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Abstract Riparian lowlands act as interfaces between the streams and upland areas. This study identified
and quantified local flow paths in four transects of a 26 ha Danish riparian lowland in a glacial till landscape.
The riparian lowland was fed by drain water from the upland agricultural drainage catchments.
Precipitation, stream stage, and drainage discharge into the riparian lowland were measured continuously,
while groundwater hydraulic heads were measured in piezometer pipes twice per month. A water balance
model was developed to quantify water fluxes leaving the riparian lowland area via evapotranspiration,
leakage to a deeper aquifer, and via groundwater flow, drain flow, and overland flow to the adjacent stream.
Overland flow originating from the tile drains was the main flow path in all four transects, and also fluxes to
the stream via groundwater or lowland tile drains were significant in some subareas. The presence of a
secondary tile drainage network within parts of the riparian lowland reduced overland flow and increased
interaction with the riparian lowland soils. Area‐normalized fluxes varied greatly between transects, largely
reflecting variations in hydraulic loading rate (ratio of water input rate to the area of the receiving
riparian lowland). This, combined with the significance of groundwater flow and riparian lowland tile drain
flow in some of the investigated transects, revealed a heterogeneous distribution of flow paths within the
small headwater lowland. The rate of overland flow was highly correlated to the hydraulic loading rate,
which in turn was dominated by the drainage discharge rate at the hillslope boundary.

1. Introduction

Despite the fact that riparian lowlands may constitute only a small fraction of a catchment area, these
areas can significantly affect catchment nutrient balances (Hansen et al., 2018). Surface runoff, tile drai-
nage, and groundwater from the upland areas must pass the riparian zone to reach the streams. Large
variations in the effect of the riparian zone on nutrient removal have been reported (Hill, 1996;
Hoffmann et al., 2009; Mayer et al., 2007). This is partly related to variations in the biogeochemical prop-
erties of the riparian zone and partly to variations in the flow paths through the riparian zone (Vidon
et al., 2010). Several studies have documented a markedly higher nitrate removal efficiency via subsurface
flow, as compared to overland flow which bypasses zones of denitrification (Mayer et al., 2007). Although
a conceptual understanding of the different flow paths through riparian lowlands exists (Dahl et al., 2007),
there is still a lack of knowledge of the quantitative importance of these flow paths (Burt et al., 1999;
Carlyle & Hill, 2001; Devito et al., 2000; Karan et al., 2013; Kidmose et al., 2010; Puckett et al., 2002;
Steiness et al., 2019).

Most studies on riparian lowlands concern natural or semi‐natural riparian lowlands and most commonly
the main flow path into the investigated riparian zones is groundwater (e.g., Brüsch & Nilsson, 1993;
Devito et al., 2000; Puckett et al., 2002). Themajority of these studies focus on sandy riparian lowlands, while
studies in glacial till landscapes are scarcer (Hill, 2018).

Partitioning of flow components into overland flow, tile drain flow, and groundwater flow has previously
been done on catchment and subcatchment scales using hydrograph separation (Buttle, 1994),
end‐member mixing models (Petry et al., 2002), cell‐by‐cell water balance models (Soulsby &
Dunn, 2003), or conceptual water balance models (van der Velde et al., 2011). Only a few studies have
attempted to partition flow components in riparian lowlands at field scale (Clausen et al., 1993; Langhoff
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et al., 2006; Peterjohn & Correll, 1984; Shabaga & Hill, 2010). Several studies have highlighted the impor-
tance of overland flow generated by groundwater seepage (Dahl et al., 2007; Faulkner et al., 2016; Gold
et al., 2001; Hill, 1990; Vought et al., 1994; Warwick & Hill, 1988), but few studies have quantified the over-
land flow component (Clausen et al., 1993; Langhoff et al., 2006; Peterjohn & Correll, 1984; Shabaga &
Hill, 2010). Furthermore, only a few studies have investigated overland flow generated by irrigation by drain
pipes disconnected at the riparian lowland hillslopes (Hoffmann et al., 2018, 2012, 2011). These studies were
typically conducted in settings where overland flow was assumed to be the only pathway for water to reach
the stream.

It is generally accepted that the distribution of overland and subsurface flow is mainly controlled by geol-
ogy and topography (Dahl et al., 2007; Fox et al., 1997; Lloyd et al., 1993 ; Vidon & Hill, 2004). Overland
flow is generally generated by three principal mechanisms: (i) infiltration‐excess overland flow, which
occurs when rainfall intensity (or other surface water inputs such as drain discharge or irrigation) exceeds
the soil infiltration capacity (Horton, 1933), or saturation‐excess overland flow, which may occur as either
(ii) direct runoff from precipitation (or other surface water inputs), which falls onto an already saturated
soil on which no further infiltration can take place (Acreman & Holden, 2013; Burt & Butcher, 1985;
Haycock, 1997), or (iii) return flow, when subsurface water inputs exceed the combined drainage and sto-
rage capacity of the soil, resulting in saturation and exfiltration (Dunne & Black, 1970; Kirkby &
Chorley, 1967). In sandy catchments, springs will occur in terms of return flow within the riparian low-
land if the flux of groundwater exceeds the transmissivity of the riparian lowland sediments (Lloyd
et al., 1993; Vidon & Hill, 2004). Subsurface sand layers may also directly connect to the stream resulting
in direct flow to the stream bypassing the organic riparian lowland soils, which typically have lower
hydraulic conductivities (Ksat) (Dahl et al., 2007). In comparison, in clayey catchments, a higher propor-
tion of water is likely to enter the riparian lowland via overland flow (Lloyd et al., 1993) or drain flow
(Møller et al., 2018) from the upland. The relative importance of flow components within the riparian
lowland depends on the infiltration occurring in the riparian lowland and on the hydraulic loading rate
(HLR; L/T), which is the ratio of the water inflow rate (L3/T) to the receiving wetland surface area (L2)
(Mitsch & Gosselink, 2015). The infiltration is controlled by several factors including slope (Fox
et al., 1997), lithology (Ekwue & Harrilal, 2010), roughness (Govers et al., 2000), soil moisture (Gray &
Norum, 1967), soil temperature (Moore, 1941), and vegetation cover (Thompson et al., 2010). In fen peat
soils with a shallow water table, the capillary fringe is likely to reach or nearly reach the surface
(Bloemen, 1983). This greatly reduces the effective specific yield of the soil (Gillham, 1984), meaning that
only a small input of water is required to saturate the soil and induce exfiltration (Buttle, 1994). Overland
flow in terms of direct runoff may also be generated during the onset of a precipitation event following a
dry period due to development of hydrophobic properties of peat during dry periods that inhibit infiltra-
tion (Doerr et al., 2000). Overbank flooding from the stream resulting in a reverse flow direction (i.e.,
from the stream into the riparian lowland) is mainly associated with high‐order streams and is usually
of little importance in headwater riparian lowlands (Brinson, 1993; Haycock, 1997; Noble
& Berkowitz, 2016).

