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Abstract Climate is an important driver of dissolved

organic carbon (DOC) dynamics in boreal catchments

characterized by networks of streams within forest-wetland

landscape mosaics. In this paper, we assess how climate

change may affect stream DOC concentrations ([DOC])

and export from boreal forest streams with a multi-model

ensemble approach. First, we apply an ensemble of regio-

nal climate models (RCMs) to project soil temperatures

and stream-flows. These data are then used to drive two

biogeochemical models of surface water DOC: (1) The

Integrated Catchment model for Carbon (INCA-C), a

detailed process-based model of DOC operating at the

catchment scale, and (2) The Riparian Integration Model

(RIM), a simple dynamic hillslope scale model of stream

[DOC]. All RCMs project a consistent increase in tem-

perature and precipitation as well as a shift in spring runoff

peaks from May to April. However, they present a con-

siderable range of possible future runoff conditions with an

ensemble median increase of 31 % between current and

future (2061–2090) conditions. Both biogeochemical

models perform well in describing the dynamics of present-

day stream [DOC] and fluxes, but disagree in their future

projections. Here, we assess possible futures in three boreal

catchments representative of forest, mire and mixed land-

scape elements. INCA-C projects a wider range of stream

[DOC] due to its temperature sensitivity, whereas RIM

gives consistently larger inter-annual variation and a wider

range of exports due to its sensitivity to hydrological

variations. The uncertainties associated with modeling

complex processes that control future DOC dynamics in

boreal and temperate catchments are still the main limita-

tion to our understanding of DOC mechanisms under

changing climate conditions. Novel, currently overlooked

or unknown drivers may appear that will present new

challenges to modelling DOC in the future.

Keywords Ensemble projections � Climate change �
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RCM

1 Introduction

Boreal forest landscapes comprise a complex mosaic of

forest and peaty wetland elements characterized by

organically rich soils that are traversed by a network of

streams (Pastor et al. 2003; Laudon et al. 2011). Carbon is

mainly exported out of boreal forest catchments in the form

of dissolved organic carbon (DOC) (Pastor et al. 2003),

which is a key water-quality parameter that influences the

fate and dynamics of other carbon driven pollutants in the

aquatic environment (Brooks et al. 2007; Kalbitz et al.

2000; Landre et al. 2009). DOC can also act as a medium

of carbon exchange in the form of CO2 emissions from

aquatic conduits in boreal systems (Wallin et al. 2013). It is

a matter of concern that DOC concentrations ([DOC]) in

many parts of the world have been increasing in surface
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waters (de Wit et al. 2007; Eimers et al. 2008; Oni et al.

2013). Several factors have been identified as drivers of

these increases, including declines in acid deposition

(Monteith et al. 2007) and landscape disturbances (Schel-

ker et al. 2012) but no scientific consensus has, as yet, been

reached because the dominant drivers seem to differ

depending on whether local or regional scales of observa-

tion are used. For example, recovery from acidification was

the main driver of the increase in DOC observed in

southern Fennoscandia, the UK and parts of North America

(de Wit et al. 2007; Monteith et al. 2007). However, in

boreal and other high latitude regions which have not been

significantly affected by acidification, there is increasing

recognition of the role of climate variability and change as

a long-term control of [DOC] (Couture et al. 2012; Laudon

et al. 2012, 2013a; Lepistö et al. 2014; Tetzlaff et al. 2013;

Pastor et al. 2003). Such trends of increasing [DOC] might

continue as the future climate warms and precipitation

patterns shift in an unpredictable manner (IPCC 2007).

Understanding how climatic factors affect future tra-

jectories of DOC requires an analysis of long-term datasets

(Oni et al. 2013), combined with new experimental data

(Cleveland et al. 2004) and the development of simulation

models (Futter et al. 2007; Wu et al. 2013). While

numerous biogeochemical models have been developed to

aid our understanding of how climate affects DOC, all

contain inherent uncertainties because of our limited

understanding of the dominant mechanisms that drive

processes at local or regional scales, and the ways in which

such processes are represented within models. Our poor

understanding of the holistic mechanisms controlling DOC

dynamics at a much larger or global scale is also reflected

in decisions made about which processes to include or

exclude from the model framework.

While no single model can represent all known processes

in an all-encompassing way, each can be useful when rep-

resenting present-day conditions, depending on the scope of

the questions the modelers are asking. For example, the

simple mixing model of Boyer et al. (2000) focuses mainly

on hydrological factors controlling DOC, while the dynamic

lacustrine DOC models of Hanson et al. (2004) and Canham

et al. (2004) are useful tools for exploring hypotheses con-

cerning DOC dynamics in lakes. The simple model of Jutras

et al. (2011) also represents the present-day DOC dynamics

well, but is based only on topographic and hydroclimatic

factors. Similarly, both DyDOC (Michalzik et al. 2003) and

the DOC model proposed by Neff and Asner (2001) are

explicit models of processes in the soil phase, which have

been useful for predicting soil solution carbon, but their lack

of detailed processes occurring in streams might undermine

their applicability outside this range. The strength of the

model proposed by Lumsdon et al. (2005) is its focus on

organic carbon solubility in the soil. The Mire DOC model

proposed by Yurova et al. (2008), works well for peaty

wetlands, but might not be able to give a credible repre-

sentation of the contrasting mechanisms controlling DOC in

forest streams. The wide variation in process understanding,

conceptualization and representation in these DOC models

could lead to large uncertainties that could potentially be of

the same order of magnitude as the uncertainty associated

with future climate projections or even larger. (Larsen et al.

2011). It is therefore important that we understand how these

differences can propagate as they may be negligible when

simulating present-day conditions but generate significant

uncertainties in projections of possible futures.

In the present study we chose two widely differing models

of stream DOC. The simple dynamic riparian flow-concen-

tration integration model (RIM) is a hillslope scale model of

riparian controls on stream [DOC] in forest catchments

(Seibert et al. 2009). The concept behind the RIM develop-

ment was based on the assumption that the riparian zone

closest to the stream is a first-order factor controlling stream

DOC (Winterdahl et al. 2011a, b) and other streamwater

chemistry in forest landscapes (Ledesma et al. 2013). The

RIM conceptualization was justified by the fact that the

riparian zone is a biogeochemical hotspot where organic-rich

soil consistently interacts with ground and surface waters

(Grabs et al. 2012) and thus riparian soil water [DOC] and

flow paths effectively control stream [DOC]. On the other

hand, the Integrated Catchment model for Carbon (INCA-C)

is a more complex process-based model of DOC that

assumes that both terrestrial and aquatic processes control

streamwater DOC at the catchment scale. Combining these

models in the form of a process ensemble for the credible

assessment of catchment DOC dynamics is therefore a sig-

nificant challenge in biogeochemistry. Understanding how

differences in model assumptions, or the structural repre-

sentation of processes could amplify the predictive uncer-

tainty of catchment DOC can provide insights that can help in

directing us to a time in which arguments over the perceived

relative superiority of various current models would be less

important, as the future will decide which are best. In this

work we conduct a robust assessment of the potential effects

of climate change on stream [DOC] and export in boreal

forests using an ensemble of regional climate models (RCM)

to project soil temperature and stream-flow which, in turn,

are used to drive both RIM and INCA-C.

