., 2010;

27 CA-Tp4 ON-Turkey Point 1939 White Pine 42.71 �80.36 MF Pine Peichl et al., 2010;

28 CA-Wp1 AB-Western Peatland 54.95 �112.47 MF Wet Flanagan & Syed, 2011;

29 CA-Wp2 AB-Western Peatland Poor Fen 55.54 �112.33 ENF Wet Adkinson et al., 2011;.

30 CA-Wp3 AB-Western Peatland Rich Fen 54.47 �113.32 MF Wet Adkinson et al., 2011;

31 DK-Sor Soroe- Lille Bogeskov 55.49 11.64 DBF Leaf Pilegaard et al., 2001, 2003;

32 FI-Hyy Hyyti€al€a 61.85 24.3 ENF Pine Launiainen, 2010;

33 FI-Kaa Kaamanen wetland 69.14 27.3 WET Wet Aurela et al., 2004;

Lund et al., 2009;

34 FI-Lom Lompoloj€ankk€a 68 24.21 WET Wet Aurela et al., 2009;

Lohila et al., 2010;

35 FI-Sii Siikaneva 61.83 24.19 WET Wet Lund et al., 2009;

36 FI-Sod Sodankyl€a 67.36 26.64 ENF Pine Thum et al., 2007;

37 RU-Che Cherskii 68.61 161.34 OSH Tundra Corradi et al., 2005;

Merbold et al., 2009;

38 RU-Cok Chokurdakh/Kytalyk 70.83 147.49 OSH Tundra van Huissteden et al., 2005;

39 RU-Fyo Fedorovskoye wet spruce stand 56.46 32.92 ENF Spruce Kurbatova et al.,2008;

40 RU-Ha1 Ubs Nur-Hakasija-grassland 54.73 90 GRA Grass Belelli-Marchesini et al.,

2007a;

41 RU-Ha2 Ubs Nur-Hakasija-recovering

grassland

54.77 89.96 GRA Grass Belelli-Marchesini, 2007b;

42 RU-Ha3 Ubs Nur-Hakasija-Site 3 54.7 89.08 GRA Grass Belelli-Marchesini, 2007b;

43 RU-Sam Samoylov Island Lena Delta 72.37 126.5 OSH Tundra Boike et al., 2013;
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nonlinear least squares regressions (using the nls-function of

the statistics package with the nl2sol algorithm).

We estimated kE using the PM equation written as follows

(Penman, 1948; Allen, 1998):

kE ¼ DRn þ qacpder
�1
a

Dþ cðrs þ raÞr�1
a

ð1Þ

where qa is the air density (kg m3), cp is the specific heat of air

(J kg�1 K�1), D is the rate of change of saturation vapor pres-

sure with air temperature (Pa K�1) and c is the psychrometric

constant (66 Pa K�1), rs the surface resistance (s m�1) and ra
the aerodynamic resistance (s m�1). The latter was calculated

from the EC data following the method used by Launiainen

(2010):

ra ¼ u

u2�
þ kB�1

u�
ð2Þ

where kB�1 is the Stanton number (dimensionless). The excess

resistance parameter kB�1 was set to the value of two (dimen-

sionless) to estimate ra in a similar way for all sites. This value

is suggested to be representative for a wide range of vegeta-

tion types (Garratt, 1978), and has been found to be represen-

tative for forests (Verma, 1989; Launiainen, 2010). Among

different studies various values for kB�1 has been used and its

optimal value can vary between vegetation types as well as

seasonally (Kustas et al., 1989; Wu et al., 2000; Barr et al., 2001;

Zha et al., 2010). Although we used the same value of kB�1 for

all sites, it has been reported to range from 1 to 12 (Shuttle-

worth & Wallace, 1985; Kustas et al., 1991; Troufleau et al.,

1995).

Normally the PM equation includes the available energy

flux (Rn–G–DS, where G is the soil heat flux and DS is the

rate of heat storage in the canopy volume), whereas we

have chosen to neglect G and DS since they are usually

small compared to Rn particularly when using the equation

on a daily basis (the two terms become small on a 24-h

cycle). Based on the results of those studies that has been

investigating EC energy balance closure problems, measure-

ment errors of G and DS varies from 20 to 50% and the

absolute flux gradient from 20 to 50 W m�2 (Foken, 2008).

These components are small compared to Rn, kE and sensi-

ble heat flux (H) and their vertical and horizontal scales are

limited to near ground level. Because these components

were not widely reported for all ecosystem types present in

the study, these terms were neglected from the estimation

procedure and the decision to prioritize the wider coverage

of different ecosystem types were made.

The surface resistance was estimated using a multiplicative

model (Jarvis, 1976; Stewart, 1988) as follows:

rs ¼ fðPÞfðdeÞfðRgÞ ð3Þ
where f(P), f(de) and f(Rg) are phenology, de and Rg modifiers,

respectively. The values of the modifiers vary between 0

and 1.

Table 1 (continued)

Sites Coordinates Characteristics

Nr Code Name Latitude Longitude IGBP Forest type Site reference

44 RU-Ylr Yakutsk-Larch 62.26 129.62 DNF Larch Ohta et al., 2008;

45 RU-Ypf Yakutsk-Pine 62.24 129.65 DNF Pine Hamada et al., 2004;

46 RU-Zot Zotino 60.8 89.35 ENF Pine Tchebakova et al., 2002;

47 SE-Deg Degero Stormyr 64.18 19.56 GRA Wet Lund et al., 2009;

48 SE-Faj Fajemyr 56.27 13.55 WET Wet Lund et al., 2007;

49 SE-Fla Flakaliden 64.11 19.46 ENF Spruce Lindroth et al., 2008;

50 SE-Nor Norunda 60.09 17.48 ENF Spruce Lindroth et al., 1998;

51 SE-Sk1 Skyttorp young 60.13 17.92 ENF Pine -

52 SE-Sk2 Skyttorp 60.13 17.84 ENF Pine Gioli et al., 2004;

53 US-An1 Anaktuvuk River Severe Burn 68.99 �150.28 OSH Tundra Rocha & Shaver, 2011;

54 US-An2 Anaktuvuk River Moderate Burn 68.95 �150.21 OSH Tundra Rocha & Shaver, 2011;

55 US-An3 Anaktuvuk River Unburned 68.93 �150.27 OSH Tundra Rocha & Shaver, 2011;

56 US-Atq Atqasuk 70.47 �157.41 GRA Tundra Lund et al., 2009;

57 US-Bn1 Delta Junction 1920 Control site 63.92 �145.38 ENF Spruce Liu et al., 2005;

58 US-Brw Barrow 71.32 �156.63 SNO,BSV Tundra Walker et al., 2003;

59 US-Ha1 Harvard Forest EMS Tower (HFR1) 42.54 �72.17 MF Leaf Urbanski et al., 2007;

60 US-Ho1 Howland Forest (Main Tower) 45.2 �68.74 MF Spruce Hollinger et al., 2004;

61 US-Ich Imnavait Creek Watershed

Heath Tundra

68.61 �149.3 OSH Tundra Euskirchen et al., 2012;

62 US-ICs Imnavait Creek Watershed

Wet Sedge Tundra

68.61 �149.31 OSH Tundra Euskirchen et al., 2012;

63 US-Ict Imnavait Creek Watershed

Tussock Tundra

68.61 �149.3 OSH Tundra Euskirchen et al., 2012;

64 US-Ivo Ivotuk 68.49 �155.75 OSH Tundra Epstein et al., 2004;

65 US-NR1 Niwot Ridge (LTER NWT1) 40.03 �105.55 ENF Spruce Hu et al., 2010;
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The phenology modifier which accounted for seasonal (i.e.

summer and winter) are based on the work of M€akel€a et al.

(2004) and Gea-Izquierdo et al. (2010) and is expressed as

follows:

fðPÞ ¼ rSMax � 2 1� 1

1þ SðtÞ
� �

ðrSMax � rSMinÞ ð4Þ

where rSMax and rSMin are the maximum and minimum stoma-

tal resistances (s m�1) and S(t), a variable describing the phe-

nological state of the plants, is calculated as follows:

SðtÞ ¼ min

R t
t�s TaðtÞdt

sh
; 1

 !
; ð5Þ

where Ta is air temperature, h (°C) is a parameter describing

the long-term average temperature at which stomatal resis-

tance reaches its minimum value, s is the integration time

delay of stomatal response in days. The phenological model

describes the slow development of surface resistance to

changes in temperature as it occurs during spring. It is a modi-

fication of the model of Gea-Izquierdo et al. (2010) that they

used for the analysis of Gross Primary Production (GPP). The

behavior of S(t) as a function of s and h and Ta is shown in

Fig. 2.

Surface resistance was also assumed to have a hyperbolic

dependence on Rg (Wong et al., 1979; Leuning, 1995) as follows:

fðRgÞ ¼
kR þ Rg

ðRg þ 5Þ ð6Þ

where kR is a parameter describing the sensitivity of surface

resistance to global radiation. An offset of five W m�2 was

added to Rg (in the denominator) to avoid frequent problems

caused by occurrences of negative values of Rg and to con-

strain rs surface resistance to finite values.

Finally, rs was assumed to depend on de as follows:

fðdeÞ ¼ 1þ de
kVPD

� �
ð7Þ

where kVPD (kPa) is an empirically estimated parameter

describing the sensitivity of stomatal conductace to de.

High values of kVPD indicate a low stomatal sensitivity to

VPD.

Statistical analysis

Parameter estimation was done using half-hourly values of rs
calculated by inverting Eqn (1) using nongapfilled kE, Rn, Ta,

de, u and u* data. The values of the parameters kR, kVPD, rSMin,

rSMax, h and s were estimated to maximize the fit of the model

to measured kE data using ordinary least squares. Over all,

two different parameter sets are estimated. Firstly, estimated

parameter values for each site is provided separately and sec-

ondly, the estimated average parameters are provided for each

vegetation type.

Table 2 Ecosystem specific calibrated model parameters

Vegetation types

Model parameters

h (°C) s (d) rSMax (s m�1) rSMin (s m�1) kR (W m�2) kVPD (Pa)

Cut 13 25 79.2 22.4 14.3 282.8

Douglas-Fir 5 2 80.4 45.7 5.2 367.8

Grass 15 20 407.7 66.4 0.1 1372.1

Larch 6 22 75.5 13.2 87.1 220.0

Broadleaf deciduous 13 23 59.8 6.6 109.3 236.4

Pine 10 24 127.8 30.0 12.5 498.9

Spruce 12 15 71.3 25.5 41.8 473.8

Tundra 7 12 147.8 80.3 418.9 2700.7

Wet 7 11 232.3 90.1 12.2 4000.0
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Fig. 2 Conceptual behavior of S as a function of h and s. The
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line) is calculated based on the running mean (blue line) of the
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The values of the parameters kR, kVPD, rSMin and rSMax were

estimated simultaneously. The parameters h and s, linked to

the phenology of latent heat exchange, were estimated, itera-

tively. The values of h and s were first fixed and then the other

parameters were estimated by using the nonlinear regression.

The reported values are the combination of all parameters

(including h and s), which minimizes the residual sum of

squares. This was done for a grid with a density of 1 day (s)
and 1 °C (h). The grid ranged from 1 to 30 days for s and for

5–20 °C for h. In rare cases where the use of the phenology

model improved the fit of the model by less than 2%, h and s
were set to 5 °C and 2 days, respectively.

To produce mean model parameters for each ecosystem

type, all ecosystem specific data were concatenated and aver-

age ecosystem type parameters were estimated from this

pooled data. Based on the parameters derived from this esti-

mation, the kE values of different vegetation types were com-

pared by using the ecosystem average model parameters for

each vegetation type (rSMax, rSMin, kR and kVPD) and the meteo-

rological data of the station Hyyti€al€a (FI-Hyy) for 2011. Hy-

yti€al€a was selected it represents somehow an ‘average climate’

in the dataset [mean annual air temperature 1961–

1990 + 2.9 °C and precipitation 709 mm (Sevanto et al., 2006)].

To compare the annual mean behavior of measured and mod-

eled kE, site-specific data were aggregated (measured and

modeled) over the whole data range as daily means (Table 3).

The goodness of the model fit was estimated by using the

proportion of explained variance (PR2), defined as:

PR2 ¼ 1� Rðy� ŷÞ2
Rðy� �yÞ2 ; ð8Þ

where y is the measured value of the variable in question, ŷ is

its predicted value and y
0
its mean measured value. For a

linear regression, this gives the same values as the traditional

R2.

Climatological and land cover data

To characterize the relations of vegetation characteristics to cli-

mate, long-term averages of climate variables were used.

These were extracted from the Climatic Research Unit (CRU)

gridded climatology (New et al., 2002). This data have a spa-

tial resolution of 10 min and the climate variables were grid-

ded averages1960–2000. Averaged annual mean temperatures

were in a good agreement with temperatures calculated from

the available EC site data. Recorded Ta data from the EC sites

could not directly be used, because from some sites data were

available only for the summer time and some time series were

quite short.

Leaf Area Index (LAI) and Normalized Difference Vegeta-

tion Index (NDVI) data are derived from the Moderate Resolu-

tion Imaging Spectroradiometer (MODIS) products

[MOD13Q1 (18 days) & MOD15A2 (8 day)]. Grid size for LAI

was 1 9 1 km and for NDVI 0.25 9 0.25 km from the center

coordinates of the flux tower site. LAI and NDVI data are

reported for July, which were assumed to be the time of maxi-

mum leaf area index at most sites.

Results

Site characteristics

Annual average Ta (as calculated from the climatologi-

cal data) ranged between �10 to +8 °C, being lowest for

tundra and highest for the Douglas-fir sites. Some of

the most continental sites, Yakutsk-larch and pine sites

(RU-Ylr and RU-Ypf) also had very low annual mean

temperatures (�10 °C) (Fig. 3a). The mean annual pre-

cipitation was highest for the Douglas-fir sites

(1600 mm a�1 CA-Ca1, CA-Ca2, CA-Ca3) and lowest

for tundra sites (200 mm a�1 RU-Che, RU-Cok, US-

Atq, US-An1, US-An2, US-An3, US-Brw, US-Ich, US-

ICs, US-Ict, US-Ivo), while the mean precipitation for

other vegetation types ranged between 500 and

600 mm a�1 (Fig. 3b). Mean annual Ta and precipita-

tion were highly correlated (log (y) = 6.31e(0.0134x) PR2:

0.77 where y is mean annual precipitation and x is

mean air temperature Fig. 3c).

Moderate Resolution Imaging Spectroradiometer

derived mean summer LAI (using projected LAI) for

most vegetation types in July, were around two and

lowest summer time means were observed for grass,

tundra and wetland sites (Fig. 3d). The highest LAI

Table 3 Statistical summary for the modeled ecosystem specific fit. RMSE is root-mean-square deviation, MM is measured mean

Ecosystem

Half an hour Daily Monthly

Bias RMSE MM PR2 Bias RMSE MM PR2 Bias RMSE MM PR2

Cut �0.82 23.61 51.72 0.6 0.93 11.3 46.11 0.84 1.19 6.79 46.05 0.94

Douglas-fir 0.28 27.74 64.34 0.48 0.54 15.1 57.92 0.71 1.18 7.28 58.61 0.9

Grass 2.67 26.08 87.89 0.71 2.64 14.11 79.56 0.86 5.41 8.58 73.76 0.93

Broadleaf deciduous �3.59 30.88 68.24 0.67 �0.38 15.44 65.64 0.85 �0.08 10.58 66.29 0.93

Pine 0.73 22.7 48.94 0.62 3.09 10.27 45.86 0.87 3.2 6.22 44.21 0.95

Spruce �0.12 25.86 54.54 0.59 3.68 11.47 52.26 0.84 3.57 7.88 51.93 0.93

Tundra 6.19 24.96 53.75 0.52 5.81 14.21 36.82 0.61 4.69 8.28 27.24 0.83

Wet 1.51 23.09 67.1 0.76 3.22 11.94 60.22 0.88 3.76 8.39 61.08 0.95

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12640
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was observed in deciduous broadleaf, larch and Doug-

las-fir forests. The variation in NDVI and LAI was quite

similar between ecosystem types (Fig. 3e). However,

MODIS-derived NDVI as well as the LAI, were only

weakly correlated with mean annual Ta (y = 0.0081x +
0.7509 R² = 0.29, where y is NDVI and x is Ta; y =
0.0485x + 2.0669 R² = 0.10, where y is LAI and x is air

temperature). Also the correlation between NDVI and

LAI was not strong (y = 5.6x–2.71; R2 = 0.31 where y is

LAI and x is NDVI) (Fig. 3f). The larch forest was the

exception because, despite the low annual mean Ta and

precipitation, summer time mean LAI and NDVI were

almost as high as for the broadleaf-type forests (Fig. 3d

and e).

Phenological model parameters

For the wetland- and tundra land cover types, the

parameters indicating the saturation temperature to

reach minimum value of rs (h) and the delay (s) were

smaller than for the forested sites. In other words, these

ecosystems shifted from the winter to the summer state

more rapidly and at lower temperatures. Among the

forest sites, only the larch forest had a similar low

temperature requirement. Usually forests reached

summer resistance when h varied between 10 and

13 °C with s varying from 15 to 25 days (Table 2;

Fig. 4a, b). The longest spring recovery period (as mea-

sured by s and h, were observed for grassland ecosys-

tems. For these ecosystems, the values of h were higher

than for other ecosystems and values of s were higher

than for tundra and wetland ecosystems. Douglas-fir

did not show any seasonal pattern for rs, and the

parameter values for the phenology model are not reli-

able since the difference between parameters describing

wintertime resistance (rSMax), and summertime resis-

tance (rSMin) was small (Table 2).

rSMax. The calculated maximum canopy resistance

parameters rSMax varied between 100 and 250 s m�1 for

all vegetation types (rSMax in Fig. 4c). Winter values of

rs values were clearly higher than the summer values in
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all ecosystems excluding Douglas-fir. The variation in

wintertime rs parameters within grassland, broadleaf

deciduous forest and wetland ecosystems was large,

while the variation for evergreen coniferous forest eco-

systems was smaller (Fig. 4c).

rSMin. The highest mean values of rSMin were

observed for Douglas-fir, grassland, tundra and wet-

land (Fig. 4d). For coniferous forests, the values of

rSMin were about half of the values for deciduous for-

ests. Broadleaf deciduous forests had the smallest

values of summer time rs followed by the other for-

est ecosystems with exception of Douglas-fir. Doug-

las-fir had high values of rs. In general, wetlands and

tundra ecosystems had higher values of rs than

forests.

kR. The mean values of kR, which describes the sensitiv-

ity of the surface resistance to Rg were small for all

sites, typically less than 100 W m�2. There was no clear

relationship of kR with vegetation type or climatic char-

acteristics. The largest variation in kR was observed for

the broadleaved deciduous forest vegetation type

(Fig. 4e).

kVPD. High values of kVPD indicate that rs changes

slowly with increasing e, while low values indicate a

rapid reduction in rs when e increases. Low values of

kVPD can be interpreted that stomatal resistance (rs) is

sensitive to vapor pressure deficit (de). Values of kVPD
were higher (>500 Pa) for sites where freely evaporat-

ing water is present, and low (<500 Pa) for sites where

the evaporative flux is governed by largely by stomatal

regulation. The values were highest for the grass, tun-

dra and wetland-types (Fig. 4f).

Mean parameters for ecosystem types

Modeled mean parameters (red dots in Fig. 4; Table 2)

for different ecosystem types were mainly within the

variation range and close to arithmetic means from

the site-specific estimation (black lines in Fig. 4). rSMax
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Fig. 4 Distribution of model parameters h (°C) (a), s (days) (b) maximum resistance rSMax (c), minimum resistance rSMin (d) sensitivity

global shortwave radiation kR (e) and sensitivity to rapid VPD changes kVPD (f). Results are presented in all subpanels according to eco-

system types where, BD, broadleaf deciduous forest; C, cut/open/burned f.; P, pine f.; S, spruce f.; L, larch f.; D, Douglas-fir f.; G, grass-
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© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12640

LATENT HEAT EXCHANGE IN THE BOREAL AND ARCTIC BIOMES 9



was slightly lower for all ecosystem types than the

calculated mean, grassland and pine excluded. rSMin

was higher than the mean for grassland, tundra and

wetland, while values for Douglas-fir, broadleaf decid-

uous and spruce were slightly lower. For all ecosystems

types, kR values were similar to the mean values and

only for tundra-type the parameter was clearly higher.

The modeled kVPD parameter was similar to the mean

or slightly lower for all other sites, but higher for grass-

land and tundra.

Aerodynamic resistance (ra)

Aerodynamic resistance was calculated from the

recorded EC data based on Eqn (2). Typically ra was

smaller for forests than for open ecosystems (Fig. 5a).

In most forest ecosystems, median values of ra from

half-hourly data were less than 50 s m�1, Douglas-fir

excluded. For grassland, tundra and wetlands that are

usually more open ecosystems than forests, ra varied

typically from 50 to 150 (s m�1) (Fig. 5a). ra values

derived from estimation where ecosystem specific data

were pooled, (red dots) were quite similar to calculated

averages for ecosystems (black horizontal lines in

Fig. 5a).

Surface resistance (rs)

Surface resistance was calculated according to Eqns (3-

7) and the overall pattern of ecosystem median values

was opposite to ra. Usually, those systems that had low

ra, had higher rs, and those with high ra, had low rs
(Fig. 5b). The highest median values of rs, calculated

from half-hourly data, were found for broadleaf decid-

uous and larch, followed by evergreen needle leaf and

cut forests. For wetlands, grasslands and tundra rs was

typically lower than for forest ecosystems. rs from

pooled ecosystem calibration were quite similar to cal-

culated means (red dots in Fig. 5b), but lower for

broadleaf deciduous forests. For wetlands and tundra,

estimated values from pooled data were higher than

the calculated means (Fig. 5b).

Partitioning total resistance between rs and ra

Total resistance was calculated as the sum of ra and rs.

Forests have typically higher rs than ecosystems with

short vegetation, where aerodynamic resistance con-

trols the total resistance (Fig. 5c). This can be seen from

Fig. 5c where rs in all forest ecosystems contributes

clearly more than 50% of the total resistance (rs + ra),

while for other ecosystems this proportion is typically

less. The range in of the ratio of rs to rs + ra varies

mostly in cut forests, wetland and tundra. This indi-

cates the heterogeneity of these ecosystem types. For

example, the length of the roughness elements (height

of the vegetation) is not similar in different kind of cut

forests, wetlands or tundra, while in mature forests and

grasslands the variation is smaller. The importance of rs
calculated based on pooled data is within the range of

the ecosystem specific variation. However, in the

pooled data the importance of rs was larger for wet-

lands and tundra (Fig. 5c).

Fit of the model

The proportion of explained variance (PR2) between

measured and predicted kE for half-hourly values var-
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ied from 0.4 to 0.84 among sites. The mean PR2 value

was 0.65 � 0.11 (mean � SD). When we compared

daily mean kE values to daily averages of the modeled

data the PR2 varied from 0.33 (CA-Man) to 0.92 (CA-

NS5) with a mean of 0.76 � 0.11, and for monthly

aggregation from 0.58 (RU-Cok) to 0.99 (RU-Ha1) with

a mean 0.90 � 0.07 (Table 3; Fig. 6). All model and sta-

tistical parameters for sites, as well as, ecosystem types

are reported in S1.

Fits of the model based on the ecosystem type

specific estimation, were slightly lower than the

arithmetic mean from the site-specific calibration (red

dots in Fig. 6a). However, for daily and monthly

time steps, the fit was generally better than the arith-

metic mean from the site-specific estimation (red

dots in Fig. 6b and c). This was due to the increase

in variance of the data when all the data for an eco-

system is pooled, and not actually due to a better fit

of the model.

The aggregated daily mean values over the whole

data range showed that the yearly patterns of measured

and modeled kE in all ecosystem types were similar

and indicate a good fit over all of the year (examples

provided in Fig. 7).

Vegetation differences in kE

There was a strong relationship [92.16e(0.0418x), P < 0.05,

R2 = 0.99] between ecosystem type specific model

parameters rSMin and kVPD calibrated against the pooled

data (Fig. 8). In this regression, the small rSMin indicates

low summer time resistance that typically leads to

higher kE flux. Like it can be seen from the Fig. 5c, rs
mainly controls kE in forest ecosystems. Forests seem

also to be more sensitive to VPD changes (Fig. 8). Eco-

systems that have values of rSMin greater than

500 s m�1 (grasslands, wetlands and tundra), are not

sensitive to VPD changes, but have lower value of rs
than most forests.

To compare the differences between ecosystems, the

ecosystem specific kE flux was simulated by using

mean ecosystem parameters and meteorological vari-

ables from site FI-Hyy. Even with identical levels of

meteorological forcing differences between ecosystems

were observed. The proportion of simulated kE of net

radiation varied between ecosystems from 39% in

broadleaf deciduous forest to 16% in tundra (Fig. 9).

Discussion

This study presents a comprehensive analysis of kE for

different vegetation types of the northern temperate,

boreal and arctic vegetation zones. The boreal and arc-

tic zones are, by no means homogenous, but a mixture

of different land cover types that are determined by the

proportion of wetlands and frequency of disturbances

(Bonan, 2008a,b). This study presents a new quantita-

tion of energy exchange of different land cover types

based on the data of 65 FLUXNET stations. It is demon-

strated that these land cover types differ in their energy

exchange and their response of surface resistance to the

environment. The PM equation gave an adequate

description of the kE for all vegetation types, however,

the rs parameters and the response of rs to the environ-

ment differed between sites. Furthermore, phenological

effects were important since wintertime and summer

time resistances were different for all sites, except

Douglas-fir.

The resistances, ra and rs, govern kE between vege-

tated surface and atmosphere. The resistances esti-

mated for different ecosystem types are within the

range of the reported variation in boreal ecosystems

(Baldocchi et al., 2000; Eugster et al., 2000). Baldocchi

et al. (2000) and Eugster et al. (2000) reported that total
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Fig. 6 Proportion of explained variance (PR2) for 0.5 h (a), daily (b) and monthly (c) time span. Results are presented in all subpanels

according to ecosystem types where, BD, broadleaf deciduous forest; C, cut/open/burned f.; P, pine f.; S, spruce f.; L, larch f.; D, Doug-
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model parameters presented in Fig. 4.
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resistance in boreal ecosystems varies between 20 and

1500 s m�1. In this study, we found that when the

calculated median rs exceeds 500 s m�1 in half-hourly

data, the ratio of rs to the total resistance is typically

greater than 0.7. This suggests that in all these ecosys-

tems rs is the most important vegetation characteristics

controlling kE. The range of the variation in the rs
model parameters was large also within the ecosystem

types. Summer minimum resistance values (rSMin) and

the VPD sensitivity of the stomata (kVPD) for different

sites were strongly correlated (see Fig. 8). In this regres-

sion, broadleaf deciduous forest has the smallest rSMin,

followed by the other young and mature forest types,

while grassland, tundra and wetland-type ecosystems

have significantly higher rSMin and seem not to be sensi-

tive to changes in VPD. The observation of this study is

consistent with previous findings (Kelliher et al., 1995;

Baldocchi & Vogel, 1997) and suggest that evergreen

needle leaf forests have higher values of rs than decidu-

ous broadleaf stands.