The distribution of flow paths determines the residence time and thereby the time for interaction of solutes
in water with the riparian lowland sediments. This has implications for water quality (Hill, 1996; Mayer
et al., 2007; Mitsch & Gosselink, 2015). Considering the high priority of mitigating agricultural nutrient
losses in tile drained catchments by disconnecting tile drains and allowing drainage water to flow through
riparian lowlands there is a pressing need for knowledge on local riparian flow paths, especially the distri-
bution of overland versus subsurface flow. The present study aimed to elucidate the variations in local flow
paths in riparian lowlands situated in a tile drained Weichselian glacial till subcatchment (Fensholt,
Denmark). The specific objectives were (i) to identify and quantify water fluxes along different flow paths
in four subareas of the riparian lowland receiving agricultural drainage water from neighboring uplands.
Special focus was here on the differentiation and dynamics of overland and subsurface flow; (ii) to elucidate
the influence of subsurface drains on the relative distribution of overland and subsurface flow; and (iii) to
document the heterogeneity of flow paths and water balances within a small headwater lowland and reveal
the major factors controlling the distribution of overland versus subsurface flow. The influence of these flow
paths on the transport and transformation of N within the riparian lowland was investigated in a companion
paper (Petersen et al., 2020).
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2. Materials and Methods
2.1. Site Description

The study was conducted in a riparian lowland (55°58′50″N, 10°04′50″E) that stretches 1.5 km along an agri-
cultural headwater stream in an undulating clay till landscape in eastern Jutland, Denmark (Figure 1). The
riparian lowland soils are dominated by organic sediments overlying a clay till base. The 26 ha riparian low-
land area is located in the center of the Fensholt catchment with a total upland area of 194 ha. This catch-
ment forms part of a larger catchment draining eastward to Norsminde Fjord. The land use is dominated
by agriculture (77%), and the agricultural fields in the catchment are drained by dense tile drain networks.
Tile drains generally terminate where the hillslope meets the riparian lowland and discharge onto the ripar-
ian lowland surface as overland flow. However, for some locations tile drains discharge directly into the
stream thus bypassing the riparian zone. Parts of the riparian lowland have a secondary drainage network,
which is disconnected from the upland drainage networks and drain the riparian lowland area into the
stream (Figures 1a and 1b). The main riparian lowland drain outlet (31out1, Figure 1b) was submerged in
the stream during the entire study period. Available drainmaps for the upland fields are incomplete for some
fields as indicated by a large number of (disconnected) drain pipe outlets observed along the hillslope that
are not shown on the available drain maps (Figure 1a).

Based on an initial survey, four subareas were instrumented (Transects 31, 32, 33, and 34, henceforth
referred to as T31–T34) (Figure 1). The subareas were selected to represent different topographical charac-
teristics and a range of expected HLRs as indicated by the ratios (R) of upland drainage catchment areas
(AC) to the area of the riparian lowland (AT) (Table 1). T31–T34 all receive drainage water from upland
fields but differ with respect to discharge from upland drains, AC, AT, R, slope, and presence of tile drains
within the riparian lowland (Table 1, Figures 1b–1e). T31 was characterized by a relatively shallow terrain
slope, the presence of tile drains within the transect area, a topographical depression in the center of the
transect (Figure 1b), and a relatively low value of R implying a low HLR. Overland flow in this transect
was generally dispersed over an indistinct area but converged to a well‐defined outlet overflowing to the
stream. T32 was characterized by a steep slope, a short distance from the hillslope drain outlet to the stream,
and by a large value of R implying a higher HLR. Overland flow in this transect was constricted to a relatively
narrow channel throughout the entire transect. T33 was characterized by a shallow terrain slope, a large AC
providing large water inputs, and the presence of overland flow dispersed over a large area. T34 showed
characteristics similar to T33 in the lower half of the transect. Also here, overland flow dispersed over a wide
gently sloping area.

2.2. Soil Characteristics

Within the four transects, 281 soil samples were collected from 25 boreholes during May 2016 to July 2017.
The volume samples were collected using both Russian corers (Competition Cars) and Eijkelkamp liner
samplers (04.15.SA). These samples were weighed and dried at 105 °C for 24 hr to determine bulk density
(ρb). Subsamples were heated at 550 °C for 4 hr to determine loss on ignition (LOI, %). Porosities (ϕ) of soil
samples below the water table were determined as the water contents after drying at 105 °C while ϕ in peat
samples above the water table were calculated as

ϕ ¼ 1 −
ρb
ρp

; (1)

where ρp is particle density in g/cm3, calculated according to Okruszko (1971) as

ρp
g

cm3

h i
¼ 0:011·LOI %½ � þ 1:451: (2)

2.3. Hydrology
2.3.1. Drainage Discharge
Upland drainage discharge entering the riparian lowland subareas was measured at T31, T33, and T34
between September 2016 and October 2017 using electromagnetic flowmeters (Krohne Optiflux 3070)
installed at the main hillslope drain outlets at 31in1, 31in5, 33in, and 34in (Figure 1). Flow was recorded
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using pulse data loggers (MadgeTech Pulse101A) recording the number of 100 L pulses every 10 min. At T31,
three additional, smaller drain outlets were present (31in2, 31in3, and 31in4). The measurement error given by
the manufacturer was less than ±0.5%. Discharge from these drains was estimated by normalizing flow rates
from the main drain outlet (31in1) to the respective catchment areas of the smaller drains. The catchment
areas for all drain outlets were determined by breach‐burning the existing drain maps into the digital
elevation model of the area (DADSE, 2016, 0.4 m × 0.4 m resolution, 0.15 m horizontal accuracy, 0.05 m
vertical accuracy) as described in Lindsay (2015). The topographical drainage catchment, also taking into
account the drainage networks, could thus be delineated using the software Whitebox GAT (Lindsay, 2016).

