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Abstract Catchment dissolved organic carbon

(DOC) fluxes are governed by complex interactions,

which control biogeochemical processes generating

DOC and hydrological connectivity, facilitating trans-

port through the landscape to streams. This paper

presents the development of a coupled hydrological-

biogeochemical model for a northern watershed with

organic-rich soils, to simulate daily DOC concentra-

tions. The parsimonious model design allows the

relative importance of DOC fluxes from the major

landscape units (e.g. hillslopes, groundwater and

riparian saturation area) to be determined. The

dynamic extent of the saturated riparian zone, which

at maximum wetness comprised 40 % of the drainage

area, contributed 84 % of DOC to the stream, of which

16 % was derived from the hillslope soils. This shows

the disproportional riparian influence on stream water

chemistry and the importance of the non-linearity in

hydrological connectivity. The temporal connectivity

of each of the landscape units was dependent on

antecedent moisture conditions, with highly transient

connections between the hillslope and valley bottom

saturated area, which were entirely disconnected

during the driest periods. The groundwater contribu-

tion remained constant, but its relative importance

increased during the driest periods. The study empha-

sises the importance of conceptualising hydrological

connectivity and its relation to hydroclimatic factors,

as well soil biogeochemical processes, when model-

ling stream water DOC.

Keywords DOC � Runoff processes � Connectivity �
Biogeochemical models � Landscape units � Upland

catchments

Introduction

Dissolved organic carbon (DOC) is an important

biogeochemical component of water quality, that

serves as a major energy substrate for aquatic ecosys-

tems, (Halbedel et al. 2013; Tank et al. 2010) and also

has implications for the quality and potability of

drinking water (Karanfil et al. 2008). These issues are

particularly important in northern watersheds with

significant coverage of organic soils. Consequently,

there are both theoretical and practical needs, in such

areas, to understand the biogeochemistry in terms of

how DOC is generated in the landscape and trans-

ported to streams. These fluxes are controlled by a

hierarchy of interactions involving hydroclimatic

drivers, hydrological connectivity, and complex bio-

geochemical processes. Essentially, organic matter, in

the soil carbon pool, is subject to microbial degrada-

tion to release DOC into soil water (Hope et al. 1994).
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This release is strongly dependent on both soil

temperature and moisture availability with consequent

seasonal differences in periods of high and low DOC

production in summer/autumn and winter/spring,

respectively (Dawson et al. 2008; Winterdahl et al.

2011a; Peterson and Lajtha 2013). Additionally, water

fluxes are of critical importance, and hydrological

connection is needed to transport DOC through the

landscape and into streams (Boyer et al. 1996; Dawson

et al. 2008). DOC is generated across the landscape,

but areas with the highest soil carbon density are most

important (Dawson et al. 2011). These are often in

flatter, low lying areas where histosols can develop, or

where other organic rich soils fringe the stream

channel as the riparian zone (Billett et al. 2006). The

important role of the riparian zone, both in terms of

providing a major source of DOC and dynamically

mediating hydrological connectivity and DOC fluxes

from surrounding hillslopes, has been highlighted in

various environments (e.g. McGlynn and McDonnell

2003; Inamdar and Mitchell 2006; Winterdahl et al.

2011b).

Predictive models of watershed DOC transport are

important; climate change projections of altered

precipitation and temperatures will affect both DOC

generation and transport (Laudon et al. 2012; Oni et al.

2014). Such models must therefore capture the

dominant hydrological and biogeochemical controls

adequately. However, due to the complexity of the

biogeochemical processes involved, models that can

simulate DOC fluxes tend to be highly parameterised,

as best illustrated by the integrated catchment model -

carbon (INCA-C) (Futter 2007); and TerraFlux (Asner

et al. 2001; Neff and Asner 2001). Moreover, within

such models hydrological connectivity tends to be

treated separately, using independently calibrated

models to estimate water delivery (e.g. Band et al.

1991; Futter et al. 2008; Ledesma et al. 2012; Oni et al.

2014; Futter et al. 2014). Other approaches have used

simpler models that integrate both the key hydrolog-

ical and biogeochemical processes to simulate the

movement of DOC through soils, to the stream

network, an example being the riparian profile flow-

concentration integration model (RIM) (Seibert et al.

2009). There are advantages, in terms of parameter

identifiability, in using simple catchment models that

link the biogeochemistry of DOC generation with

hydrological transport processes (Paudel and Jawitz

2012), though existing models are usually restricted to

smaller scales (e.g. the soil profile) such as DyDOC

and still have a large number of parameters (Michalzik

et al. 2003). Recently, Birkel et al. (2014a) developed

an approach, that directly coupled a simple concep-

tualisation of soil biogeochemical processes govern-

ing DOC production, with a low parameterised

hydrological transport model. This remains a rela-

tively simple (12 parameters in total: 5 hydrological

and 7 biogeochemical) process-based approach to

simulate DOC generation in catchment landscapes.

Despite its simple structure and low parameterisation,

it incorporates the major landscape units, captures the

non-linear dynamics of the riparian zone and allows

spatial disaggregation of DOC generation and trans-

port in different landscape units. Moreover, biogeo-

chemical and hydrological calibration is simultaneous.