2 Methods

2.1 Catchment description

As a case study, we based the cross-scale ensemble

modeling of DOC in Svartberget (64�160N, 19�460E),

which is a well-monitored and pristine boreal headwater
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catchment nested at the center of the Krycklan basin in

northern Sweden (Laudon et al. 2013b, Fig. 1). However,

the approach is not limited specifically to this small

catchment since the concept is also applicable at larger

scales throughout the boreal or temperate regions. The

Svartberget catchment drains an area of about 50 ha and

is characterized by forest, peaty wetlands (mire) and

mixed forest and mire landscape elements that are typi-

cally present in boreal landscapes (Apps et al. 1993;

Pastor et al. 2003). The study site is thus a suitable

modeling platform on which to investigate the effects of

landscape factors on boreal surface water quality and

their interactions under future climatic conditions

(Fig. 2). Three sites in Svartberget were modelled. The

western headwater tributary (denoted as C2 in Fig. 1)

drains a completely forested landscape (hereafter refer to

as ‘forest’) while the eastern headwater tributary (deno-

ted as C4 in Fig. 1) drains a mire system (hereafter refer

to as ‘wetland’). Downstream (denoted as C7 in Fig. 1) is

a confluence that drains both streams (hereafter refer to as

‘mixed catchment’). The wetland is minerogenic and is

covered with Sphagnum spp. (Yurova et al. 2008). The

DOC processes in this catchment, therefore, contrast with

the forest. Forests in Svartberget consist of century old

stands of Norway spruce (Picea abies) and Scots pine

(Pinus sylvestris) with some forest understory such as

bilberry (Vaccinicium myrtillus) and cowberry (Vaccini-

cium vitisidaea) (Petrone et al. 2007). The vegetation is

in an almost pristine state.

The long-term mean air temperature (1981–2010) in the

Svartberget catchment is 1.7 �C with minimum and max-

imum temperatures being -9.5 ± 1.4 �C in January and

14.5 ± 1.7 �C in July respectively, which provides a long-

term mean growing season of *148 days (Oni et al. 2013).

Long-term mean annual precipitation is 610 ± 109 mm

with snow cover lasting for *170 days (Köhler et al.

2008). Between 35 and 50 % of total annual precipitation

falls as snow and winter in the catchment is long (October–

May) relative to the short summer period. The mean annual

runoff is *320 ± 97 mm as measured using a 90� V-notch

weir located at the downstream point C7 (Fig. 1).

The catchment elevation ranges from 235 to 310 m asl

(above mean sea level) and is underlain by granite and

Gneissic bedrock. Podzol soils are underlain by glacial till

in the forest catchment (Berggren et al. 2009) while his-

tosols are common around the wetland catchment (Köhler

et al. 2009). Svartberget is rich in organic soils that are

about 50 cm deep in some parts of the riparian systems in

close proximity to the stream (Grabs et al. 2012). Catch-

ment boundaries were delineated using a combination of

field observations, light detection and ranging (LIDAR)

and a Digital Elevation Model (DEM) (Laudon et al.

2011).

2.2 Monitoring data

As the catchment is part of the Svartberget Research For-

est, continuous daily temperature and precipitation mea-

surements were available for the period 1981–2010 from a

weather station located near the downstream point C7. The

downstream specific discharge from C7 was also used for

both the forest and wetland catchments. Stream [DOC] was

monitored in the forest, wetland and mixed catchments

(Fig. 1) by sampling streams at approximately biweekly

Fig. 1 Map of the Svartberget

catchment: a nested headwater

boreal catchment within the

Krycklan basin in northern

Sweden

Cross-scale ensemble projections 2307
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intervals. Samples were collected in acid-washed polyeth-

ylene bottles and stored frozen before being transported to

the laboratory for analysis. Water samples were analyzed in

the lab using a Shimadzu 5000 TOC analyzer following

common lab protocols as described elsewhere (Köhler et al.

2008; Laudon et al. 2011, 2013; Winterdahl et al. 2011a;

Oni et al. 2013).

2.3 Climate data and bias correction

Climate simulations were obtained from the ENSEMBLES

data archive (Van der Linden and Mitchell 2009). We used

an ensemble of 15 RCM scenarios of daily precipitation

and temperature for a control period (1981–2010) and

future period (2061–2090) under the Special Report on

Emissions Scenarios (SRES) A1B scenario (Table 1). The

A1B scenario assumes very rapid economic growth and a

balance between fossil and non-fossil energy sources

(IPCC 2007). The chosen RCMs had a resolution of 25 km

and, thus, the area of a single grid cell clearly exceeded the

size of the study catchments. Precipitation and temperature

values were obtained by averaging the values of the RCM

grid cell with center coordinates closest to the center of the

catchment and of its eight neighboring grid cells. Further

information about the scenarios used here is available

elsewhere (http://ensemblesrt3.dmi.dk/extended_table.html).

Due to the well-established fact that RCM simula-

tions are often biased (Ehret et al. 2012; Teutschbein

and Seibert 2013), and do not agree well with observed

time series (Fig. 3a, b), these simulations were not used

directly as input to the hydrological model in the

present study (Fig. 2). A ‘distribution mapping’ proce-

dure was employed to bias-correct the RCM-simulated

precipitation and temperature series on a monthly basis.