Figure 1. (a) The Fensholt catchment with delineation of riparian lowland area, stream, and subcatchments draining to the four transects (T31–T34). (b–e) The
four transect areas with positions of drain in/outlets, flowmeters, piezometer nests, sample points for overland flow (OLout), stream extent at average stream
stage (where flooding of low‐lying areas can be seen), average areas of exfiltration, and the surface area considered during mass balance calculations for the
transect areas.
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Drainage water entering the riparian lowland at T32 (32in) was measured between April and October 2017
using an RBC steel flume (Clemmens et al., 1984) designed using the softwareWinFlume (Wahl et al., 2000).
Water levels in the flume were measured every 10 min using a MadgeTech Level 2000 data logger. The com-
bined error of the data logger and manual calibration was less than ±2 mm corresponding to flow errors of
less than ±4%. The 32in hydrograph for the missing part of the study period (September 2016 to March 2017)
was estimated using the direct sampling (DS) algorithms developed by Mariethoz et al. (2010) implemented
in the software DeeSse (Oriani et al., 2014). The DS algorithm allowed filling of data gaps by using the exist-
ing data for 32in as a training image and by using precipitation (see section 2.3.5) and drainage hydrographs
at other locations as conditioning data (these data were available for the whole study period). The condition-
ing data used were hydrographs and rising/recession indicators for 31in5, 33in, and 34in together with preci-
pitation and two triangular auxiliary functions to guide seasonal variation. The average of 100 simulations
was used for the final hydrograph for 32in. Minor gaps in the hydrographs of 33in and 34in were filled using
the same approach. The simulation ensembles were used to calculate 95% confidence intervals
around averages.
2.3.2. Groundwater Flow
A total of 180 polyethylene (PE) piezometer pipes (50 mm diameter) were installed in nests along the trans-
ects following the topographical gradient from the main hillslope drain outlet toward the stream
(Figures 1b–1e). These profiles were named 31NS, 32NS, 33NS, and 34SN according to their location and
orientation (Figures 1b–1e). Additional nests were installed along transverse profiles named 31WE, 32WE,
33WE1, 33WE2, and 34WE. Piezometers were installed at depths ranging from 0.10 to 14.05 m below terrain
(m.b.t.) with screen lengths ranging from 0.11 to 1.02 m. Piezometers were named according to transect, nest
number (Figures 1b–1e), and depth (Figure 3) (i.e., piezometer 32‐04‐2 is located in T32 in nest number four
and is the second‐deepest intake). The piezometers were installed by predrilling holes with a hand auger
(5 cm diameter Edelman auger, Eijkelkamp) pushing the piezometers down the borehole by hand or with
a gas‐powered fence post driver. At T32 and at the upslope half of T34, gullies were created by drainage water
from the disconnected tile drains. The piezometers were installed on the flanks of these gullies and not along
the center. After installation of piezometers, their positions were measured using an RTK GPS (Topcon
HiPer SR) to a horizontal accuracy of ±10mm and a vertical accuracy of ±15mm. The top of the piezometers
was used as reference points for water level measurements.

Water levels were measured manually every 3 weeks on average from July 2016 to October 2017. The water
levels were measured relative to the reference points with an accuracy of ±5 mm. Slug tests were performed
using either falling head or rising head depending on the initial water level in the piezometer pipes.
Saturated hydraulic conductivities (Ksat) were calculated using the method described by Bouwer and
Rice (1976). Peat anisotropy (Khorizontal/Kvertical) may vary from 0.02 to 225 (Chason & Siegel, 1986). Most
studies of fen peats have found positive anisotropies (Boelter, 1965; Liu et al., 2016; Smerdon et al., 2007).
For this study, an anisotropy of 10 was assumed, and thus, the composite Ksat measured from slug test
was assumed to mainly represent horizontal Ksat. Water levels of selected piezometers were used to calculate
Darcy flow in and out of the areas belonging to each transect (supporting information Table S1). Mini‐Divers
(van Essen Instruments) were installed in selected piezometers to measure water levels every 5 min for
selected periods (nine divers rotated between piezometers from April 2017 to June 2018, 3,000
measurement days).

Table 1
Key Characteristics of the Four Selected Transects (T31–T34)

Characteristic T31 T32 T33 T34

Riparian lowland slope (%) 3.0 9.0 2.5 6.5
Distance from hillslope drain outlet to stream (m) 90–140 35 150 80
Upland drain catchment area (AC) (ha) 3.9 7.6 13.7 6.9
Area of riparian lowland transect (AT) (ha) 1.15 0.113 1.17 0.477
Ratio of upland drain catchment area to riparian lowland transect area (R = AC/AT) 3.4 67 12 14
Ratio of the width of the wet zone of the riparian area to the effective width of the stream (W) (Langhoff et al., 2006) 100 4 13 10
Tile drains present within riparian lowland Yes No No No
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Plots depicting equipotential lines of hydraulic head and concentrations
were generated by contouring linearly interpolated grids. An anisotropy
of 10 was applied to the grid, stretching contour lines in the horizontal
direction (Cui et al., 2017).
2.3.3. Bromide Tracer Experiment
As part of a companion study of the fields surrounding the riparian low-
land (Varvaris, 2019), a bromide (Br) tracer was applied to upland agricul-
tural areas. The Br tracer was applied evenly to the entire area of the fields
comprising the catchment area of T31 on 23 August 2017 and of T34 on 1
September 2017 using a tractor‐mounted sprayer. Amounts of 30 kg Br/ha
and 28 kg/ha dissolved in 300 L/ha corresponding to solution concentra-
tions of 100 and 93 g/L were applied to the drain catchment areas of T31
and T34, respectively. The resulting pulses in drain outlets 31in1 and 34in
were used, together with results from the water balance approach, to eval-
uate the dominant flow paths (see section 3.3.3). Br concentrations were
measured in accumulated daily samples from 31in1 from 19 August 2017
to 1 January 2018, in 34in from 31 August to 1 January 2018, and in sam-
ples from selected piezometer screens and surface waters in T31 and T34
collected on 26 September and 10 October 2017 as an aid to determine the
main flow paths.
2.3.4. Catchment Stream Station
At the Fensholt catchment stream outlet (Figure 1), a gauging station was
installed in summer 2013 by the iDRAIN project (Kjaergaard, 2019). The
stream stage was logged every 10 min using an OTT Orpheus Mini
Water Level Logger and a stable Q‐h relation was established from 2 years
of semi‐monthly discharge measurements using an OTT C2 current meter
(Ovesen & Poulsen, 2016).

2.3.5. Precipitation and Evapotranspiration
Precipitation was measured using a tipping bucket rain gauge (Pronamic Rain‐O‐Matic‐Professional, accu-
racy ±2%) located at the hillslope at T31 at an elevation of 62 m a.s.l. (Figures 1a and 1b). Measured preci-
pitation was corrected for systematic measurement errors caused by wind and wetting losses according to
Allerup et al. (1998). Gaps in the precipitation time series were filled using data from nearby precipitation
stations in Ulvsborg (55°58′29″N, 10°6′25″, 2.5 km from the study site) and Fillerup (55°57′35″N, 10°5′
33″E, 2.9 km from the study site). The measurement error for precipitation is relatively small compared to
the error arising from the monthly correction factors described by Allerup et al. (1998). While this correction
error is difficult to quantify, some indication of this error can be obtained by comparison of the correction
factors used in Denmark for the period 1931–1960 with 1961–1990. The difference in correction factors used
in these two periods is 14% for monthly precipitation, while the difference is 4% for annual precipitation. For
this study, a total error for annual precipitation was assumed to be ±10%.