An important constraint in many modelling studies

is the quality of available data against which to assess

simulated dynamics. Up until quite recently, most

biogeochemical studies have had relatively coarse

weekly or bi-monthly sampling strategies. It is well

known that such sampling frequencies, which are

often dictated by technical or financial constraints,

have limitations in terms of missing crucial short-term

information and consequent uncertainties in load

estimates. However, high resolution data at daily or

sub-daily resolution is becoming increasingly feasible,

both technically and financially (Pellerin et al. 2012;

Neal et al. 2013). Such data provide a richer resource,

which gives more exacting criteria, to challenge

biogeochemical models that simulate water quality.

In particular, the provision of data at similar time-

scales to the catchment hydrological response is

invaluable for aiding models that seek to simulate

hydrologically-mediated water quality parameters,

like DOC, where responses are likely to be on daily

or sub-daily timescales.

Here, our first main objective was to utilize the

aforementioned simple coupled modelling approach

of Birkel et al. (2014a), which was initially developed

using weekly data to simulate DOC concentrations

over an 18 month period, where daily data were

available for model assessment. The model is applied

in a peat-dominated headwater catchment in the

Scottish Highlands, but the generic approach is

relevant to other northern regions with organic rich

soils, which cover extensive areas in North America

and Eurasia. The period coincided with contrasting

seasonal extremes and provided both a challenge for
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calibration and a more stringent test for the model.

Moreover, the hydrological modelling component was

tracer-aided and developed to differentiate the main

sources of runoff, their temporal dynamics and

hydrological connectivity with the stream channel

(Birkel et al. 2010). We therefore had a second

objective, to use the model to disaggregate the spatial

distribution of DOC fluxes from different landscape

units, and assess how their temporal dynamics varied

with hydrological connectivity. The wider implica-

tions of our findings, in relation to biogeochemical

modelling other headwater catchments, are also

discussed.

Study area

The Bruntland Burn (Fig. 1) is a 3.2 km2 catchment in

the Scottish Highlands, which has been described

elsewhere (Tetzlaff et al. 2007; Birkel et al. 2011a, b).

Briefly, elevations range from 248 to 539 meters above

sea level, with mean slopes of 13�; the underlying

geology is mainly granite in the elevated areas, fringed

by associated metamorphic rocks. Below 400 m, the

solid geology is covered by various drift deposits

(mainly poorly sorted till), which can be up to 40 m

deep in the wide valley bottoms. As with most UK

uplands, the Bruntland Burn is a moorland stream;

riparian areas are characterised by Sphagnum spp and

Molina caerulea dominated blanket peat bog, whilst

drier steeper slopes are heather (Calluna vulgaris)

dominated (Fig. 1). Forest cover (mainly Scots pine

(Pinus sylvestris)) is restricted to small areas on the

steeper hillslopes and the riparian zone in the lower

catchment.

Organic-rich soils dominate the catchment, with

large areas of deep ([1 m) peats (Histosols) in valley

bottoms and shallow (\0.5 m) peat on the lower

hillslopes, covering 22 % of the catchment. The

steeper slopes are characterised by podsols which

have a 0.1–0.2 m deep O horizon overlying a freely

draining mineral sub-soil. The riparian histosols

occupy a zone of surface saturation which can be

highly dynamic in extent (Fig. 1): ranging between 2

and 40 % of the catchment area, depending upon

hydroclimatic and antecedent conditions (Birkel et al.

2010). The stream channel has a low width-depth ratio

being narrow (0.5–1 m) and deep (0.5–1.5 m) with a

limited hyporheic zone. Throughout the stream

network there are point source influxes of surface

waters, draining the adjacent blanket peat bogs

(Fig. 1).

Mean annual precipitation is around 1000 mm,

mostly from low intensity frontal events. Mean annual

runoff is 700 mm and potential evapotranspiration

400 mm. Most precipitation events instigate a stream-

flow response, as water is displaced from the riparian

zones as saturation-excess overland flow (Birkel et al.

2010). Runoff coefficients are typically \10 %, but

these increase non-linearly in wetter periods

to [40 %, as the saturated zone in the valley bottom

expands. Such expansion connects lateral flow in the

upper horizons of the podzolic soils on the steeper

hillslope, to the channel network (Tetzlaff 2014).

Mean annual air temperatures are about 6 �C, with

daily means ranging between 12 and 1 �C in summer

and winter, respectively.

Data and methods

Hydrological and biogeochemical data

Daily water samples were collected from the catch-

ment outlet between May 2012 and October 2013,

using an ISCO 3700 auto-sampler (Fig. 1). Samples

were returned to the laboratory at weekly intervals and

analysed for DOC, using a LABTOC Aqueous Carbon

Analyser after 0.45 lm filtration (Roulet and Moore

2006). Tests, storing samples for a week at summer

temperatures, showed changes in DOC concentrations

were within measurement error. Samples were acid-

ified using a reagent consisting of 5 % sodium

persulphate and 0.5 % orthophosphoric acid diluted

in distilled water. Resulting free CO2 was removed

using nitrogen, with the remaining fraction converted

to CO2 using UV light and measured with infra-red

light. For all analyses a top calibration standard of

20 mg l-1 was used with a 4 point quadratic calibra-

tion curve.