Distribution mapping, which is also known as ‘proba-

bility mapping’ (Block et al. 2009), ‘quantile mapping’

(Chen et al. 2013), ‘intensity-based statistical down-

scaling’ (Piani et al. 2010), ‘histogram equalization’

Fig. 2 Schematic representation of the model chain, showing cross-

scale connectivity and process conceptualization between the Hydro-

logiska Byråns Vattenbalansavdelning (HBV) rainfall-runoff model

(Seibert and McDonnell 2010), the Integrated Catchment model for

Carbon (INCA-C) (Futter et al. 2007), and the Riparian flow-

concentration Integrated model (RIM) (Seibert et al. 2009). Hydro-

logically effective rainfall (HER) represents the available water from

rainfall and snowmelt that eventually contributes to runoff. Soil

moisture deficit (SMD) represents an index of soil dryness derived

from the difference between maximum field capacity of a soil and its

available soil moisture content. The dotted oval symbolizes the

uncertainty envelope surrounding the representation of present-day

processes and the subsequent amplification of these uncertainties in

potential future conditions moving from hydrologic projections to

biogeochemical modelling of streamwater [DOC] and export at a

catchment scale

2308 S. K. Oni et al.
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(Rojas et al. 2011) or ‘distribution-based scaling’

(Olsson et al. 2011), has previously been found to be

the best correction method for small and meso-scale

catchments in Sweden for current (Teutschbein and

Seibert 2012) and future climate conditions (Teutsch-

bein and Seibert 2013). The underlying idea is to adjust

the theoretical cumulative distribution function (CDF)

of RCM-simulated climate values so that it matches the

observed CDF.

Several theoretical distributions can be used to describe

the probability functions of precipitation and temperature.

The Gamma distribution with shape parameter a and scale

parameter b is often assumed to be suitable for distribu-

tions of precipitation events (Watterson and Dix 2003;

Piani et al. 2010), whereas the Gaussian distribution with

location parameter l and scale parameter r is usually

assumed to fit temperature time-series best (Schoenau and

Kehrig 1990). The applied distribution mapping procedure

is briefly described below; for a more detailed mathemat-

ical description we refer the reader to Teutschbein and

Seibert (2012).

As some RCMs tend to simulate a large number of days

with low precipitation (i.e., ‘drizzle days’) instead of being

dry, the first step comprised the introduction of an RCM-

specific precipitation threshold to avoid substantial distor-

tion of the distribution. In a second step, the distribution

parameters were computed for both the observations

(1981–2010) and the RCM-simulated control run. They

were then used to adjust the RCM-simulated control run

climate variables according to Eq. 1,

C�contr ¼ F�1 FðCcontrjp1contr; p2contrÞjp1obs; p2obsð Þ; ð1Þ

where C is the climate variable of interest (precipitation or

temperature); C* represents the bias-corrected climate

variable; F stands for the theoretical CDF (Gamma or

Gaussian) and F-1 for its inverse; p1 and p2 are the dis-

tribution parameters (a and b for Gamma distribution, l
and r for Gaussian distribution); the subscripted expres-

sion obs indicates observations, and contr stands for the

RCM-simulated control run (1981–2010).

In the third and final step, the same distribution

parameters (p1obs, p2obs, p1contr and p2contr) were applied to

adjust the RCM-simulated future scenario run (2061–2090)

climate variables (Cscen) according to Eq. 2,

C�scen ¼ F�1 FðCscenjp1contr; p2contrÞjp1obs; p2obsð Þ; ð2Þ

where the subscripted expression scen indicates the RCM-

simulated scenario run (2061–2090). This final step high-

lights the underlying assumption of this procedure: the

biases are assumed to be stationary and do not changes

over time, i.e., the same correction algorithm (distribution

parameters) apply to both current and future climate

conditions.

2.4 Hydrological modeling

The proper representation of catchment hydrology is

important for projecting stream [DOC] and fluxes at a

catchment scale. The HBV rainfall-runoff model version of

Seibert and McDonnell (2010) was employed for hydro-

logical simulations in this study. HBV is a physically based

rainfall-runoff model that has been used throughout the

world under different hydrological conditions. In the

present study, the role of HBV was twofold: first, to rep-

resent the hydrological conditions of the catchment under

present-day and future conditions; secondly, to provide the

necessary hydrological variables (hydrologically effective

rainfall and soil moisture deficit) needed by INCA-C

(Fig. 2).

Running HBV requires daily time-series of air temper-

ature and precipitation. To calibrate the model, tempera-

ture, precipitation and runoff for the period 2005–2008

from C7 (Fig. 1) were used. In the first stage of model

calibration, HBV parameters were fine-tuned so that the

simulated runoff matched the observed data. This initial

parameter set was used as the basis for identifying

parameter ranges to use in subsequent Monte Carlo ana-

lysis in which the model was run 50,000 times. The

parameter set with the highest Nash–Sutcliffe (NS) statis-

tics (Nash and Sutcliffe, 1970) was selected to predict flow

from temperature and precipitation. The NS statistic ranges

from -? to 1 where a value of 1 indicates perfect

agreement between modelled and observed values and a

Table 1 The 15 25 km resolution SRES A1B scenario RCM

experiments from the ENSEMBLES EU project used in the simula-

tions presented here

No. Institute RCM Driving GCM

1 C4I RCA3 HadCM3Q16

2 CNRM Aladin ARPEGE

3 DMI HIRHAM5 ARPEGE

4 DMI HIRHAM5 BCM

5 DMI HIRHAM5 ECHAM5

6 ETHZ CLM HadCM3Q0

7 HC HadRM3Q0 HadCM3Q0

8 HC HadRM3Q16 HadCM3Q16

9 HC HadRM3Q3 HadCM3Q3

10 ICTP RegCM ECHAM5

11 KNMI RACMO ECHAM5

12 MPI REMO ECHAM5

13 SMHI RCA BCM

14 SMHI RCA ECHAM5

15 SMHI RCA HadCM3Q3

Additional information is available at http://ensemblesrt3.dmi.dk/

extended_table.html

Cross-scale ensemble projections 2309
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value of 0 indicates that model performance is analogous to

replacing modelled values with the mean value of the

observed series (Nash and Sutcliffe 1970). Bias-corrected

temperature and precipitation series from the 15 RCMs

(Table 1) were used as driving input variables to project

possible runoff conditions of the catchment for the

2061–2090 time window. The key assumption in HBV

projections is that the calibrated parameter values still hold

in the future.

2.5 Biogeochemical modeling

2.5.1 Dynamic riparian flow-concentration integration

model

The riparian flow-concentration integration model (RIM) is

a simple dynamic model that adopts the use of the flow-

path controls on streamwater [DOC] along a riparian hill-

slope gradient of forest catchments (Seibert et al. 2009,

Fig. 2). A recent study by Ledesma et al. (2013) has shown

that the concept works well for other aspects of stream

chemistry such as base cations. The model is driven by

flow, stream chemistry, and soil temperature data. The

conceptual framework of this approach was therefore based

on the flow-related changes on the export of soil water

DOC to the stream by the superimposition of lateral fluxes

of groundwater through the riparian soil (Seibert et al.