Based on the findings of this study, kE in wetlands

and tundra ecosystems occurs often from open water

surface or the ground, while stomata largely control the

kE of forests. The highest values for rs were observed in

tundra and wetland ecosystems. In both ecosystems

types, mosses are very common or in some cases, the

dominant vegetation cover. kE from feather moss,

Sphagnum species and lichen are not similar to vascular

plants due to the difference in physiological structure.

Brown et al. (2010) reported that feather moss has

higher resistance to kE than Sphagnum species, and

Kettridge et al. (2013) showed that a higher tree density

in wetlands affects kE.
The fit of the model was fair for half-hourly time

periods (PR2 around 0.6 for most ecosystem types) and

the model was able to capture variation in all ecosystem

types. Used radiation and flux data in the estimation

was not corrected for the energy balance closure or

other potential errors. Energy balance closure calcula-

tions were also not possible for some of the tundra sites
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Fig. 7 Aggregated annual measured and predicted kE for different vegetation types over the data range used in the estimation. The

black line is the mean daily kE and the red line represents modeled daily values. Subpanels represent data and fit of the model for fol-

lowing sites a: CA-Oas PR2 0.98, b: RU-Ylr PR2 0.85, c: CA-Sj2 PR2 0.92, d: CA-Ca1 PR2 0.93, e: FI-Hyy PR2 0.98, f: RU-Ha1 PR2 0.91, g:

RU-Fyo PR2 0.94, h: RU-Che PR2 0.83, i: CA-Mer PR2 0.98. Ecosystem types that sites are represented are (a) broadleaf deciduous forest,

(b) larch forest, (c) cut forest, (d) Douglas-fir forest, (e) pine forest, (f) grassland, (g) spruce forest, (h) tundra, (i) wetland.
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where ground heat flux was not measured and eddy

flux data for the whole year was not available. The

mean PR2 values of this study, were similar to values

usually reported for carbon fluxes in similar ecosystems

(Gea-Izquierdo et al., 2010). It is notable that the model

performance was less than average for the Douglas-fir

stands in both studies (this study and Gea-Izquierdo

et al., 2010). While the explanatory power of the models

was quite high, parameter values varied within and

between vegetation types. Some of the variation in the

parameters within a vegetation type can be explained

by differences in the functioning of ecosystems on dif-

ferent sites, but some can be attributed to cross-correla-

tion of parameters that increase the errors of the

estimated parameter values (e.g. Gea-Izquierdo et al.,

2010). Aside from the Douglas-fir sites the fit was also

poor for some tundra sites.

The reasons for the lack of fit to Douglas-fir is

ignored, because this ecosystem have not responded

well either to earlier attempt to use phenological mod-

els. However, it can be considered that in tundra eco-

systems some of the assumptions of the PM equation

are not realized. Tundra ecosystems have a sparse veg-

etation cover and the melting of the active layer may

induce a large heat sink (Rouse, 1984). Therefore, it is

likely that the plant canopy is not warming as expected

by the PM equation and the assumptions are violated

in tundra ecosystems where the difference between Rn

and soil heat flux might be necessary in estimating the

available energy flux. For some sites, it is estimated that

soil heat flux might account up to 30% of Rn (Rouse,

1984; Boike et al., 2008). This is particularly true since in

some of our tundra sites a thin layer that overlays

permafrost and heats up is used primarily to melt ice

(Boike et al., 2008; Langer et al., 2011). Also, the evapo-

ration in some tundra ecosystems seems to depend on

precipitation since it changes the area covered by open

water surfaces in these wet ecosystems (Boike et al.,

2008).

Comparison of the simulated kE rates for different

land cover types using climate data of the FI-Hyy site

shows that kE and its sensitivity to environmental fac-

tors differs between land cover types. At identical val-

ues of Rn, u* and u, kE was usually higher for forested

sites than for the other sites, including wetlands. This is

probably due to their larger transpiring leaf area. The

highest values of kE were found for deciduous forests,

followed by larch forests and fir or spruce forests. This

is in agreement with the previous case studies that sug-

gest that kE from deciduous leaf forest can be from 50

to 90% of the annual precipitation (Baldocchi et al.,

2000; Chapin et al., 2000; Blanken et al., 2001) and rs of

evergreen conifers can be twice as large as that of

deciduous broadleaf forests (Eugster et al., 2000). The

simulated kE of short vegetation sites, grassland and

tundra was less than for forests. The real difference is

probably even larger since ra tends to be larger for short

vegetation sites. For example Nordbo et al. (2011) found

that kE from the Hyyti€al€a pine forest exceeded the kE
of a nearby lake, because the forest was better coupled

to the atmosphere, i.e. the forest had a lower ra.

The selected model for this study may also be criti-

cized since it does not include drought in the soil.

Although, several studies have shown the connection

between soil moisture, LAI and kE (Barr et al., 2007;
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Granier et al., 2007), their relationship can be inconsis-

tent and complex in different ecosystems (Eugster et al.,

2000). Typically conifers are less sensitive to drought

than deciduous broadleaf trees (Lagergren & Lindroth,

2002; Bernier et al., 2006; Kljun et al., 2006). Because all

sites did not provided both soil moisture and precipita-

tion data, the effect of drought to kE it is neglected from

this study. Previous studies have shown that the effect

of drought can be hard to capture even with detailed

models (Duursma et al., 2008). Based on the analysis of

the selected sites and data in this study, a special need

to estimate model parameters separately was not

found. The fit of our model is good without taking into

account the possible drought effect throughout the sea-

son, which may indicate that drought in the northern

ecosystems is not very important in boreal and arctic

ecosystem.

There is also a large difference in parameters of the

kE model between summer and winter periods for all

ecosystem types except coastal Douglas-fir. The

approach of this study to explain the seasonal variation

in rs is phenomenological and that the model describes

different processes, like physiological changes of ever-

greens, snow melt and leaf growth for different land

cover types. A similar approach has been used previ-

ously to predict GPP and explains well the differences

between different seasons in the rs model parameters

(Berninger et al., 1996; M€akel€a et al., 2004; M€akel€a et al.,

2006).

The kE of deciduous broad leaf forests should

depend largely on the expansion of leaf area (Blanken

et al., 1997). A shift from winter to summer values of rs
is expected when the forest starts to leaf out and GPP

starts to increase. Leafing out of trees has traditionally

been predicted using accumulated temperature models

(Raulier & Bernier, 2000) and the temperature sum

required partially depends on the genetic origin of the

trees, but is mostly driven by the accumulation of cold

days prior to warming. Baldocchi et al. (2005) used suc-

cessfully an approach based on running averages of

temperatures to predict the date when NEE equals 0 in

northern deciduous broadleaf forests. We did not use

the same approach as Baldocchi et al. (2005), since we

have focused mainly on evergreen forests, where the

approach does not apply. Instead, our approach

emphasizes a gradual transition from winter to summer

states in most common ecosystem types in boreal and

arctic regions.

For evergreen conifers, it can be argued that the pro-

nounced seasonal cycle we usually observe is caused

by stomatal closure in the winter (Wieser, 2000) and to

some extent by higher energy requirements when

energy is used to melt snow rather than to evaporate

water. Differences between winter and summer gas

exchange are relatively well documented for photosyn-

thetic capacity and attributed to photosynthetic down

regulation (Suni et al., 2003; M€akel€a et al., 2004, 2008;

Kolari et al., 2007; Gea-Izquierdo et al., 2010). Although,

this approach has been used less for kE; there is evi-

dence that stomatal resistance increase during the win-

ter periods (Wieser, 2000; Sevanto et al., 2006). The

values of the time interval required for the recovery of

transpiration (indicated by the parameter s) were

slightly higher than previously reported values related

to the delayed photosynthesis using a large part of this

data set (Gea-Izquierdo et al., 2010). In this study, we

observed values of the delay (s) ranging from 2 to

30 days in different conifer forests. We think that the

development of the LAI of the understory or other fac-

tors may play a role in determining the value of s. Also

Br€ummer et al. (2012) reported clearly longer values for

the delays in kE than for the photosynthesis thus the

approach was more statistical than in this study and

was done by using normalized cross-correlation coeffi-

cients (NCCC) to evaluate the lag of evapotranspiration

behind Rn. The results of Br€ummer et al. (2012) support

the findings of this study that the delay on average is

smaller in wetland and tundra ecosystems while from

some ecosystems (Douglas-fir) or some sites it cannot

be detected. However, without a comprehensive analy-

sis of the links in the recovery of photosynthesis and

evapotranspiration the linkages of down regulation

recovery of GPP and of evapotranspiration after the

winter remain speculative even if previous studies have

indicate their potential relevance (Running, 1980;

Grace, 1990).

At cut forest sites, the ecosystem is to some degree

disturbed and consists of a natural mosaic of young

trees, grass, shrubs and mosses. After a clear-cut, kE
from the tree canopy ceases and kE from the ground

vegetation increases. However, the disturbance does

not necessarily decrease kE significantly (Vesala et al.,

2005; Jassal et al., 2009). Increased light intensity in

undergrowth increases photosynthesis and through

that kE from vegetation and undergrowth and shrubs

might be mainly accountable to kE (Baldocchi et al.,

2000; Rouse, 2000). Kelliher et al. (1998) reported that

the understory might contribute between 30% and 92%

(mean 54%) of the daily kE even in a mature pine forest

and Blanken et al. (1997) that hazelnut understory tran-

spiration exceeded 25% of total stand evapotranspira-

tion in a mature aspen forest during the summer

months.

Vesala et al. (2005) reported that thinning of a pine

forest in the southern part of Finland did not change

fluxes of water or carbon within the detection limits,

but affected the physical properties of the canopy like

wind speed normalized by the friction velocity. Alto-

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12640
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gether, it is not clear how leaf area, u* and water use of

trees interact. Intermediate disturbances of ecosystems

do therefore not necessarily decrease fluxes of kE while

the effect has been reported to be significant for the car-

bon balance in a boreal forest (Bergeron et al., 2008).

Indeed studies of water fluxes after thinning or other

intermediate-severity disturbances show inconsistently

either increases (Lagergren et al., 2008) no changes (Ve-

sala et al., 2005) or small decreases in kE (Dore et al.,

2012).

For tundra and wetlands the interpretation of our

temperature-based model for phenology is not very

clear because mosses are typically the dominant plant

functional type in these ecosystems. Therefore, the con-

cept of surface resistance can be disputed and it is not

as clear as in forests, where it is controlled by the sto-

mata. In these systems, high rSMax values are partly arti-

ficial, because stomatal resistance should not be

important while the site is mainly snow covered,

although evapotranspiration is still occurring through

evaporation from the snow surface and sublimation.

Altogether, the temperature-based approach was

useful, although for some ecosystems like tundra, it

might be necessary to take into account also the soil

heat flux. It seems that the approaches for GPP model-

ing by Gea-Izquierdo et al. (2010) for conifers and the

approach of Baldocchi et al. (2005) for deciduous vege-

tation indicate that there are different environmental

factors governing the recovery of the canopy. These

phenological aspects should be explored in future mod-

eling exercises at a more detailed scale. However, the

phenomenological scheme worked quite well for large

areas.

The relatively large variation in both site and ecosys-

tem type specific kR and kVPD parameters suggests that

the sensitivity of stomatal resistance to irradiance and

VPD varies between ecosystem types but also between

different sites covered by the same ecosystem type. The

estimated kR were smaller than we would have

expected from physiological measurements of stomatal

responses to irradiance (e.g. Gea-Izquierdo et al., 2010).

The estimated kR values were usually small for decidu-

ous forests ecosystems and tundra. The larger variation

in kVPD suggests that within grassland, tundra and wet-

land land cover types different ecosystems can have dif-

ferent sensitivities of rs to de (Fig. 4). Sites that have high
kVPD, usually suffer less from water stress and their sto-

matal resistance is not sensitive to VPD. In the ecosys-

tem type pooled estimation, the mean kVPD values for

tundra and wetlands were much higher than for forests

where the rs is expected to be the dominant term gov-

erning the water vapor flux. For some tundra- and wet-

land-type sites the summer resistance and sensitivity to

VPD was higher than for other ecosystems.

The analysis suggests that there are large differences

in the surface and aerodynamic resistances between

different vegetation types in the boreal and arctic bio-

mes (Fig. 5, Fig. 9). Surface resistance seems to regulate

kE over the year in larch, most deciduous, pine and

spruce forest, while the role of aerodynamic resistance

is significant in clear-cut and burnt sites, tundra and

wetland ecosystems.

Boreal landscapes are, from a standpoint of energy

exchange, by no means homogenous and there are

large differences in kE between different ecosystem

types. The used approach led to relatively good esti-

mates of latent heat exchange for these land cover

types. Differences in surface resistance between the

summer and winter periods are large, also for ever-

green conifers, and might be important for the esti-

mation of winter- and spring time latent heat

exchange. The results suggest that the accuracy of

regional energy exchange estimates will be vastly

improved if the significance of stomatal regulation

and phenology in different vegetation types is explic-

itly addressed.
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Appendix S1. The calibrated best-fit model parameters for
the sites used in the study and proportion of explained vari-
ance (PR2), bias, root-mean-square-error (RMSE) and mea-
sured mean (MM) of the model in half hour, daily and
monthly time scale. Calibrated model and statistical parame-
ters for different vegetation types are presented in the end
of the table (C, cutter/open/burned forest; D, Douglas-Fir;
G, grass; L, larch, BD, broadleaf deciduous forest; P, pine; S,
spruce; T, tundra; W, wetland/mire/bog). The amount of
30 min data points for the site or ecosystem is reported in
the column Rows.
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Surface energy exchange in natural and managed Fennoscandian

peatlands

P. Alekseychik11, A. Lindroth3, I. Mammarella1, M. Lund3,8, J. Rinne2, V.

Kasurinen9, M. B. Nilsson4, M. Peichl4, A. Lohila5, M. Aurela5, T. Laurila5, N.

Shurpali6, E.-S. Tuittila7, P. Martikainen6 and T. Vesala1

Abstract. The surface energy fluxes were examined at eight northern peatland sites
in Finland and Sweden (56◦12’-62◦11’ N, 13◦103’-30◦05’ E) subjected to a varying de-
gree of anthropogenic impact through management. Four sites represent pristine open
mires (Siikaneva-1, Siikaneva-2, Degerö Stormyr and Fajemyr), two are peatlands con-
verted to agricultural land or bioenergy crop plantation (Jokioinen and Linnansuo), while
Alkkia and Kalevansuo are essentially forests growing on drained peat soil. Their energy
balances thus possess certain characteristic features, such as specific energy partition-
ing, different resistance to moisture exchange and response to drying after rain. A clear
variation in the energy exchange patterns between peatlands was observed, which cor-
related with the peatland type and land use at the site. A wide range of site-mean snow-
free season values of Bowen ratio (0.27 to 1.28), Priestley-Taylor alpha (0.75 to 1.35),
bulk surface conductance (9.9 to 38.7 mm−1) and Jarvis-McNaughton decoupling coef-
ficient (0.12 to 0.61) was found. Response to vapor pressure deficit and the seasonality
of the energy fluxes and energy partitioning also differed, in correspondence with the site
hydrology and the seasonal cycle of vegetation development. Variations in water table
level and precipitation played a role in modulating the energy exchange and partition-
ing. On the basis of the results, three groups of peatland sites possessing unique energy
balance characteristics were identified: tree-covered, cropland and treeless pristine. De-
termining the climatic significance of the energy budgets across this range of peatland
classes is a problem demanding further study.

1. Introduction

Peatlands occupy a significant fraction of the boreal land
area and are susceptible to climate change, to a degree which
is still debated [Gorham et al., 1991; Friborg , 2003; Charman
et al., 2013]. Prior to management, peatlands represent a
variety of ecosystems which is traditionally systematized us-
ing the concept of fen-bog gradient [Bridgham et al., 1996].
In addition to the climatic forcing, boreal peatlands experi-
ence direct anthropogenic influences including drainage and
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peat extraction [Maljanen et al., 2010], with the subsequent
establishment of forests [Lohila et al., 2007] or crop planta-
tions [Lohila et al., 2004; Shurpali et al., 2009]. Finland and
Sweden together have 45% of the worlds forestry-drained
peatlands [Minkkinen et al., 2008]. Peatland conversion
to agriculture is important as well, affecting about 2% of
the combined Finnish and Swedish peatland area [Maljanen
et al., 2010].

Upon management/land use change, all biogeochemical
functions of peatlands are affected: vegetation, hydrology
and peat layer structure become altered, often irreversibly,
causing a cascade of derivative effects. One of them, the
modification of C-balance, has been thoroughly studied
based on both the chamber and eddy-covariance (EC) mea-
surements [Desjardins et al., 2007; Shurpali et al., 2009; Mal-
janen et al., 2010; Ojanen et al., 2012, 2013; Lohila et al.,
2007, 2011; Petrescu et al., 2015]. In studies addressing the
peatland CO2 exchange employing EC technique, the en-
ergy balance data in terms of latent and sensible heat fluxes
(LE) and (H), net radiation (Rn) and soil surface heat flux
(G) are routinely collected. Despite the availability of such
data, the number of studies focused on boreal peatland en-
ergy balance is limited [Bridgham et al., 1999; Kurbatova
et al., 2002; Lafleur et al., 2005; Peichl et al., 2013; Runkle
et al., 2014]. Therefore, one of the aims of this paper is
to synthesize the peatland energy balance data measured at
several study locations across Fennoscandia.

The scarcity of peatland energy balance studies is regret-
table, since the modification in the surface energy balance
occurring upon management constitutes another class of cli-
mate feedbacks related to energy partitioning and albedo
[Eugster et al., 2000], independent of greenhouse gas fluxes.
The energy balance is directly related to tree/plant phenol-
ogy and ecophysiology through transpiration, and to soil hy-
drology through water table level (WT) affecting both evap-
oration and transpiration [Kasurinen et al., 2014]. By mod-
ifying these crucial processes, management/land use change

1
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introduces a degree of uncertainty into the future of the
ecosystem-climate system. To our knowledge, the energy
balances of a range of peatlands, natural and managed, have
never been summarized in this context before.

In order to encompass the variation typical of Fennoscan-
dian region, we examined 43 site-years of snow-free period
EC and auxiliary data from eight sites representing a gradi-
ent from pristine to developed forestry and agricultural and.
In the following, as a first approximation, we employ the for-
mal classification of the pristine sites into bogs and fens, and
the managed sites into agricultural (cropland) and forestry
lands. In understanding the energy balance of a range of
these peatlands, we formulated the following hypotheses:

i) Knowledge of management category and fen-bog sta-
tus can be used to predict the energy balance features of a
peatland site. In many peatlands, the management activi-
ties have caused them to diverge greatly from the original,
natural state. However, since the management is usually
limited to either forestry or agricultural uses, it is reasonable
to expect close grouping of peatland ecosystems according
to the energy exchange rates and partitioning. This would
imply that the post-management changes in the energy bal-
ance are a direct function of a management/land-use option.
For the pristine peatlands, the fen-bog classification has to
be accounted for.

ii) Significant differences in the seasonality of energy ex-
change exist between the peatlands of different manage-
ment categories and fen-bog classes. Peatland-atmosphere
exchange processes are sensitive to temperature [Dorrepaal
et al., 2009] and temporal patterns in solar radiation [Loisel
and Yu, 2013]. Native vegetation shows a discernible effect
on energy exchange in peatlands [Peichl et al., 2013] and
in the sites with higher vegetation density, the phenologi-
cal state of the dominant plants was found to control energy
partitioning [Burba et al., 1999; Shurpali et al., 2009]. These
drivers, having a clear trend over the growing season, in turn
cause a well-pronounced trend in the energy exchange char-
acteristics.

iii) Peatlands of different classes respond differently
to water availability (atmospheric vapor pressure deficit
(VPD), WT and precipitation). The link between the soil
water content and surface conductance [Kurbatova et al.,
2002; Raddatz et al., 2009; Sottocornola and Kiely , 2010]
makes WT and precipitation important modifiers of evapo-
transpiration. Being largely waterlogged, pristine peatlands
receive an ample supply of water at the surface, which en-
hances evaporation and thus establishes a close link between
the water and energy cycles [Bridgham et al., 1999]. High
WT enables evaporation via capillary action [Rouse, 2000;
Lafleur et al., 2005]. The ecosystem-atmosphere moisture
exchange is therefore less restricted as compared with the
boreal conifer forests. The natural, largely treeless peat-
lands normally demonstrate LE greater or equal than H
[Bay , 1961; Kurbatova et al., 2002; Sottocornola and Kiely ,
2010; Peichl et al., 2013; Runkle et al., 2014]. However, the
phenological behavior and LE has been reported to vary
widely in nine boreal biomes including peatlands [Kasuri-
nen et al., 2014]. Temporal variation in ecophysiological
response is strongly controlled by VPD fluctuations [Peichl
et al., 2013]. WT may act as a strong controller of the
energy balance through the supply of water to the surface
layers, where it can contribute to LE [Bridgham et al., 1999].
When the vascular vegetation cover is continuous, the WT
control might be largely manifested via its effect on bulk
surface conductance, as suggested for wetlands of different
types by e.g. Acreman et al. [2003] and Peichl et al. [2013].
However, it should be noted that some studies do not find
strong WT effects Sonnentag et al. [2010]; Sottocornola and
Kiely [2010]; Wu et al. [2010]; Brümmer et al. [2012]; Moore
et al. [2013]; Runkle et al. [2014].

2. Material and Methods

2.1. Site description
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Figure 1. Study site locations in Finland and Sweden.
The blue and red solid lines show the borders between
the mid-boreal, south boreal and hemi-boreal zones

Eight measurement sites in Finland and Sweden were se-
lected (Fig 1). The characteristics of the sites vary, with four
being pristine and the other four drained for forestry or crop
plantation (see Table 1 for details). The sites are classified
as southern boreal, except for Degerö, which is mid-boreal,
and hemiboreal Fajemyr. Brief site descriptions are given
below.

Alkkia (ALK):
In Alkkia, a natural Sphagnum bog was drained in 1936-
1938. The site remained in agricultural use until 1969, which
involved regular fertilization and soil preparation by intro-
ducing mineral soil admixture. In 1971 and 1991, the site
was fertilized with phosphorus (P) and potassium (K). Pine
forest was then established in 1971 with 3 m to 8 m row
spacing, and by the early 2000s the mean tree height had
reached 12 m. The site was again fertilized with P and K
in 1971 and 1991. Natural growth of birch fills the openings
between the pine rows. The measurement station is located
on the border between the managed and natural areas. The
undisturbed peatland soils lie in the sector 135◦-S-270◦ [Lo-
hila et al., 2007], so, only the data from the managed area
sector (◦-N-◦, 20 ha) were accepted for the analyses.

bfKalevansuo (KAL):
Originally a dwarf pine-shrub bog, this site was drained in
1969, which enabled tree encroachment. The fetch of the
eddy-covariance system was at least 200m in all directions
[Lohila et al., 2011]. During the measurements in 2005-2008,
the site (65 ha) was covered with a predominantly Scots pine
stand averaging 15 m in height. The site is laid out with
drainage ditches at approximately 40 m intervals. The for-
est floor vegetation is dominated by characteristic vascular
plants and Sphagnum mosses.

Jokioinen (JOK):
This site with peat soil has experienced about a century of
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agricultural exploitation. The management history includes
the installation of subsurface drainage pipes in 1954 and
their maintenance in 1992, when the pipes were re-buried at
a greater depth of 0.8-1 m following the peat subsidence in
the past years. The water table subsequently fell to about
the depth of the drainage pipes. During the measurement
period (2000-2003), alternatively barley or forage grass were
cultivated at the site [Lohila et al., 2004].

Linnansuo (LIN):
After the initial drainage, peat extraction for fuel was car-
ried out at Linnansuo peatland (Eastern Finland) between
1976 and 2001. By the time the peat harvesting ceased, the
remaining peat layer was only 20-85 cm deep. Later on,
the site was fertilized with nitrogen (N), P and K and used
as an experimental plantation of Palaton reed canary grass
(RCG). The site was also tilled once, at the beginning of
RCG cultivation. Later on, the site was fertilized every year
at the rates recommended for regional farming (about 60 Kg
N ha−1). After the third year of planting, RCG was har-
vested every year. The mean peak height of the bioenergy
crop was 1.7 m in the years 2004-2010 [Shurpali et al., 2009].

Degerö Stormyr (DEG):
Degerö Stormyr is an acidic mire system covering 6.5 km2,
located in the county of Västerbotten, Northern Sweden.
The mire complex is comprised of multiple smaller mires
separated by ridges and glacial tills. However, the mire
surface within about 100 m around the measurement setup
is homogeneous and completely devoid of any microtopo-
graphical features. The vegetation consists of various sedge,
shrub and moss species characteristic of carpet and lawn
communities [Yurova et al., 2007; Sagerfors et al., 2008; Pe-
ichl et al., 2013].

Siikaneva-1 (SI1):
Siikaneva is the largest natural peatland in Southern Fin-
land. Its structure is complex and areas of various trophic
levels are represented, but the first measurement site was
established in the fen area of the peatland in 2004 [Aurela,
Mika, Laurila, Tuomas, Tuovinen, 2004; Rinne et al., 2007].
The distribution of microforms is rather uniform within at
least 200m around the station location; microtopographic
features, such as strings/hollows, are sparse in the vicinity
of the measurement location. The vegetation is dominated
by typical peatland mosses and sedges [Riutta et al., 2007;
Rinne et al., 2007].

Siikaneva-2 (SI2):
A new station was established in 2011 just 1.2 km NW of
Siikaneva-1. Over this relatively short distance, a complete
transition from fen- to bog-type mire occurs. Typical bog
features, such as a higher amplitude of the hollow-hummock
microtopographical variation, a denser cover of shrubs, and
a frequent occurrence of degrading mud-bottom microsites
set Siikaneva-2 apart from Siikaneva-1. Small, isolated Scots
pine trees populate the strings.