In the field, discharge (15 min) was measured at the

catchment outlet using an Odyssey capacitance water

level logger, at an established gauging point. This was

supplemented by meteorological data (air tempera-

ture, relative humidity and net radiation) from an

automatic weather station 1 km away, operated by

Marine Science Scotland (Malcolm et al. 2008). An

altitude-corrected daily precipitation time-series was
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constructed using an inverse distance elevation gradi-

ent interpolation over a 50 m grid, with coefficients

adjusted on a daily basis (Capell et al. 2011). This

utilised measurements at five proximate rain gauges

(altitudes ranging from 150 to 680 m) operated by the

Scottish Environmental Protection Agency (SEPA)

and the Met Office. One site at Braemar situated

15 km from the catchment also had daily snow depth

data, which we used. Potential evapotranspiration was

estimated using a modified Penman–Monteith equa-

tion (Dunn and Mackay 1995).

Modelling approach

We utilised the coupled hydrological-biogeochemical

model, developed by Birkel et al. (2014a) to simulate

daily stream flows and DOC concentrations. The

model comprises three linked hydrological reservoirs:

Fig. 1 Topography of the study catchment and location of

hydrometric data and DOC sample collection (purple square).

Minimum (orange line) and maximum (blue line) saturation

extents are included; with vegetation communities reflecting

these saturation extents with green grasses indicating saturated

peaty soils and brown heather vegetation is representative of

more freely draining podzols. (Color figure online)
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a riparian saturation zone (Ssat), upper hillslopes (Sup)

and groundwater component Slow (Fig. 2). A central

feature of the model is that the saturation area is

parameterised to expand dynamically in response to

precipitation inputs, to generate a non-linear quick-

flow response, mimicking saturation overland flow

primarily from the histosols (Birkel et al. 2010). The

model has been used to successfully simulate stream

flow, as well as both geochemical and isotopic tracers

in the catchment; thus, there is some confidence that it

conceptualises runoff generation from the right stores,

at the right times, reasonably well (Birkel et al. 2011a,

b, 2014a, b). The hydrological model is relatively

simple, with just 5 basic parameters (Table 1; Fig. 2):

a (which controls hillslope water flux to the saturated

area), b (controlling the rate of groundwater dis-

charge), Re (groundwater recharge), k (the water flux

rate from saturated area) and a (which conceptualises

the non-linear saturation overland flow). Although not

part of the original model, a snow melt component was

also included, to account for melt water contributions

from December 2012 through to April 2013 (Fig. 2).

Snow depth data was used from the Met Office site at

Braemar to construct a time-related (rather than

temperature dependent) snow pack depletion curve

and to produce a simple loss relationship, which

released melt water into the hillslope and saturated

area reservoirs. The snow water equivalent (SWE) was

estimated using the depths of snow and the water

missing from the measured water balance, to assess the

amount of water released.

The biogeochemistry component was implemented

to simulate DOC dynamics in the three hydrological

stores and transport it along the main runoff pathways

to the stream (Birkel et al. 2014a). The biogeochem-

istry conceptualisation includes two rate parameters

kDOC (d-1) for DOC production in the hillslope and

riparian zone (kDOCup and kDOCsat respectively); an

energy activation parameter Ea,; and a calibrated soil

moisture parameter SMDmax, below which DOC

production stops and the loss parameters (LQ) for

groundwater, hillslope, and saturated area (LQlow,

LQup and LQsat respectively). Daily DOC concentra-

tions in the stream are flux weighted average values, of

the contributing saturation area and groundwater

runoff to the total streamflow. Hillslope contributions

first drain into the saturation area and, therefore, do not

contribute directly to the stream, though the model

allows their magnitude to be disaggregated (i.e.

estimated directly). The model was conditioned by

allowing the water and DOC stores to fill up for

1.5 years (January 2011–May 2012). Initial DOC

concentrations were set, based on average concentra-

tions measured using suction cup lysimeters within the

peat (*10 mg l-1 at 15 cm depth, *30 mg l-1 at

30 cm depth and *40 mg l-1 at 50 cm depth). The

average concentration across the three depths was

used for the saturated area. For concentrations within

the organic horizons of the hillslope, we assumed the

concentration, at 15 cm depth from the saturated area,

to be similar to that of the hillslope, due to organic rich

content of the hillslope upper soil horizons.