2009). The key assumptions of this model are: (1) that all

flows go through the organic rich soils in the riparian

system, and these flows are therefore the main driver of

stream DOC dynamics; (2) that different behaviors of

landscape elements within a catchment are reflected within

the model without any spatial variability. The static RIM

structure originally proposed by Seibert et al. (2009) did

not include seasonal influences on DOC dynamics. Con-

sequently, Winterdahl et al. (2011a, b) evaluated different

representations of soil temperature factor in the model

structure so as to improve seasonal DOC simulations.

Winterdahl et al. (2011a) presented a model in which

temperature was assumed to have a linear effect on

parameter values where the effective parameter value (k0)
is a combination of a base value (k0) and a temperature

dependent offset (k1T): k0 = k0 ? k1T. In Winterdahl et al.

(2011b), soil temperature controls were modelled using an

Fig. 3 Monthly mean temperature (left) and precipitation (right) as

simulated by 15 individual Regional Climate Models (RCMs) (blue/

red thin curves). Uncorrected temperature (a) and precipitation (b) for

the control period 1981–2010 are compared to bias-corrected

temperature (c) and precipitation (d) for both the control period

1981–2010 as well as the future scenario 2061–2090. The projected

changes between control and scenario run are shown for temperature

(e) and precipitation (f). Observations (black circles) and the RCM-

ensemble medians (blue/red thick curve) are also displayed

2310 S. K. Oni et al.
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exponential function: k0 = k0exp(k1T). This improves the

usefulness of RIM for assessing the influences of climate

change on stream [DOC]. Both formulations were evalu-

ated and better goodness of fit statistics were obtained

during model calibration using the linear formulation of

Winterdahl et al. (2011a), However, when projecting future

[DOC], the Winterdahl et al. (2011a) formulation occa-

sionally predicted negative concentrations. Thus, a sim-

plified version of the RIM structure presented by

Winterdahl et al. (2011a) relating stream [DOC], flow and

simulated soil temperatures (Eq. 3) was used here. The

relevant parameter values and units are listed in Table 2.

½DOC� ¼ Cbase þ k1Tsoilð Þ � Qþ Q0ð Þ fbaseþk2Tsoilð Þ ð3Þ

where Tsoil denotes soil temperature which was simulated

using the model of Rankinen et al. (2004) that is included

in the INCA-C terrestrial module (Fig. 2), Cbase is an

empirically estimated base concentration, Q is observed

flow, Q0 is an offset needed to deal with days on which

HBV simulated 0 flow and fbase represents the base

flow:concentration power relationship. RIM was calibrated

for the 2006–2010 in each catchment using the ‘‘Solver’’

routine in MS-Excel to minimize the sum of squared dif-

ferences between observed and simulated stream [DOC].

Parameter values from simulations with the highest NS

statistics were used for future [DOC] and flux projections

driven by bias-corrected climate series.

2.5.2 Process-based integrated model for carbon

The integrated model for carbon (INCA-C) is a process-

based biogeochemical model suitable for catchment-scale

simulations of the daily dynamics in soil and streamwater

[DOC] (Futter et al. 2007, 2009). The model is best

described as a dynamic, semi-distributed model of carbon

that integrates terrestrial and aquatic processes to simulate

stream [DOC] at a catchment scale (Fig. 2). It has been

used at a range of spatial scales including headwater

catchments (Futter et al. 2007, 2009) and larger rivers

(Oni et al. 2011; Ledesma et al. 2012) and has been used

for simulations based on nearly 50 years of measured data

(Lepistö et al. 2014). INCA-C has been widely used for

projecting future [DOC] in boreal and temperate surface

waters (Aherne et al. 2008; Futter et al. 2009; Oni et al.

2012; Holmberg et al. 2014 inter alia). When using

INCA-C, it is necessary to specify several catchment

attributes including land cover proportion, spatial bound-

aries, and length of stream segments, amongst others. The

terrestrial interface routes for water travelling through

soils and biogeochemical processes were represented for

forest and wetland land cover types in this terrestrial

module. Further details are provided in Futter et al.

(2007).

To run INCA-C, daily time series of air temperature and

precipitation from local weather stations were required.

These were also used to drive the HBV rainfall-runoff

model to generate the necessary hydrological inputs to the

INCA-C terrestrial module (Fig. 2). In this case, HBV was

used to simulate daily values of hydrologically effective

rainfall (HER) and soil moisture deficits (SMD). HER is

that fraction of the precipitation that constitutes runoff and

contributes to the moisture needed for biogeochemical

processes operating within the organic-mineral soil profile

continuum (Fig. 2). SMD is an index of soil dryness esti-

mated as the difference between available soil moisture and

the maximum water holding capacity of the soil. It is used

in INCA-C to set the rate at which moisture-dependent

biogeochemical processes in the soil can proceed as

described in Futter et al. (2007).

In its terrestrial module, the model also requires esti-

mates of the above-ground litter and soil organic carbon

(SOC) pool. Structurally, INCA-C can simulate carbon

processes in the soil, both vertically and laterally, by

combining the edaphic processes and hydrological flow

paths with aquatic processes (Fig. 2). These are represented

in a series of interconnected first-order differential equa-

tions, which have been fully described in Futter et al.

(2007). DOC in solution in the soil can be a product of

mineralization of SOC, or derive from root exudates or

litter decomposition (Fig. 2). The hydrological connectiv-

ity that exists between the terrestrial and aquatic systems is

simulated by routing water and carbon from the soil boxes

to the stream. The rates of edaphic processes and carbon

pools were made dependent on both soil moisture and

temperature in order to simulate carbon transformation and

production in the terrestrial box. The latter was simulated

in INCA-C using a soil temperature model developed by

Rankinen et al. (2004). DOC mineralization rates in the

stream are dependent on both water temperature and solar

radiation.

Table 2 RIM parameterization and calibration values for forest,

wetland and mixed catchments

Parameter Parameter

description

Values

Forest Wetland Mixed

Cbase (mg/L) Base stream DOC

concentration

12.888 24.918 19.324

fbase (mg/L) Base soil DOC

concentration

0.289 -0.066 0.038

k1 (mg/L)/�C Base concentration

dependency

factor

1.073 2.835 1.354

k2 (1/�C) Flow:temperature

dependency term

6.55E-4 0.033 0.019

Qo (m3/s) Runoff offset -0.917 -0.907 -9.249

Cross-scale ensemble projections 2311
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This dependence on temperature and moisture makes the

INCA-C model suitable for projecting potential future

DOC trajectories at a catchment scale, with the additional

possibility of simulating dissolved inorganic carbon (DIC)

that can contribute to CO2 emissions from surface streams

(Oni et al. 2012). INCA-C was calibrated using data over

the period from 2006 to 2010 in the forest, wetland, and

mixed catchments, using a Monte Carlo analysis frame-

work (Futter et al. 2014) in order to more effectively

sample the parameter spaces for credible representation of

present-day conditions. Model goodness of fit was assessed

using NS statistics for simulated flow and in-stream

[DOC]. When simulating possible future trajectories of

stream DOC, the model was driven by bias-corrected cli-

mate series and corresponding hydrological variables.