Fajemyr (FAJ):
Southern Swedish peatland Fjemyr is a natural, well-
developed eccentric bog, therefore, water level is relatively
low compared with the other natural peatlands in this study.
So far, the only external influence in the area has been the
N deposition of anthropogenic origin. The site features a
well-developed microtopography of hummocks, carpets and
lawns, while hollows are less common [Lund et al., 2007].
The site is vegetated with a mixture of dwarf shrubs, Sphag-
num mosses and sedges, with a sparse tree cover formed by
dwarf pine (which is notably more dense, than in Siikaneva-
2).

2.2. Measurements

All the sites in this study were equipped with Rn sen-
sors and EC setups to measure LE and SH. The auxiliary

Table 1. Tab2

Site EC height Accepted WD u* threshold Data
(m) (◦) (ms−1) coverage (%)

ALK 18 270-N-135 0.2a 30
KAL 17.5/21.5 all 0.1b 69
LIN 3.7 140-S-310 0.1c 30

JOK 3 all 0.1d 56
DEG 1.8 all 0.1e 80
FAJ 3.4 all 0.1f 82
SI1 2.5 50-S-280 0.1g 65
SI2 2.5 100-S-340 0.085h 36

measurements included air temperature and relative humid-
ity (Ta, RH), peat temperature (Tp) profiles at 3-8 depths,
precipitation intensity, WT and the wind parameters (wind
speed U wind direction WD and friction velocity u*). All
measured data have a 30 min resolution. The micromete-
orological characteristics of the sites are given in Table 2.
The measurements made during the periods of low turbu-
lence were removed from the analyses using the u* filtering
method. The u* threshold values were adopted from the
earlier studies or (for SI2) derived as the u* value at which
nocturnal respiration reaches saturation [Papale et al., 2006],
assuming that at low mixing, both the measured fluxes of
matter and energy are not representative of the surface ex-
change. Furthermore, in four sites the EC fluxes and derived
quantities were only accepted from within certain wind sec-
tors in order to avoid the effects of flow distortion due to
the presence of the mast or unrepresentative areas of the
EC footprint (Table 2). Only the snow-free season data
were selected for the analyses, which typically lasts from
late April until October in most of the study sites except for
FAJ, where the winter snow-cover is discontinuous and only
occasional between November and February. Ultimately, the
coverage of the quality-controlled data available for the anal-
yses was 30-82%. Local winter time is used for each site. For
the details on instrumentation setups and raw data treat-
ment, refer to the publications listed in Table 1.

2.3. Enery flux gap-filling

The daytime LE and H were gapfilled with the model val-
ues estimated from linear regressions against Rn constructed
in a moving time-window of 30 days. The Rn range avail-
able within a time window was divided into 4 equal-sized
bins, which proved to yield reliable linear regressions, and
the linear fitting was performed to the corresponding bin-
averages. The nighttime fluxes were gap-filled with the mean
good-quality nocturnal flux value in the moving window,
as it proved difficult to formulate more detailed statistical
models for the nocturnal fluxes. When Rn was not avail-
able for a particular 30min period and/or fitting was not
feasible due to the lack of data, the lookup table method
was used. Rn was itself gapfilled using the mean diurnal
variation method and/or lookup tables, depending on data
availability [Falge et al., 2001]. The gap-filled energy fluxes
were used only for the derivation of the cumulative fluxes
and the other long-term mean parameter values (see section
3.5 and Table 3 therein); for the other purposes, the filtered
and quality-controlled original data were used.

2.4. Storage change fluxes

The change in Ta and water vapor content of the air
column were used to compute the sensible (SH) and latent
(SLE) heat storage change fluxes [Haverd et al., 2007]]:

SH =

∫ zEC

o

ρCp
dTa

dt
dz ≈

n∑

i=1

(
ρCp

∆Ta

∆t
∆zi

)
(1)
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Table 2. Measurement site characteristics

Site Code Latitude Longitude Period Management Peat depth (m) Water level Biomass LAI Ref.

ALK 62.2 N 22.8 E 2002-2004 drained for agriculture 1.56 -48 6.40a; 1.6/2.0b n

KAL 60.6 N 24.3 E 2005-2008 drained for forestry 1.3-3, 2.2 mean -32 6.60a; 5.0/0.6c o

JOK 60.9 N 23.5 E 2000-2003 agricultural field 0.5-0.6 -80d 0.34-0.45e; 0.5-5.0f p

LIN 62.5 N 30.5 E 2004-2010 peat extraction, plantation 0.2-0.85 -61 1.49g; 2.5 q

DEG 64.2 N 19.5 E 2001-2010 pristine fen 3-4 -12 0.14; 0.8h r

SI1 61.8 N 24.2 E 2005-2012 pristine fen 4i -6 0.25; 0.4j s

SI2 61.8 N 24.2 E 2011-2013 pristine bog 5-6i -9 0.11k; 0.188k

FAJ 56.2 N 13.5 E 2006-2009 pristine eccentric bog 4-5 -24l 0.70m; t

a LAI: leaf area index. All the given values are snow-free season averages.
b Scots pine stand LAI/ forest floor LAI [Lohila et al., 2007]
c all-sided for Scots pine/ one-sided for moss layer [Lohila et al., 2011].
d an estimate based on the depth of the drainage pipes, A. Lohila, personal communication
e mean values for forage grass and barley, respectively
f typical range in summer; rapid crop growth and varying harvest times create a lot of variation [Lohila et al., 2004]
g mean value of the intermediate-wetness plots [Shurpali et al., 2009]
h summer peak total LAI, M. Peichl, personal communication and Peichl et al., 2015.
i P. Mathijssen, personal communication
j one-sided LAI [Riutta et al., 2007]
k A. Korrensalo, personal communication.
l May-September mean value. The original WT values were corrected by adding -20cm to be more representative of the mean WT

within the EC footprint M. Lund, personal communication
m approximate value [M. Lund, personal communication].
n Lohila et al. [2007]
o Lohila et al. [2011]
p Lohila et al. [2004]
q Shurpali et al. [2009, 2013]
r Sagerfors et al. [2008]; Peichl et al. [2013]
s Rinne et al. [2007]; Aurela et al. [2007]; Riutta et al. [2007]
t Lund et al. [2007, 2009]

SLE =

∫ zEC

o

ρΛ
dTa

dt
dz ≈

n∑

i=1

(
ρΛ

∆χH2O

∆t
∆zi

)
(2)

where zEC is the EC sensor mounting height (m) and
χH20 the atmospheric mixing ratio of water vapor, derived
from RH. However, since Ta and RH were measured at only
one level in each site, they had to be adopted as column
averages between the ground and zEC. The biomass heat
storage Sbio was calculated using the biomass temperature
Tbio following Launiainen [2010]:

Sbio ≈MbCpbio
∆Tbio

∆t
(3)

where Mb is the mean biomass at the site and Cpbio the
biomass specific heat capacity. Tbio was obtained for the
more densely forested sites (ALK, KAL) as Ta with a phase
shift (2 hours) and 1.54 times smaller amplitude (obtained
by Launiainen [2010] for the comparable SMEAR-II site,
see also Hari et al. [2005]). For the rest of the sites, Tbio

= Ta due to the smallness of the vegetation canopy heat
capacity. A biomass heat capacity value used by Lindroth
et al. [2010], Cpbio = 2800 J kg−1 k−1, was adopted.

The soil heat storage change flux was calculated from
the soil temperature profiles following e.g.[Ochsner et al.,
2007] with the parameterization for peat moisture profile
from [Yurova et al., 2007]. The flux calculated this way
closely approached the storage-corrected heat plate flux (not
shown). For consistency, in the following we will use the soil
heat flux derived from the peat temperature profile at each
site, denoted with G.

The overall surface energy balance can be expressed as:

Rn −G− S = LE +H (4)

where S is the total heat storage change term.

2.5. Environmental and ecophysiological parameters

Penman-Monteith potential evapotranspiration was cal-
culated in the form cited by Peichl et al. [2013]:

PET =
AEζ + (ρCpV PDr

−1
a )

(ζγ)Λ
(5)

where the available energy (AE) equals Rn - G, ρ is the air
density (kgm−3), Cp the air heat capacity at constant pres-
sure (Jkg−1K−1), ra the aerodynamic resistance (sm−1), γ
the psychrometric constant (kPaK−1), ζ the slope of satu-
ration vapor pressure curve (kPaK−1) and Λ the latent heat
of vaporization (Jkg−1).

Aerodynamic resistance was calculated after Verma
[1989] as:

ra =
U

u∗2 +
kB−1

ku∗ (6)

where B−1 is the dimensionless sublayer Stanton number
[Owen and Thomson, 1963]. The second summand on the
right-hand side, the excess resistance to water vapor trans-
port, was adopted as equal to 2 in ALK and KAL (assum-
ing they have sufficiently closed canopies, after Garratt and
Hicks [1973]), or, otherwise, 3.23 (the value representative
of pristine open peatlands, Mölder and Kellner [2002]).

Bulk surface resistance was expressed from the Penman-
Monteith equation [Thom, 1975]:

rs = ra
( ζ
γβ

− 1
)

+
(ρCpV PD

γAE

)
(1 + β) (7)
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where β is the Bowen ratio. Aerodynamic and bulk sur-
face conductances (ga and ga, correspondingly) are the re-
ciprocals of resistance: ga = r−1

a . Only the daytime conduc-
tance and resistance values were accepted (9AM-3PM); the
periods with Rn ¡ 100 W m2 were rejected to ensure that
the challenging twilight conditions are excluded.

Modified Lohammars function was employed to formalize
the dependency of gs on VPD [Oren et al., 1999; Launiainen,
2010]:

gsmod = g1 −mln(V PD) (8)

where g1 is the reference conductance at VPD = 1 kPa
and m the sensitivity of gs to VPD. The decoupling parame-
ter Ω originally proposed by Jarvis and McNaughton [1986]
shows the relative role of aerodynamic and surface resis-
tances, which is often interpreted as the degree of ecosystem-
atmosphere coupling. [Jarvis and McNaughton, 1986] define
it as:

Ω =
ζ/γ + 1

ζ/γ + 1 + ga/gs
(9)

In a fully-coupled state, gs < ga and Ω = 0; conversely,
in a maximally decoupled state, gs > ga and Ω = 1. In
the former case, transpiration is constrained and stomatal
control is the limiting factor; in the latter case, evaporation
is constrained so that available energy becomes the limiting
factor.

The αPT parameter was originally introduced to com-
pensate for the absence of the aerodynamic term in the
Priestley-Taylor equation. It was noted that, in general,
αPT is inversely related to bulk surface resistance Pereira
[2004]. According to the original definition by Priestley and
Taylor [1972], αPT was derived as:

αPT =
LE

LE +H

ζ + γ

ζ
(10)

Ω and αPT are only accepted from the daytime period, in
order to avoid the complications in their definition arising
in twilight and night time.

The evaporative fraction was estimated as the ratio of
latent heat flux to available energy:

EF =
LE

AE
(11)

3. Results

Here, we present the parameters related to the energy
balance and ecophysiology that have a common link to the
changes in land use and management strategies. We begin
with the description of the daily and seasonal cycle in the en-
ergy balance components, aiming to elucidate the patterns
in energy partitioning. This is followed by the discussion
of the controls on evapotranspiration, including VPD, WT
and precipitation. The summary of various ecophysiological
parameters, presented as averages for each site, concludes
the section.

3.1. Environmental conditions

Mean seasonal variation in the main environmental
drivers (Tair, WT, Rn and VPD) is presented in Figure 2.
Tair and Rn values range according to the latitude of the
site, as the lower and upper curves are represented by the

DEG and FAJ sites, correspondingly. The seasonal maxi-
mum Ta is reached between the days 180-220 (July-August),
while most intense sunshine falls between the days 130-200
(May-July). VPD peaks in June-July, too, the level of the
mean summertime maxima being from 0.4 kPa to 0.6 kPa.
WT varies widely between the pristine and drained peat-
lands. In the pristine peatlands WT varies between the peat
surface and -30cm depth, while in the forested peatlands the
variation is typically between -20 to -50 cm, and in the peat-
land crop plantations at -60 to -80 cm. One common feature,
however, is the summertime drawdown of WT in virtually
all sites, which starts after snowmelt and continues until the
day 230-260 (late August-September).
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Figure 2. Mean seasonal courses of the main driving pa-
rameters; (a) air temperature, (b) water table level, (c)
net radiation and (d) vapor pressure deficit. The curves
have been smoothed with a 7-day moving average filter.
Constant WT is shown for JOK, where no systematic WT
observations were made; the ALK WT is an interpolant
of monthly measurements Color-coding corresponds to
the four peatland site classes (treed in red, croplands in
brown, pristine fens in blue and pristine bogs in cyan)

3.2. Diurnal course of the energy balance components

The maximum daily levels of LE were clearly different
between the sites (Fig.3a). Note that the site diurnal curves
are not in phase due to the slight deviation of the solar noon
from midday according to the site local time.

The maximum midday LE varied from 52 Wm−2 (FAJ)
to 114-115 Wm−2 (LIN, ALK). The mean diurnal variation
of the remaining sites fit well between these lower and upper
envelopes. Nocturnal LE was generally close to zero. The
highest mean diurnal maximum of H was observed at KAL
(146 Wm−2) and the lowest at SI2 (47 Wm−2; Fig.3b). In
three sites (ALK, KAL, FAJ), H was clearly higher than
in the rest of the studied peatlands. H was typically nega-
tive during the night, with the nocturnal means averaging -5
Wm−2 (SI2) to -20 Wm−2 (ALK). The hourly mean max-
ima of Rn reached 171 Wm−2 at the site with the lowest Rn

(DEG) and 257 Wm−2 at the site with highest Rn (KAL);
the mean nocturnal minima of Rn ranged from -11 to -43
Wm−2 (FAJ and SI2, correspondingly, Fig.3c).
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Figure 3. Mean snow-free season diurnal curves of (a)
LE, (b) H, (c) Rn, (d) G, (e) Sbio, (f) SLE, (g) SH. See
the explanation of symbols in the Nomenclature section.

G follows Rn (Fig. 3c,d) with a lag from 1 to 3 hours that

resulted mainly from the absence of the temperature sensors

in the first 2-5cm of soil. In SI1 the amplitude of G was the

largest, ranging between -12 and 17.6 Wm−2; the smallest

amplitude was observed in DEG, where the variation was

between -3 and 3.5 Wm-2. The mean atmospheric storage

change fluxes of sensible and latent heat and the biomass

heat were small at all sites in comparison with the major

energy fluxes. The maximal daily mean of Sbio, SLE and SH

equaled approximately 4, 2 and 8 Wm−2, correspondingly,

and were observed in the forested sites ALK and KAL. In

comparison, the storage change fluxes in the sites lacking

a tall forest canopy were one order of magnitude smaller

(Fig.3e,f,g).

3.3. Seasonality of energy partitioning

Three open mires (DEG, SI1, SI2) showed nearly constant

summertime β (Fig.4a), indicating even partitioning of Rn

into LE and H (Fig.4b,c). On the contrary, the hemiboreal

bog FAJ and the four managed sites displayed a wider sea-

sonal amplitude of β. The sites KAL and FAJ might be

called the driest for simplicity, as their monthly β start at

4-5 in early spring and then fall off rapidly, reaching the min-

ima of about 1-1.5 by mid-summer. In comparison, β in the

wetter open mires of DEG, SI1 and SI2 remained constant at

about 0.5 between May and September. These variations in

energy partitioning are augmented, in part, by the specific

seasonal course of Rn. In the majority of sites it is in the

month of May that Rn reaches its annual peak; however, in-

solation remains high until August (Fig.2c). Note also that

the H curves form very consistent groups, which include: (1)

ALK, KAL and FAJ; (2) JOK and LIN; (3) SI1, DEG and
SI2. LE seasonal curves do not demonstrate such grouping.
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Figure 4. Growing season cumulative β (a) and monthly
averages of H (b) and LE (c). β was calculated as a ra-
tio of H and LE sums for the respective months. The
bars showing standard deviation of the mean are mostly
invisible behind the markers.

3.4. Evapotranspiration as a function of environmental
drivers and management status

gs as a function of VPD is presented in Fig.5 using both
the 30 min average data and the bin-averages across the
VPD range. The absolute majority of the gs data are under
60 mm s−1, although the gs range is very site-dependent.
The entire range of VPD occurring in the data (up to 3
kPa) is shown, which is typical of Fennoscandian climate.
A logarithmic relation between VPD and gs, characterized
by rapid reduction in gs at VPD increasing from 0 to 1 and
an asymptotic behavior at higher VPD, was observed at all
sites, as elsewhere [Lange et al., 1971; Humphreys et al.,
2006; Admiral et al., 2006; Peichl et al., 2013]. The slope
of this relation is obviously variable, which is clear from
the inter-site range of the m parameter (2.89-16.30). In all
cases, the model (Eq.7) fit to the bin-averages describes the
observations well (RMSE ranging between 0.3 to 1.8 mm s-
1) except in JOK, where the observed ggs exhibited a too
steep change with VPD to be reliably captured by the model
(RMSE = 3.9 mm s-1).

Another mechanism that affects ET in a natural ecosys-
tem is the change in WT. We present this control through
the relation between WT and αPT, Ω, ra and rs Fig.6a,b (see
Eqs. 5 ,6, 8 and 9). For ALK and JOK, the overall means
are shown, as those sites lacked continuous high-frequency
WT measurements (monthly in ALK). In all sites, the rel-
ative importance of surface resistance generally increases as
WT falls, which is independently suggested by both αPT

and Ω. The slopes are not constant; αPT and Ω show more
rapid falloff at initial reduction in WT down to about -20 cm
and reach saturation at further WT lowering. FAJ and SI2
curves clearly form a common trend, implying that although
their WT ranges almost do not overlap, the ecosystem re-
sponses are rather similar in these two bogs. Everywhere
except in LIN, rs falls off in a logarithmic manner as WT
approaches the soil surface (Fig.6c). Certain WT depen-
dency of ra can also be seen in SI1, DEG and SI2 (Fig.6d).
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Figure 6. WT shown as a driver of (a) αPT; (b) Ω; (c)
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shown
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medians. The thick dash line is the model (Eq.7) fitted
to the bin-medians; model parameters and RMSE are
shown inside the plots.

Finally, the effect of drying during the rainless periods
was considered. We chose to show it as the change in
ET/PET, Ω and β as a function of time elapsed after the
last rain (Fig.7 a-f). The temporal change in the above pa-
rameters is ubiquitous, but the rate of this change is very
unequal between the sites. The general trend is towards
growing surface constraints hence, lower ET. ET/PET and
Ω mostly decrease with time, while β increases. However,
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Figure 7. Ecophysiological parameters versus time since
last rain: ET/PET (a,b), Ω (c,d) and β (e,f). The man-
aged and natural sites are shown in separate panels. The
datapoints are bin-medians over 1-day intervals. The
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bles 1 and 3

this pertains more to the four managed sites and FAJ, and

less to the wetter, open peatland sites SI1, DEG and SI2.

The manner of the temporal change differed as well: while

SI1, DEG and SI2 exhibited a slow and steady change, in

the rest of the sites a saturating trend was present. Indeed,

the ecophysiological parameters of ALK, KAL, JOK, LIN

and FAJ were changing rapidly until the second, third or

fourth day after rain, after which the change slowed down.

This dynamics is most readily seen in Fig.7a,c,e,f (except for

the ALK and JOK graphs in (e), where the trend remains

significant only until day 3).
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Table 3. Summary of the mean ecophysiological parameters of the examined sites. The range of the mean
annual values is given in parentheses

Site β VPD EF ET ET/PET αPT Ω gs ga
(kPa) (mm day-1) (mm s-1) (mm s-1)

ALK 0.61 0.32 0.46 2.6 0.48 1.04 0.17 14.3 66.2
(0.46-0.71) (0.30-0.33) (0.40-0.50) (1.5-3.0) (0.38-0.52) (0.93-1.08) (0.14-0.19) (11.7-15.6) (55.3-69.0)

KAL 1.15 0.36 0.34 1.9 0.21 0.75 0.12 10.2 71
(0.78-1.41) (0.20-0.51) (0.29-0.44) (1.5-2.7) (0.13-0.27) (0.52-0.89) (0.09-0.15) (6.3-12.4) (66.3-75.3)

JOK 0.76 0.46 0.3 1.6 0.36 1 0.41 16.8 16
(0.46-1.46) (0.37-0.59) (0.19-0.35) (0.8-2.1) (0.22-0.41) (0.75-1.10) (0.31-0.44) (8.2-22.9) (14.5-18.8)

LIN 0.27 0.52 0.49 3.5 0.72 1.35 0.44 23.6 23.7
(0.06-0.35) (0.41-0.73) (0.44-0.58) (2.8-4.2) (0.56-1.04) (1.29-1.51) (0.38-0.52) (16.9-35.8) (21.8-25.6)

DEG 0.4 0.4 0.47 2.2 0.6 1.16 0.49 20.7 16.6
(0.26-0.58) (0.27-0.56) (0.41-0.55) (1.5-2.9) (0.42-0.77) (0.97-1.34) (0.38-0.59) (10.4-31.8) (16.2-17.3)

SI1 0.28 0.36 0.46 2.1 0.6 1.34 0.49 25.1 22.1
(0.22-0.31) (0.30-0.48) (0.42-0.49) (1.7-2.9) (0.56-0.66) (1.23-1.43) (0.43-0.60) (19.0-34.5) (17.1-25.3)

SI2 0.33 0.37 0.45 2.4 0.59 1.28 0.61 38.7 19.9
(0.32-0.34) (0.32-0.49) (0.43-0.49) (2.1-2.9) (0.58-0.6) (1.27-1.28) (0.56-0.65) (29.3-46.2) (19.1-20.9)

FAJ 1.28 0.27 0.25 1.1 0.26 0.75 0.24 9.9 26.7
(1.14-1.37) (0.22-0.49) (0.23-0.28) (1.0-1.2) (0.25-0.3) (0.73-0.77) (0.23-0.26) (9.3-10.6) (26.1-28.1)

3.5. Comparison of the mean ecophysiological
parameters

The summary of the various physical and ecophysiologi-
cal parameters is given in Table 3. The sites differed widely
in terms of vegetation canopy height and structure, which is
reflected in the range of mean ga values. The open natural
mires of SI1, SI2 and DEG are tightly clustered together
with regard to each parameter. These three sites are char-
acterized by low β and high ET, which correlates with their
high surface and aerodynamic conductances. In comparison,
tree-covered FAJ is much drier, with its low moisture avail-
ability and low conductance resulting in limited ET and,
consequently, high β. LIN is at the opposite end of the
spectrum; by virtue of its dense graminoid vegetation, LIN
supports high ET, and thus low β. In relation to FAJ, all
sites except LIN evapotranspire, on average, 50-100% more,
and LIN 200% more. The evaporative fraction (EF) values
are arranged in the same order, albeit with lower inter-site
variability.

ALK, KAL and JOK are not far from the open mires in
terms of ET, but impose a tighter control on evapotranspi-
ration in terms of both gs and ET/PET. ALK and KAL
demonstrate close values, having gs of 10.2-14.3 mms−1, Ω
of 0.12-0.17, ET of 1.9-2.6, β of 0.61-1.15, αPT of 1.04-0.75.
Due to different crop biomass and canopy structure, JOK
and LIN are disparate in terms of gs (16.8 and 23.6 mms−1),
evapotranspiration (1.6 and 3.5 mmd−1), αPT (1.00 and
1.35), and, ultimately, β (0.76 and 0.27), respectively. How-
ever, LIN is also much rougher than JOK by virtue of hav-
ing taller crops, so that their mean Ω values are about equal
(0.44 and 0.41, correspondingly). According to the mean
VPD levels, the air is typically moister in FAJ and drier in
JOK and LIN, with the rest of the sites showing intermedi-
ate values.

The data presented in Tables 1 and 3 was used to demon-
strate the clustering of the sites according to their mean
parameters. Fig.8 shows the relation between a pair of con-
trolling factors (WT and aboveground biomass) and the re-
sulting energy balance features (Ω and β). The sites form 3
clusters: (i) ALK, KAL and FAJ; (ii) LIN and JOK; (iii) SI1,
DEG and SI2. The first group unifies the sites having mod-
erate to significant tree biomass, intermediate water level,
low Ω and high β. The second group has a high graminoid
biomass, the lowest water levels, intermediate Ω, and low to
intermediate β. The last group contains the wettest open
mires with small biomass, highest Ω and the lowest β.

4. Discussion

Management and natural development are the two main
reasons that have determined the current ecosystem proper-

ties of the eight examined peatlands. Vegetation, hydrology
and soil structure shifts that followed these changes have
become reflected in energy partitioning, seasonality of en-
ergy fluxes and sensitivity of ET and derivative parameters
(Ω, ET/PET, gs, EF, β, αPT ) to environmental forcing.
Based on the results, three new ecosystem groups can be in-
troduced that are characterized by notable energy exchange
traits: pristine mires (SI1, DEG and SI2), treed peatlands
(ALK, KAL and FAJ), and croplands (JOK and LIN).

4.1. Pristine open mires: SI1, DEG and SI2

The three pristine mires in this study were character-
ized by high average water level, continuous, well humidi-
fied moss cover and almost complete absence of tree cover.
Somewhat surprisingly, although SI2 is formally classified as
bog, it clusters closely with the two fen sites in all regards.
The two fens, SI1 and DEG and the bog, SI2, fit well in a
wide range of values observed elsewhere for pristine mires.
The 20.7-38.7 mms−1 range of gs in the open natural mires
DEG, SI1 and SI2 falls close to the values from a Danish
riparian wetland (32 mms−1, Andersen et al. [2005]) and a
Russian boreal bog (18.6-28 mms−1, Runkle et al. [2014]).
In this study, Ω was about 0.5-0.6 at the open mires (DEG,
SI1 and SI2); compare with Ω = 0.65-0.73 obtained by Run-
kle et al. [2014] at a site similar to SI2. Kurbatova et al.
[2002] obtained an Ω of 0.4 at two oligotrophic bogs, and
Brümmer et al. [2012] estimated Ω ≈ 0.29-0.34 in the bog
of Mer Bleu.