Fig. 2 Conceptual diagram

of the coupled hydrological-

DOC model. Blue represents

the hydrological processes

and red the biogeochemical

parameters representing

both DOC production terms

and loss terms (denoted by

L). The biogeochemistry

component parameters:

SMDmax is the maximum

soil moisture deficit,

kDOCup and kDOCsat are

the DOC concentration rate

parameter, Ea is the

activation energy, LQup,

LQlow, and LQsat are DOC

loss parameter). (Color

figure online)
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A multi-objective genetic algorithm NSGA2 (Deb

et al. 2002) was used for calibration of the model

parameters, which simultaneously optimised the mod-

ified Kling-Gupta efficiency (KGE) of discharge and

stream DOC concentrations. Five hundred parameter

populations were sequentially run, over 100 genera-

tions, to pool the best parameter mutations. The 500

best parameter sets were subsequently used, to

produce simulation ranges as an indication of posterior

parameter variability in the absence of a formal

uncertainty analysis. The KGE criterion is a three

dimensional decomposition of the Nash–Sutcliffe

efficiency (NSE) measure and evaluates the dynamics

(r), bias (beta) and variability (alpha) on a scale from –

Inf to 1, with 1 being a perfect simulation (Gupta et al.

2009; Kling et al. 2012):

KGE ¼ 1� ED ð1Þ

where:

ED ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½ r � 1ð Þ�2 þ ½ a� 1ð Þ�2 þ ½ b� 1ð Þ�2
q

ð2Þ

Here, ED is the Euclidian distance from the

unknown optimal solution. r is the linear correlation

coefficient, alpha the relative variability in the sim-

ulated and observed values and b is the ratio between

the means of the simulated and observed flows.

To test the model, the calibrated parameters from

2012 to 2013 data were applied to a previous DOC

data set, sampled weekly between 2007 and 2009

(Dawson et al. 2011). The calibrated parameters from

Birkel et al. (2014a) were then used on the 2012–2013

data (Table 2). The aforementioned tests were con-

ducted to assess the robustness of the calibration based

on the 2012–2013 data. Reversal of parameter sets

(e.g. 2007–2009 parameters) tested the compatibility

and quality of the calibration.

Results

Hydrological and DOC dynamics

During the study the average air temperature was

6.8 �C, with seasonal means of 12.4 �C during sum-

mer (June–September) and 1.2 �C in winter (Decem-

ber–March). Precipitation in summer 2012 (wettest in

100 years) was high and frequent (Fig. 3a) with

Table 1 Model parameter values for 2012–2013 (based on daily samples) for the study period compared with the 2007–2009 (based

on weekly samples from Birkel et al. 2014a, b)

2012/13 (daily) 2007/09 (weekly)

Parameter Units Initial range Mean [min, max] Posterior mean [10th, 90th]

Hydrology

a d-1 [0.1, 0.9] 0.46 [0.34, 0.56] 0.36 [0.14, 0.68]

b d-1 [0.001, 0.1] 0.003 [0.002, 0.008] 0.02 [0.004, 0.05]

Re d-1 [0.1, 0.9] 0.79 [0.71, 0.80] 0.54 [0.22, 0.84]

k d-1 [0.0001, 0.5] 0.09 [0.05, 0.1] 0.19 [0.02, 0.42]

a – [0.1, 0.9] 0.45 [0.34, 0.69] 0.35 [0.08, 0.73]

Biogeochemistry

SMDmax mm [-200, -1] -117 [-96, -197] -104 [-179, -27]

kDOCup mg l-1 [0, 20] 5.74 [1.94, 6.92] 6.4 [1.0, 13.8]

kDOCsat mg l-1 [0, 20] 1.75 [0.06, 2.93] 3.5 [0.32, 8.2]

Ea – [0, 20] 1.12 [1.0, 1.23] 1.13 [1.02, 1.3]

LQup – [0, 1] 0.49 [0.4, 0.7] 0.49 [0.09, 0.78]

LQlow – [0, 1] 0.17 [0.07, 0.72] 0.46 [0.1, 0.88]

LQsat – [0, 1] 0.09 [0.02, 0.14] 0.47 [0.07, 0.89]

The parameters are as follows: For the hydrology component (a = hillslope flux parameter, b = groundwater discharge parameter,

Re = groundwater recharge, k = non-linear runoff scaling parameter, a = non-linear runoff generation parameter) and for the

biogeochemistry component (SMDmax = maximum soil moisture deficit, kDOCup = hillslope DOC concentration rate parameter,

kDOCsat = saturated area DOC concentration rate parameter, Ea = activation energy, LQup = hillslope DOC loss parameter,

LQlow = groundwater DOC loss parameter, LQsat = saturated area DOC loss parameter)
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281 mm over the entire period. Following a dry

September, large events occurred in the autumn and

early winter. The winter in early 2013 was cold, and

significant snow accumulated in January (up to 40 cm

depth), and again in March (up to 14 cm depth).

Thereafter, April and May were wet, but this presaged

a dry, warm period in June and July, that was broken

by high precipitation in late July. The period between

August and October also had below average precip-

itation. Overall, the summer of 2013 was the driest in

10 years. Stream flows reflected precipitation inputs,

with frequent higher flows through summer 2012, with

a period of sustained baseflows restricted to September

(Fig. 3b). Flows increased through autumn and winter,

before a period of low flows coincided with snowpack

accumulation in January, and again in March, follow-

ing melt in February. High flows in April and May

coincided with high precipitation events, and then

flows dropped in June and July. Despite an increase in

response to precipitation in late July, flows continued

to fall through August and September, before respond-

ing to re-wetting in October.