3 Results

3.1 Hydro-climatic projections

3.1.1 Precipitation and temperature

Individual uncorrected RCM simulations of temperature

(Fig. 3a) and precipitation (Fig. 3b) during the control

period 1981–2010 are not in good agreement with observed

values. The ensemble median fits the temperature obser-

vations better than individual RCMs (Fig. 3a). For precip-

itation, however, the median is not able to reproduce

observed values (Fig. 3b). After applying the distribution

mapping procedure to correct for biases, the RCM ensemble

median matches the observations during the control period

(Fig. 3c, d). Bias-corrected RCM simulations of the future

period (2061–2090) project an increase in both temperature

(Fig. 3e) and precipitation (Fig. 3f). Overall, temperature is

projected to increase between 2.8 and 5.0 �C with the

median at 3.7 �C. Precipitation was projected to increase

between 2 and 27 % with the median at 17 %. In terms of

seasonal changes, precipitation and temperature are pro-

jected to increase for all months of the year (Fig. 3e, f),

although these changes are more pronounced during colder

months (November–April). The period with temperatures

below 0 �C was projected to shorten considerably with

potential consequences for winter snow accumulation,

growing season and spring floods.

3.1.2 Catchment runoff

The HBV rainfall-runoff model performed well in repre-

senting the present-day hydrological conditions

(NS = 0.82). Although the model slightly underestimated

the spring melt peaks, there was good agreement between

observed and simulated runoff in winter and summer

months. The model overestimated runoff in late autumn/

early winter (Fig. 4a). The multi-RCM projections showed

a wide range of future runoff conditions on seasonal

(Fig. 4b) and annual scales (Table 3). Most RCMs pro-

jected that the spring runoff peak would decrease in the

future, while a few models projected slightly higher spring

melts than those currently observed. This suggested pos-

sible runoff extremes in the future. Despite their differing

projections, all 15 RCMs agreed that spring runoff peaks

would occur in April, earlier than the present-day peak that

occurs in May. Most RCM scenarios projected more runoff

in the winter and summer months (Fig. 4b; Table 3).

Fig. 4 The Hydrologiska Byråns Vattenbalansavdelning (HBV)

calibration derived from the best parameter sets out of the 50,000

Monte Carlo runs for a present-day runoff conditions from 2006 to

2010 and b future runoff projections from 2061 to 2090. The

hydrological year was defined to begin in September and run to the

end of August of the following year

Table 3 Summary of the 15 RCM projections of future hydroclimate

in the Svartberget catchment and their corresponding RCMs with

extreme projections under the A1B scenario

Variables Projected change

Min 25 %

percentile

50 %

percentile

75 %

percentile

Max

Temperature (�C) 2.8 3.0 3.7 4.2 5.0

Precipitation (%) 2.0 13.0 16.9 19.9 26.7

Runoff (%) 2.0 24.3 31.1 40.4 52.1
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Future runoff is projected to be between 305 and 455 mm

(median = 392 mm). These values encompass the wide

spectrum of projected increases in runoff that range from 2

to 52 % with ensemble median value of 31 % (Table 3).

3.2 Stream DOC simulations

3.2.1 Present-day DOC simulations

Both INCA-C and RIM performed well in simulating

present-day stream [DOC] (Fig. 5). The RIM performed

best in the forest catchment (NS = 0.62), and worst in the

wetland (NS = 0.52), whereas the mixed catchment

resulted in an NS value of 0.54. The RIM performance in

the forest catchment is not surprising as the model con-

ceptualization was based on the riparian systems in forest

catchments. This means that the RIM performed better in

capturing the extreme stream [DOC] values associated with

the riparian spring DOC pulses in forest and mixed

catchments, but missed some of the low DOC values

associated with spring dilution in the wetland.

INCA-C also performed best in the forest catchment

(NS = 0.52) but its performance range from NS values of

0.49–0.5 in wetland and mixed catchments respectively.

This demonstrates the strength of INCA-C in integrating

different landscapes, and the edaphic and aquatic processes

that are thought to control DOC dynamics at the catchment

scale. However, INCA-C missed most of the high spring

[DOC] values in the forest and mixed catchments as the

model lacked those explicit mechanistic details responsible

for driving the riparian spring DOC pulse in this region;

these being one of the strengths of the RIM. However,

INCA-C performed better in capturing their respective

base-flow [DOC] (Fig. 5). This may make INCA-C a better

tool for representing how fundamental catchment processes

function in reality.

3.3 Future DOC projections

3.3.1 Concentrations

Despite the similar performances of the RIM and INCA-C

models in representing present-day stream [DOC], they

differed in their projections of future stream [DOC] across

the three catchments (Fig. 6). In the forest catchment, all

RCMs projected an increase in forest stream [DOC] in

RIM, with a median annual mean [DOC] of 19.1 mg/L.

INCA-C mostly projected an increased [DOC] with a

median annual mean value of 18.1 mg/L, although a

decrease was projected with some RCMs. In each case,

Fig. 5 Model calibration using the best parameter sets in the forest,

wetland and the mixed catchments, and the performances of

Integrated Catchment Model for Carbon (INCA-C) (a–c) and the

Riparian flow-concentration Model (RIM) (d, e) in simulating the

present-day stream [DOC] in forest (a, d), wetland (b, e) and mixed

(c, f) catchments

Cross-scale ensemble projections 2313
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INCA-C projected a wider range of stream [DOC] than the

RIM under the future climate scenario. INCA-C projected

[DOC] to range between 16.6 and 20.7 mg/L, while RIM

projected a narrower range of 17.7–20.9 mg/L (Fig. 6a;

Table 4). However, the inter-annual variation of stream

[DOC] generated by RIM appeared to be larger than that

generated by INCA-C, despite both models being driven by

the same RCM forcings and employing similar assump-

tions for their calibration strategies.