High water availability for evapotranspiration grants the
natural mires a number of special features. The effects of ET
promotion by rain or constraint in the absence of rain might
be significant, but remains poorly understood [Nijp et al.,
2015]. In this study, resilience, or, at least, a very gradual
response to drying after the rain was observed. The absence
of rapid change in the evapotranspiration dynamics after the
rain in the wet mires DEG, SI1 and SI2 is an illustration of
weak initial effect of WT drawdown in the beginning of a
rainless period. Moss surfaces may experience high water
stress due to Sphagnum intolerance to even partial desicca-
tion [Gerdol et al., 1996], which causes an increase in total
resistance to water vapor transport [Kettridge and Wadding-
ton, 2014]. However, the water is kept in sufficient supply
at the surface until WT falls below a certain critical depth
[Humphreys et al., 2006], therefore the smooth Ω reduction
in DEG, SI1 and SI2 is maybe due to the vascular plant
stress rather than moss desiccation.

Homeostatic qualities of the wet open mires are also seen
on a seasonal scale as the stability of β (Fig.4); the May-
September mean monthly β are close to 0.4-0.6, with a slight
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upward trend towards autumn. Similar stable β dynamics
were reported for a Southern Finnish fen Wu et al. [2010]
and a central Siberian bog [Kurbatova et al., 2002], although
a much more pronounced increase in β in late growing sea-
son was also observed at Mer Bleu bog [Admiral et al., 2006]
and in a bog in North-Western Russia [Runkle et al., 2014].
The slight β offset in DEG relative to the similar SI1 and SI2
seems to actually be driven by a reduction of LE in DEG,
which becomes apparent in July (Fig.4b).

Apparently, the natural tolerance to drought can be bro-
ken when the water table is too low, which can be mani-
fested as a step change in ET. For example, in one drought
event of 2006, Ω went down steeply in DEG, reflecting a sig-
nificant increase in rs at WT falling below -30 cm (Fig.6).
The other sites, having data coverage for that year, did not
exhibit a similar step-change. It was shown that WT draw-
down to critical depths may cause rapid drying of the peat
surface and the eventual formation of crust non-conductive
for water transport, with the examples from a blanket bog
[Sottocornola and Kiely , 2010] and SI2 site (visual obser-
vation by the authors). This might be another example of
high sensitivity of DEG evapotranspiration to the summer-
time drawdown of WT, as in the aforementioned extreme
example of the 2006 drought.

Similarly, the high water levels might reduce the
ecosystem-atmosphere coupling as well, as the dependency
of ra on WT suggests. The effect was seen in DEG, SI1 and
SI2 data (Fig.6d). Aerodynamic resistance increasing to-
gether with WT implies diminishing roughness, therefore, it
may be the consequence of partial inundation at high water
table (i.e. the reduction in roughness due to the appearance
and/or area increase of open water pools).

4.2. Tree-covered peatlands: ALK, KAL and FAJ

In ALK and KAL, the tall tree stands are the dominant
feature, with a significant biomass contained within the 12-
15 m tall pine canopies. The 20-40 cm lowering of WT by
drainage has created the conditions suitable for trees. FAJ
has reached a state similar to that of KAL, except that its
low WT is a natural feature of a raised bog. Tree canopies
shelter the ground and so create a specific microclimate,
which explains the large differences in the LE, H and biomass
heat storage change fluxes compared with the open sites.

The tree-covered peatlands, first of all ALK but also
KAL, share the major features (β, ET, αPT, Ω and a re-
sponse of gs to VPD) with a Finnish boreal Scots pine forest
growing on mineral soil [Launiainen, 2010]. In turn, FAJ re-
sembles the forested sites. Low Ω (0.24) in FAJ approached
that of KAL and ALK (0.17 and 0.12, correspondingly).
A similar value was observer by Brmmer et al. [2012] in
a tree-covered fen (Ω =0.16 on average). FAJ bulk surface
conductance was only 9.9 in the snow-free season, however it
is still higher than 6.25 mms−1 reported for the Stormossen
bog [Kellner , 2001], 4-14 mms−1 in Salmisuo fen [Wu et al.,
2010], or even 2.81-4.32 in a Canadian tree-covered fen and
the Mer Bleu bog [Brümmer et al., 2012]. Generally, ALK,
KAL and FAJ occupy the lower end of the mean gs range in
this study.

In the tree-covered sites, the ET dynamics is largely the
product of vegetation response to WT and precipitation.
A rapid reduction in actual and relative ET occurs in the
first 2-3 days after the rain. On this short time scale, the
dominating factor is the physiological reaction of trees in-
creasing VPD, because the corresponding WT drawdown is
not yet significant enough to cause water stress for the trees
[Launiainen, 2010]. Besides, at poor capillary water supply
combined with intense water loss at the surface, it is possible
that the topsoil dries up within 2 or 3 days. The subsequent
stabilization in the environmental parameters implies that

the water supply has been broken, i.e. became decoupled
from the surface, and WT does not control the moisture
exchange at the surface any more [Price et al., 2003].

More evidence of the water supply breakdown comes from
the WT relations in FAJ and KAL, where αPT is sensitive
to the WT deviation from its highest levels, but reach sat-
uration at the low end of the WT range. As in the case
of pristine mires, an independent parameter, αPT, confirms
this trend, since higher αPT is typically accompanied by
lower bulk surface resistance (and vice versa; e.g. Pereira
[2004]). The limit when the ecophysiological state becomes
invariant of WT seems to be at -25 to -30cm in KAL and
FAJ, correspondingly (Fig.6). Similarly, a laboratory study
by Kettridge and Waddington [2014] found soil moisture be-
ing sustained at -10cm¡WT¡0cm, but falling steeply when
WT went below that level in vascular plant-free peat cores.
Thus, the threshold WT is about the same as in the above
group of the open mires, but the frequency of decoupling
events is higher owing to the lower mean WT. Besides, the
FAJ tree cover might be sparse enough to reduce the overall
ET, instead of increasing it - by causing an additional wa-
ter level drawdown [Fay and Lavoie, 2009; Limpens et al.,
2014].
β in treed peatlands generally exceeded 0.5 and had a

strong seasonal cycle, as in the Stormossen bog, where β
was found to peak already in May-June and then decrease
towards later summer [Kellner , 2001]. This seasonal dy-
namics in energy partitioning goes hand in hand with the
stomatal control: reduced to resist the spring stress, then
progressively more relaxed during the growing season. Nev-
ertheless, in terms of mean values, β in ALK with LAI=1.6 is
about 0.5-1 units lower than that in KAL, which has a LAI of
5.0. The mode of management, i.e. intentional afforestation
in ALK versus natural drainage succession in KAL, must be
the main source of these differences. In fact, here KAL again
bears more similarity with FAJ. This may be interpreted as
convergence of management and natural succession: orig-
inating as dwarf-shrub bogs, the former had developed a
pronounced raised bog topography and a natural pine cover,
while the latter acquired a denser pine forest as a result of
drainage succession. Both pathways have eventually led to
a relatively dry top peat layer and an increased vegetative
control on surface conductance, which contribute to higher
H at the expense of lower LE. As a side note, lower LE is
also supported in FAJ by comparatively low atmospheric
demand typical of its moist hemi-boreal/maritime climate.

4.3. Peat croplands: JOK and LIN

The sites of JOK and LIN acquired their ecophysiological
features due to the agricultural exploitation. This mode of
land use implies a low water level (20-40 cm lower than in
the forested sites), and the presence of a homogeneous crop
canopy. These common features allow segregation of JOK
and LIN from the rest of the study sites based on their mean
WT, and the seasonal trend of β (e.g. Fig.8).

However, the similarity is limited due to the very differ-
ent crop biomass and phenological development; LIN is also
the only site in this study where the top peat layer has been
removed. Reed canary grass at LIN has a higher biomass,
grows rapidly (typically up to 1.7m at the peak), using up
more water (in consistency with higher evapotranspiration).
Biomass differences and leaf area differences between JOK
and LIN are best demonstrated by the mean ET (1.6 and
3.5 mm/d, correspondingly).

The topsoil in LIN may be permanently decoupled from
the saturated zone [Gong et al., 2013], which could explain
the absence of identifiable trends related to WT. Thus, top-
soil wetness in LIN and JOK (also FAJ) might depend on
precipitation, which is consistent with rapid surface conduc-
tance reduction after the rain (Fig.7). In fact, JOK shows a
lower resilience to the rainless conditions than LIN probably
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due to the more open crop canopy allowing a more intense
drying of the soil.

The agricultural fields develop a dense vegetation cover
that reduces β to very low levels, at least from June to Au-
gust when the crop biomass is at its peak. The intense
growth of barley/forage grass in JOK makes up for the low-
est monthly β in July, when LAI reaching 5-6 m2/m2 [Lohila
et al., 2004] creates the conditions for complete domination
of LE and, correspondingly, very low H. This β plunge is fol-
lowed by a steep increase after the crops are harvested (typi-
cally between August-September, occasionally in June). In-
terannual variations in β demonstrated at this site correlate
with the sowing/harvesting times, which varied from year
to year. In contrast, LIN retains β of 0.25 also later in the
season as canary reed grass is only harvested in the spring
of the following year.

5. Conclusions

The variety of management/land use strategies practiced
at the boreal peatlands has greatly diversified the previously
more homogeneous pristine peatlands: vegetation cover,
soil and hydrology were affected. While sharing common
origins as natural mires, the eight examined ecosystems
have diverged into a variety of states following the man-
agement and environmental drivers. The sites in this study
are representative of the complex mosaic found in contem-
porary Fennoscandia, featuring natural mires and drained
forestry/agricultural peatlands.

It is important to note the wide inter-site variation in the
quantities that establish links to climate, such as Ω and β. In
general, values close to 0.5 at JOK, LIN DEG, SI1 and SI2
indicate intermediate levels of ecosystem-atmosphere cou-
pling, whereas in ALK, KAL and FAJ the domination of
stomatal control and low WT support a higher degree of cou-
pling. The mean growing season β was between 0.26 (LIN)
and 1.28 (FAJ). This range fits well in the large-scale pic-
ture of energy partitioning presented by Wilson et al. [2002],
where the agriculture-conifer forest continuum had the same
typical β values, although that study did not include peat-
land data. The share of sensible heat, i.e. the dryness of the
sites increases along the continuum: (a) pristine open mires
(DEG, SI1 and SI2) (b) peat croplands (JOK and LIN) (c)
tree-covered peatlands (ALK, KAL and FAJ) Ultimately,
Ω and β are directly controlled by WT and the dominant
vegetation phenology, both subject to drastic changes after
land-use changes and management activities. Therefore, the
hypothesis (i) proposing the existence of discrete site groups
is supported by the results, although in a slightly different
form.

Seasonality of the energy balance components and deriva-
tive parameters such as β was widely different between the
site classes, which confirms the second hypothesis. Re-
sponses to the environmental drivers (water level, precip-
itation, VPD) were very site-specific. High sensitivity to
WT changes and the effects of topsoil drying was univer-
sal everywhere, except in the sites with low mean WT. The
reaction to soil moisture changes was manifested in increas-
ing controls on ET with falling WT and increasing VPD;
temporal dynamics were illustrated by the increasingly lim-
ited ET and bulk surface conductance over the course of
a few days after rain. Effectively, this observation confirms
the third hypothesis about significant and diverse ecosystem
reactions to the water availability.

Thus, despite the perceived diversity of the peatland
types, three distinct groups could be identified. Within
those groups, the responses to environmental drivers, sea-
sonality, as well as the mean energy balance characteristics
were similar. The group of pristine bogs, proposed in the

beginning of this study and supposed to include SI2 and FAJ
was disbanded, as those sites appeared to rather belong to
the groups (a) and (b), correspondingly. In the view of these
findings, we may conclude that the energy balance modifica-
tion through anthropogenic impacts on mires is significant,
and the innate ecological diversity of mires only adds to the
complexity of the picture. The range of climatic feedbacks
emerging from the diversity of the peatland energy balances
remains to be explored in more detail.
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MODELING DISSOLVED ORGANIC CARBON TRANSPORT

IN BOREAL CATCHMENTS

Ville Kasurinen,1,2 Knut Alfredsen,2 Anne Ojala,1,3, Jukka Pumpanen1, Gesa A.

Weyhenmeyer4, Martyn N. Futter5, Hjalmar Laudon6 and Frank Berninger1

Abstract. Stream water dissolved organic carbon (DOC) concentrations display high
spatial and temporal variation in boreal catchments. Understanding and predicting these
patterns is a scientific challenge with great implications for our ability to make water
quality projections and carbon balance estimates. Although several biogeochemical mod-
els have been used to estimate stream water DOC dynamics, under- or over-predictions
are common during both rain and snow melt driven events. Here, we present a parsi-
monious distributed model, which is capable of predicting stream water DOC concen-
trations also during these events. The developed model, K-DOC, accounts for catchment
water storage and soil temperature dependencies of DOC release and consumption. We
used the K-DOC to estimate the stream water DOC concentrations over five years, for
eighteen nested boreal catchments. The model successfully simulated DOC concentra-
tions during base flow conditions, as well as, hydrological events in catchments domi-
nated by organic and mineral soils. Our semi-mechanistic model was parsimonious enough
to have all parameters estimated using statistical methods. We did not find any clear
differences between forest and mire dominated catchments that could be explained by
soil type or tree species composition. However, parameters controlling slow release and
consumption of DOC from soil water behaved differently for small headwater catchments
(less than 2 km2) than for those that integrate larger areas of different ecosystem types
(10-68 km2). Our results emphasize that it is important to account for non-linear de-
pendencies of both, soil temperature and catchment water storage, when simulating DOC
dynamics of boreal catchments.

1. Introduction

Dissolved organic carbon (DOC) is the most abundant
form of organic carbon in boreal surface waters, largely
determining the carbon balance and strongly affecting the
water quality of freshwater ecosystems [Thackeray , 2014].
DOC constitutes the majority of organic carbon fluxes from
terrestrial ecosystems to streams and rivers [Dai et al., 2012]
and connects soil organic matter sources (SOM) to carbon
cycling and sequestration in aquatic ecosystems [Tranvik
et al., 2009; Weyhenmeyer et al., 2012]. The production and
transport of DOC from terrestrial ecosystems to streams is
largely regulated by physical factors such as precipitation,
temperature [Köhler et al., 2009; Öquist et al., 2014] and the
characteristics of the terrestrial environment [Moody et al.,
2013; Mengistu et al., 2014].
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DOC export from ecosystem depend on its production, its
consumption and its transport from the watershed [Laudon
et al., 2012]. According to recent estimates, the amount of
carbon that streams and rivers receive, process and trans-
port is of the same size as the net biome productivity
(NBP) suggesting aquatic processes play a significant role
in global carbon balance [Aufdenkampe, 2011]. However,
the processes regulating the export of DOC are difficult to
parametrize, because several concurrent processes control its
production and consumption. For example, DOC is often
immobilized by iron and aluminum in mineral soils [Clark
et al., 2008; Kerr and Eimers, 2012; Pumpanen et al., 2014],
which solubilities in turn are regulated by pH [Evans et al.,
2008; Worrall et al., 2008], oxygen and water availability
[Clark et al., 2005; Hribljan et al., 2014].

Together with microbial activity in soils, these biogeo-
chemical reactions largely determine the behavior of SOM
storage and reactions controlling conversion of the stored
organic carbon pool in the soil into dissolved fractions. Het-
erogeneity in land cover causes spatial variability in stream
DOC concentrations while rainfall and snow melt events are
typically associated with much of the temporal dynamics
[Laudon et al., 2011]. Developing parsimonious models ca-
pable of capturing this spatial and temporal variability re-
mains one of the greatest challenges in the understanding of
DOC in the boreal region.

Stream flow and DOC concentrations have been described
in mathematical models that differ conceptually from each
other [Boyer et al., 1996; Neff and Asner , 2001; Michalzik
et al., 2003; Futter et al., 2007]. Several models have been
developed to understand and predict the dynamics of DOC
concentrations and export from forest- and mire-dominated
landscapes [Futter et al., 2007; Yurova et al., 2008; Jutras
et al., 2011; Winterdahl et al., 2011a; Wu et al., 2013; Zhang
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et al., 2013]. These models differ in their underlying theo-
retical concepts, their modeling approach, as well as, their
predictive power. Typically, previous models have been de-
veloped for either a single land cover type [Yurova et al.,
2008; Winterdahl et al., 2011b; Zhang et al., 2013] or are
using a semi-distributed approach [Futter et al., 2007; Ju-
tras et al., 2011]. In a distributed approach, different land
cover types in a heterogenic landscape can be parametrized
separately.

Usually the hydrological part of the models is using
lumped catchment models as HBV [Bergström, 1976, 1992;
Killingtveit and Sælthun, 1995] or ForHyM [Balland et al.,
2006]. Although, it has been suggested that biogeochemical
models tend to be highly parametrized, only few studies have
used simplified runoff generation routines for discharge gen-
eration [Kirchner , 2009; Xu et al., 2012; Dick et al., 2014]. In
a complex model structure, parameter values can be uniden-
tifiable and uncertain since they are based on too few empir-
ical measurements to allow a statistical estimation of param-
eters. In order to build more robust parsimonious models,
there is a need to investigate DOC dynamics on a catchment
scale by using physically based, but simplified process mod-
els [Dick et al., 2014]. A parsimonious model structure allow
parametrization of simple environmental variables that con-
trol the DOC release from the soil to stream water [Birkel
et al., 2014]. The model of Xu et al. [2012] is an example
of such simple parsimonious model of DOC concentrations.
However, in its original version DOC exports depend only
on hydrology, and it needs to be extended to account for the
effects of other environmental variables as soil temperature.

The model of Xu et al. [2012] is based on the simple
rainfall-runoff model of Kirchner [2009] to describe dis-
charge and catchment water storage. The hydrological re-
sponses are linked to a simple presentation of SOM dy-
namics that describes equilibrium partitioning of SOM to
DOC, slow release of DOC from SOM and consumption of
DOC in soil water. The majority of previous models have
used soil moisture to predict stream water DOC concentra-
tion assuming that it controls conversion of SOM to DOC
[Naden et al., 2010]. However, this approach does not take
into account that DOC production and DOC release from
soil to stream water are not necessarily synchronous. While
soil moisture probably governs DOC production from SOM,
rapid changes in catchment water storage are more closely
related to changes in stream water DOC concentrations.

The original Xu et al. [2012] model was tested only for
one temperate forested headwater catchment and applied
over short time periods varying from 30 to 60 days. Fur-
thermore, Xu et al. [2012] assumed that SOM conversion
to DOC is in a equilibrium with stream water DOC con-
centrations and does not vary temporally. However, this
assumption may not be valid for boreal catchments, where
the seasonally varying temperature and snow cover have a
fundamental role in controlling stream water DOC concen-
trations [Futter et al., 2007; Futter and de Wit , 2008; Laudon
et al., 2012].

In this study, we modified the model of Xu et al. [2012]
so that the slow release of DOC from SOM and consump-
tion of DOC in soil water was dependent on modeled soil
temperature and catchment water storage. The new mod-
ified model, K-DOC, was tested on eighteen nested boreal
streams ranging in size from 0.03 to 68 km2 over a five- and
a ten-year-long simulation period, including approximately
5000 stream samples (for 10-year period). K-DOC was able
to predict stream water DOC concentrations better than the
models that have previously been used to simulate DOC con-
centrations for the same catchments. We discuss how our
modeling concepts differ from previous work and what are
the requirements for parsimonious DOC models.

2. Material and Methods

2.1. Site description

The Krycklan catchment (64◦23N, 19◦46E) is located at
Svartberget, approximately 50 km northwest of the Baltic
sea in northern Sweden (Ume̊a). Several water quality

Figure 1. Krycklan catchment and measurement stations.

variables, including DOC, as well as, hydrological and
meteorological data are monitored at the research catch-
ment as part of the national field research infrastructure
(www.fieldsites.se). The Krycklan Catchment Study (KCS)
is an interdisciplinary field research site and probably one
of the most intensively monitored catchments in the bo-
real region [Laudon et al., 2013]. The catchment is di-
vided into eighteen partially nested long-term monitored
sub-catchments, abbreviated as C1 to C22 (Table 1, Fig-
ure 1). Long-term (1981-2010) mean annual precipitation
and temperature are 623 mm and +1.7◦C respectively [Oni
et al., 2014]. Approximately half of the annual precipitation
falls as snow, and the catchment is usually snow covered
from between October to May [Laudon et al., 2011].

The upper parts of the catchment are dominated by
forests that consist mainly of Norway spruce (Picea abies
(L.) Karst.), Scots pine (Pinus sylvestris L.), deciduous
species (Alnus glutinosa (L.) Gaertn.), (Betula pendula
Roth) and shrubs [Laudon et al., 2013]. Coniferous trees
dominate in the catchment, but deciduous species become
more common in the areas close to the stream channels,
especially along the larger rivers. The average overall pro-
portion of mires in the catchment is 8% but can reach up to
40% in some small first-order sub-catchments (Table 1). A
full description at DOC sampling frequency and analysis are
provided by Laudon et al. [2011, 2013] and Oni et al. [2013].
In short, DOC samples were collected from all monitoring
stations with up to daily sampling during snow melt in the
spring, fortnightly sampling during the snow-free period and
monthly during winter base flow.

In this study, DOC-concentrations and hydrology were
simulated for all 18 sub- catchments. To simplify the pre-
sentation of our results (as done by Laudon et al. [2011]) we
selected the catchments C2 representative for fully forested
(forest cover 99.9%), C4 as mire dominated (mire cover
44.1%) and C7 (forest cover 82%) and C16 (forest cover
87.2%) as mixed sub-catchments that integrates forest and
mire dominated ecosystems for most of our figures (Table 1).
We refer to these selected catchments throughout the text.
A presentation of all catchments and simulation results for
these can be found in the supplementary material.

2.2. Hydrological and soil temperature modeling

To generate runoff for all sub-catchments, a daily dis-
charge was modeled by using the fully distributed hydro-



KASURINEN ET AL.: MODELING DOC TRANSPORT X - 3

Table 1. Catchment characteristics for 18 sub-catchments in Krycklan.

Site code Station name Cum. Ind. Forest Mire Lake Till Sorted Tree Birch Spruce Pine Stand

area area (%) (%) (%) (%) sediments vol. (%) (%) (%) Age
(km2) (km2) (%) (m3 ha−1) (years)

C1 Risbäcken 0.48 0.48 98 2 0 92.1 0 187 2 63 35 87
C2 Västrabäcken 0.12 0.12 99.9 0 0 84.2 0 212 0 36 64 103
C3 Lillmyrbäcken 0.04 0.04 59 40.4 0 43.2 3.7 133 1 5 93 77
C4 Kallkällsmyren 0.18 0.18 55 44.1 0 22 0 83 0 45 55 57
C5 Stortjärnen outlet 0.65 0.65 54 39.5 6.4 40.4 0 64 12 26 62 50
C6 Stortjärnbäcken 1.10 0.44 71.4 24.8 3.8 53.7 0 117 4 26 70 69
C7 Kallkällsbäcken 0.47 0.17 82 18 0 65.2 0 167 1 35 64 86
C8 Fulbäcken 2.30 2.30 88 11.9 0 62.8 0 118 12 20 68 71
C9 Nyängesbäcken 2.88 1.32 84.4 14.1 1.5 69.1 4.1 150 6 29 65 78

C10 Stormyrbäcken 3.36 3.36 73.8 26.1 0 59.9 0.5 93 12 21 68 60
C12 Nymyrbäcken 5.44 1.57 82.6 17.3 0 66.6 5.9 129 8 34 57 72
C13 L̊angbacken 7.00 1.82 88.2 10.3 0.7 60.9 15.9 145 8 25 68 78
C14 Åhedbacken 14.10 12.39 90.1 5.4 0.7 44.9 38.1 106 10 23 67 62

C15 Övre Krycklan 19.13 14.21 81.6 14.5 2.4 64.8 9.5 85 10 26 64 54
C16 Krycklan 67.90 22.28 87.2 8.7 1 50.8 30.2 106 10 26 63 62
C20 Stormullkälsmyran 1.45 1.45 87.7 9.6 0 45 21.4 59 16 16 68 42
C21 Mullkälen 0.26 0.26 98.9 1 0 52.8 43.8 138 8 10 82 74
C22 Bergtjärn outlet 4.91 4.91 68.3 29 2.6 61.2 0 78 10 22 67 54

logical model ENKI (http://www.opensource-enki.org, Kol-
berg and Bruland [2012]; Hailegeorgis and Alfredsen [2014]).
ENKI is a toolbox that contains several different routines,
which allow users to combine various process models to sim-
ulate catchment hydrology. The ENKI framework provides
tools for distributed calibration and extraction of runoff
from any point in a gridded catchment model.

The hydrological model was set up at a 50 × 50 meter
grid. Precipitation and temperature were distributed over
the grid using the inverse distance method implemented
in ENKI utilizing calibrated adiabatic gradients for tem-
perature (◦C) (from -0.6 to -1) and a gradient for pre-
cipitation (from 0 to 0.4% ) to take the elevation differ-
ences into consideration. For each grid cell, a hydrologi-
cal process model and all sub-models were executed, and
outputs from each grid cell were accumulated and aggre-
gated for sub-catchments. For each cell precipitation as
snow or rain was handled using a transition temperature,
and snowmelt was computed using a degree-day model
[Bergström, 1976, 1992, 1995; Killingtveit and Sælthun,
1995]. Soil moisture was computed using the method of the
HBV model [Killingtveit and Sælthun, 1995] and runoff was
computed using the runoff model as described by Kirchner
[2009], both implemented in ENKI.

Evapotranspiration was computed using a Penman-
Monteith model calibrated for different boreal vegetation
types [Kasurinen et al., 2014], utilizing gridded vegetation
maps for Krycklan to define the vegetation in each grid
cell. We used separate parameters for evapotranspiration of
spruce, pine and broadleaf forests as well as for peat lands
in our simulations. Details of the used vegetation maps and
distribution of tree species in different sub-catchments are
given in [Laudon et al., 2013].

The dynamical rainfall-runoff model assumes that the
discharge can be simulated by using a single-valued func-
tion that is dependent on catchment water storage as de-
scribed by Kirchner [2009]. Therefore, discharge can be de-
scribed with the simple conservation-of-mass equation yield-
ing [Kirchner , 2009]:

dS

dt
= P − ET −Q (1)

where, dS (mm day−1) denotes the change of the water
volume stored in the catchment and, P , ET , and Q de-
scribe the rates of precipitation (mm d−1), evapotranspira-
tion (mm d−1) and discharge (mm d−1) respectively. These
values are considered to be sub-catchment averages in this

study. The method of Kirchner [2009] assumes that the
discharge (Q) is dependent on the amount of water in the
catchment (S), and this relationship can be described by a
simple storage-discharge function:

Q = f(S) (2)

Equations (1) and (2) form a first-order dynamical sys-
tem, where variables Q, P , ET and S vary of time. The sim-
plest possible linear relationship for storage-discharge func-
tion in equation (2) is not always valid, and Q tends to be
a non-linear function of S [Kirchner , 2009] as follows:

S = f−1(Q) (3)

Generally, the non-linear rainfall-runoff method is consid-
ered to be suitable for most catchments. The assumptions
are violated, if large lakes control the discharge or most of
the precipitation falls onto surfaces that generate direct flow
(lake surface area that are large compared to catchment size
or impermeable or saturated surfaces) [Kirchner , 2009]. The
method by Kirchner [2009] is suitable for Krycklan, because
the proportion of lakes in the whole catchment is only 1%
[Laudon et al., 2013].