As expected, measured DOC concentrations

showed marked seasonality, with higher summer and

low winter concentrations. Within this seasonal

pattern, higher DOC peaks coincided with higher

flows, though the relationship was markedly non-

linear, with the highest concentrations often linked to

smaller discharge events (Fig. 3c). Concentrations

were higher in the summer of 2012, compared with

2013, though minimum concentrations each summer

coincided with the lowest flows in September 2012

and 2013, respectively. The re-wetting of the catch-

ment in October 2013 saw a late flush of DOC.

Coupled hydrological-biogeochemistry modelling

The calibrated model gave reasonable simulations for

daily DOC and Q over the 16 month period, with the

mean KGEs for DOC = 0.77 and for Q = 0.64, and

both means sitting close to the maximum model

performance from the 500 retained parameter sets

(Table 2). The hydrology component of the model,

whilst capturing the overall dynamics quite well,

including the snowmelt period, tended to underesti-

mate smaller discharge events following dry periods,

notably in the early summer of 2012 and again in 2013.

Conversely, following the re-wetting of the catchment

in September and October 2014 flows were over-

predicted.

The DOC simulations also capture the seasonal and

inter-annual dynamics of the study period quite well,

including the higher concentrations in summer 2012

compared to 2013. Winter simulations were generally

good, though concentrations were under predicted in

snowmelt events in early March. Times when the DOC

simulations were poorer generally coincided with

poorer flow simulations. For example, the underesti-

mation of discharge in the early summers of 2012 and

2013 lead to an underestimation of the initial summer

DOC concentrations (Fig. 3c). DOC simulations cap-

ture the decline in concentrations in the dry period of

September 2012, though are slightly lagged. However,

the late July 2013 event and the subsequent decline of

concentrations were simulated very well. During

autumn 2013, the model underestimated the DOC

Table 2 Model performance measures showing the mean, min

and max performances (KGE) derived from the best 500

parameter sets for the model calibrated to the 2012–2013 data

Model performance KGE (-) NSE (-) RMSE

(DOC: mg l-1,

Q: mm d-1)

Q

Mean 0.64 0.48 1.33

Min 0.37

Max 0.66

DOC

Mean 0.77 0.52 1.30

Min 0.33

Max 0.80

Model test performance

(Mean 2012–2013

calibration applied

to 2007–2009 data)

Q 0.73 0.53 1.00

DOC 0.55 0.27 2.05

Model test performance

(Mean 2007–2009

calibration applied

to 2012–2013 data)

Q 0.19 0.25 1.61

DOC 0.59 0.57 1.22

Also includes model test performance for applying the 2012–2013

calibrated parameters to the 2007–2009 data and the calibrated

parameters for the 2007–2009 data to the 2012–2013 data. The

mean Nash–Sutcliffe Efficiency (NSE) and root mean square error

(RMSE) are shown for comparison
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concentrations on re-wetting, probably as a result of

flows being over-predicted.

The calibrated model parameters (Table 1) are

comparable with those parameters using the weekly

measured and simulated 2007-2009 data. Simulations

fall within the uncertainty boundaries assessed by

Birkel et al. (2014a). Although different methods of

calibration were used, the groundwater discharge

(b) was lower and groundwater recharge (Re) was

higher in 2012-2013, compared to the wetter period

2007–2009. The other parameters were within range

of the values defined by the formal uncertainty

assessment, for the two study periods. The latter

probably reflects the model structure, with less

expansion of the saturated area, resulting in less water

being routed by overland flow during drier conditions

(cf. Birkel et al. 2014a). The biogeochemistry param-

eters were broadly comparable for both periods, but

with lower DOC rate parameters for the saturated area

in 2012/13 (kDOCsat). Throughout, the activation

energies (Ea), which were required to start DOC

production, were broadly similar.

We also tested the model, by applying the retained

parameter sets derived from the calibration to the

2012–2013 daily data set, to the weekly data from

2007 to 2009 data (Table 2). This was quite success-

ful, with the consequent model performance actually

being better for discharge (KGE = 0.73), but poorer

for DOC (KGE = 0.55). Finally, we used the param-

eter sets derived from the model application to the

2007–2009 data (Birkel et al. 2014a) to the 2012–2013

data. This resulted in a poor performance for discharge

(0.19), mainly as result of the snowmelt influence,

which was not considered in the original analysis,

though simulations of DOC remained reasonable

(0.59).

Fig. 3 Daily a Precipitation

and snow water equivalent;

b measured and simulated

discharge on a log-scale;

c measured and simulated

DOC concentrations.

Simulation ranges represent

the 10th/90th percentiles

derived from the 500 best

parameter sets representing

posterior parameter

variability. (Color figure

online)
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Simulated DOC fluxes from different landscape

units

The model structure allowed us to disaggregate the

daily DOC fluxes from the different model compo-

nents, and to infer the contributions made by the

individual landscape units (Fig. 4). Although DOC

concentrations were higher in the summers, the higher

winter flows produced larger DOC fluxes. DOC

delivery from the riparian zone was by far the

dominant contribution to the stream, in most events.