In the wetland catchment, model outputs exhibited

contrasting DOC behaviors from the forest stream

(Fig. 6b). All RCMs projected stream [DOC] to decrease in

INCA-C, with a median annual of 26.6 mg/L. INCA-C

results suggested that wetland stream [DOC] could

decrease by up to 30 % in the future, while RIM projected

an increase of up to 16 % (Table 4). Depending on the

RCM used, RIM projected [DOC] both increased and

decreased with a median annual [DOC] of 35.4 mg/L. In

this catchment, INCA-C also projected a wider stream

[DOC] range of 23.1–32.0 mg/L (median = 26.6 mg/L),

unlike the RIM that projected a narrower range of

33.4–38.9 mg/L. The inter-annual variation in the RIM

projections was also larger than that generated by INCA-C.

In the mixed catchment, both INCA-C and RIM pro-

jected similar patterns of stream [DOC] close to the forest

catchment, but with a visible mixing effect due to the

upland wetland complex (Fig. 6c). All RCMs projected

increased stream [DOC] in RIM, with a median annual

[DOC] of 24.8 mg/L. INCA-C projected both increases and

decreases in streamwater [DOC] with a median annual

[DOC] of 21.7 mg/L. In this mixed catchment, INCA-C

also projected a wider stream [DOC] range of

19.5–25.6 mg/L, whereas the RIM projected a narrower

range of 23.3–26.9 mg/L (Fig. 6c). This is equivalent to an

increase of about 21 % according to the RIM, compared

with the decrease (-16 %) and increase (?11 %) projected

by INCA-C (Table 4). A consistent pattern of the RIM

generating larger inter-annual variation than the INCA-C

was also observed in the mixed catchment.

3.3.2 Fluxes

When the projected effects on stream [DOC] from both RIM

and INCA-C (Fig. 6) were combined with the runoff pro-

jections (Fig. 4) in the form of a DOC flux ensemble

(Fig. 2), patterns were obtained that differed from those

relating to concentrations (Fig. 7). While both models

agreed better on present-day DOC fluxes than on concen-

trations, they differed significantly with regards to future

DOC fluxes and concentrations (Fig. 7). In the forest stream

(Fig. 7a), RIM projected a median value for the mean annual

DOC flux of 9.1 g/m2/year, while INCA-C projected

Fig. 6 Cross-scale ensemble projections of stream DOC concentra-

tions relative to the present-day conditions and their behaviors in

forest (a), wetland (b) and the mixed catchment (c) from INCA-C (y-

axis) and RIM (x-axis) respectively. Present-day represents the

calibration period shown in Fig. 5. Standard errors are in red (RIM)

and dark blue (INCA-C). Symbols represent the mean DOC concen-

tration for each RCM. Respective RCMs are denoted as in-symbol

numbering following their sequence in Table 1. RIM projected a

median annual mean [DOC] of 19.1 versus 18.1 mg/L in INCA-C

(forest), 35.4 versus 26.6 mg/L (wetland) and 24.8 versus 21.7 mg/L

(mixed)
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7.2 g/m2/year. In the wetland catchment, the RIM projection

for median annual mean DOC flux of 14.9 g/m2/year

exceeded the 9.0 g/m2/year of INCA-C. A similar pattern

was obtained in the mixed catchment where the RIM pro-

jected a median annual mean DOC flux of 11.2 g/m2/year

compared with that of 8.8 g/m2/year by INCA-C. The ranges

of DOC flux projections by all RCMs differed between the

RIM and INCA-C models in contrast to their respective

projections of concentrations. The RIM projected a wider

flux range of 6.4–11.1 g/m2/year in the forest catchment,

compared with the narrower range of 7.0–8.4 g/m2/year

projected by INCA-C. In the wetland catchment, the RIM

projection of flux ranged from 10.6 to 19.8 g/m2/year, while

INCA-C projected a range of 8.0–9.9 g/m2/year. A similar

pattern was obtained in the mixed catchment with RIM

projecting a flux range of 8.0–14.0 g/m2/year, while INCA-

C projected a range of 8.1–9.5 g/m2/year.

Thus, the RIM projected DOC fluxes to change between

?6 and ?84 % (with the median at 50 %) in forest

catchment; by -14 to ?62 % (median = 22 %) in the

wetland; and by -2 to ?72 % (median = 38 %) in the

mixed catchment (Fig. 7; Table 4). This is in contrast to

the narrower ranges projected by INCA-C; ?12 to ?34 %

in forest, -34 to -19 % in the wetland, and -4 to ?13 %

in the mixed catchment with ensemble median of 24, -26

and ?5 % respectively. RIM projections consistently

showed larger inter-annual variations in all catchments.

The inter-annual variation in DOC fluxes projected by each

RCM in INCA-C was lower in wetland than in either the

forest or mixed catchments.

4 Discussion

4.1 Change in hydroclimatic regimes

A growing number of studies show that climate change will

greatly affect hydroclimatic regimes and DOC exports in

environments at high latitudes if future conditions are

warmer and wetter (Jungqvist et al. 2014; Carey et al.

2010; Tetzlaff et al. 2013; Mellander et al. 2007; Lepistö

et al. 2014). This study supports these earlier findings, with

the RCM ensemble projecting a wide range of possible

future hydroclimatic conditions (Table 3). Precipitation is

projected to increase 17 % and temperature 3.7 �C (based

on the ensemble median). At annual (Table 3) and seasonal

(Fig. 4) scales, runoff conditions were projected to cover a

wider range than that projected for precipitation (Table 3),

and the ensemble mean suggests that spring peaks could

decline by up to 13 % by the end of the present century

(Fig. 4b).

Model projections indicated that extreme values could

be more pronounced in the future. For example, the annual

runoff of individual years ranges between 128 and 576 mm

for current conditions, but can range between 123 and

867 mm for future conditions. A recent study by Chou

et al. (2013) demonstrated a similar possibility that the

range of precipitation extremes might increase in the future

to such an extent that they could intensify dry and wet

episodes. They also argued that the seasonal cycle would

have pronounced effects on hydroclimatic extremes, even

if annual rainfall were to be relatively stable in the future.

Any uncertainties in current HBV simulations of rain-

fall-runoff conditions could be constrained in future studies

by using an ensemble of hydrological models. However, in

the present study, all RCMs agreed well on the probability

that peak spring runoff events would shift from May to

April (Fig. 4b). Such a shift in spring runoff events is an

indication of the possible extension of the growing season

in the boreal region. Longer growing seasons and warmer

temperatures (Jungqvist et al. 2014) could lead to ecolog-

ical succession, changes in litter production (timing, and

quality), and changes in stream chemistry (Euskirchen

et al. 2006; Linderholm, 2006; Norby and Cotrufo 1998).