A differentiation of equation (2) and substitution of equa-
tion (1) with time yields the differential equation for the rate
change of discharge through time:

dQ

dt
=

dQ

dS

dS

dt
=

dQ

dS
(P − ET −Q) (4)

The function that describes the dependence of discharge
on changes in the catchment water storage is called the sen-
sitivity function.

dQ

dS
= f

′
(S) = f

′
(f−1(Q)) = g(Q) (5)

In Kirchners analysis, the use of a single storage discharge
relationship leads to a fixed relationship between the change
of discharge and discharge. Finally, the differential equation
and the relationship between discharge sensitivity and mea-
sured discharge were solved yielding:
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log(g(Q)) = log(
−dQ/dt

Q
) ≈ a0 + (1 − a1)log(Q) + a2(log((Q))2(6)

where, a0, a1 and a2 are statistically determined water-
shed specific parameters describing the non-linear relation-
ship between Q and S.
2.2.1. Soil temperature model

Soil temperature (Tsoil) was estimated by using the soil
temperature model of Rankinen et al. [2004] as in a pre-
vious study in the Krycklan catchment [Oni et al., 2014].
The model of Rankinen et al. [2004] is a simple approach,
where soil temperature is calculated based on air tempera-
ture and snow depth. The model has seven parameters that
must be estimated empirically. Model parameters were cali-
brated against measured soil temperature at 10 cm depth at
the Riparian zone observatory in Krycklan. Tsoil was then
modeled for each sub-catchment separately using optimized
parameters, but distributed air temperature and snow cover
depth as an input for the soil temperature model. This ap-
proach allows the same resolution for simulated Tsoil than
the used hydrological model.

2.3. DOC modeling

2.3.1. Combined Kirchner and DOC transport (K-
DOC)

In the original DOC-model by Xu et al. [2012] the DOC
transport is described as a function of the total rate of
change in catchment water storage (S) and the run-off (Q).
DOC is produced via solution from the SOM and removed
by other soil processes from the soil water.

The concentration of DOC in the discharge is written as:

dCstr

dt
=

dCTres

dt
= (ksrS − kremCTres −QCTres

+[
1

k
′
p

− CTres]
dS

dt
)/S (7)

where, Cstr is carbon concentration (mg C L−1 d−1) in
stream water, CTres (mg C L−1 d−1) is the carbon con-
centration in terrestrial reservoir, ksr (mg C L−1 d−1) is
the slow release of DOC from soil, krem (d−1) is the slow re-
moval of DOC from the soil water. kp (L mg C−1) is derived
from the relationship of the equilibrium partition coefficient
of DOC from SOM (kp) (L kg−1) yielding:

k
′
p =

kp
Ors

(8)

where, the amount of readily soluble organic carbon con-
tent in the soil is described by parameter Ors (mg C kg−1)
and can be assumed constant describing the potential
amount of transportable carbon in the soil reservoir. Ors

was set to constant (120 mg C kg−1) because there were no
available measurements throughout the catchment on the
soil water DOC concentrations that would cover the whole
simulation time of this study. However, previous studies
have reported similar concentrations for soluble DOC than
used in this study [Xu and Saiers, 2010; Haei et al., 2010;
Grabs et al., 2012].

The rate of the DOC release by dissolution from the soil
is controlled by the equilibrium partitioning coefficient kp
(L kg−1) and it defines the equilibrium between terrestrial
carbon reservoir CTres and stream carbon concentration as
follows:

CTres =
Ors

kp
(9)

Since, both organic carbon content in soil (Ors) and equi-
librium partitioning (kp) are unknown, the model is not
identifiable, if we do not fix the value of either parame-
ter. Even though (Ors) was assumed constant for all sub-
catchments, the catchment specific release rates of DOC
were estimated indirectly when values of the parameter kp
were estimated separately for each sub-catchment. In the
original model description of Xu et al. [2012] parameters for
slow release of DOC, removal of DOC from soil water and
equilibrium partitioning (ksr, krem and kp) were assumed
to be constant and independent of climate and soil water
content. The original implementation of the model is oper-
ational only under snow free conditions.

In our model development we accounted for the seasonal
differences in slow release rates of the carbon from the soil
(ksr) and slow removal rates of carbon from the soil water
(krem). The process rates were assumed to be dependent
on soil temperature (Tsoil) and the catchment water stor-
age (S). The slow release of DOC via microbial activity
and its consumption are processes affected by the micro-
bial biomass, temperature and soil moisture. We modified
the original model of Xu et al. [2012] and modeled the rela-
tionship of the slow release of DOC on the environment as
follows:

ksr = ksr0exp(ksr1Tsoil)S
ksr2 (10)

where ksr0 is a parameter, ksr1 is empirically estimated
parameters determining the dependence on soil temperature
and ksr2 is a parameter that describes the dependency of
DOC release from the catchment water storage. A similar
relationship was assumed for the slow removal process of
DOC from the soil water yielding:

krem = krem0exp(krem1Tsoil)S
krem2 (11)

where krem, krem1 krem2 are calibrated parameters.

2.4. Model calibration and statistical analysis

The hydrological and DOC models were calibrated sep-
arately. Simulated runoff of the hydrological model were
used as an input for the DOC model to estimate stream
water DOC concentrations. The hydrological model was si-
multaneously calibrated by using two discharge time series
from stations C7 (2003-2012) and C16 (May 2010 to October
2012) (Figure 1). The latter station is also the outlet of the
68 km2 catchment area. The calibration period was set to
cover the season from 1 September 2003 to 1 September 2012
and simulated hydrological data were used to model DOC
concentrations from 2003 to 2012. Calibration of runoff was
performed using a shuffled complex evolution (SCE) algo-
rithm [Duan et al., 1992].

The aim of the regional hydrological calibration was to
find a parameter set that describes the properties of the
whole catchment and could be used to generate flow simula-
tions for all sub-catchments where measured discharge data
were not available. We used the Nash Sutcliff Efficiency cri-
teria (NSE; Nash and Sutcliffe [1970]) criteria (also called
proportion of explained variance or pseudo-R2 to evaluate
model fit). We applied the criteria to both the original data
and the log-transformed data. The hydrological model was
calibrated using the average of NSE and the NSE of the log-
transformed flow values (called thereafter NSE & NSE(log)
criteria), where NSE(log) was used to ensure good fit for the
low flow periods. A combination of the two gauged catch-
ments and the calibration criteria were tested using the best



KASURINEN ET AL.: MODELING DOC TRANSPORT X - 5

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●
●
●
●

●

●
●

●

●
●
●●●●●●●●●●
●●●●●●●●
●
●
●
●
●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●
●●
●●●●●●●●●
●●●●●●●●●●●

●

●

●

●

●●●
●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●
●●●●
●●●●●●●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●
●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●

●

●●
●●●●
●
●
●
●●
●
●●

●

●
●

●
●
●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●
●
●

●
●●●

●
●
●●●●
●●●●●●

●

●

●
●●

●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●
●●●

●
●

●
●●●●●●●●●●
●

●

●

●
●●●

●

●

●

●●●
●●●
●●●●●●
●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●
●●●●●●
●●
●
●●●●●●
●
●
●
●
●●●
●●●
●

●

●
●
●

●
●●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●

●●●
●●●●●●●●●●
●

●
●●

●●

●
●●●●●●●●●●●

●

●

●
●●
●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●
●

●

●
●●
●●
●
●

●
●

●

●

●
●●●●●●●●●●●●●●
●●
●
●
●
●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●
●●●●●●●●●●●●●●●●●●●●
●●●
●
●●

●
●

●●

●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●●●

●●
●●

●

●

●

●●
●
●●●
●

●●●

●●
●

●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●
●●●
●
●

●●

●
●
●●●●●

●●

●●●

●●
●●●●

●●
●
●●
●
●
●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●
●

●
●
●
●
●●●●●●●●●●●●●●
●●●●●●●●●
●●●●●●●
●●●●●●●●●●●
●●

●●

●
●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●

●
●
●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●
●
●
●

●

●

●

●

●

●●

●

●●
●
●

●

●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●

●

●
●●●●●●

●
●
●●●●●
●
●
●
●●●●
●

●
●●●
●●

●

●

●
●●●●
●●●
●
●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●

●
●●●●●●●●●

●●
●●
●
●
●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●
●
●

●

●

●

●●

●

●

●●

●

●
●

●

●

●
●
●
●
●●●●●●●●
●
●●●
●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●

●

●

●

●

●
●●●●●
●
●
●●

●
●

●

●

●

●●

●

●
●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●
●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●
●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●
●

●

●

●
●●

●

●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●
●●
●●●●●●●●●●
●
●
●●●●

●
●
●●●●●
●
●●
●
●

●

●

●

●

●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●

●
●●
●
●●●

●

●
●●
●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●

●
●
●●
●
●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●

●
●
●●●●●●
●●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●
●

●

●

●

●●●●●●●●

●
●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●●●●●●●●●●●●●

●

●

●
●
●
●●

●

●

●
●
●●●●
●
●
●
●●
●●●●●●●●●●●
●●●●●●●●●●●

●

●
●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●
●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●●●●●●●●●●●●●●
●●●●●●●●●●●●
●
●
●

●

●●●
●
●●

●
●●●
●

●

●

●
●

●

●

●

●

●
●

●

●

●
●
●
●
●
●
●●●●●●●

●
●
●●●
●●
●

●

●
●●●●●●
●
●
●●●●●●●●●●●

●
●
●●●●●●●●●●
●
●
●
●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●
●●
●●●●
●
●●●●●●●●●●●●
●●●●●●●●●

●●
●●●●●
●
●

●

●

●

●
●
●●●
●●●
●

●●
●
●●●●●●●●●●
●
●
●

●

●

●
●●●●●
●

●

●
●●●●●●●●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

2004 2006 2008 2010 2012 2014

0
5

10
15

20

Q
 (m

m
)

NSE 0.75(a)

●●●●●●●
●
●●
●
●
●●●●●●●●
●
●
●
●●●

●●
●●●●●
●●
●●●

●

●

●

●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●

●●●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●
●●
●●

●
●
●●
●●
●●
●●●●●●●●●
●●●●
●●
●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●
●●
●●

●
●●
●

●

●

●●●●●●●
●
●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●

●●●●●
●

●●

●

●
●●●●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●

●●
●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●
●●●●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●●●●●●●
●●●●
●●●●●●●●
●●●●●●
●
●

●

●●●
●●
●

●

●
●●●
●

●

●

●

●
●

●

●

●

●
●

●
●
●
●
●●●●●●●●●●

●●
●●●●●●
●●
●●●●●●●
●●●●●●●●●●●●
●●
●●●●●●●●●●
●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●

●
●●
●●●●●●●●●●●●●●●●●
●●●●●●●●●
●
●
●●●●●
●●

●

●

●
●
●●●●●
●●●
●●●
●●●●

2004 2006 2008 2010 2012 2014

0
5

10
15

20

Year

Q
 (m

m
)

NSE 0.84(b)

Year

Figure 2. Hydrological simulations and model perfor-
mance for C7 (a) and C16 (b) for the years 2003-2013.
Black line describes the simulated Q and gray dots the
measured values

performing NSE & NSE(log) criteria as the objective func-
tion. For the DOC model only NSEs were used as calibration
criteria for each station.

The K-DOC model was calibrated separately for two dif-
ferent periods using maximization NSE as the objective
function. Firstly, we simulated the time from 2006 to 2010
that is comparable to previous studies [Tiwari et al., 2014;
Oni et al., 2014]. Secondly, the calibration was also car-
ried out for from the ten-year period ranging from 2003 to
2013 to test the long-term model performance. In order to
investigate the effect of our simulated hydrology to DOC
model performance, two calibrations were carried out for
C7 and C6 by using the measured runoff together with the
reconstructed S. The S for measured Q was estimated from
Eq. (6).

The K-DOC model was programmed in the R language [R
Core Team, 2014] and the model parameters were estimated
using a non-linear least squares regression (using a modifi-
cation of Levenberg-Marquardt algorithm from the package
minpack.lm) [Elzhov et al., 2013]. In order to increase the
stability of the ordinary differential equation solver (ODE)
and to avoid 0-values for S in exponential and power func-
tions (Eq (10),(11)), a 30 mm minimal water storage was
added on top of the simulated S. This minimal water stor-
age was assumed to be equal for all stations. The K-DOC
model equations were solved using a fourth order Runge-
Kutta method (package deSolve Version 1.10-9) [Soetaert
et al., 2014].

3. Results

3.1. Hydrological and DOC simulations

The best performing parameter set for the hydrological
simulations produced a good fit to the measured runoff data
(NSE values of 0.75 and 0.43 NSE(log) for C7 (from 2003
to 2012) and 0.84 NSE and 0.74 NSE(log) for C16 (from
May 2010 to October 2012) (Figure 2). NSE and NSE(log)
criteria were used simultaneously to confirm that calibrated
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Figure 3. Measured and modeled DOC and discharge
for selected example stations for the years 2006-2010. De-
scription concerning the land cover types is provided in
Table 4. Grey dots are the measured DOC concentra-
tion (mg L−1), black line the simulated DOC by using
K-DOC (mg L−1), red line is the simulated Q (L−1 s−1)
and the blue dots observed Q for C7 and C16 (L−1 s−1)

model have good peak performance (NSE) and it is able to
simulate well also during the low-flow conditions (NSE(log)).

The observed DOC values for the shorter simulation pe-
riod (2006-2010) varied for C16 from 1.9 mg L−1 to 24.2
mg L−1 and for C3 from 6.5 mg L−1 to 80.6 mg L−1 (Fig-
ure 3), Table 1), showing approximately 12-fold difference
between the lowest and the highest recorded DOC concen-
trations. K-DOC captures these variation ranges well during
the base flow and high-flow periods and was able to predict
also pulse-like variation in stream water DOC concentrations
(Figures 3, S1).

The K-DOC model reproduced contrasting annual pat-
terns of in-stream DOC concentration in the forest-
dominated (C1 & C2) and mire-dominated (C3, C4 & C22)
sub-catchments. The NSE for simulated DOC concentra-
tions in different sub-catchments for the years 2006-2010
varied from 0.46 to 0.76 (Figure 3, Table 2, Figure S1). For
the longer simulation period, NSE varied from 0.25 to 0.69
(Figure S2, Table S1), being slightly lower than for the sim-
ulations spanning over 2006-2010. For the longer simulation
period the largest decreases in the model fit were observed
for the sub-catchments with the largest proportion of lakes
(C5 & C6) with NSE varying from 0.25 to 0.29 (Table S1,
Figures S1, S2).

The hydrological model was not able to capture all short,
high discharge peaks in C7 and C16. This underestimation
of flow did not influence significantly the performance of
the model to simulate DOC concentrations of C7. The use
of the observed runoff (instead of simulated ones) slightly
increased the performance in C16 (Figure 3). For the catch-
ment C7 the NSE based on simulated Q was 0.76, and the
NSE based on measured Q was 0.73. Measured Q for C16
was available for only 2.5 years between 6 April 2010 and
24 October 2012, and the use of measured Q improved NSE
slightly from 0.73 to 0.78.
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Table 2. Fitted parameters and NSE for K-DOC model for the simulation period 2006-2010

Station CTres ksr0 krem0 kp ksr1 ksr2 krem1 krem2 NSE Bias RMSE MM

C01 18.3 5.22e-03 2.79e-01 2.4 0.27939 1.471 0.2622 -0.347 0.57 0.0107 3.1 18.3
C02 17.4 2.49e-10 2.91e-09 1.2 -0.05836 6.316 -0.1164 4.914 0.68 0.0117 2.5 17.4
C03 60.0 4.47e-26 9.79e-33 1.6 0.09456 16.600 0.0463 19.936 0.69 0.0238 4.6 36.6
C04 55.0 5.04e-05 1.16e-04 4.7 0.15602 2.466 0.1645 1.166 0.62 0.1156 4.7 31.3
C05 15.0 1.06e-06 5.14e+05 4.7 0.03351 3.342 0.1881 -5.253 0.25 -0.0303 3.2 21.7
C06 17.5 1.66e-05 1.46e+03 4.1 0.03347 2.450 0.1270 -3.341 0.29 -0.0358 3.0 17.5
C07 42.0 5.75e-05 6.57e-05 3.4 0.11246 2.195 0.1208 1.250 0.58 0.0759 3.4 22.6
C08 20.0 8.08e-03 3.60e+02 1.9 0.00089 1.186 -0.0538 -2.488 0.62 -0.0042 3.1 20.0
C09 16.1 2.16e-04 8.82e-04 4.6 0.05145 1.668 0.0748 0.527 0.49 0.0107 2.5 16.1
C10 18.7 3.22e-03 5.77e-02 2.9 0.28137 1.433 0.2692 -0.108 0.54 0.0105 3.6 18.7
C12 17.6 3.09e-02 2.17e-01 3.3 0.18606 0.874 0.1756 -0.303 0.45 0.0230 3.2 17.6
C13 17.9 1.79e-02 1.61e-02 4.7 0.17509 0.932 0.1723 0.321 0.41 0.0273 3.1 17.9
C14 12.5 1.27e-03 4.40e-03 4.1 0.13549 1.444 0.1355 0.528 0.54 0.0114 2.3 12.5
C15 11.7 1.11e-04 4.59e-02 5.4 0.10303 2.004 0.1491 -0.250 0.50 0.0107 1.9 11.7
C16 10.9 2.67e-04 3.93e-01 3.3 0.24681 1.973 0.2544 -0.576 0.61 0.0073 2.1 10.9
C20 10.7 2.09e-08 3.24e-09 1.5 -0.07404 4.715 -0.1418 4.593 0.58 0.0149 2.6 10.7
C21 16.7 3.37e-07 1.44e-07 1.7 -0.08066 3.990 -0.1470 3.523 0.55 -0.0062 3.5 16.7
C22 17.6 1.17e-06 4.66e-01 5.4 0.09433 3.187 0.1887 -1.316 0.61 0.0452 2.0 17.6
C7* 5.0 1.29e-03 7.12e-01 3.0 0.0752 1.702 0.04575 -0.8325 0.73 -0.02 2.86 22.69
C16** 5.0 3.36e-02 5.70e+01 3.1 0.2589 0.943 0.24739 -1.6217 0.78 0.07 1.60 12.55

∗ Simulation based on measured Q for C7 for the years 2006-2010
∗∗ Simulation based on measured Q for C16 for the years 2010-2012

3.2. Annual and seasonal patterns of modeled K-
DOC parameters

3.2.1. The modeled slow release of DOC from soil
Simulated annual and seasonal variation of the simulated

values of the slow release of DOC (ksr in the model) followed
largely the modeled soil temperature. The values of ksr var-
ied from close to 0 to 70 (mg C L−1d−1) in sub-catchments
(Figures 4, S3). The ranges of ksr were also variable in dif-
ferent sub-catchments. While modeled ksr values for C4 and
C16 (Figures 4a,d, S3), were typically less than 10, for C2
and C7 the range of variation was clearly higher (Figure 4a,c,
S3).

Despite differences in values of ksr between sites, sim-
ulated values were low during winter and had the highest
values either during spring thaw (April-May) or during sum-
mer (June-August) (Figures 4, S3). In sub-catchments C2,
C7 and C16, which are forest-dominated and the C4 mire-
dominated, the pattern of ksr for C2 and C7 were similar.
The signal for C16 was similar to that observed in C4 (Fig-
ure 4). However, there were no such differences in ksr for for-
est or mire dominated sub-catchments that would be linked
to dominant vegetation or soil type (Figure S3).
3.2.2. The modeled removal of DOC from soil water

The annual and seasonal behavior of simulated removal
of DOC from soil water (modeled as krem d−1) was simi-
lar to modeled ksr, but values were clearly lower, typically
smaller than five, at all sites (Figures 6, S6). The highest
values occurred during spring thaw or during the periods
with highest soil temperatures (Figures 6, S6). While the
krem signal for C2 and C7, seems to peak mainly in May and
July having otherwise low values, the seasonal development
and variation of krem seems to follow strictly the variation
of Tsoil in C4 and C16 (Figures 6, S6). As observed with
ksr, the behavior of calculated krem values was similar for
forest and mire dominated sub-catchments.

3.3. Seasonal model parameter dependency on soil
temperature and catchment water storage

The seasonal variability in simulated slow release of DOC
(ksr mg C L−1 d−1) behavior showed mixed responses
against Tsoil and S (Figures 5, S4, S5). ksr values were
higher during spring thaw when soil temperature is typi-
cally close to 0 ◦C and on the other hand during the sum-
mer, when soil temperature reaches its annual maximum
(Figures 5, S4). A similar variation was observed between

the simulated S and ksr (Figures 5, S5) showing differences
between seasons. The relationship between ksr and S was
clearly non-linear in C2 and C7, while in C4 and C16 the
slope was nearly linear (Figure 5, S5). Additionally, the re-
lationship between ksr and S showed a clear seasonal shift
in parameter values in C4 and C16, where the values during
spring thaw (April and May) were lower than those in the
summer (Figures 5, S5).

The behavior of simulated DOC removal from soil water
(krem) also showed a clear response to modeled Tsoil and S
(Figure 7, S7, S8). The response was typically similar to
that of ksr to modeled Tsoil. Sub-catchments C2 and C7
had higher krem values during May and during periods with
high Tsoil, while in C4 and C16 the between simulated Tsoil

and krem was clearly non-linear. The relationship between
S and krem was smooth, but non-linear for C2 and C7, while
for other sub-catchments the relationship was nearly linear
with clear seasonal shifts in both shape and magnitude of
the modeled krem values (Figures S7, S8).

Catchment size seems to have an significant effect on the
slow release (ksr) and consumption parameters (krem). The
influence of catchment size to variables (ksr and krem) was
tested in a simulation using a constant soil temperature (12
◦C) and simulated S for each sub-catchment. We chose this
values to fix Tsoil during this simulation because used Tsoil

is representative for summer time conditions. Additionally,
the fixing of Tsoil eliminates the fluctuation of DOC release
caused by the varying air temperature while it maintains the
responses of DOC production to varying S. In these sim-
ulations, the average simulated values of ksr and krem for
small catchments (less than 2 km2) were higher than those
for large catchments (Figure 8).

4. Discussion

4.1. Regional hydrological simulations

Modeling of stream water DOC concentrations depends
to a large extent on an adequate simulation of the runoff
from the watershed. Based on our distributed hydrological
model, we found that in order to simulate DOC concentra-
tions in stream water, the best performing parameter set for
hydrological simulation was achieved by optimizing the per-
formance for multiple hydrological stations (C7&C16) and
by using both the NSE and NSE(log) as optimization cri-
teria simultaneously. The selected approach simulated well
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runoff during high and low flow conditions and resulted in
a better fit (measured by NSE and log(NSE)) for the simu-
lated discharge.

Our findings agree the previous studies on distributed hy-
drological models, where the optimized parameter set for a
single hydrological unit does not describe the hydrology of
nearby catchments [Seibert et al., 2000; Merz and Blöschl ,
2004]. Models using regionally calibrated parameters have
typically slightly lower performance [Wrede et al., 2013; Ku-
mar et al., 2013] compared to single catchment calibration.
However, regional calibrations make it possible to simulate
discharge and other hydrological responses for the whole
Krycklan catchment by using a single parameter set to drive
the hydrology. The approach takes into account differences
in the sub-catchments in snow accumulation, precipitation
and air temperature, while most previous studies have used
scaled discharge for all sub-catchments assuming that the
discharge at C7 is proportional to the discharge of the other
sub catchments [Ågren et al., 2007, 2014].

To our knowledge, this is the first distributed simula-
tion of flow and DOC at multiple sites in a boreal catch-
ment. The maximization of NSE(log) was, for our appli-
cation, more adequate than the maximization of NSE as
calibration objective. The implemented calibration strategy
improved the performance of the hydrological model during
low-flow conditions and during recession limbs of the hy-
drograph as observed recently by Hailegeorgis et al. [2015].
While it would have been possible to gain slightly higher
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Figure 4. The annual and seasonal variation of the pa-
rameter ksr calculated according to equation (10) control-
ling the slow release of DOC from the soil for the selected
example stations. Data is presented for the years 2006-
2010. Sub-catchments C2 and C7 are forest (99.9% and
82% of the total cover) while C4 is wetland dominated.
In C16 forests cover 87.2% from the total catchment area
being also the outlet of the Krycklan catchment.

performance of the models (as measured by NSE) by cal-
ibrating for C7 or C16 independently, the parametrization
would not describe the runoff for the remaining stations well.
Furthermore, the use of the NSE(log) criteria resulted in a
better model performance for our application since it pro-
duced an improved timing for falling recession limb and a
better balance between Q and S. An adequate modeling
of the relationship between Q and S is central in our DOC
model and therefore over- or underestimation of low-flow
conditions of the used hydrological model would directly re-
duce the performance of the DOC model.

4.2. The K-DOC model performance

In forest-dominated sub-catchments, the DOC concentra-
tion increases during snow melt, while the mire-dominated
sub-catchments experience a reduction of DOC concentra-
tions during this period [Laudon et al., 2011]. In mire-
dominated sites, high DOC concentrations tended to be
more common during the base flow season, whereas the op-
posite was true for the forested sub-catchments (Figure 3,
Fig S1, S2). Our DOC simulations were able to reproduce
these variable patterns that have been observed in several
previous studies [Laudon et al., 2004; Billett et al., 2011].
However, it has been challenging to avoid under- or overes-
timation of DOC-concentrations for this wide spectrum of
responses to hydrological events [Winterdahl et al., 2011a;
Xu et al., 2012; Oni et al., 2014]. The performance of K-
DOC was better compared to previous studies using differ-
ent models [Winterdahl et al., 2011a; Oni et al., 2014]. For
the period 2006-2010, Oni et al. [2014] reported NSE by us-
ing RIM for C2 (forest), C4 (mire) and C7 (mixed) to be
0.62, 0.52 and 0.54, while INCA-C based simulation pro-
duced NSE 0.52, 0.49 and 0.50. The corresponding NSE
for the same catchments using K-DOC was 0.76, 0.68 and
0.73. For the Krycklan catchment outlet (C16), our results
can be compared to RIM and INCA-C simulations that pro-
duced R2 values 0.59 and 0.49 [Oni , 2015], while NSE for
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Figure 5. Variation of the variable controlling the slow
release of DOC from the soil (ksr as a function of mod-
eled soil temperature and S-storage. Values are based
on the simulations covering the years 2006-2010. Further
details concerning the land cover types of the catchments
are provided in Figure 4
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K-DOC was 0.61. The performance of K-DOC was fair also
for the other remaining 14 sub-catchments, although we can-
not compare our result to any other previous studies (Fig
S1, S2).