The simulations show that only in the largest storm

events were the hillslopes connected to the saturated

area and delivered substantial fluxes into the riparian

zone (Fig. 4a). In many smaller events, the riparian

zone was the only unit increasing in hydrological and

DOC flux. The groundwater flux remained low and

fairly consistent throughout the study period, account-

ing for 16 % of the total load. The modelled DOC

loads tended to be underestimated, particularly during

smaller events.

Total cumulative loads for simulated and observed

data reached similar totals by the end of the study

period (4.7 vs. 4.9 g C m-2 18 months-1 respec-

tively, Fig. 4b). The importance of the riparian

saturation area became clear as a major contributor

to stream DOC loads (84 % of total load of which only

16 % is DOC that has been derived from the hillslope

areas). There was substantial interplay between flow

and concentration depending on antecedent and pre-

vailing hydro-meteorological conditions. The consis-

tent GW inputs were smaller than the transient

hillslope flux in 2012, but proportionally larger in

the drier summer of 2013 when the hillslopes became

disconnected (Fig. 5). There was no increase in

hillslope cumulative loads during spring-summer

2013. Although the overall totals of modelled and

measured loads were similar, periods of weaker model

performance produced short-term deviations. Fig-

ure 4b shows that in the wettest conditions, the

simulated cumulative load tended to be underesti-

mated. During the dry summer of 2013 the modelled

load then exceeded the measured cumulative load.

Discussion

Coupled hydrological-biogeochemistry modelling

High concentrations of DOC are common in the surface

waters of northern watersheds, where decomposition in

histosols and other organic rich soils can generate

Fig. 4 Measured (in blue)

and modelled:

a streamwater DOC loads;

and b cumulative

streamwater DOC loads.

Modelled loads are broken

down into the relative

groundwater (black) and

saturation overland flow

(red) contributions to

streamwater and the

contributions of the hillslope

to the saturated area (green).

(Color figure online)
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comparatively large quantities of carbon (Eimers et al.

2008). The dominance of near-surface hydrological

flow paths in such soils results in episodic transport of

DOC to streams during storm events, that is highly non-

linear (Buffam et al. 2007; Laudon et al. 2011; Ågren

et al. 2014; Tetzlaff 2014). In many areas, increasing

DOC in surface waters has been reported and variously

ascribed to the effects of reduced acid precipitation,

changes in land management, climate change and

increased drought frequency (Laudon et al. 2012).

Given climate trajectories and increased land use

change in northern regions, predictive models are

needed to inform managers of potential water quality

changes, including DOC from peat-covered catchments

(Dillon and Molot 1997; Creed et al. 2003; Creed

2008). These approaches need to conceptualise the soil

biogeochemical processes that generate DOC with

hydrological transport mechanisms that connect

sources to the stream network. Simple, identifiable

models are advantageous, in this regard, as learning

frameworks and they need to be able to simulate both

longer term (i.e. seasonal and inter-annual) and

episodic DOC dynamics.

The model used here was tested using a daily data

set, collected over an 18 month period, with some

remarkable climatic extremes, including the coolest,

wettest winter for over 10 years (in 2012), the coldest

spring for over 50 years and the warmest, driest

summer for over 10 years. Overall, the model cali-

brated simultaneously to hydrological and biogeo-

chemical targets, performed satisfactorily, though this

was only possible through the addition of a snowmelt

component to the previous version of this model (Birkel

et al. 2014a). The calibrated model performance, when

tested and applied to simulate the 2007/09 weekly DOC

time series, was also good. Previous work, using split

model tests, had shown difficulties in transferring

calibrated parameters between years, as individual

years often had very different hydroclimatic character-

istics (Birkel et al., 2014a). However, the 2012/13

period encompassed such variable conditions, which

probably overcame some of these problems. In con-

trast, applications of the parameter sets derived from

the model application to 2007/09, did not transfer well

to 2012/13, especially for flow. This largely reflects the

lack of a snow routine in the warmer years of

2007–2009, where winter snow pack was negligible.

Despite this, the overall DOC simulations were

reasonable (cf. Table 2).

The results show the potential utility of simpler

models, though the pros and cons associated with

model complexity remain debateable. On the one

hand, more complex models are likely to be more

reliable at reproducing the controlling processes

(McDonald and Urban 2010). Moreover, it has been

argued that biogeochemical models, with lower

Fig. 5 Comparison of source area contributions to stream DOC

loads during two summer seasons. Loads are broken down into the

relative groundwater and saturation overland flow contributions

to streamwater and the contributions of the hillslope to the

saturated area. The saturation area extent as a fraction of total

catchment area is also visualized. (Color figure online)
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parameterisation, may struggle to deal with the high

degree of non-linear behaviour which is typical

(Paudel and Jawitz 2012). On the other hand, the

addition of complexity and parameters, does not

guarantee improved model performance (e.g. Min,

Paudel, and Jawitz 2011) and can increase uncertainty

and equifinality (Beven 2012). Here, for example, the

runoff model could have been improved by adding

parameters, to better capture the response to smaller

precipitation events, which the model struggled with.