Data for daily reference evapotranspiration (ET0) were obtained from a meteorological station in Foulum,
Denmark (56°29′42″N, 9°34′22″E, 54 m a.s.l., 65 km NW of the study site) and was calculated from the
modified Makkink method (Aslyng & Hansen, 1982; Plauborg et al., 2002). ET0 was converted to potential
evapotranspiration (ETpot) by multiplication by a factor of 1.2 to account for high water tables (Allen
et al., 1998; Refsgaard et al., 2003), and the daily dynamics were applied to hourly values by imposing
a sine function with evapotranspiration initiating at 06:00, peaking at 12:30 and ceasing at 19:00 (Wang
et al., 2012):

ETpot ¼ 1:2·ET0·sin
thr − 6 hr
26 hr

·2π
� �

·
π

26 hr
for 6 hr < thr < 19 hr

0 otherwise

8<
: : (3)

The distribution of ET across Denmark is relatively uniform (Scharling, 2000). Comparing daily ET0 values
for the study period from seven climate stations spread over Denmark (Foulum, Askov, Aarslev, Jyndevad,
Flakkebjerg, Silstrup, and Tylstrup) reveals a 95% confidence around the mean of ±17% for daily ET0 and

Figure 2. Concept of the riparian lowland water balance model for flow
partitioning. Inputs are precipitation (P), drainage water from agricultural
fields (Din), and groundwater (Gin). Outputs are groundwater (Gout),
leakage (Lout), riparian lowland tile drainage water (Dout),
evapotranspiration (ETpot), and overland flow (Oout). Outputs are
prioritized as indicated from bottom left to right (Gout, Lout, Dout, ETpot).
Oout is only activated when the storage capacity (Smax) is exceeded.
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±11% for annual ET0. Thus, despite the distance of 65 km from the study site, annual ET0 measured at the
Foulum climate station is expected to be representative for ET0 at the study site within an error of ±11%.

2.4. Water Balance and Conceptual Flow Model

The water balance (mm/hr) for each of the transect areas can be written as

P þ Din þ Gin þ Oin

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
∑in ¼ ETpot þ Gout þ Lout

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
∑out;calculated þDout þ Oout þ ΔS

zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{
∑out;modeled (4)

where P is precipitation directly on the transect area, Din is inflow of drain water to the riparian lowland at
the hillslope, Gin is inflow of groundwater to the riparian lowland along the hillslope boundary of the trans-
ect area,Oin is inflow of surface water, either as overland flow from the upland, or as overbank flow from the
stream, ETpot is potential evapotranspiration from the transect area (assumed to be representative of actual
ET due to high water tables),Dout is output of water to the stream via drain pipes,Gout is groundwater output
to the stream through the riparian lowland sediments along the stream boundary of the transect area, Lout is
leakage of groundwater through the clay till base layer to a deeper Miocene aquifer, Oout is the flow of water
to the stream via overland flow across the stream banks, and ΔS is the change in storage of water in the soil
and surface water basins. Overland flow from the upland surroundings was assumed to be negligible due to
efficient draining of the fields. Since overbank flow is usually not significant in headwater riparian lowlands,
the flow path Oin was considered negligible. Therefore, flow was considered to be unidirectional from the
lowland to the stream.

Gin and Gout were calculated for individual geological layers as Darcy flow based on measured hydraulic
heads (H) and hydraulic conductivities (Ksat) from slug tests (Table S1). Piezometer hydraulic heads between
subsequent measurements were interpolated linearly. Lout was calculated as Darcy flow assuming a vertical
Ksat (Kleak) of the underlying clay till of 0.009 cm/day (10−9 m/s) (De Schepper et al., 2017), a constant
hydraulic head in the Miocene aquifer of 50 m (GEUS. Geological Survey of Denmark and
Greenland, 2018), and thicknesses of the clay till barrier of 30, 30, 25, and 10 m in T31 to T34,
respectively (Prinds, 2019).

A simple water balance model was set up to partition the remaining water into the remaining unknowns Dout,
Oout, and ΔS in 1‐hr time steps (Figure 2). The model is based on the assumption that the known (monitored)
components are determined with enough certainty to estimate the unknown components from the water bal-
ance. Neglecting Oin, Dout is the only unknown that can affect S, and hence Dout can be calibrated by fitting

Figure 3. Hydraulic head (contour lines) in meters above sea level (m a.s.l.) and flow direction (arrows), as indicated by hydraulic gradients, for the four transects
on 6–7 March 2017. The profiles for T32–T34 are straight lines from the hillslope toward the stream, while the profile for T31 is composed of two segments: one
north–south and one east–west, following the main flow paths (Figure 1).
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the dynamics of S to the shallow water table dynamics observed in the riparian lowland. In a situation where
drain pipes are not present within the riparian lowland, Oout is the only unknown component.

For each transect a maximum storage capacity (Smax) of the topsoil was calculated from the average ampli-
tude of the hydraulic head in the shallow piezometers and the specific yield of the peat soil:

Smax ¼ ΔH·Sy; (5)

where ΔH is the difference between the maximum and minimummeasured hydraulic heads in piezometers
installed in the topsoils and Sy is specific yield for peat, which is assumed to be 0.30 for this study (Bourgault
et al., 2016; Päivänen, 1973; Price, 1996; Rezanezhad et al., 2016). In the central part of T31, a topographical
depression covering an area of 1,440 m2 allowed storage for surface water, which was added to Smax. Based
on the analysis of the digital elevation model, the surface water storage capacity of the depression was esti-
mated to be 145 m3.

Drains were only present within the riparian lowland area in T31. Thus,Dout was zero for T32–T34. For T31,
Dout was limited to the sum of net infiltration (I) and groundwater inflow (Gin) minus the water leaving as
groundwater to the stream (Gout) or via leakage (Lout):

Dout ≤ Gin þ I − Gout − Lout (6)

and I ¼ i·A; (7)

where i is the infiltration rate and A is the active infiltration area. A was defined as the entire transect area,
except for areas of exfiltration, and exfiltration areas were delineated as the average areas having a hydraulic
head above terrain in the shallowest piezometers. By fitting the dynamics of S to the dynamics of hydraulic
heads measured in shallow piezometers, i was calibrated manually. At each time step, if Σin > Σout,measured

+Dout, the surplus water was added to S. If S exceeded Smax, the remaining water was assigned to Oout. If Σin
+S < ETpot+Gout+Lout+Dout+Oout, water would be distributed to different output sources in the following
order: Gout, Lout, Dout, ET, and Oout. This order was chosen since Gout and Lout were measured and to ensure
a relatively stable flow from the drains, which were always below the water table. ETpot was given a low
priority since actual ET may not be equal to ETpot if water supply was low. Oout was the last priority since
no other data were available to quantify this flow path.

3. Results
3.1. Lithology

The lower boundary of the riparian lowland valley is a blue‐gray clay till, which represents the immediate
postglacial surface and constituted a relatively impermeable baselayer beneath the valley fill sediments.
This lower boundary layer had an uneven surface with a number of basins (i.e., dead‐ice holes). On top of
the clay till most of the boreholes contained sand lenses, which diminished in thickness toward the center
of the valley (Figure 3). On top of this layer, in the center of the basins, up to 10 m of gyttja was found.
The top layer consisted of 0.5–2 m of peat or clay. Generally, clay content in this top layer was higher toward
the edge of the riparian lowland (0–3% TOC) and peat content was higher toward the center of the valley
(13–41% TOC) as seen in Petersen et al. (2019).