When the simulation period was extended to cover the
years 2003-2013 (Fig S2), NSE for C2, C4, and C7 were
0.68, 0.62 and 0.60, being slightly lower than for the period
2006-2010. One reason for the less good fit for longer simula-
tion periods was a slow increase in the DOC concentrations,
especially during low flow conditions. These changes in the
DOC concentrations were not captured by K-DOC and are
probably linked to climatic warming [Oni et al., 2014] or
the recovery from acidification [Futter et al., 2011], but also
slow change in forest structure and soil carbon might af-
fect the DOC concentrations at that time scale. Our results
for C2 can be compared to RIM simulations of Winterdahl
et al. [2011a] that reported adjusted NSE 0.69 for the pe-
riod 1993-2006. The previous study by Oni et al. [2014] used
simulation period that was shorter than 10 years. Although
K-DOC performed well also for period 2003-2012 in most
sub-catchments, the performance decreased significantly for
catchments containing lakes (C5 & C6). For C5 and C6,
DOC concentrations were particularly lower for the years
2003-2006 than in 2007-2013 (Fig S1, S2). A similar, but
less pronounced, trend is also visible in C4, C7 and C16
(Figure 3, S1, S2).

The poorer K-DOC performance for lake-dominated
catchments could be caused by a violation of assumptions in
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Figure 6. The annual and seasonal variation of the vari-
able krem controlling the consumption of DOC in soil wa-
ter for the selected example stations. Values are given for
the years 2006-2010.

K-DOC. Terrestrially derived DOC remaining for prolonged
periods in lakes, is subject to in-lake processing. This is
not modeled in K-DOC and consequently, relations of DOC-
concentrations with soil temperature and soil water storage
break down. Furthermore, K-DOC does not contain compo-
nents describing photochemical or microbiological DOC de-
composition or production processes in lake water columns
[Vähätalo et al., 2000; Pers et al., 2001; Weyhenmeyer et al.,
2012] that are implemented for example in INCA-C [Futter

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●

●
●

●
●●●●●
●

●●
●
●
●
●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●

●

●

●
●

●

●

●
●●
●
●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●

●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●

●●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●
●●
●

●

●
●

●

●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

0 5 10 15

0.
0

1.
5

3.
0

k r
em

(c) C2●

●

●

●

January−March
April−June
July−September
October−December

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●●●
●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●●● ●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●●

●●●●●●●●●●●● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●● ●
●

●

●
●

●
●●●●●
●

●●
●

●
●

●●●●●●●●● ●●●●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
●

●

●

●
●

●

●

●
●●

●
●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●● ●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ● ●
●

●

●
●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●● ●●●●● ●●●
●

●

●●

●
●●●●●●● ●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●
●

●

●
●

●

●

●
●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

30 40 50 60 70 80

0.
0

1.
5

3.
0

(d) C2

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●

●●●●●●●●●
●●●●●●●●

●●●●●
●●●●

●●●●●●●
●●●●●●●●●

●●●●●●●
●●●●●

●●●●
●●●●
●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●●●●●●●●●●●●●●

●●●●●●●●●●
●●●●●

●●●●●●●●●
●●●●●●●●●

●●●●●●●●●●●
●●●●

●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●
●●●●●●●●●●

●●●●●●●●
●●●●●●

●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●●●
●●●●●●●●●●●●

●●●●●●●●
●●●●●●●●●

●●●●●●
●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●

●●●●●●●●
●●●●●

●●●●●
●●●●

●●●●●
●●●●●●●●●

●●●●
●●●●●●

●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

0 5 10 15

0.
00

0.
10

k r
em

(g) C4

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●● ●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●

●●●●● ●●●●●●●●●●●●●●●●●
●●●●●●●●●

●●●●●
●●●●●
●●●●● ●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●● ● ●●●● ●● ● ●●● ●●●●●●●●●●●●●●● ●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●● ●●●●●●●●●●●● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●●●●● ● ●●● ● ●●●●●●●●●●● ● ● ● ●●●●●●● ● ● ●●●●●●●●●●●●●● ●●●●● ●●●●● ●●●●●●●●●●●●●●●●●●
●●●●●●● ●●●●●●●●●●●●● ●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●
● ●●● ●● ●●●●●●●

●●●●●●● ●●●●●●●●● ●● ●●●●●●● ●●●●●●●●●●● ●●● ●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●●●●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ● ● ● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
● ● ●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●
●●●●●●● ●●●●●●●●●●

●●●●●●● ●●●●●● ●●●●● ●●●●●●●●●●●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●● ● ● ● ●●● ● ● ● ●●●●●●●●●●●●●●●●●●● ●●●●●●●● ●●●●●●●●●●●●●●●● ● ●●●●●●●●●●●●
●●●●●

●●●●● ●● ●●●●●●● ●●●●● ●●● ● ● ●●●●●●●●●● ●●●●●●●●●●● ●●●●●●●●●●●●● ●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●●●●●●●●●●● ●●●●● ●●●●●●● ●● ●● ● ●●●●●●●●●●●● ●●●● ●●●●●●●●●●●●●●●● ●●●● ● ●●●●●●●●●●●●●
●●●●●●

●●●●●
●●●●●●

●●●●●● ●● ●●● ●●●●● ●●●● ●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●●●●●●●● ● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

30 40 50 60 70 80 90

0.
00

0.
10

0.
20

(h) C4

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●

●
●

●
●●●●●
●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●

●

●●

●

●

●
●●
●
●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●

●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●

●●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●
●

●

●
●

●
●
●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

0 5 10 15

0.
0

1.
5

3.
0

k r
em

(i) C7

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●
●

●

●
●

●
●●●●●
●
●●●

●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
●

●

●

●●

●

●

●
●●

●
●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●● ●●●

●
●

●●

●
●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●
●

●

●
●

●
●

●
●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

50 100 150 200

0.
0

1.
5

3.
0

(j) C7

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●
●●●●●●●●●

●●●●●
●●●●●

●●●●●●●
●●●●●●●●

●●●●●●
●●●●●●

●●●●
●●●●●
●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●
●●●●●

●●●●●●●●●●●●
●●●●●●●●●●●

●●●●●
●●●●●●●●●●●

●●●●●●●●●
●●●●●●●●●●●●

●●●●●●
●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●●●●●●●●●●●●●●●●

●●●●●●●●●●
●●●●●●●●

●●●●●●●●
●●●●●●●●●●

●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●

●●●●
●●●●

●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●

●●●●●
●●●●

●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●
●●●●●●●●●●●●●●●

●●●●●●
●●●●

●●●●●
●●●●●

●●●●●●●
●●●
●●●●●

●●●●●●●●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

0 5 10 15

0.
00

0.
10

0.
20

k r
em

(k) C16

Tsoil (° C)

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●
●●●●●●

●●●●●●●●
●●●●●●

●●●●
●●●●●
●●●●●●●
●●●●●●●●

●●●●●●
●●●●●●
●●●●
●●●●●
●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●●● ●●●●●●●●●●●●●●● ●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●● ●●●●●●●●●●●● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●●●●●●●●● ● ●●●●●●●●●●● ● ● ● ●●●●●●●● ● ●●●●●●●●●●●●●● ●●●●● ●●●●● ●●●●●●●●●●●●
●●●●●●

●●●●●●
● ●●●●●●●●●●
●●●●●●●●●●
●●●●●●●●●
●●●●●●●●●
●●●●●●

● ●●● ●●●●●●
●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●
● ● ●●●●●●●●●●

●●●●●●●●●●●●
●●●●●●●●

●●●●●●●●
●●●

●●●●●
●●●●

●●●●●●●● ●●●●●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●●● ● ● ● ●●●●●●●●●●●●●●●●●●● ●●●●●●●● ●●●●●●●●●●●
●●●●●● ●●●●●●●●

●●●●
●●●●
●●●●●● ●● ●●●●●●

● ●●●●● ●●● ● ● ●●●●●●●●●● ●●●●
●●●●●●● ●●●●●●●●

●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●●●●●●●●●●● ●●●●● ●●●●●●● ●●●●● ● ●●●●●●●●●●●●●●● ●●●●●●●●●●●
●●●●● ●●●● ● ●●●●●●●●
●●●●●●

●●●●
●●●●●
●●●●●
●●●●●●●
●●●

●●●●●●●● ●●●● ●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●● ●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●● ● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

40 60 80 100 120

0.
00

0.
10

0.
20

(l) C16

S (mm)

Figure 7. Variation of the variable krem controlling the
consumption of DOC in soil water as a function of mod-
eled soil temperature and S-storage.
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Figure 8. Simulated ksr and krem for all sub-catchments
by using a constant Tsoil.
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et al., 2007]. However, in-stream photochemical and micro-
bial processes have been shown to be negligible in previous
Krycklan studies, since during periods of the largest DOC
export the residence time is less than 10 hours [Ågren et al.,
2007; Tiwari et al., 2014]. As a summary, the simulation for
the short simulation period (2006-2010) succeeded fairly well
also for catchments with lakes indicating that the effect of
lakes attenuate rapidly in a stream network as also suggested
in a recent study of Lepistö et al. [2014]. Therefore, K-DOC
is suitable also for catchments, where the lake proportion
is small (e.g less than 4%), like in most sub-catchments in
Krycklan.

4.3. Conceptual comparison of different DOC models

Although there are several published DOC models, only
four of them have been used in the Krycklan catchment.
All these previous models have been limited to cover only
few catchments from the Krycklan catchment [Yurova et al.,
2008; Winterdahl et al., 2011a; Oni et al., 2014; Tiwari
et al., 2014; Oni , 2015] and are different in their complex-
ity. The INCA-C is a result of long-term development of
integrated catchment modeling tools that calculates sub-
stance transport and reaction rates between SOM, DIC and
DOC based on the simulated lateral flow conditions [Futter
et al., 2007], where reaction rates depend on soil temper-
ature and soil moisture. The landscape-mixing model of
Tiwari et al. [2014] calculates DOC concentrations based on
empirically determined concentrations from peat, till and
sorted sediments dominated sub-catchments taking into ac-
count ground water inputs diluting the in-stream DOC con-
centration, as well as, bulk in-stream bacterial degradation
and photochemical degradation. The Riparian Integration
Model (RIM) [Seibert et al., 2009; Winterdahl et al., 2011a]
is a model that contains soil temperature control on DOC
release and can simulate DOC concentrations using directly
measured discharge. The parameters of RIM are statisti-
cally estimated. Yurova et al. [2008] developed a sophisti-
cated process model to one mire dominated sub-catchment,
which have a good performance for a single sub-catchment,
but cannot be utilized in forest dominated sites.

Neither of these previous biogeochemical approaches de-
scribed above has used catchment water storage (S) to
model stream water DOC concentrations. These models are
also the most used in studies that have simulated stream
water DOC concentration in boreal catchments in Sweden,
Norway and Finland with significant influence of snow, while
the majority of other published DOC models have been de-
veloped in more southern and partly temperate catchments
[Boyer et al., 1996; Michalzik et al., 2003; Jutras et al., 2011;
Xu et al., 2012; Dick et al., 2014].

K-DOC is less parametrized than INCA-C and does not
require separate equations or process descriptions for dif-
ferent land cover types. However, K-DOC is parametrized
and optimized on a sub-catchment basis. K-DOC is more
complex than RIM, because the fitting of slow release of
DOC and consumption of DOC in soil water (ksr and krem)
depends on soil temperature and catchment water storage
(Tsoil and S) at the same time. In RIM-model stream wa-
ter DOC concentrations are driven by the discharge directly,
while K-DOC integrates the total catchment water storage
change and the runoff. The relationship of Q and S is repre-
sented as non-linear relationship, which is controlled by the
discharge sensitivity function [Kirchner , 2009].

In hydrological terms, a clear difference in K-DOC com-
pared to RIM is that stream water DOC concentrations de-
pend on S and not only discharge. In INCA-C stream water
DOC concentrations depends on discharge and soil moisture
(SM), which is distinct from the catchment water storage
(S) described by Kirchner [2009]. SM is a common variable

in HBV type hydrological models [Bergström, 1992; Futter
et al., 2007; Jutras et al., 2011] and simulates the parti-
tioning of water between soil retention and runoff genera-
tion. Compared to S, which respond rapidly to hydrological
events, SM is relatively slowly varying.

In biogeochemical models, SM is used to describe how
DOC production from SOM is dependent on SM in differ-
ent soil horizons. However, this process is fundamentally
different to the process of K-DOC that describes the affin-
ity of DOC to be transported from soil to stream trough
rapid changes of S. It should be noticed that pulse-like hy-
drological events increase stream water DOC concentrations
and affect catchment water storage (S), but K-DOC does
not assume that these rapid changes would be connected to
changes in DOC production in soil. Therefore, K-DOC is a
less parametrized and probably more parsimonious descrip-
tion of how DOC is transported to stream water from the
soil than how DOC is produced from SOM in the soil.

In K-DOC runoff generation is coupled with a biogeo-
chemical model where all responses are described by us-
ing non-linear dependencies. The approach combines slowly
changing Tsoil and rapidly changing S. Therefore, the use
of S may perform better than SM especially regarding the
rapid hydrological events (precipitation or snow melt) that
quickly flushes leachable DOC from soil to stream [Xu et al.,
2012]. The use of soil temperature in our modified version
of K-DOC leads to a differentiation of the snowmelt-driven
hydrological events that do not transport high DOC concen-
trations from the high flow conditions during the snow-free
season that frequently lead to high stream water DOC con-
centrations.

Although several DOC models have been developed, no
DOC model has been used to compare the catchment re-
sponse to the environmental forcing that regulates stream
water DOC concentrations. Through this approach, we were
able to analyze the seasonal patterns of the used parame-
ter modifiers and a sub-catchment specific response of the
model to Tsoil and S. While most of the previously used
DOC models have concentrated to evaluate model perfor-
mance from two up to four catchments [Futter et al., 2007;
Jutras et al., 2011; Winterdahl et al., 2011b; Oni et al., 2014;
Birkel et al., 2014], we analyzed the model performance for
eighteen sub-catchment using the distributed hydrological
responses. Based on our findings, we believe that K-DOC is
suitable for the most boreal catchments and potentially for
temperate catchments that are influenced by snow.

4.4. The control of the non-linear responses

Although we used a non-linear function to fit the release
and consumption processes of DOC (ksr and krem), the re-
lationship of these variables with Tsoil and S is almost linear
for shorter time periods. This suggests that in boreal catch-
ments, both water storage and soil temperature, are impor-
tant factors regulating the stream water DOC concentra-
tions and the control may differ between seasons. The sim-
ulated values of ksr and krem displayed a distinct seasonal
variation and generally non-linear response with the envi-
ronmental drivers. The simulated responses were variable
in different sub-catchments indicating that the response is
catchment dependent and varies within a small geographical
area.

The simulated annual patterns of in-stream DOC con-
centrations for mire- and forest-dominated catchments were
opposite (Figure 3). For the forest dominated small catch-
ments C2 and C7 (99% & 82% of forest cover) the release of
DOC from SOM (as measured by ksr), was similar. The sea-
sonal variation of ksr was different for the mire-dominated
(44%) catchment C4 nearby. While ksr values in the mire
ecosystems peaked in the late summer in the forest ecosys-
tems the values were at the maximum in the later spring
or early summer. As C4 drains to the C7 catchment, the
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variability of the simulated ksr over time was reduced. An
annual pattern of DOC concentration similar to C4 was as
a consequence not observable at the C7 measurement point,
even though the distance between these stations is only a few
hundred meters. The reason could be that the quantitative
contribution of C4 to DOC concentrations observed in C7
was small and the largest part of the ksr signal originated
from the forested areas. On the other hand, when DOC
concentration in C4 was at its highest values, the discharge
was low and the contribution of C4 to the DOC concentra-
tions at C7 was small. When the catchment area increased
as can be seen from the ksr pattern for C16, at the outlet
of the Krycklan catchment, the responses were more similar
to C4 than to C7. We think that the simulated pattern of
ksr can be attributed to the fact that C16 integrates all land
cover types of the catchment and that therefore the response
of DOC concentration to precipitation events or changes in
temperature are much slower than for the smaller catch-
ments.

The average values for our the variables ksr and krem
for small catchments, typically less than 2 km2, were higher
than those for larger catchments (Figure 8). The differences
associated to catchment size might be caused by the differ-
ences in runoff generation. While in a small catchment, the
response is naturally much faster after precipitation events
or snow thaw, in larger catchments the role of groundwa-
ter inputs to in-stream DOC concentrations becomes more
important [Laudon et al., 2007; Tiwari et al., 2014; Peralta-
tapia et al., 2015] and responses become slower.

4.5. The importance of seasonal and annual variation
of environmental forcing for in-stream DOC concentrations

We investigated the seasonal differences in in-stream
DOC concentrations by using the relationship between en-
vironmental forcing and fitted parameters and modeled in-
stream DOC concentrations in 18 sub-catchments. The es-
timated high values of the variables ksr and krem during
the spring thaw were associated with high discharge, while
the high values during the summer time were connected to
heavy rainfall events. Furthermore, the distribution of the
values of the variables ksr and krem showed a seasonal vari-
ation that was connected to hydrological events such as in-
tense precipitation events and snow melt of the catchments.
However, there were no clear patterns in the variation of ksr
or krem in mire dominated and forested catchments. While
in most sub-catchments the slow release of DOC (ksr) had
a clearer relationship with simulated S, the slow removal
of DOC from soil water (krem) showed a more pronounced
non-linear relationship with the modeled Tsoil.

These findings are in accordance with previous studies
suggesting stream water DOC concentrations might be sen-
sitive to discharge or temperature [Weyhenmeyer and Karls-
son, 2009; Futter et al., 2011; Winterdahl et al., 2014]. For
example Futter et al. [2011] reported on the basis of INCA-C
simulations carried out in four Swedish integrated monitor-
ing sites that all the investigated catchments were sensitive
to soil temperature. However, in one of the investigated
sites with pronounced seasonality caused by the snowmelt,
stream water DOC concentrations were governed mainly
by the discharge, not Tsoil. In our simulations, most sub-
catchments showed a non-linear response between the slow
release of DOC (ksr) and the catchment water storage (S),
while the removal of DOC from soil water (krem) was as-
sociated with Tsoil. Our findings suggest that catchment
water storage is more important for DOC release, while soil
temperature is more important for DOC consumption. This
indicates that the release and consumption rates may vary in
different catchments. Furthermore, our simplified approach
to divide SOM degradation to DOC release and DOC con-
sumption rates were applicable for 18 partially nested sub-
catchment of this study covering wider selection of different
ecosystems than previous studies.

Previous studies have suggested that the length of win-
ter and thawing season [Ågren et al., 2010a], spring floods

[Ågren et al., 2010b] together with discharge have an effect
on DOC export. The soil processes of the antecedent season
(summer or autumn) might affect DOC export of the follow-
ing spring in forest and mire dominated catchments [Yurova
et al., 2008; Ågren et al., 2010a]. However, based on sta-
tistical analyses, Ågren et al. [2010a] suggested that winter
climate has a larger effect on stream water DOC concentra-
tion than the DOC export during the previous summer or
autumn. The approach of the K-DOC, where stream water
DOC concentrations are calculated as a series of differen-
tial equation that take into account the history of S and
catchment DOC storage. We did not see strong carryover
effects from one season to another (except the increase in
low flow DOC concentrations discussed above), but future
research has to show to what extend a dynamic simulation
of S, Tsoil and the DOC storage in the soil are sufficient
to explain inter-annual variation in DOC. It is also possi-
ble that long-term variations are driven by variations in lit-
ter input and productivity as suggested by Pumpanen et al.
[2014]. Such model structure should be able to take into
account the inter-annual and annual variability of the in-
stream DOC concentrations better than purely statistical
models like RIM that is dependent solely on environmental
conditions.

While there is evidence that terrestrial ecosystems have
a memory that is affected by the preceding environmental
conditions, it highlights the need of simplified process based
modeling tools that could be used to investigate these de-
layed responses to environmental conditions, which are typ-
ical for boreal ecosystems. We believe that taking into ac-
count catchment water storage, helped to gain good response
to pulse-like stream water DOC concentrations and differen-
tiate dry and wet years. K-DOC was able to perform better
for same simulation period than previously used models that
have more complex structure. This indicates that our parsi-
monious model has a small number of uniquely identifiable
parameters, which facilitate global maximization of good-
ness of fit criteria.

5. Summary and Conclusions

Our simulations carried out for 18 sub-catchments sug-
gests that in individual catchments stream water DOC con-
centrations are regulated by DOC release and consumption
processes. Although the seasonal pattern for forest and mire
dominated catchments seems to be roughly similar, the tim-
ing of the release of DOC from SOM (as measured by ksr)
is different. In forest dominated catchments simulated ksr
values are at their maximum during the time when soil tem-
perature is low, while in mire-dominated sub-catchments the
highest simulated ksr was observed the season with high soil
temperature. Our results suggests that both, soil water stor-
age and soil temperature, are important factors controlling
DOC release from forest and mire dominated catchments,
but their contribution from stream water DOC concentra-
tions varies between different seasons.
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Löfvenius, and K. Bishop (2013), The Krycklan Catchment
Study-A flagship infrastructure for hydrology, biogeochem-
istry, and climate research in the boreal landscape, Water Re-
sources Research, 49 (10), 7154–7158, doi:10.1002/wrcr.20520.
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Seibert, J., T. Grabs, S. Köhler, H. Laudon, M. Winterdahl, and
K. Bishop (2009), Linking soil and stream-water chemistry
based on a riparian flow-concentration integration model, Hy-
drology and Earth System Sciences Discussions, 6 (4), 5603–
5629, doi:10.5194/hessd-6-5603-2009.

Soetaert, K., T. Petzoldt, and W. R. Setzer (2014), deSolve: Gen-
eral Solvers for Initial Value Problems of Ordinary Differential
Equations (ODE), Partial Differential Equations (PDE), Dif-
ferential Algebraic Equations (DAE), and Delay Differential
Equations (DDE).

Thackeray, S. J. (2014), Freshwater Ecosystems and the Car-
bon Cycle. In: Excellence in Ecology Series J. J. Cole
(2013). Volume 18. International Ecology Institute, Olden-
dorf, Germany. 125 pp., Freshwater Biology, 59 (8), 1781, doi:
10.1111/fwb.12382.

Tiwari, T., H. Laudon, K. Beven, and A. M. Ågren (2014), Down-
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Abstract. In order to assess the production of biologically
labile photoproducts (BLPs) from non-labile terrestrial dis-
solved organic carbon (tDOC) in the coastal ocean, we col-
lected water samples from ten major rivers, removed la-
bile tDOC and mixed the residual tDOC with artificial sea-5

water for microbial and photochemical experiments. Bac-
teria grew on the residual non-labile tDOC with a growth
efficiency of 11.5% (mean; range from 3.6% to 15.3%).
Simulated solar radiation transformed a part of tDOC into
BLPs, which stimulated bacterial respiration and produc-10

tion, but did not change bacterial growth efficiency com-
pared to the non-irradiated dark controls. In the irradiated
waters, the amount of BLPs stimulating bacterial produc-
tion were linearly dependent on the photochemical bleach-
ing of terrestrial chromophoric dissolved organic matter (tC-15

DOM). The apparent quantum yields for BLPs supporting
bacterial production ranged from 9.5 to 76 (median 36.1)
µmol C mol photons−1 at 330 nm. The corresponding values
for BLPs supporting bacterial respiration ranged from 57 to
1204 (median 186) µmol C mol photons−1. According to the20

calculations based on spectral apparent quantum yields and
local solar radiation, the annual production of BLPs ranged
from 21 (St. Lawrence) to 584 (Yangtze) mmol C m−2 yr−1

in the plumes of the examined rivers. Complete photobleach-
ing of tCDOM in the coastal ocean was estimated to pro-25

duce 10 Tg C BLPs yr−1 from the rivers examined. In the en-
tire global coastal ocean, the corresponding estimate is 38
Tg C BLPs yr−1 (15% of riverine tDOC), which support
4 Tg C yr−1 bacterial production and 34 Tg C yr−1 bacterial
respiration.30

1 Introduction

Rivers transport 246 Tg C yr−1 of terrestrial dissolved or-
ganic carbon (tDOC) to the oceanCai (2011). A part of (19
± 16%; Søndergaard and Middelboe(1995)) tDOC is bio-
logically labile and consumed by bacteria quickly after the35

entrance to marine recipient in the estuaries and continental
shelves (Lønborg et al., 2009; Lønborg and Alvarez-Salgado,
2012). The remaining majority of tDOC (81± 16%) Søn-
dergaard and Middelboe(1995) is non-labile and transported
offshore. In the coastal waters, the primary sinks for non-40

labile tDOC are slow microbial metabolism or photochemi-
cal transformations (Bauer et al., 2013). The importance pho-
tochemical transformation increases with the residence time
of tDOC, because the biological lability of tDOC decreases
faster than the photochemical reactivity of tDOC (Vähätalo45

and Wetzel, 2004; Vähätalo et al., 2010). Photochemical re-
actions can transform non-labile tDOC to dissolved inorganic
carbon (DIC) or biologically labile photoproducts (BLPs),
the latter being rapidly assimilated by microbes (Wetzel
et al., 1995). The assimilation of non-labile tDOC (directly50

or after photochemical transformation into BLPs) contributes
to the heterotrophy of coastal waters (Smith and Hollibaugh,
1993) and couples tDOC to marine food webs (Vähätalo and
Järvinen, 2007; Vähätalo et al., 2011).

By operational definition, BLPs are photochemically pro-55

duced compounds that are biologially more labile than the
original pool of compounds in non-irradiated DOC. The
amount of BLPs is typically quantified experimentally as
bacterial respiration, bacterial production or associated loss
of DOC (= bacterial carbon demand) in irradiated DOC in60

excess of that found in non-irradiated dark control DOC like
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e.g. in 23 studies reviewed byMopper and Kieber(2002).
In order to relate the experimental findings to environmen-
tal processes, the amounts of BLPs have been related to the
number of photons absorbed by chromophoric dissolved or-65

ganic matter (CDOM) yielding an apparent quantum yield
(AQY) for the production of BLPs (Miller et al., 2002; Vähä-
talo et al., 2011; Aarnos et al., 2012; Reader and Miller,
2014; Cory et al., 2014).