However, prior work by Birkel et al. (2014b) indicates

that parameter identifiability would have been lost

doing so and hence uncertainty increased. The coupled

parsimonious models we have used here provide the

basis for adequately modelling of the hydrology-

dependent nature of stream biogeochemistry, which

captures the non-linear response of hydrological

connection within transport processes that affect

DOC, and the relative importance of different land-

scape units (Aufdenkampe et al. 2011). This moves us

towards the goal of producing the correct results for

the correct reason, with a much lower parameterized

model than those usually used for DOC with similar

measure of goodness-of-fit (Kirchner and James

2006). Whilst the site-specific nature of this study is

recognised, the non-linear nature of hydrological

dynamics in governing water quality is ubiquitous

and the simple conceptualisation here has potential for

wider applicability to other watersheds in northern

regions and beyond.

Importance of different landscape units for DOC

fluxes

A useful aspect of the model applied was that it

allowed us to disaggregate the spatial distribution of

DOC fluxes and assess the importance of different

landscape units, as well as the non-linear nature of

their contribution. In the Bruntland Burn, the saturated

peat soils in the riparian zone are a critically important

source area for DOC generation that accounts for

around 84 % of DOC delivery to streams. This

importance of the riparian zone is in keeping with

the findings of others (e.g. Billett et al. 2006;

Winterdahl et al. 2011a). This is also consistent with

the hydrological importance of these areas, identified

in both empirical and modelling studies (Birkel et al.

2011a, b; Tetzlaff 2014). However, at larger scales

beyond headwater catchments, the noticeable effects

of riparian zones may decline, as these become

masked by more heterogeneity in contributing water

sources (Buffam et al. 2008). In contrast, groundwater

provides a relatively small, stable source of DOC to

streams, which is dominant only in the driest periods.

These findings are similar to those of Tiwari et al.

(2014), which showed the importance of changing

hydrological flow paths and connectivity on stream

water chemistry, with nearer surface flow paths

dominating during wetter periods and deeper sources

dominating during dry periods.

The most dynamic contribution comes from the

larger hillslope areas of podzolic soils, which overall

accounted for 16 % of the total DOC exported from

this system. For this zone, large DOC delivery is

restricted to the wettest periods during high hydrolog-

ical connection with the riparian wetlands, which lasts

around 2–4 days depending upon the event size and

antecedent conditions. In certain events (e.g. 15/08/12

and 27/08/12), the DOC contributions to the riparian

wetlands may exceed the contribution of wetlands to

the stream (Fig. 5). The dynamic nature of the

hillslope fluxes is evident in the differences between

the wet summer of 2012, with hillslope-riparian

connectivity in most stream flow events, and the dry

summer of 2013, when the hillslope remained discon-

nected for a long period, with only the riparian zone

and groundwater contributing to stream DOC, similar

to findings by McGlynn and McDonnell (2003).

Conclusion

A parsimonious coupled hydrological- biogeochemical

model was utilised to source stream water DOC fluxes

back to major landscape units. The simulations showed

the critical importance of the riparian zone in contribut-

ing to total DOC fluxes (84 %) in wetland dominated

peat catchments. The highly transient connectivity of the

hillslope with the rest of the catchment was evident and

largely dictated by antecedent wetness and event mag-

nitude, leading to hillslope contributions only during wet

periods and during events. The importance of hydrolog-

ical connectivity was evident in the drier summer of

2013, during which the hillslope did not contribute to

stream water DOC fluxes. In addition, the event based

contributions of the saturated area declined, as streams

reduced to summer base flows. The highly non-linear

conditions during the study period (climate extremes
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existed throughout) produced a good basis for calibration

of the data set. This study emphasises the importance of

riparian zones in peat dominated catchments, with their

large dynamic saturated areas. This is because they have

the capacity to act as moderators of catchment hydrology,

but also to act as biogeochemical hotspots within the

landscape. Thus, the modelling approach presented here,

has wider application to other peat dominated northern

regions, and could also be adapted to address questions

related to broader scale dynamics.
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Ledesma JLJ, Köhler SJ, Futter MN (2012) Long-term

dynamics of dissolved organic carbon: implications for

drinking water supply. Sci Total Environ 432:1–11

Malcolm IA, Soulsby C, Youngson AF, Tetzlaff D (2008) Fine

scale variability of hyporheic hydrochemistry in salmon

spawning gravels with contrasting groundwater-surface

water interactions. Hydrogeol J 17(July):161–174. doi:10.

1007/s10040-008-0339-5

McDonald CP, Urban NR (2010) Using a model selection cri-

terion to identify appropriate complexity in aquatic bio-

geochemical models. Ecol Model 221(3):428–432. doi:10.