This also implies the possibility of a regime shift where

winter precipitation patterns are partitioned more toward

rainfall dominance (Dore 2005), indicating a more bio-

geochemically active winter season (Laudon et al. 2013a).

While the actual magnitude of such changes in the future

hydroclimatic conditions might be missed, the direction of

Table 4 Predictive uncertainty

of INCA-C and RIM stream

[DOC] and fluxes in the

Svartberget catchment and their

corresponding RCM extremes

following the numbering

sequence given in Table 1

Model Site Projected change

Concentration (%) Flux (%)

Min Median Max Min Median Max

INCA-C Forest -2.9 6.2 21.3 12.2 23.9 33.8

Wetland -30.3 -19.8 -3.6 -34.3 -25.8 -18.6

Mixed -15.5 -5.8 10.8 -3.9 4.6 12.5

RIM Forest 7.3 15.9 26.3 5.9 50.3 83.5

Wetland -0.2 5.7 16.2 -13.4 22.0 61.6

Mixed 4.4 11.2 20.7 -2.0 37.6 71.5
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signals are at least robust enough for us to be made aware

that future conditions could alter biogeochemical processes

or invoke new mechanisms that would, in turn, affect

future stream DOC.

4.2 Cross-scale DOC ensemble projections

As highlighted above, a change in hydroclimatic regimes

could drive biogeochemical processes beyond the range of

our current experience and understanding. This would have

implications for predictive modelling. Observing differ-

ences that occur at different scales and between different

processes has added to our knowledge concerning those

factors that control DOC dynamics (Clark et al. 2010). The

development of models based on a mechanistic under-

standing has also helped to unify our understanding of

processes (Futter et al. 2007; Rowe et al. 2014). In the

present study we have shown that even apparently negli-

gible differences in simulating present day conditions can

lead to large uncertainties when projecting future catch-

ment [DOC] and exports (Fig. 8). This is because our

current model development relies heavily on the perceptual

understanding of local processes, the types of data avail-

able to model developers, and key processes that are

included. All these factors emphasize how the strength of a

model can make it a useful tool for addressing pertinent

questions, but also how decisions by the model developer

about which processes to simulate or exclude may amplify

into a large degree of prediction uncertainty (Fig. 8). This

is because all models assume that present structures also

hold under future conditions; but in reality, climate change

could drive biogeochemical processes to such novel states

that our present assumptions would be undermined. For

example, a ‘known unknown’ is that a change in hydro-

climatic regimes projected by all RCMs could make the

dormant seasons more active as the ambient environment

favors more biotic or bacterial activity, or as water and

DOC fluxes become synchronous (Laudon et al. 2013a).

The intensification of biogeochemical processes during any

future extension of the growing season could also present

other ‘unknown unknowns’ in the form of novel mecha-

nisms that might drive future DOC dynamics beyond the

boundaries of our current level of understanding.

The present study was designed as a pilot study with the

principal aim of promoting cross-scale approaches to pro-

jecting catchment DOC and indicating how future models

should be tested and validated. For simplicity, we limited

the study to two models, choosing two significantly dif-

ferent models in order to assess where the dominant

b Fig. 7 Cross-scale ensemble projections of annual stream DOC

fluxes in INCA-C (y-axis) and RIM (x-axis) relative to the present-

day conditions in forest (a), wetland (b) and the mixed catchment (c).

Standard errors are shown in red (RIM) and dark blue (INCA-C).

Symbols represent the mean fluxes of each RCM forcing and the

respective RCMs are denoted as in-symbol numbering following their

sequence in Table 1. RIM projected median annual mean DOC fluxes

of 9.1 versus 7.7 g/m2/year in INCA-C (forest), 14.9 versus 9.0 g/m2/

year (wetland) and 11.2 versus 8.8 g/m2/year (mixed)
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sources of uncertainty are, and how they might be further

amplified under climate change. The RIM is a simple

dynamic, hillslope focused model, which operates with the

main assumption that the near-stream riparian zones in

forest catchments are the most important drivers of stream

[DOC] and exports. It excludes any consideration of spatial

variability that might influence the overall catchment

behavior (Seibert et al. 2009; Winterdahl et al. 2011a, b).

By contrast, INCA-C is a process-based and semi-distrib-

uted model that uses a catchment scale approach to rep-

resent stream DOC (Futter et al. 2007; Oni et al. 2012). The

key assumption in INCA-C was that whole catchment

processes (both in the terrestrial and aquatic compartments)

are equally important and should be integrated for credible

predictions to be made of stream [DOC] and exports. The

detailed process representation in INCA-C led to there

being a more parameters to be estimated (Futter et al. 2007)

and so could lead to equifinality (Beven 2006).

In the work presented here, we have focused mainly on

the consequences of biogeochemical model structural

uncertainty on possible future [DOC] under an ensemble of

RCM climate projections. We have not explored all aspects

of the uncertainties associated with equifinality of multiple

parameter sets. We have based our hydrological results on

a single parameterization of the HBV model. Oni et al.

(2014) have noted that more credible projections of future

hydrological conditions can be obtained with an ensemble

of behavioral parameter sets than with a single realization.

We have also used on a single parameterization of the RIM

model at each of the three modelled catchments but it

should be noted that Winterdahl et al. (2011a, b) have used

an ensemble of RIM parameter sets to describe uncertainty

in present day DOC predictions. While a Monte Carlo

analysis was conducted to identify an ensemble of plausi-

ble INCA-C parameter sets, only a single parameter set was

used for the climate change simulations presented here.

Using ensembles of parameter sets could help to better

constrain the uncertainty surrounding projections of future

[DOC] but would be computationally challenging.

The performance of INCA-C is encouraging for a multi-

parameterized biogeochemical model that requires the

simultaneous calibration of several parameters in the ter-

restrial and aquatic boxes (Fig. 2). However, no single

model can be all encompassing since they all have inherent

strengths and weaknesses when representing present-day

biogeochemical conditions. For example, we observed that

INCA-C missed some of the DOC peaks despite its robust

representation of landscape controls and its ability to give

reasonable simulations of stream DOC when using a

credible parameter optimization strategy. This shortcoming

can be attributed to a riparian DOC surge that resulted from

the continuous inundation of the riparian system as

groundwater continually rises to activate the carbon pool in

the topsoil layers. Where the INCA-C model has been

previously applied, it has performed well in capturing the

whole inter-annual range including the peak values (Futter

et al. 2007; Oni et al. 2011). This cross-scale approach has

helped us to recognize a need for the INCA-C structure to

be revised to include a mechanism for generating the

riparian DOC pulse that is simulated by RIM under high-

flow conditions. This modification will make INCA-C a

better tool for understanding DOC dynamics and for a

robust uncertainty assessment of DOC dynamics under

hydroclimatic extremes.