The production of individual BLP compounds depends on70

the photochemical loss of CDOM (photobleaching;Kieber
et al.(1990); Miller and Moran(1997); Bertilsson and Tran-
vik (2000); Obernosterer and Herndl(2000)). The relation-
ship between photobleaching and the photochemical pro-
duction BLPs is linear for formaldehyde, glyxoylate, carbon75

monoxide and carboxylic acids (Kieber et al., 1990; Miller
and Moran, 1997; Bertilsson and Tranvik, 2000). Although,
the relationship between the production of BLPs and photo-
bleaching could be also used to estimate the photoproduction
of BLPs in the surface waters, it has rarely used for such a80

purpose (Obernosterer and Herndl, 2000).
The bacterial production on BLPs depends in part on bac-

terial growth efficiency (BGE) on BLPs. Irradiation of DOC
can decrease (15 studies) or increase BGE (5 studies) com-
pared to non-irradiated DOC (reviewed byAbboudi et al.85

(2008)). Despite these comparisons between irradiated and
non-irradiated DOC, BGE on BLPs has not been previously
determined.

This study estimates the production of BLPs from non-
labile tDOC in the coastal waters and determines BGE on90

BLPs. We collected water samples from ten large rivers and
stored them with indigenous microbes to remove biologically
labile tDOC. The remaining non-labile tDOC was mixed
(1:1) with artificial seawater to simulate the chemical ma-
trix of coastal ocean. The sterile filtered mixtures were irra-95

diated with simulated solar radiation. The irradiated waters
received indigenous bacteria and the amount of BLPs was
determined separately as bacterial production (BP on BLPs)
and respiration (BR on BLPs) in excess of that found in the
non-irradiated dark control waters. The BP or BR on BLPs100

was related to the photobleaching of tCDOM and also to the
number of absorbed photons for the calculations of spectral
AQYs. The annual production of BP and BR on BLPs (mol
C m−2 yr−1) in the river plumes was calculated from AQYs
and the annual solar radiation in the coastal ocean in the front105

of each river. We estimated the production of BLPs by each
river (mol C yr−1 river−1) from the annual tCDOM flux using
the relationship between BLPs and the photobleaching of tC-
DOM. As the rivers examined contribute 28% of tDOC flux
to the ocean, we dared to extrapolate our finding to a global110

scale simply by assuming that the rivers examined here are
representative for the remaining 72% of tDOC flux by other
rivers.

2 Material and Methods

2.1 Material115

The rivers selected for this study (Table1) reside in five
continents, drain 25% of the land area, and contribute 33%
to the freshwater discharge to the ocean (Carlson, 2002;
Cauwet, 2002; Coynel et al., 2005; Milliman and Farnsworth,
2011). For the collection of water samples, empty polyethy-120

lene containers (cleaned with detergent, rinsed with HCl and
finally copiously rinsed with ion exchanged water; MQ) were
shipped to the local collaborators at ten major rivers (see ac-
knowledgments, Supplementary information). The contain-
ers were filled in the center of the stream by direct immer-125

sion below the surface, except for the Mississippi and St.
Lawrence Rivers where water about 3 m below the surface
was collected with Niskin bottles. The samples collected for
this study has been used earlier for the determination of dis-
solved black carbon (Jaffé et al., 2013), molecular compo-130

sition of DOM (Wagner et al., 2015), dissolved iron (Xiao
et al., 2013) and the photochemical isotopic fractionation of
tDOC (Lalonde et al., 2014).

Artificial seawater was prepared according toKester et al.
(1967) by dissolving pro analysis grade of inorganic salts135

(VWR International) to MQ water. Based on a separate
experiment (Supplementary Information), artificial seawater
did not contain labile DOC affecting the determinations of
BLPs. Prior to use, glassware and quartzware were washed
in a dishwasher, rinsed out with 7% HCl and MQ water, and140

combusted for several hours (450◦ C).

2.2 Experimental

2.2.1 Sample preparation

Although solar radiation transforms photoreactive tDOC
across its entire journey from estuaries towards open ocean,145

the dilution and advection of tDOC into transparent sea-
water increase its phototransformation in offshore waters,
where the phototransformation of tDOC primarily takes
place (Medeiros et al., 2015). This phototransformation con-
cerns non-labile tDOC, since labile tDOC has been con-150

sumed earlier close to shore (Medeiros et al., 2015). In order
to mimic the biological consumption of labile tDOC, the col-
lected water samples were not filtered or preserved, but kept
in darkness and sent to our laboratory in Helsinki, Finland by
air cargo. The median transport time between the sampling155

and the arrival to Helsinki was 33 days (Table1) and allowed
the heterotrophic consumption of labile tDOC during the
transportation, leaving behind the non-labile tDOC. In our
St. Lawrence river sample, the proportion of labile tDOC was
19 ± 1% (n = 3; (Lalonde et al., 2014)), which is in agree-160

ment with the proportion of labile DOC being 19± 16%
in rivers and coastal waters (Søndergaard and Middelboe,
1995; Lønborg and Alvarez-Salgado, 2012). Upon arrival to
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the laboratory, the water samples were filtered through 1-µm
filters (quick rinsed membrane cartridge, Nuclepore or dou-165

ble layer of track-etch polyester membrane filter cartridge,
Graver Technologies) and stored in the dark at +4◦C.

In order to assess BGEs and the production of BLPs from
non-labile tDOC under conditions representing coastal wa-
ters, the 1 µm-filtered river water samples were mixed 1:1170

with artificial seawater. In the mixtures, the ionic composi-
tion was similar to that of seawater but the salinity (16) was
half of that found in the ocean. For abiotic photochemical ex-
periments, the 1 µm filtered river water samples mixed with
artificial seawater were further aseptically filtered through175

0.2 µm membrane filters (Palls Supor 200) into 170 mL glass
or quartz flasks to be closed with ground-glass stoppers with-
out headspace. Our salinity adjustment followed by filtration
mimicked the flocculation of riverine iron and related loss in
the photochemical reactivity of tDOC in coastal waters (Mi-180

nor et al., 2006; White et al., 2010).

2.2.2 Irradiations

Photochemical reactivity of riverine tDOC is highest upon
entrance to estuary, but it will decrease with increasing resi-
dence time in sunlit water (e.g.,Andrews et al.(2000); Vähä-185

talo and Wetzel(2004)). Our aim was not to determine the
photoreactivity of tDOC in river water, instead our experi-
mental irradiations were designed to degrade approximately
half of tCDOM to assess a typical (median) photochemical
reactivity of tDOC along its transport from estuaries towards190

open ocean. The quartz flasks were irradiated for 44 h to 46
h with 765 W m−2 simulated solar radiation (Atlas Suntest
CPS+ solar simulator) in a MQ-water bath regulated to 20
◦C with a Lauda RE-112 thermostat like in our earlier study
(Aarnos et al., 2012) (Supplementary information). The glass195

flasks wrapped into aluminum foil were kept in the same wa-
ter bath (dark controls) or at 4◦C (initials). During the irra-
diations, photochemical oxygen consumption was estimated
to be less than 50% from the initial O2 concentration in the
diluted samples (Xie et al., 2004). The dose of ultraviolet ra-200

diation received by the samples corresponded to 26-27 days
of the mean ultraviolet radiation absorbed by the surface of
Earth, when calculated from the Earth’s annual global mean
energy budget (Kiehl and Trenberth, 1997) accounting for
the spectral irradiance of Suntest CPS+ and the ASTM G173-205

03 solar reference spectrum.

2.2.3 Bioassays

For the bioassays, the irradiated and the dark control samples
from each river received a 10% (vol/vol) inoculum of bacteri-
oplankton prepared from their corresponding river by passing210

the 1 µm-filtered river water through GF/F filters (nominal
pore size of 0.7 µm, Whatman) for the removal of the grazers
of bacterioplankton. The bioassay samples received NH4Cl
and KH2PO4 to the final concentrations of 1.2 mg N L−1

and 0.13 mg P L−1, respectively, and were divided into two215

aliquots for the determination of bacterial respiration (BR) or
bacterial production (BP).

2.2.4 Bacterial respiration

BR was determined as a consumption of dissolved oxygen
(O2) measured with needle- type oxygen microsensor op-220

todes (PreSens GmbH, Regenburg, NTH-PSt1-L5-TF-NS40)
(Warkentin et al., 2007, 2011) at 15 minutes intervals from
aliquots closed in biological oxygen demand bottles incu-
bated in darkness in a water bath at 20◦C (Lauda RE-112
thermostat). An optode was inserted into the sample via225

a hole drilled through the ground-glass stopper and sealed
with parafilm. The drift of instrument defining the detec-
tion limit for BR was measured in three blank experiments,
where MQ water was incubated for 300 hours under the
conditions identical to respiration measurements. During the230

blank experiments, the apparent decline of O2 was 1.5± 0.5
µmol L−1 300 h−1 (mean± sd, n = 3). The decline in the
concentration of O2 was converted into an increase in the
concentration of CO2 assuming 1:1 molar ratio between the
consumed O2 and the produced CO2 in BR. The selected res-235

piratory quotient makes our study comparable to earlier stud-
ies, which have used values ranging from 0.82 to 1.2 (Søn-
dergaard and Middelboe, 1995; del Giorgio et al., 1997; del
Giorgio and Cole, 1998; Cory et al., 2014). The temporal
trend of accumulated CO2 was determined by a polynomial240

fitting to the measurements with the smooth spline function
in R software (R Core Team, 2014).

2.2.5 Bacterial production

To determine bacterial production (BP), 10 mL samples were
preserved with formaldehyde (final concentration 5%) daily245

from the aliquots incubated in the dark at room temperature
(mean 22◦C, range from 20◦C to 24◦C) with an air-head
space. The bacterial cells from the preserved samples were
filtered on 0.2 µm polycarbonate filters (GE water & Pro-
cess Technologies) and stained with acridine orange (Hob-250

bie et al., 1977). Bacterial densities were estimated from cell
counts from≥ 20 fields with an epifluorescence microscope
(Aristoplan). The cell volumes were determined by digital
image analysis (Image Analysis & LabMicrobe software;
Massana et al.1997). The volumes of cells were converted255

to carbon using a conversion factor of 0.12 pg C (µm3)0.7

and the total carbon-biomass of bacterioplankton assemblage
was calculated by multiplying the organic carbon content of
cells with the density of cells (Norland, 1993).

2.2.6 Defining BLPs and BGEs260

For the bacteria growing in the irradiated sample, the re-
sponse to BLPs was considered to be largest in the end of log-
arithmic growth phase defined as the first day with maximum
biomass during the 12 day-long bioassay (Stepanauskas
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et al., 2002). The first maximum biomass was determined265

separately for each irradiated tDOC among the bacterial sam-
ples preserved daily across the entire length of bioassay. On
the day of maximum biomass (varying from 5 to 12 days)
the difference in the accumulated BP or BR between the dark
control and the irradiated tDOC represented the BP or BR on270

BLPs. To best of our knowledge, our study is the first one,
which sought for the maximum response of bacteria to BLPs
separately for each sample prior to calculating BGEs. Pre-
viously fixed times varying from 1.5 to 7.8 days have been
used (Reche et al., 1998; Anesio et al., 2000; Farjalla et al.,275

2001; Anesio et al., 2005; Amado et al., 2006; Pullin et al.,
2004; Vähätalo et al., 2003; McCallister and Bauer, 2005;
Smith and Benner, 2005; Abboudi et al., 2008). The bacte-
rial growth efficiency (BGE) was calculated as BP/(BP+BR).

2.3 Analytical measurements280

The absorbance by CDOM was measured with a spectropho-
tometer (Shimadzu UV 2550) in triplicates against MQ wa-
ter reference using a 0.05 m quartz cuvette. The absorbance
by CDOM was converted into an absorption coefficient
(aCDOM,λ) accounting for the path length of the cuvette and285

transforming the 10-base logarithm to a Naperian- based log-
arithm (ln(10)).

2.4 The apparent quantum yields for the production of
BLPs

Spectral apparent quantum yields (AQYs) for the production290

of BLPs supporting bacterial production (BP) or bacterial
respiration (BR) (AQYBP,λ or AQYBP,λ) were calculated as:

AQYBP,λ or AQYBR,λ =
BP or BR on BLPs

photons absorbed by tCDOM(λ)

(1)

where BP or BR on BLPs are the bacterial production or
respiration based on BLPs (mol C) and photons absorbed rep-295

resents the spectrally resolved absorption of photons by tC-
DOM during the irradiation experiment (mol photons at the
spectral range fromλ 290 nm toλ 750 nm). The latter was
calculated by accounting for the spectral dose of photons, the
optical path length, and the absorption characteristics of sam-300

ples as explained in the supplementary material. AQYBP,λ

and AQYBR,λ were assumed to depend on wavelength ac-
cording to:

AQYλ = c e−dλ (2)

where AQYλ is AQYBP,λ or AQYBR,λ, c305

(mol C mol photons−1) and d (nm−1) are positive con-
stants, andλ is the wavelength (nm). The parametersc andd

in Eq.2 were iterated from Eq.1 by unconstrained nonlinear

optimization (the ’fminsearch’ function of the Matlab 7.9.0)
as in our earlier publications (Vähätalo et al., 2011; Aarnos310

et al., 2012) (Supplementary information).

2.5 The production of BLPs based on AQYs

The measured AQYBP,λ or AQYBR,λ was used to calculate
the production rate of BLPs in the river plumes according to:

pr =

λmax∫
λmin

AQYλQλ(aCDOM,λa
−1
tot,λ)dλ (3)315

wherepr is the production rate of BLPs supporting BP or
BR over the entire water column (mol C m−2 yr−1), AQYλ is
AQYBP,λ or AQYBR,λ, Qλ represents the spectrum of solar
radiation absorbed by the entire water column (mol photons
m−2 yr−1 nm−1), and the ratio aCDOM,λa−1

tot,λ (dimensionless)320

is the contribution of tCDOM to the total absorption coef-
ficient atot,λ(m−1 nm−1) (Aarnos et al., 2012). The integra-
tion was done fromλmin of 290 nm toλmax of 750 nm. Qλ

was calculated as the product of a standard solar radiation
spectrum (ASTM G173-03;Chu and Liu(2009)) normal-325

ized with global radiation and the annual mean global ra-
diation determined for the area of each river plume exam-
ined (Hatzianastassiou et al., 2005) (See supporting infor-
mation). Terrestrial CDOM was assumed to absorb all pho-
tolytic photons(aCDOM,λa−1

tot,λ = 1; Eq.3). Therefore the cal-330

culated rates apply for those coastal regions, where tCDOM
from rivers dominates the absorption of photolytic solar ra-
diation (e.g. river plumes).

2.6 The production of BLPs based on photobleaching

The annual production of BLPs from tCDOM of each river335

in coastal ocean was estimated from the relationship between
BLPs and photobleaching. Photobleaching was assumed to
be the only sink for tCDOM discharged by rivers to coastal
ocean (Nelson and Siegel, 2013). In this case, the amount
of photobleached tCDOM equals the tCDOM flux by the340

rivers. The annual tCDOM fluxes for Lena, Mississippi and
St. Lawrence rivers were taken from the literature (Stedmon
et al., 2011; Spencer et al., 2013) and converted to aCDOM,300
flux with spectral slope coefficients reported for Lena by
Stedmon et al.(2011) and measured for Mississippi (17.6345

µm−1) and St. Lawrence (16.3 µm−1) in the present study.
In the absence of published fluxes for the remaining rivers,
the annual tCDOM fluxes were estimated by multiplying the
measured aCDOM,300 with the annual water discharge (Mil-
liman and Farnsworth, 2011). The production of BLPs sup-350

porting BP by each river (mol C yr−1) was calculated by mul-
tiplying the tCDOM flux of each river (m2 yr−1) with the re-
lationship (mol C m−2) between the BP on BLPs and photo-
bleaching of tCDOM at 300 nm. The BR on BLPs was cal-
culated from the mean BGE on BLPs (BR= BP/BGE-BP).355
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Table 1. Locations and dates for sampling. City refers to a location close to the site of sampling given by coordinates. Transport time
expresses the days elapsed between the sampling and the arrival of the sample to laboratory.

Location Date
River Country City Latitude Longitude Sampling Transport time
Rio Negro* Brazil Manaus 03◦07’59”S 59◦54’09”W 3 June 2010 82
Rio Solimões* Brazil Manaus 03◦07’58”S 59◦54’04”W 3 June 2010 82
Congo Congo Kinshasa 04◦18’18”S 15◦28’32”E 1 May 2009 25
Danube Romania Tulcea 45◦13’38”N 28◦44’50”E 19 Apr. 2010 21
Ganges-Brah.** Bangladesh Dhaka 23◦34’12"N 90◦10’53"E 1 Oct. 2009 68
Lena Russia Tiksi 71◦54’14”N 127◦15’16”E 16 Aug. 2009 155
Mekong Kambodza Phnom Penh 11◦33’28”N 104◦56’53”E 21 Aug. 2009 34
Mississippi USA New Orleans 29◦02’20”N 89◦19’20”W 22 Apr. 2009 34
Paraná Argentina Buenos Aires 34◦18’07”S 58◦32’47”W 29 Mar. 2009 18
St. Lawrence Canada Quebec 46◦54’45”N 70◦52’32”W 12 Jun. 2009 33
Yangtze China Shanghai 31◦45’49"N 121◦2’22"E 7 Sep. 2009 17

*Amazon river sample was prepared by mixing samples from Rio Negro (25%) and Rio Solimões (75%)

**Ganges-Brahmaputra

Table 2. Absorption coefficients of chromophoric dissolved organic matter at wavelength 300 nm (aCDOM,300;m−1) in the initial, the
dark and the irradiated samples (mean± sd of three determinations), the amount of photobleaching (Dark - Irradiated) given as absorption
coefficient (1aCDOM,300;m−1) as well as the relative difference (%) between the irradiated and to dark controls ((Dark-Irradiated)/Dark).

aCDOM,300 Photobleaching
River Intial Dark Irradiated 1aCDOM,300 (Dark-Irradiated)/Dark

(%)
Amazon 13.06± 0.03 12.92± 0.02 5.97± 0.02 6.95± 0.04 54± 0.1
Congo 21.61± 0.03 21.54± 0.03 9.12± 0.03 12.42± 0.06 58± 0.1
Danube 4.08± 0.03 3.79± 0.01 1.73± 0.02 2.06± 0.03 54± 0.4
Ganges-Brah* 1.08± 0.03 1.12± 0.03 0.64± 0.03 0.48± 0.06 43± 1.1
Lena 10.92± 0.04 10.86± 0.02 5.22± 0.03 5.64± 0.05 52± 0.2
Mekong 2.41± 0.02 2.41± 0.01 1.21± 0.03 1.20± 0.04 50± 1.0
Mississippi 5.90± 0.05 6.01± 0.05 2.79± 0.04 3.22± 0.09 54± 0.3
Paraná 4.49± 0.08 4.48± 0.01 2.70± 0.01 1.78± 0.02 40± 0.1
St. Lawrence 6.39± 0.17 6.29± 0.07 3.12± 0.16 3.17± 0.23 50± 2.0
Yangtze 2.57± 0.05 2.63± 0.08 1.26± 0.03 1.37± 0.15 52± 0.3

*Ganges-Brahmaputra

Finally, the total production of BLPs (mol C yr−1) was ob-
tained as a sum of BR and BP on BLPs.

2.7 Statistical analysis

Statistical differences between the irradiated and the dark
control samples were tested with two-tailed paired t-tests360

(heteroscedastic). We used linear regression to evaluate the
relationship between photobleaching and BP based on BLPs.
All statistical analyses were carried out using R-language (R
Core Team, 2014).

3 Results365

3.1 Photobleaching of tCDOM in a seawater matrix

When 0.2 µm filtered river waters without labile tDOC (Ta-
ble 1) were mixed with artificial seawater and irradiated, the
simulated solar radiation photobleached tCDOM at 300 nm
(aCDOM,300) by 50.4 ± 2.6% (mean± sd; Table2). The370

amount of photobleaching expressed as absorption coeffi-
cient ranged from 0.48± 0.06 m−1 (Ganges-Brahmaputra)
to 12.42± 0.06 m−1 (Congo) when calculated as the differ-
ence in aCDOM,300between the dark control and the irradiated
samples (1aCDOM,300, Table2).375

3.2 Bacterial production

In order to assess the bacterial production (BP) on the irradi-
ated and the dark control non-labile tDOC, we introduced an
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Table 3.Bacterial cell densities (109 cells L−1, mean± sd of two replicates) in the beginning of bioassay (t = 0) and at the time of maximum
cell density in the irradiated (Irradiated) samples and in the dark control samples (Dark), the time of maximal density (in days) and the
relative increase in the density based on BLPs: ((Irradiated-Dark)/Dark (%))

River Cell density Time of max density (Irradiated-Dark)/Dark
t = 0 Dark Irradiated

(d) (%)
Amazon 0.01 0.67± 0.02 1.54± 0.04 8 130± 01
Congo 0.03 1.89± 0.04 4.01± 0.12 5 112± 02
Danube 0.02 0.50± 0.02 1.04± 0.02 8 108± 04
Ganges-Brah* 0.02 0.48± 0.03 0.73± 0.07 5 52± 05
Lena 0.03 0.36± 0.07 0.48± 0.04 6 33± 15
Mekong 0.02 0.64± 0.06 1.00± 0.04 12 56± 08
Mississippi 0.02 1.58± 0.03 2.53± 0.15 10 60± 06
Paraná 0.24 0.80± 0.03 1.09± 0.03 9 36± 01
St. Lawrence 0.03 0.59± 0.01 0.87± 0.00 12 47± 01
Yangtze 0.03 0.64± 0.06 1.08± 0.02 9 69± 13

*Ganges-Brahmaputra
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Figure 1. The relationship between the bacterial production based
on biologically labile photoproducts (BP on BLPs) and the pho-
tobleached CDOM at 300 nm (1aCDOM,300). Dots show individ-
ual samples, the solid line is a linear fit and the dotted lines show
the 95% confidence intervals of linear fit. The solid line shows a
linear model without an intercept: BP on BLPs =b 1aCDOM,300.
The model had R2 = 0.87 and a highly significant (F1,9 = 68.7, p<
0.001) regression coefficientb = 0.336± 0.040 mmol C m−2, where
the error represents 95% confidence interval. A model without an
intercept was selected, because a linear model with an intercept had
worse fit (R2 = 0.72) and the intercept was not statistically different
from zero (t1,8 = 0.67, p = 0.52).

inoculum of riverine bacterioplankton to the irradiated and
the dark control samples resulting in the bacterial cell den-380

sities from 0.006 to 0.240× 109 cells L−1 (t = 0 in Table3).
The bacteria increased their densities by one to two orders of
magnitude in five to 12 days (compared to initial densities)
and grew (Table3) from 33% to 130% more in the irradiated
tDOC than in the dark controls (Table3).385

The bacterial cell densities were converted to biomasses
by accounting for the bacterial cell volumes, which were not
different between the dark control and the irradiated sam-

ples (paired t-test, df = 9, p> 0.05). In the dark controls,
the accumulated BP ranged from 0.5± 0.1 (Lena) to 3.9±390

0.2 (Congo) µmol C L−1 (Figure2). BP was higher in the ir-
radiated than in the dark control samples (paired t-test, df
= 9, p = 0.003) and ranged from 1.2± 0.1 (Lena) to 8.7
± 0.6 (Congo) µmol C L−1 (Figure2). BP on BLPs, ranged
from 0.6± 0.3 (Ganges-Brahmaputra) to 4.8± 0.8 (Congo)395

µmol C L−1, calculated as the difference between the irra-
diated and the dark control samples (Figure2). The BP on
BLPs was significantly dependent on the photobleaching by
a linear regression coefficient of 0.336± 0.040 mmol C m−2,
where the error represents 95% confidence interval for the re-400

gression coefficient (details in Figure1).

3.3 Bacterial respiration

In the dark controls, bacterial respiration (BR) accumulated
usually linearly with time indicating relatively constant rates
of respiration throughout the bioassays (Figure3). In the ir-405

radiated samples, the kinetics of BR was different and the
rates typically higher than in the dark control samples (Fig-
ure 3). The BR on BLPs (Figure4) was calculated from
the difference in respiration between the irradiated and the
dark control samples (Figure3). After a lag-phase, BR on410

BLPs typically accumulated rapidly, but leveled off at the late
phase of bioassay (Figure4). The BR on BLPs accumulated
by the time of maximum biomass was undetectable (-1.4±

1.39 µmol C L−1) with Ganges-Brahmaputra BLPs and high-
est (27.8± 1.33 µmol C L−1) with Yangtze BLPs (Figure4).415

3.4 Bacterial growth efficiency

When BGE was calculated from the biomass (Figure2) and
the respiration gained by the time of maximum biomass (Fig-
ure3, 4), it was lowest 3.0% and highest 27.7% in the irradi-
ated DOC from Yangtze and Ganges-Brahmaputra, respec-420
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Figure 2. Bacterial production (µmol C L−1; mean± sd, n = 2) on the irradiated DOC (Irradiated), on the dark control DOC (Dark) and
on BLPs, the latter calculated as the difference between the treatments (BLPs = Irradiated-Dark) by the end of logarithmic growth phase
specified in Table3

tively, while in the dark controls BGE ranged from 3.6%
(Yangtze) to 15.3% (Amazon) (Table4). BGE on BLPs
ranged from 2.8% (Yangtze) to 21.5% (Amazon) (Table4).
The BGEs were not different among the irradiated DOC, the
dark control DOC or BLPs (paired t-test, df = 7, p> 0.05)425

(Table4).

3.5 Apparent quantum yields and production rates of
BLPs

When the BP on BLPs (Figure2) was divided by the
spectrum of photons absorbed during the irradiation, the430

spectral AQY for the production of BLPs supporting BP

(AQYBP,λ; Eq. 2 ) was defined by the parametersc andd

shown in Table5. Based on these parameters, the calcu-
lated AQYBP ranged from 9.5 to 76 with median of 36.1
µmol C mol photons−1 at 330 nm, a wavelength of solar radi-435

ation responsible for highest production of BLPs (Table5)
(Miller et al., 2002; Vähätalo et al., 2011; Aarnos et al.,
2012). The corresponding values for the production of BLPs
supporting BR (AQYBR,330) ranged from 57 to 1203 with
median of 186 µmol C mol photons−1 (Table5).440

In the river plumes, the annual production of BLPs sup-
porting BP ranged from 1.0 (Lena) to 33 mmol C m2 yr−1

(Ganges-Brahmaputra) (Table6) when calculated (Eq.3)
with AQYBP,λ (Table5) and the local annual mean solar irra-
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Figure 3. Cumulative bacterial respiration during the bioassay in
the irradiated (gray line; Irradiated), and dark control samples
(black line; Dark). Red line shows corresponds to an apparent de-
cline of O2 in the MQ-blank experiment (MQ-blank) and black ar-
rows point out the end of log-phase in the irradiated samples (Ta-
ble3). In panel c) irradiated and dark lines are overlapping.