3.2. Soil Hydrophysical Characteristics

While the hydrostratigraphic structure differed between transects (Figure 3), the hydrophysical characteris-
tics were similar for all four transects (Table 2).

Some parameters were inter‐correlated; for example, ρb was negatively correlated with log (LOI) (r = −0.90,
p < 0.001), and log (ρb) for peat and gyttja were weakly correlated with depth (r = 0.54, p < 0.001). Thus, a
relatively high standard deviation was seen for, for example, ρb in gyttja due to gyttja being found across a
large range of depths (0–12 m). Porosities were in the range of 60–97% in peat layers, 30–70% in clay layers,
andmore variable (from 20% to 95%) for the remaining lithologies. Porosities were negatively correlated with
ρb (r = −0.77, p < 0.001) and positively correlated with log (LOI) (r = 0.81, p < 0.001).
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Ksat was highly variable and not correlated with any of the other
measured parameters except for depth in peat and gyttja layers
and to a more ambiguous extent in the clay layers (Figure S1).
The highest Ksat values were found in the uppermost parts of the
soil profiles. For peat and gyttja, Ksat generally decreased with
depth, with the most marked exception being the high Ksat of peat
at ~4 m depth in 32–04. This trend of decreasing Ksat with depth
has also been found in other peat studies (e.g., Clymo, 2004). This
correlation may be due to systematic variation of the degree of
decomposition with depth, which may be further correlated with,
for example, fiber content or ρb (Bloemen, 1983; Boelter, 1969;
Hoag & Price, 1995; Päivänen, 1973). However, no correlation
between ρb and Ksat was found in this study (r = 0.02). The Ksat of
gyttja in T31 was found to be markedly lower than for gyttja layers
in the remaining transects (Figure S1). Time‐displacement curves
from slug tests from several piezometers in peat layers in the four
transects exhibited S‐shapes typically related to non‐Darcian prop-
erties (Brown & Ingram, 1988; Rycroft et al., 1975).

3.3. Hydrology
3.3.1. Fensholt Catchment
Annual precipitation from 1 September to 31 August was 574, 901, and 865 mm in 2014/2015, 2015/2016,
and 2016/2017, respectively. Seasonal fluctuations in precipitation for 2016/2017 are shown in Figure 4r.
Stream flow at the catchment outlet varied seasonally and in response to precipitation events. A baseflow
of zero was observed during summer while the largest flow events occurred in late fall followed by smaller
events in March and August (Figure 4t). This dynamic characteristic was even more pronounced for the
upland drain outlets (Figures 4a–4d). The drainage season 2016/2017 was characterized by higher drainage
peaks than the previous years, particularly in fall, and generally lower drainage during winter with few inter-
mittent peaks (Kjaergaard, 2019, data not published).
3.3.2. Transect Hydrology
Average yearly drainage discharge (Din,yearly) into the riparian lowland transects was 5,420, 13,700, 43,900,
and 19,100 m3 at T31–T34, respectively (area‐normalized values are given in Table 3). The amount of water
entering each transect via drains (Din,yearly) was highly correlated with the contributing drainage catchment
area (AC, Figures 1b–1d) (r = 0.99, p = 0.01).

Hydraulic gradients along the main piezometer transects and the piezometer transects perpendicular to the
main transects (Figure 3) showed that groundwater flow generally was perpendicular to the stream and par-
allel to the main piezometer transects. An exception was T31 where a clay till barrier was present between
the transect area and the stream along 80 m of the western stretch of the stream. The peat layers were in
direct contact with the stream along the remaining 34 m of the eastern transect area bordering the stream.
Hence, groundwater flow followed the main north–south transect to the center of T31 and then changed to
the west–east transect toward the stream (Figure 1b).

A steep rise in the hydraulic head was seen in all piezometers between 12 September and 3 October 2016
(Figure S2) corresponding to the first major rain events in early fall (Figure 4r). The hydraulic heads were
somewhat stable at this high level during the winter until they dropped from April through July 2017.
The amplitude of this seasonal fluctuation of hydraulic head varied from 0.2 to 2.0 m. Largest amplitudes
were seen near the hillslope and near the surface (Figure S2). Groundwater fluxes in and out of the transect
areas followed this trend. However, since upslope and downslope hydraulic heads were correlated, seasonal
variation of groundwater flowwas generally limited to the variation in saturated thickness and was therefore
relatively stable (Figures 4e–4h and 4m–4p).

The average amplitudes of hydraulic head in T31–T34 were 0.7, 0.5, 0.3, and 0.4 m, respectively, reflect-
ing the seasonal change in water storage. The average amplitudes were negatively correlated with drain
catchment area, although the correlation was not significant (r = −0.88, p = 0.12). This corresponded to
principles described by Hill (1996) of how riparian zones stating that small catchments are more likely

Table 2
Bulk TS: fix rules in this table (overlapping).Density (ρb), Porosity (ϕ), Saturated
Hydraulic Conductivity (Ksat), and Loss on Ignition (LOI) for All Four Transects
Combined According to Texture Classes Showing Means (μ), Standard Deviations
(σ), and Number of Samples (n)

ρb ϕ Ksat LOI

g/cm3 % cm/day %

μ σ n μ σ n μ σ n μ σ n

Peat 0.21 0.10 57 87 20 57 95.9 162 27 70.1 17.3 61
Gyttja 0.68 0.38 95 72 18 95 21.4 48.5 18 16.8 16.2 102
Sand 1.31 0.39 32 39 16 33 87.0 129 10 3.0 3.72 45
Gravel 1.67 0.11 6 27 8.8 6 27.6 34.2 3 1.2 0.42 8
Clay 0.94 0.33 40 52 16 40 54.4 94.0 8 11.6 8.03 49
Clay
till

1.35 0.32 3 39 31 3 22.5 32.6 3 3.5 2.49 7

Note. The order of the lithologies represents the general stratigraphy from the
surface downward (Figure 3).
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to become hydraulically disconnected during dry periods resulting in larger water table fluctuations.
Hydraulic gradients indicated exfiltration in the central parts of T31 (Figure 1b) and in the
downslope parts of T33 (Figure 1d) and T34 (Figure 1e) during most of the year (Figure S2). Thermal

Figure 4. Flow components in the transect hillslopes of T31–T34. (a–d) Measured (blue) and simulated (gray) drain discharge (Din); (e–h) calculated groundwater
inflow to each transect area (Gin); (i–l) calculated groundwater outflow to from each transect area (Gout); (m–p) modeled overland outflow from each transect area
(Oout); (q) estimated drain outflow from T31 (Dout); (r) measured precipitation (P); (s) evapotranspiration (ETpot); (t) measured stream discharge at the catchment
outlet. All fluxes were area‐normalized to their respective transect areas while stream discharge (t) was normalized to the Fensholt catchment area (194 ha).