1016/j.ecolmodel.2009.10.021

McGlynn BL, McDonnell JJ (2003) Role of discrete landscape

units in controlling catchment dissolved organic carbon

dynamics. Water Resour Res 39(4):1090. doi:10.1029/

2002WR001525

Michalzik B, Tipping E, Mulder J, Gallardo Lancho JF, Matzner

E, Bryant CL, Clarke N, Lofts S, Vicente Esteban MA (2003)

Modelling the production and transport of dissolved organic

carbon in forest soils. Biogeochemistry 66(3):241–264.

doi:10.1023/B:BIOG.0000005329.68861.27

Min JH, Paudel R, Jawitz JW (2011) Mechanistic biogeo-

chemical model applications for Everglades restoration: a

review of case studies and suggestions for future modeling

needs. Crit Rev Environ Sci Technol 41(sup1):489–516.

doi:10.1080/10643389.2010.531227

Neal C, Reynolds B, Kirchner JW, Rowland P, Norris D, Sleep

D, Lawlor A et al (2013) High-frequency precipitation and

stream water quality time series from Plynlimon, Wales: an

openly accessible data resource spanning the periodic table.

Hydrol Process 27(17):2531–2539. doi:10.1002/hyp.9814

Neff JC, Asner GP (2001) Dissolved organic carbon in terres-
trial ecosystems: synthesis and a model. Ecosystems

4(1):29–48. doi:10.1007/s100210000058

Oni SK, Futter MN, Teutschbein C, Laudon H (2014) Cross-

scale ensemble projections of dissolved organic carbon

dynamics in boreal forest streams. Clim Dyn

42(9–10):2305–2321. doi:10.1007/s00382-014-2124-6

Paudel R, Jawitz JW (2012) Does increased model complexity

improve description of phosphorus dynamics in a large

treatment wetland? Ecol Eng 42(May):283–294. doi:10.

1016/j.ecoleng.2012.02.014

Pellerin BA, Saraceno JF, Shanley JB, Sebestyen SD, Aiken

GR, Wollheim WM, Bergamaschi BA (2012) Taking the

pulse of snowmelt: in situ sensors reveal seasonal, event

and diurnal patterns of nitrate and dissolved organic matter

variability in an upland forest stream. Biogeochemistry

108(1–3):183–198

Peterson FS, Lajtha KJ (2013) Linking aboveground net pri-

mary productivity to soil carbon and dissolved organic

carbon in complex terrain. J Geophys Res: Biogeosciences

118(3):1225–1236

Roulet N, Moore TR (2006) Environmental chemistry: brown-

ing the waters. Nature 444(7117):283–284. doi:10.1038/

444283a

Seibert J, Grabs T, Koehler 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

Biogeochemistry (2015) 122:361–374 373

123

http://dx.doi.org/10.1016/0022-1694(95)02733-6
http://dx.doi.org/10.1016/0022-1694(95)02733-6
http://dx.doi.org/10.1139/f07-194
http://dx.doi.org/10.1139/f07-194
http://dx.doi.org/10.5194/hess-18-855-2014
http://dx.doi.org/10.5194/hess-18-855-2014
http://dx.doi.org/10.1016/j.jhydrol.2009.08.003
http://dx.doi.org/10.1016/j.jhydrol.2009.08.003
http://dx.doi.org/10.5194/bg-10-5555-2013
http://dx.doi.org/10.1016/0269-7491(94)90142-2
http://dx.doi.org/10.1029/2005WR004362
http://dx.doi.org/10.1016/j.jhydrol.2012.01.011
http://dx.doi.org/10.1016/j.jhydrol.2012.01.011
http://dx.doi.org/10.1007/s10021-011-9452-8
http://dx.doi.org/10.1029/2012GL053033
http://dx.doi.org/10.1007/s10040-008-0339-5
http://dx.doi.org/10.1007/s10040-008-0339-5
http://dx.doi.org/10.1016/j.ecolmodel.2009.10.021
http://dx.doi.org/10.1016/j.ecolmodel.2009.10.021
http://dx.doi.org/10.1029/2002WR001525
http://dx.doi.org/10.1029/2002WR001525
http://dx.doi.org/10.1023/B:BIOG.0000005329.68861.27
http://dx.doi.org/10.1080/10643389.2010.531227
http://dx.doi.org/10.1002/hyp.9814
http://dx.doi.org/10.1007/s100210000058
http://dx.doi.org/10.1007/s00382-014-2124-6
http://dx.doi.org/10.1016/j.ecoleng.2012.02.014
http://dx.doi.org/10.1016/j.ecoleng.2012.02.014
http://dx.doi.org/10.1038/444283a
http://dx.doi.org/10.1038/444283a


Tank JL, Rosi-Marshall EJ, Griffiths NA, Entrekin SA, Stephen

ML (2010) A review of allochthonous organic matter

dynamics and metabolism in streams. J N Am Benthol Soc

29(1):118–146. doi:10.1899/08-170.1

Tetzlaff D, Soulsby C, Waldron S, Malcolm IA, Bacon PJ, Dunn

SM, Lilly A, Youngson AF (2007) Conceptualization of

runoff processes using a geographical information system

and tracers in a nested mesoscale catchment. Hydrol Pro-

cess 21(10):1289–1307

Tetzlaff D, Birkel C, Dick J, Geris J, Soulsby C (2014) Storage

dynamics in hydropedological units control hillslope con-

nectivity, runoff generation and the evolution of catchment

transit time distributions. Water Resour Res doi: 10.1002/

2013WR014147

Tiwari T, Laudon H, Beven K, Ågren AM (2014) Downstream
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