Table 4.Bacterial growth efficiency (%) (mean± sd) on the irradi-
ated DOC, the dark control DOC and on BLPs. BGE was calculated
from BP (Figure2) and BR (Figures3,4). NA = not available.

River BGE (%)
Irradiated Dark BLPs

Amazon 18.8± 0.7 15.3± 1.0 21.5± 2.0
Danube 12.8± 0.7 11.2± 0.1 15.5± 1.3
Ganges-Brah.* 27.7± 2.5 13.4± 1.7 NA
Lena 5.8± 0.1 9.9± 0.4 4.5± 0.9
Mekong 14.0± 0.2 12.5± 3.5 15.8± 4.5
St. Lawrence 13.2± 1.7 14.5± 2.1 12.0± 4.5
Yangtze 3.0± 0.2 3.6± 1.0 2.8± 1.1
Average 13.6± 8.1 11.5± 3.9 12.0± 7.2

*Ganges-Brahmaputra

diance in the coastal ocean at the front of each river. The cor-445

responding production of BLPs supporting BR ranged from
19 (St Lawrence) to 574 mmol C m−2 yr−1 (Yangtze) (Ta-
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Figure 4. Cumulative bacterial respiration based on BLPs (BR on
BLPs) calculated from Figure3 as the difference between irradiated
and dark. Further details found in Figure3.

ble 6). The total production of BLPs ranged from 21 (St
Lawrence) to 584 mmol C m−2 yr−1 (Yangtze) when calcu-
lated as the sum of BLPs supporting BP and BR (Table6).450

3.5.1 An estimate for the global production of BLPs

The relationship between BP on BLPs and1aCDOM,300
(Fig 1) was multiplied with the annual tCDOM fluxes (Ta-
ble 7) to estimate the photobleaching of tCDOM and the re-
lated production of BLPs from non-labile tDOC of each river455

in the coastal ocean. The photobleaching of tCDOM fluxes
was calculated to promote altogether 1.14± 0.3 Tg C yr−1

BP on BLPs (mean± 95% confidence interval correspond
that of linear regression, Fig.1; Table7). The corresponding
amount of BR on BLPs was 9.5± 4.8 Tg C yr−1 when ac-460

counting for the 12.0% BGE on BLPs (Table7). The sum of
BP and BR on BLPs was 10.6± 4.5 Tg C yr−1 representing
the total production of BLPs (Table7). This total production
of BLPs corresponds to 15± 6.8% of the total DOC flux
(69 Tg C yr−1) of examined rivers (Table7). Assuming that465

the rivers examined responsible for 28% of global tDOC flux
(Cai, 2011) are representative for the remaining 72% tDOC
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Table 5. The apparent quantum yields for the production of BLPs supporting bacterial production and respiration at 330 nm
(µmol C mol absorbed photons−1), as well as the parametersc andd (nm−1) for the calculation of spectral AQYs (Eq.2).

BP BR
River AQYBP,330 c d AQYBR,330 c d

Amazon 18.6 0.44 0.0305 56.5 0.57 0.0279
Congo 42.0 0.52 0.0286 - - -
Danube 35.9 0.49 0.0289 147.8 0.66 0.0255
Ganges-Brah* 75.7 0.59 0.0271 - - -
Lena 9.9 0.37 0.0319 186.2 0.73 0.0251
Mekong 60.8 0.57 0.0277 269.6 0.78 0.0241
Mississippi 56.1 0.57 0.0280 - - -
Paraná 20.1 0.41 0.0301 - - -
St.Lawrence 9.5 0.37 0.0320 71.5 0.59 0.0273
Yangtze 36.2 0.49 0.0289 1203.6 1.03 0.0205

*Ganges-Brahmaputra, "-" not determined

Table 6. Calculated annual production of biologically labile photoproducts (mmol C m−2 yr−1) supporting bacterial production (BP on
BLPs) and respiration (BR on BLPs) separately as well as their sum (BLPs). For these calculations, Eq.3 received AQYBP,λ or AQYBR,λ

from Table5 and the spectral annual global radiation in the front of rivers examined.

River BP on BLPs BR on BLPs BLPs
Amazon 8.1 27.8 35.9
Congo 20.0 - -
Danube 9.4 46.7 56.1
Ganges-Brahmaputra 32.6 - -
Lena* 1.0 25.8 26.8
Mekong 24.2 132.1 156.3
Mississippi 22.1 - -
Paraná 6.4 - -
St.Lawrence 2.0 18.9 20.9
Yangtze 10.2 573.8 584.0

"-"= not determined

*the attenuation of solar radiation by sea ice ignored.

flux to ocean, the estimate for the global coastal production
of BLPs from tDOC is 38.0± 15.9 Tg C yr−1 supporting 4.1
± 1.1 Tg C yr−1 BP and 33.9± 16.9 Tg C yr−1 BR.470

4 Discussion

4.1 Global fluxes of BLPs from tDOC

Our study estimates the production of BLPs from tDOC in
the coastal waters in the front of ten major rivers across
five continents. Our extrapolation to the BLPs from tDOC475

in global coastal ocean (38.0± 15.9 Tg C yr−1) contributes
little to the production of BLPs in global coastal waters esti-
mated earlier (206 Tg C yr−1) (Miller et al., 2002). The ear-
lier estimate is nearly as large as global riverine tDOC flux
to the ocean (246 Tg C yr−1) (Cai, 2011) and must include480

BLPs from marine DOC. Similarly, BLPs were concluded
to originate from both marine DOC and tDOC in the Baltic
Sea (Aarnos et al., 2012). Although samples collected from
coastal waters are most relevant for assessing the coastal pho-

tochemical transformation of DOC, it is difficult to separate485

the transformation of tDOC from that of marine DOC. The
experimental design of present study allows to set the focus
only on the photochemical transformation of tDOC in the
coastal waters.

According to the present study, a typical BGE on490

BLPs is 12% and thus the majority of assimilated BLPs
will be respired to dissolved inorganic carbon (DIC) to-
taling 33.9 ± 16.9 Tg C yr−1 in the global coastal wa-
ters. This amount provides an indirect terrestrial source of
DIC to coastal ocean in addition to the riverine flux of495

DIC (407 Tg C yr−1) (Cai, 2011)). This study estimates that
BLPs from tDOC support 4.1± 1.1 Tg C yr−1 of BP in the
global coastal waters. This BP is not alone a source of car-
bon to food webs, but is associated with nitrogen (N) and
phosphorus (P) bound in bacterial biomass (Smith and Ben-500

ner, 2005; Vähätalo et al., 2011). Assuming stoichiometric
amounts of N and P associated to bacterial biomass (mass
C:N:P ratio of 17:4:1) (Goldman et al., 1987), the assimila-
tion of BLPs from terrestrial tDOC transfers 4.1 Tg C yr−1,

www.biogeosciences.net/13/1/2016/ Biogeosciences, 13, 1–21, 2016
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Table 7.The absorption coefficient of CDOM at 300 nm, water discharge, CDOM and tDOC fluxes, bacterial production (BP) and respiration
(BR) based on BLPs, the total amount of BLPs and the fraction of BLPs from the tDOC flux.

River aCDOM,300 discharge CDOM tDOC BP based BR based BLPs BLPs
DOC

flux flux on BLPs on BLPs (BP+BR)
(m−1) (km3 yr−1) (Gm2 yr−1) (Tg C yr−1) (Tg C yr−1) (Tg C yr−1) (Tg C yr−1) (fraction)

Amazon 26.4 6300 166320 37.5 0.670 5.583 6.235 0.17
Congo 49.4 1300 64220 10.2 0.259 2.156 2.415 0.24
Danube 7.6 210 1596 0.6 0.006 0.054 0.060 0.10
Ganges-Brah* 2.1 1120 2352 3.6 0.009 0.079 0.088 0.02
Lena 21.2 520 27818 3.6 0.112 0.934 1.046 0.29
Mekong 5.1 550 2805 0.9 0.011 0.094 0.105 0.12
Mississippi 11.6 490 8800 3.5 0.035 0.295 0.331 0.09
Paraná 8.4 530 4452 5.9 0.018 0.149 0.167 0.03
St. Lawrence 12.0 340 612 1.6 0.002 0.021 0.023 0.01
Yangtze 5.0 900 4500 1.8 0.018 0.151 0.169 0.09
Total 12260 283475 69.06 1.142 9.516 10.658
Average** 23.1 0.15

aCDOM,300 refers to the measured values from the water samples upon their arrival, water discharge fromMilliman and Farnsworth(2011), CDOM fluxes are calculated as the
product ofaCDOM,300 and water discharges, but for Mississippi, St. Lawrence and Lena published CDOM fluxes were used (Stedmon et al., 2011; Spencer et al., 2013). DOC

flux is fromCauwet(2002) but updated for Amazon (Coynel et al., 2005) and calculated for Mekong as the product of water discharge and DOC measured (1.58mg L−1) upon
arrival of the Mekong sample, BP on BLPs is calculated from CDOM flux using the slope0.336 mmol C m−2 (Figure1), BR is calculated using BGE of 12.0% on BLPs.

*Ganges-Brahmaputra, **discharge weighted average

1.06 Tg N yr−1 and 0.26 Tg P yr−1 to the coastal food webs505

through the grazers of bacterioplankton.

4.2 Phototransformation of tDOC in inland vs. coastal
waters

The annual production of BLPs from tDOC in the global
coastal waters (38.0± 15.9 Tg C yr−1) estimated in this510

study is larger than the global photochemical production
of DIC (from 13 to 35 Tg C yr−1) in lakes and reservoirs
(Koehler et al., 2014). This comparison indicates that al-
though solar radiation transforms a remarkable amount of
tDOC in lakes and reservoirs, a major part of tDOC is photo-515

transformed in the coastal waters.
Although the photoreactivity of DOC and thus the rates of

phototransformation per area or volume are generally higher
in fresh than in marine waters (Minor et al. (2006); White
et al. (2010); Aarnos et al.(2012) and references therein)520

several factors limit phototransformation in inland waters.
Freshwaters (streams in particular) can be shaded by ripar-
ian vegetation and receive down to 1% of solar radiation
incident to unshaded marine waters (Vähätalo et al., 2005).
Photolytic solar ultraviolet radiation (UVR) attenuates often525

faster (even within a few centimeters) in fresh waters than
in marine waters beyond turbid estuaries, where it can pen-
etrate up to tens of meters (Cloern, 1987; Vähätalo et al.,
2000; Kuivikko et al., 2007). The steep attenuation of UVR
in freshwaters is primarily caused by tDOC itself or more530

precisely by tCDOM part of it (Morris et al., 1995). Addi-
tionally, eroded particulate matter (e.g., clay) can attenuate
UVR effectively in rivers in particular (Davies-Colley and
Smith, 2001).

Accounting for the major role of CDOM for the attenua-535

tion of UVR, it is instructive to evaluate its content in fresh
and marine waters. One representative value for freshwater
aCDOM,300can be considered to be 23.1 m−1, the mean for
rivers examined in this study (Table7). These rivers integrate
the water quality from their catchments covering 25% of the540

land and have the mean DOC of 5.6 mg C L−1 , which is
close to the mean of 5.7 mg C L−1 for 7500 lakes distributed
over six continents (Sobek et al.(2007); Table7). A represen-
tative oceanic aCDOM at 325 nm can be considered to be 0.12
m−1, an approximate mean of 1276 measurements across the545

Atlantic and the Pacific Ocean (Nelson and Siegel, 2013).
Accounting for the spectral slope of 18 µm−1, a representa-
tive freshwater aCDOM,325 can be calculated to be 14.7 m−1

and 123-fold higher than the corresponding oceanic value
(Nelson and Siegel, 2013). If attenuated by aCDOM,325 alone,550

UVR at 325 nm from the zenith will be reduced to 1% of sur-
face values at the depth of 0.31 m and 38 m in representative
fresh and in oceanic water, respectively. UVR at 325 nm is a
relevant wavelength for photochemistry, because it is close to
e.g., a median wavelength of 330 nm responsible for the pro-555

duction of BLPs (Miller et al., 2002; Vähätalo et al., 2011;
Aarnos et al., 2012). For representative freshwater, the pho-
tochemical transformation of tDOC would be limited mostly
(> 99%) to the depths shallower than 0.31 m. Such a shal-
low depth (< 0.3 m) of photolytic layer have been found in560

many lakes (Salonen and Vähätalo, 1994; Amon and Ben-
ner, 1996; Granéli et al., 1996; Reitner et al., 1997; Vähätalo
et al., 2000; Pers et al., 2001; Aarnos et al., 2012), in the
Amazon River (Amon and Benner, 1996) and in a freshwater
end of estuary (Pullin et al., 2004). In these previous studies,565
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the depth of photolytic layer has been≤ 15% from the depth
of mixing layer or the mean depth (Salonen and Vähätalo,
1994; Amon and Benner, 1996; Granéli et al., 1996; Reitner
et al., 1997; Vähätalo et al., 2000; Pers et al., 2001; Pullin
et al., 2004; Aarnos et al., 2012). These studies also demon-570

strate that the majority (≥ 85% in the examples above) of
tDOC in inland waters can reside below the photolytic layer,
where phototransformation is negligible.

The photochemistry of tDOC in inland water can be also
limited by high loadings of tDOC and relatively short resi-575

dence times of tDOC. For example, photochemical reactions
mineralize DOC in Swedish lakes from 1.2 to 6 g C m−2

lake area yr−1 (Koehler et al., 2014). In comparison, Swedish
lakes receive 30 to 341 g tDOC m−2 lake area yr−1 when cal-
culated from the export (2.3 to 26.2 g C m−2 catchment area580

yr−1) Wallin et al.(2015) and the drainage ratio of 13, which
relates the area of catchment (land + water) to the area of
water (Algesten et al., 2004). The drainage ratio of lakes on
non-glaciated land is 27 (Verpoorter et al., 2014) indicating
that tDOC loading from catchments to inland waters is high585

also globally. Although the photochemical sink of tDOC is
important in lakes with a deep photolytic layer relative to
mean depth (Molot and Dillon, 1997) and with a long resi-
dence time of tDOC (Molot and Dillon, 1997; Müller et al.,
2013), high loadings of tDOC can offset the photochemical590

sink of tDOC in lakes (Vähätalo et al., 2002; Müller et al.,
2013). For example, photobleaching turns over the tCDOM
content of epilimion during a summer stratification period in
a humic Lake Valkea-Kotinen but the input of tCDOM from
the catchment more or less compensates these losses (Vähä-595

talo et al., 2002). Similarly, in a chain of hydrologically con-
nected lakes, the photochemical losses of tDOC in the up-
per lakes are offset by the tDOC input to the lakes lower in
the chain (Müller et al., 2013). The residence time of tDOC
is shortest in rivers, where the photochemical sink is con-600

sidered nearly negligible relative to the input of tDOC from
upstream, which is quickly transported downstream towards
the ocean (Amon and Benner, 1996; Riggsbee et al., 2008).
Thus, the coastal ocean receives roughly 1015 m2 yr−1 pho-
toreactive tDOC quantified as aCDOM,300 when upscaling the605

estimated tCDOM flux of studied rivers (Table7) to a global
scale.

The coastal ocean beyond the turbid estuaries provides fa-
vorable conditions for the phototransformation of tDOC for
several reasons. Because density is lower for river water than610

seawater, river water will mix with seawater at the sunlit
surface layer of water column without shading by riparian
vegetation (Vodacek et al., 1997; Del Vecchio and Subrama-
niam, 2004; Fichot and Benner, 2014). The drainage ratio for
the ocean is 1.3 (calculated from Table 2.4 inMilliman and615

Farnsworth(2011)) and tDOC loading to the ocean is much
lower than to the inland waters. The dilution of the freshwa-
ter end member (aCDOM,325= 14.7 m−1) with the oceanic end
member (aCDOM,325 = 0.12 m−1) will increase the exposure
of tDOC to photolytic solar radiation in the deeper depths of620

water column (Vodacek et al., 1997; Del Vecchio and Subra-
maniam, 2004). Mixing includes a lateral transport (i.e., ad-
vection) of tDOC offshore, spreads tDOC over an increasing
area of sunlit waters and increases the phototransformation of
tDOC (Vodacek et al., 1997; Medeiros et al., 2015). Global625

rivers discharge the majority of tDOC to mid and low latitude
ocean (Milliman and Farnsworth, 2011), where tDOC can
have a long residence time in sunlit offshore waters. In these
waters, solar radiation can photobleach tCDOM completely
and be the final sink for the photoreactive tDOC (Vähätalo630

and Wetzel, 2008; Spencer et al., 2009; Nelson and Siegel,
2013).

4.2.1 BLPs, photobleaching and tCDOM fluxes

In this study, the production of BLPs is related to the pho-
tobleaching of tCDOM with a R2 value of 0.87 (Figure1).635

Similar relationships has been found earlier for individual or
groups of BLP-compounds (Kieber et al., 1990; Bertilsson
and Tranvik, 2000). For example,1aCDOM,300 explains ex-
tremely well (R2 > 96%) of the photoproduction of three in-
dividual BLP-compounds: formaldehyde, acetaldehyde and640

glyoxylate (Kieber et al., 1990). R2 was 0.67 for the rela-
tionship between a group of BLPs (carboxylic acids) and
1aCDOM,365 determined for 38 Swedish lakes (Bertilsson
and Tranvik, 2000). Our R2-value (Figure1) is higher than
the corresponding one for 38 lake water samples (Bertilsson645

and Tranvik, 2000). This is at first glance surprising since
our tDOC samples were collected from ten global rivers cov-
ering many climates and types of land uses not limited to one
region (Sweden) (Bertilsson and Tranvik, 2000). The rela-
tively high R2-values in this study may be explained in part650

by the same chemical matrix (artificial coastal water) used
in our experiments. Additionally, the rivers examined here
integrate the variability of DOM across their large catch-
ments. For example, one third of 7838 different chemical
compounds assigned by ultrahigh-resolution mass spectral655

analysis to the water samples examined in this study were
shared among all river samples ((Wagner et al., 2015)). A
conclusion from this and other studies (Kieber et al., 1990;
Miller and Moran, 1997; Bertilsson and Tranvik, 2000; Ober-
nosterer and Herndl, 2000) is that the production of BLPs660

can be quantitatively linked the photobleaching of tCDOM,
which makes it as a useful proxy for the production of BLPs.

Our estimate for the global production of BLPs from
tDOC bases on an assumption that the riverine tCDOM flux
will be photobleached completely in the coastal ocean. We665

used published tCDOM fluxes for Mississippi, St. Lawrence
and Lena Rivers (Stedmon et al., 2011; Spencer et al., 2013),
but for the remaining rivers the tCDOM flux was estimated
simply by multiplying the measured tCDOM with the pub-
lished water discharge (Table7). This method provides only670

rough estimates for tCDOM fluxes and causes uncertainty
also for our global estimates of BLPs. Therefore, additional
data on riverine tCDOM fluxes in the future will improve our
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estimate for CDOM fluxes and related production of BLPs.
The majority of global riverine tCDOM flux enters to the675

mixing layer of coastal waters, where solar radiation pho-
tobleaches tCDOM efficiently and leaves not traces of tC-
DOM to be found in the surface of open ocean (review by
Nelson and Siegel(2013) and references therein). Our as-
sumption for complete photobleaching may not hold entirely680

for the rivers (such as Lena in this study) discharging to the
Arctic Ocean, which transfer 78 200 Gm2 yr−1 of CDOM
to the North Atlantic (calculated for 300 nm from the slope
and the flux estimated byGranskog et al.(2012)). A part of
this CDOM flux is directed to the deep ocean without pho-685

tobleaching as a part of deep water formation in the North
Atlantic (Nelson and Siegel, 2013).

4.2.2 AQYs for BLPs

Our AQYBP,330s (9.5-76 µmol C mol photons−1 Table 5)
overlap the range of AQYBP,330 in the Baltic Sea (23 to 111690

µmol C mol photons−1) (Vähätalo et al., 2011; Aarnos et al.,
2012). Our AQYBR,330s (57 to 1204 (µmol C mol photons−1)
are generally lower than the previously reported 1391
(µmol C mol photons−1) for Altamaha River and 1090
(µmol C mol photons−1) for water draining a salt marsh695

(Miller et al., 2002), but similar to those for rivers and lakes
in Alaska (Cory et al., 2014). In the earlier studies, the
AQYBPs reported byAarnos et al.(2012) are lower than
AQYBRs reported byMiller et al. (2002) and Cory et al.
(2014). The same can be concluded from our simultaneous700

determinations of AQYBP and AQYBR.
In this study, BLPs were consumed by riverine bacte-

ria, which survived at the coastal salinities, increased their
biomass by one to two orders of magnitude and reached a
detectable peak in biomass within≤ 12 days. These bacte-705

ria can be considered to represent the fresh water members
in the whole community of coastal waters (Kisand et al.,
2005), which includes also marine bacteria that were ab-
sent in our experiments (Pineiro et al., 2013). We assumed
that our bacterial communities consume BLPs similarly like710

full coastal communities, because the bioavailability of DOC
rather than the community composition determines the con-
sumption of DOC by bacteria (Judd et al., 2006). Further re-
search is needed to assess potential differences in the con-
sumption of BLPs between full and freshwater members of715

coastal bacterial communities.
Although our bioassays for the determination of BPLs

lasted up to 12 days, the initial cell densities of inoculum
were low and typical densities found in surface waters were
not found until the end of bioassay (Table3). The AQYBR,330720

of Miller et al. (2002) are generally higher than found in the
present study (Table5, 6). Possible explanations for the dif-
ference in AQYBR,330 are long irradiation time in our study
and a thousand-times larger bacterial inoculumn in an earlier
studyMiller et al. (2002). Additionally the bioassay ofMiller725

et al.(2002) lasted 14 days and longer than≤ 12 days in the

present study. The bacteria used byMiller et al. (2002) were
able to assimilate BPLs extensively resulting in higher AQYs
than in our study.

BLPs include numerous individual compounds (Moran730

and Zepp, 1997; Vähätalo, 2009; Rossel et al., 2013). The
BLPs determined in this study likely represent the most
bioavailable fraction of BLPs (Kieber and Mopper, 1987).
We cannot exclude a possibility that some BLPs degraded
photochemically further to CO2 during our irradiations735

(Bertilsson and Tranvik, 1998). The number of known chem-
ically distinct BLP-compounds was 14 in an early review
(Moran and Zepp, 1997), but had increased to 44 in a later re-
view (Vähätalo, 2009). A recent study identified 1835 chem-
ical compounds that were produced by photochemical reac-740

tions (Rossel et al., 2013). From these formulae 44% were
not observed in a treatment with high microbial activity indi-
cating that the number of BLP-compounds was 807 (Rossel
et al., 2013). As the present study refers to the most bioavail-
able fraction of BLPs, the entire pool of BPLs is likely larger745

than what was measured in this study. Therefore, our pro-
duction estimates for BLPs from tDOC in the coastal waters
(Table5, 6, 7) should be treated as minimum estimates.

4.2.3 BGEs on BLPs and non-labile tDOC

Our BGE on BLPs (12.0± 7.2%; Table4) provides the first750

direct estimate for the BGE of microbial communities on a
group of compounds classified as BLPs. Our values can be
compared to BGEs reported for single BLP-compounds such
as acetic and formic acids (Bertilsson and Tranvik, 1998;
Remington et al., 2011). BGEs on formic and acetic acids755

has been 2% and 41%, in one study (Bertilsson and Tran-
vik, 1998), but 20-27% and 73-80%, respectively, in another
study (Remington et al., 2011). The earlier studies demon-
strate that BGE on a single BLP compound can vary and thus
it is a challenge to determine BGE separately for each BLP760

compound and compile them together for an overall BGE on
all BLPs. Such a simple overall BGE (12.0± 7.2%) can now
be applied on BLPs based on the results of the present study.

Our BGE on tDOC in the dark controls (11.5± 3.9%, Ta-
ble4) represents an estimate for BGE on non-labile tDOC in765

coastal waters. This estimate falls to the lower range of hun-
dreds BGE determinations done with freshly collected wa-
ter representing BGEs primarily on labile DOC (del Giorgio
and Cole, 1998). Our BGE on non-labile tDOC is similar to
BGE (mean 11%) on tDOC aged for 100 to 450 days (As-770

mala et al., 2014). An extensive aging of humic lake water by
6 years resulted in BGEs of 5-6% (Kragh et al., 2008). The
results of this (Fig2, 3; Table3, 4) and earlier studies (Kragh
et al., 2008; Vähätalo et al., 2010; Asmala et al., 2014) em-
phasize that bacteria can assimilate non-labile tDOC, but775

with a relatively low BGE.
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5 Conclusions

Our study was designed to assess the photochemical transfor-
mation and the microbial consumption of non-labile tDOC in
coastal waters. The non-labile fraction represents the major-780

ity (typically >80%) of tDOC, which is expected to be pho-
tochemically transformed primarily in transparent offshore
waters beyond turbid estuaries after the consumption of la-
bile tDOC. Our study shows that bacteria will continue the
assimilation of tDOC after the consumption of labile fraction785

but with a low BGE. Solar radiation-induced photochemical
reactions transform non-labile tDOC into BLPs, which stim-
ulate bacterial growth but at low BGEs. Thus much of non-
labile tDOC assimilated by bacteria directly or after photo-
transformation is primarily respired.790

This study indicates that in the global coastal ocean, solar
radiation transforms at least 15% of tDOC (> 38 Tg C yr−1)
into BLPs. As this amount is larger than the photomineraliza-
tion of tDOC in lakes and reservoirs, solar radiation transfers
tDOC more in the coastal than in the inland waters. In inland795

waters, the steep attenuation of photolytic solar radiation and
a short residence time for tDOC limit its phototransforma-
tion and lead into a large scale export of photoreactive tDOC
to coastal ocean. In the coastal ocean, the mixing of tDOC
with transparent oceanic waters and the advection of tDOC800

over large areas promote the photochemical transformation
of tDOC.
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