Table 3
Annual Water Balances of Transects 31–34 Normalized to Transect Areas (All in mm/year)

Flow component

T31 T32 T33 T34

mm/year

Inputs P (precipitation) 865 ± 87 (63%) 865 ± 87 (6%) 865 ± 87 (18%) 865 ± 87 (16%)
Din (drain in) 471 ± 2 (35%) 12,114 ± 1,700 (86%) 3,757 ± 56 (79%) 4,003 ± 26 (76%)
Gin (groundwater in) 29 ± 29 (2%) 1,096 ± 1,096 (8%) 116 ± 116 (2%) 393 ± 393 (7%)
Sumin (hydraulic loading rate, HLR) 1,365 ± 118a 14,075 ± 2,883a 4,738 ± 259a 5,261 ± 506a

Outputs ET (evapotranspiration) 612 ± 73 (45%) 662 ± 73 (5%) 662 ± 73 (14%) 662 ± 73 (12%)
Dout (drain out) 230 (17%) ‐ ‐ ‐

Gout (groundwater out) 37 ± 37 (3%) 3,587 ± 3,587 (25%) 419 ± 419 (9%) 979 ± 979 (18%)
Oout (overland flow out) 432 (31%) 9,873 (70%) 3,655 (77%) 3,580 (67%)
Lout (leakage to deep groundwater) 13 ± 13 (1%) 13 ± 13 (0%) 15 ± 15 (0%) 35 ± 35 (1%)
ΔS (change in storage) 51 (4%) 12 (0%) 22 (0%) 57 (1%)
Sumout 1,375 ± 123a 14,146 ± 3,673a 4,773 ± 507a 5,313 ± 1,087a

Note. ± indicates error ranges and percentages indicate proportion compared to Sumin and Sumout, respectively.
aMarks the sum of available error estimates and the total error may therefore be higher.
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images of T31 captured at night on 8 March 2017 (Prinds et al., 2019) showed that surface water from a
neighboring part of the riparian lowland converged with overland flow from within T31 in the vicinity
of 31OLout (surface water entering from drains was warm compared to the surrounding surface). Water
sampled at 31OLout may thus be a mixture of overland flow from T31 and water from the neighboring
area. Br concentrations from the outlet of this location must therefore be interpreted with caution.
Assuming a Sy of 0.3, the storage capacities (Smax) of T31–T34 were 210, 150, 90, and 120 mm, respec-
tively (equation 5).

Groundwater flow in and out of the transect areas was stable throughout the measurement period for all
hydrostratigraphic layers with only slightly higher flows during winter compared with summer
(Figures 4e–4l and Table S1). Groundwater flow in and out of the transect areas was low contributing less
than 8% of water inflow and 3–25% of outflow (Table 3). The hydraulic head (50 m a.s.l.) of the regional
Miocene sand aquifer, located on average 18 m below the clay till layer, was much lower than at the surface.
Assuming Ksat values of the clay till of 0.009 cm/day, the calculated leakages (Lout) through the clay till base
in T31–T34 were of minor importance (0–1%, Table 3).
3.3.3. Bromide Tracer Experiment
Elevated Br concentrations from samples collected in T31 and T34 revealed active flow paths (Figure 5)
around the time of tracer application as baseline Br concentrations were below 1.5 mg/L. Br mainly
entered T31 via drain outlet 31in1. The first appearance of the Br pulse was observed at 31in1 on 7
September 2017, that is, 15 days after Br application to the upland agricultural fields (Varvaris, 2019).
Concentrations increased to a maximum of 40 mg/L on 14 September 2017 and decreased to ~21 mg/
L on 24 September 2017, where after it remained stable until 1 January 2018 (Figures 5a and 5b shows
the Br concentrations on 26 September and 10 October 2017). A hotspot of infiltration was observed
around piezometer nest 31‐02 while some Br was also measured in the surface water at 31‐05. Due to
exfiltration around the topographical depression at piezometer nest 31‐05 (Figures 5a and 5b), Br could
have traveled to this location via direct runoff, infiltration‐excess overland flow, and/or return flow. A
plume of Br propagated in the peat layer along the north‐south transect as far as piezometer nest
31‐05 from where the flow diverted along the west–east transect to the stream. A large fraction of Br
was caught by the riparian lowland drains where high concentrations were measured. In contrast, Br
concentrations close to the baseline were observed in the overland flow entering the stream at piezo-
meter nest 31‐11 (Figures 5a and 5b).

The first appearance of the Br pulse in 34in was observed on 5 September 2017 four days after application.
The maximum concentration in 34in of 84 mg/L was observed the following day. On 8 September the con-
centration in 34in had decreased to 33 mg/L dropping to ~10 mg/L on 19 September 2017. Hereafter it
remained stable until 1 January 2018. The narrow Br pulse in 34in resulted in low Br concentrations in
34in (8–9 mg/L, Figures 5c and 5d) at the time of sampling from the piezometer pipes as the main pulse
had already passed. However, concentrations in the groundwater at 34‐00‐1 were still high (18 mg/L). In
the remaining part of T34 south‐north, Br was observed in shallow piezometers (02‐6, 02‐7, 02‐8, 03‐06,
03‐08, and 03‐9) to depths of up to 1.6 m. Br was not detected downstream of piezometer nest 03. Br was also
recovered in the topmost screens in piezometer nests on the flanks of the main transect (for location see
Figure 1e) indicating that water from 34in spread over the entire transect width and infiltrated to a depth
of ~1.6 m near the center of the transect.
3.3.4. Water Balance and Hydraulic Loading Rates (HLRs)
Water balances and error ranges estimated for the four transects are shown in Table 3 and the hourly fluxes
of the resulting overland (Oout) and drain flow (Dout) are seen in Figures 4m–4q. An overview of hydrostrati-
graphic layers and parameters (layer thicknesses, hydraulic gradients, and Ksat) used for calculation of
groundwater fluxes is presented in Table S1, and an analysis of the sensitivity of the distribution of outflow
components to key input parameters is presented in Table S2.

Error ranges for groundwater fluxes were estimated from the accuracy of hydraulic head measurements and
were ±4%, ±5%, ±12%, and ±8% for Gin in T31–T34, respectively, and 9%, 8%, 11%, and 97% for Gout in
T31–T34, respectively. The large error for Gout in T34 mainly originated from uncertainties in measuring
the vertical component of groundwater fluxes; the hydraulic head in particular resulted in fluxmeasurement
uncertainties of ±400%. To this should be added the error of measuring Ksat, which Päivänen (1973)
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estimated to be ±40% whereas the estimate by Winter (1981) was ±100%. Due to the large uncertainties
associated with groundwater flow in general, a combined error in the estimate of groundwater fluxes of
±100% was chosen.