By contrast, the fact that the RIM concept was based on

the riparian zone mechanism can explain why this model

performed better than INCA-C in capturing the present-day

peak spring DOC pulses. Despite its strength in the forest

catchment, RIM missed some of the low [DOC] associated

with spring dilution in the wetland. This is because of the

presence of minerogenic mires with contrasting dilution

mechanisms, and upland forests having possible roles that

were not duly considered in the current model structure

(Seibert et al. 2009; Winterdahl et al. 2011a). For example,

Yurova et al. (2008) demonstrated the importance of

sorption in modeling DOC outputs from boreal mires, but

this was lacking in RIM. As a result RIM missed some of

the low spring [DOC] and overestimated the high summer

[DOC] values in the wetland. This can make the model

structure depart from reality toward the downstream

reaches of large catchment as the spatial heterogeneity of

Fig. 8 Schematic representation of uncertainty propagation and

amplification in the modelling of stream [DOC] and fluxes under

climate change as the degree of landscape interactions with other

biotic factors increase (not drawn to scale)
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landscape control on groundwater dynamics can also make

the riparian influence on stream [DOC] vary along a river

gradient of meso-scale to large catchments (Tiwari et al.

2014). However, the model structure assumed a constant

flow-concentration relationship. This reinforces the poten-

tial shortcomings of the RIM model when applied outside

of its original conceptual landscape framework.

The RCMs are fairly consistent in their projections of a

warmer and wetter future but present a considerable range

of possible future scenarios. This has implications on how

the RIM and INCA-C models propagated stream [DOC]

and fluxes into the future. For example, INCA-C consis-

tently projected wider ranges of stream [DOC] but the

inter-annual variations projected by RIM were larger. The

wider range of stream [DOC] projected by INCA-C might

be attributed to its climate forcing being very temperature

sensitive. This might be explained by studies that have

shown the terrestrial carbon pool to be very temperature

sensitive in respect of climate change effects (Davidson

and Janssens 2006; Lindroth et al. 1998). This makes

INCA-C respond more rapidly to the warmer world pro-

jected by all RCMs and might explain the wide range of

[DOC] projections. However, INCA-C missed the hydro-

logical sensitivity necessary to capture the riparian DOC

pulses, and this might explain why its projected fluxes were

considerably lower than those of RIM. This may also be

explained by some of the DOC being lost in the terrestrial

and aquatic carbon pool (Fig. 2) as a form of positive

feedback in response to warmer temperatures (Davidson

and Janssens 2006).

The large inter-annual variations observed in the RIM

projections may be explained by sensitivity to the hydro-

logical variability that would become more common in a

wetter future and due to the lack of any feedback between

climate-related controls on DOC production and consump-

tion. The RIM formulation presented here simulates a

monotonic relationship between soil temperature and [DOC]

whereas INCA-C can simulate a non-monotonic relationship

between soil temperature and stream [DOC] as it explicitly

includes production and consumption terms. RIM does not

have any way of representing long-term changes that could

occur due to accumulation or depletion of soil carbon pools,

which would affect DOC fluxes. The smaller range in INCA-

C-projected [DOC] suggests that a balancing feedback

mechanism (such as microbial/photo mineralization, sorp-

tion–desorption, or terrestrial soil carbon depletion pro-

cesses) would become more important in a warmer, wetter

future and change the underlying flow-concentration rela-

tionship conceptualized in RIM. We also suggest that while

apparently negligible differences between model assump-

tions may lead to similar predictions for present-day condi-

tions, the uncertainties will amplify under future conditions.

4.3 Conclusion

We have shown that output from both DOC models agreed

well in simulating present-day [DOC] and fluxes despite

differences in their structural design and assumptions. This

implies that both models are equally useful tools when

seeking answers to relevant questions framed under current

conditions and that surface water [DOC] can be understood

as the product of either catchment or hillslope scale pro-

cesses. However, future projections from the two models

differed. Small or negligible present day differences in

model assumptions were amplified by the range of possible

future climate scenarios. Combining DOC models in the

form of a process ensemble is more difficult than creating

climate model projections per se due to the large number of

differences in the way different models represent processes

or suites of component processes. However, the use of an

ensemble of climate models, together with cross-scale

comparisons of biogeochemical models applied to a range

of landscape element types is an important technique when

assessing possible future trajectories of DOC in boreal and

temperate streams. For example, INCA-C could not cap-

ture the high observed spring DOC pulses resulting from a

strong riparian system influence while RIM could simulate

spring peaks that INCA-C missed. The significant differ-

ences between the two model structures amplify differ-

ences in future hydroclimatic sensitivity. RIM projected

wider inter-annual variations and range of fluxes due to a

complete lack of any balancing feedback mechanism of

climate change from other upland processes. Moreover, the

amalgamation of whole catchment behavior within the

riparian system challenged some of the fundamental

assumptions of RIM under future conditions. If the explicit

riparian DOC pool represented in the hillslope-scale RIM

were included in INCA-C, it might improve its usefulness

in the northern boreal region.
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Köhler S, Buffam I, Laudon H, Bishop K (2008) Climate’s control of

intra-annual and interannual variability of total organic carbon

concentration and flux in two contrasting boreal landscape

elements. J Geophys Res 113:G03012
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Seibert J, Grabs T, Köhler S, Laudon H, Winterdahl M, Bishop K

(2009) Linking soil-and stream-water chemistry based on a

Riparian Flow-Concentration Integration Model. Hydrol Earth

Syst Sci 13(12):2287–2297

Tetzlaff D, Soulsby C, Buttle J, Capell R, Carey SK, Laudon H,

McDonnell J, McGuire K, Seibert J, Shanley J (2013) Catch-

ments on the cusp? Structural and functional change in northern

ecohydrology. Hydrol Process 27(5):766–774. doi:10.1002/hyp.

9700

Teutschbein C, Seibert J (2012) Bias correction of regional climate

model simulations for hydrological climate-change impact

studies: review and evaluation of different methods. J Hydrol

456–457:12–29

Teutschbein C, Seibert J (2013) Is bias correction of regional climate

model (RCM) simulations possible for non-stationary condi-

tions? Hydrol Earth Syst Sci 17:5061–5077. doi:10.5194/hess-

17-5061-2013
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