The sum of inputs normalized to transect areas yielded the hydraulic loading rates (HLRs, mm/year), which
varied greatly between transects (Table 3). In the Fensholt subcatchment, large drain catchments drained
into a fewmain drain outlets in the riparian lowland hillslope resulting in large HLRs on these riparian low-
land areas. The remaining parts of the riparian lowland were subject to small HLRs.

Also highly variable in terms of absolute values were the measured drain water inflows (Din) and ground-
water inflows (Gin) to the four transects. Din constituted the major inflow in T32, T33, and T34 (76–86%)
while the relative contribution of Gin generally was minor (<8%). Due to the smaller drainage inflow in
T31, precipitation was the major water source in this part of the riparian lowland (Table 3). Dout in T31
was at maximum capacity (equation 6) during most of the year except for September 2016 where water
inflow to the transect was low (Figure 4q).

Hourly values of Oout (Figures 4m–4p) were highly correlated with Din in T32 (r = 0.97, p < 0.001), T33
(r = 0.91, p < 0.001), and T34 (r = 0.83, p < 0.001) while this was not the case in T31 (r = 0.31, p < 0.001).
Neither did Oout correlate well with precipitation (P) in T31 (r = 0.36, p < 0.001) while the correlation of
Oout with P increased when only considering the period from October to March (r = 0.57, p < 0.001) and
increased further when only considering the period fromNovember to January (r= 0.98, p< 0.001). The cor-
relation of Oout with Din in T31 did not change markedly when only considering winter periods (r = 0.27–
0.30, p< 0.001). Model results suggested that 75% of total overland flow occurred over 36, 64, 66, and 102 days
mainly in fall and winter in T31–T34, respectively (Figures 4m–4p).

The annual flux of Oout for each transect could to a high degree be explained by either annual Din, annual
HLR, or R (Table 1):

Oout mm=year½ � ¼ 0:80·Din mm=year½ � þ 333 r2 ¼ 1:00; p ¼ 0:002
� �

; (8)

Oout mm=year½ � ¼ 0:73·HLR mm=year½ � − 235 r2 ¼ 0:99; p ¼ 0:003
� �

; (9)

Oout mm=year½ � ¼ 132·Rþ 1185
mm
year

� �
r2 ¼ 0:95; p ¼ 0:028
� �

: (10)

Also total annual flux of groundwater Gout from each transect could be explained by R:

Figure 5. Concentrations of bromide (Br) measured in piezometers (colored squares), drains, and surface waters (colored circles) on 26 September 2017 and 10
October 2017 for (a, b) T31, and (d, c) T34. The profile for T34 is a straight line from the hillslope toward the stream, while the profile for T31 is composed of two
segments: one north‐south and one east‐west, following the main flow paths (Figure 1b).
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Gout mm=year½ � ¼ 55·R − 69
mm
year

� �
r2 ¼ 0:99; p ¼ 0:006
� �

: (11)

Since R is static equations 10 and 11 are only valid for the investigated study period. They do, however, pro-
vide an estimate for overland flow, which can be performed from a simple GIS analysis.

4. Discussion
4.1. Flow Paths in a Riparian Lowland in a Clay Till Catchment

The water balance revealed that tile drainage and direct precipitation constituted the major water sources to
the riparian lowland transects, whereas the contribution of groundwater was minor (<10%) as expected in
the clay dominated catchment. Outflow from the riparian lowland areas was dominated by overland flow.

The multiple identified flow paths across the riparian lowland are summarized in Figure 6. Accordingly,
water entering the riparian lowland's surface via drains or as precipitation may either (a) run off as direct
overland flow (direct runoff or infiltration‐excess overland flow), (b) infiltrate into the soil and travel some dis-
tance as groundwater before exfiltrating and discharging as overland flow (“short” return flow), (c) infiltrate
into the soil and discharge by the subsurface drains, or (d) infiltrate into the soil and flow the remaining dis-
tance to the stream as groundwater. Water entering the transect areas via groundwater may either (e) dis-
charge by subsurface drains, (f) exfiltrate to the surface (return flow), or (g) continue as groundwater and
thus be in contact with the riparian lowland sediments along its entire flow path. Thus, discharge into the
stream occurring via submerged drains (Dout), as overland flow (Oout) or groundwater (Gout) may be com-
posed of a mix of all water sources (drain water (Din), groundwater (Gin), and precipitation (P)). Also leakage
(Lout) may be a mix of all water sources though the amount of flow following this path was found to be
minor. We here distinguish between return flow of water, which entered the lowland via groundwater
(Figure 6, flow path “f”) and “short” return flow of surface water, which infiltrated into the soil and traveled
for a short distance as groundwater before exfiltrating (Figure 6, flow path “b”). The internal flow paths in
the riparian lowland are difficult to quantify; this study focused on quantifying the fluxes at the boundaries
of the riparian lowland.

4.2. Subsurface Flow

Generally groundwater outflow remained modest relative to the total outflow to the stream (Table 3).
Nevertheless, the peat layers conducted more groundwater than the sand, gyttja, and till units (Table S1).
Groundwater contribution to the stream was minor in T31 due to the low Ksat of the peat as well as the pre-
sence of a very low‐permeable clay barrier at the lowland stream boundary (Table S1). The small to moderate
groundwater contribution to the stream in T33 and T34 was largely due to low hydraulic gradients and/or
low peat hydraulic conductivity (Table S1). The hydraulic conductivities measured in the peat soils (0.2–
650 cm/day, Figure S1) were in correspondence with, and not smaller than, those of other fen peat soils
(0.01–1,000 cm/day, Bloemen, 1983). In general, peat hydraulic conductivities may vary by more than nine
orders of magnitude (Rycroft et al., 1975), and flow in peat is known to be difficult to determine. The elastic
properties of peat potentially cause non‐Darcian flow (Hemond & Goldman, 1985) and hence overestima-
tion of Ksat. Highly conductive preferential flow paths may be present in peat as well (Hill, 2012). Despite
the large uncertainty associated with determination of groundwater fluxes, the influence of these errors
on the total water balances is limited as the groundwater fluxes were relatively small (Table 3). A sensitivity
analysis showed that while Gout was very sensitive to changes in Ksat, the relative sensitivity of Oout to
changes in Ksat was in the range of 0.12–0.32 (Table S2).

For T32 and T34, the Darcy calculations estimated groundwater fluxes directly to the stream of 25% and 18%,
respectively (Figure 6, flow path “g”). The ratio W (Table 1) was particularly small relative to the area of the
stream bed. Langhoff et al. (2006) suggested that this ratio is an indication of the relative importance of
groundwater flowing to the stream since a small value of W indicates there is less riparian lowland area
available for groundwater exfiltration and hence more water must pass through the stream bed or stream
banks. This provides some confirmation of the model's ability to quantify these groundwater fluxes.
However, the comparison of W requires a somewhat similar input of groundwater to the riparian lowland.
Thus, despite W for T33 is similar to W for T34, groundwater input in T33 is low compared to at T34.
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Hydraulic gradients indicated exfiltration of groundwater in the central part of T31 and in the lower parts of
T33 and T34 while infiltration of drain water could occur in the remaining areas of the transects. Thus, short
return flow (Figure 6, flow path “b”) most likely occur in these transects, increasing the contact of incoming
drain water with the peat layers compared to direct overland flow (Figure 6, flow path “a”).

Groundwater leakage to the deepMiocene aquifer only constituted a minor component of the water balance.
The potential presence of one or more hydrogeological windows, although not indicated by geophysical
measurements (Prinds, 2019), may result in larger leakages than expected. However, water fluxes via this
flow path were far below the sum of errors in all transects. Thus, small errors in Ksat or clay till thicknesses
would not change the overall water balance as was also seen from the sensitivity analysis (Table S2). Leakage
may therefore be disregarded in this riparian lowland.

4.3. Overland Flow

The water balance of the variable flow components demonstrated that overland flow was the main flow path
(31–77%) along which water entered the stream in all transects (Table 3). This differs from results in loamy
riparian areas solely recharged by groundwater and precipitation in which overland flow constituted only a
minor proportion (Clausen et al., 1993; Peterjohn & Correll, 1984). However, it supports assumptions by
Hoffmann et al. (2018, 2012, 2011) who assessed overland flow to be the only relevant flow path to the stream
in five Danish peat and sandy riparian lowlands fed by disconnected drain pipes in the riparian lowland hill-
slopes. The fact that drain water enters the riparian lowland at only a few points increases the risk of HLR
exceeding the local infiltration capacity resulting in infiltration‐excess overland flow. Quantification of over-
land flow relied on model estimates. However, field observations from all transects visualized by thermal
images March 2017 demonstrate the presence of overland flow (Prinds et al., 2019), thus supporting the
water balance results. The magnitude of overland flow in all transects was well above the sum of estimated
errors of the remaining flow paths (Table 3), implying that the modeled overland flow was not simply a
result of residual errors.

While overland flow was identified as the major outflow component and hydraulic gradients indicated exfil-
tration, evidence supported the occurrence of short return flow. The water balance model however did not
allow quantitative differentiation between direct overland flow (Figure 6, flow path “a”), short return flow
(Figure 6, flow path “b”), or return flow (Figure 6, flow path “f”). Such differentiation could in theory be
accomplished by the Br tracer experiments. However, for the tracer experiment in T31, the results reflected
a flow situation where the major part of the drainage water with Br was allowed to infiltrate into the soil and
discharge to the stream mainly through the subsurface drain (Figure 6, flow path “c”) or was still trapped in
the topographical depression at 31‐05. Thus, the contribution of overland flow to Br transport to the stream
was apparently minor at this specific time. However, the low concentrations of Br in 31OLout may have been
due to dilution by overland flow from the neighboring area. In support, limited overland flow was estimated
by the water balance model in T31 at the time of the tracer experiment. Thus, the highly dynamic nature of
overland flow highlights the limitations in interpreting flow paths based on a single Br tracer experiment.

Figure 6. Conceptual flow model for the lowland transects (T31–T34). See text for explanation of flow paths.
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For the tracer experiment in T34, concentrations of Br >10 mg/L in the upper soil profile extended only to
the middle of T34 (Figure 3d), which indicated Br infiltration in the upper half and around the center of the
transect. Br concentrations in piezometers closest to the stream were low, indicating that most infiltrated
water had either not reached this piezometer nest yet or had exfiltrated as short return flow before reaching
the lower part of the transect (Figure 6, flow path “b”). That the latter either had occurred, or would even-
tually occur, was supported by the upward hydraulic gradient between piezometer nests 34‐03 and 34‐04.
Gout in T34 was relatively stable throughout the year (Figure 4l). Using a porosity of 0.7, the average horizon-
tal flux in the peat layer presented in Table S1, corresponds to a pore water velocity of 28 m/year. Since the
distance between 34‐03 and 34‐04 was >30 m, this therefore indicates that Br may simply not have reached
34‐04 yet, at the time of sampling.

4.4. Impact of Subsurface Tile Drains on Overland Flow

Subsurface tile drains contributed significantly to outflow in T31 and the drainage systemmarkedly reduced
overland flow in this transect (Table 3) in agreement with previous findings (Holden et al., 2006). The main
drain outlet of the riparian lowland drains in T31 was submerged in the stream during the entire study per-
iod. The hydraulic head in the stream adds resistance to drain flow by reducing the hydraulic gradient from
the riparian lowland toward the drain outlet. Thus, the stream stage is expected to limit drain fluxes and sup-
ports a stable drain discharge as estimated by the model (Figure 4q). Furthermore, the hydraulic head in the
riparian lowland was higher than the stream water table during all measurements indicating that
“back‐flow” into the drains did not occur. The Br tracer experiment showed that Br entered the stream
almost entirely via the subsurface tile drains during low HLR (Figure 6, flow path “c”). Due to the clay bar-
rier, which prevented groundwater flow to the stream along the western stream border, and the relatively
thin thickness of the peat layers in contact with the stream along the eastern stream border, water would
most likely have exfiltrated as overland flow if the riparian lowland tile drains had not been present.

Modeled drainage outflow in T31 is likely to be the component most prone to error and its uncertainty pro-
pagates to the estimation of overland flow in this transect. In equation 7, the value of the net infiltration I is
dependent on the active infiltration area A and the fitting parameter i. The average value for i calibrated for
T31 was 0.08 cm/day. This value is low compared to other reported values (Holden & Burt, 2002) likely
reflecting an overestimation of A.

4.5. Water Balance Model and Flow Path Distribution

The water balance model applied to divide flow into the different flow components assumed that incoming
water was distributed to other outputs (Figure 2) before being apportioned to overland flow. Only water that
was not able to infiltrate into the soil and discharge via drains, leakage, or subsurface flowwas able to run off
as infiltration excess or saturation excess overland flow. Thus, overland flow may be underestimated if gener-
ated by other mechanisms such as during high precipitation events when soil conditions are dry and the peat
exhibits water‐repellent behavior (Doerr et al., 2000). The value of Sy was not measured in the transect areas
but obtained from the literature. An overestimation of Sy (e.g., due to a significant capillary fringe) would
lead to an underestimation of overland flow and vice versa. The sensitivity analysis showed that overland
flow in T31 was sensitive to changes in Sy (relative sensitivity of −0.57) while in the remaining transects it
was not sensitive to this parameter. While hydraulic gradients at all measurement times were inclined
toward the stream, periodic flooding may have occurred between measurements at variance with the
assumption of no overbank flow. Overbank flow is generally not associated with headwater streams
(Brinson, 1993). However, since the streamwas piped along some stretches (Figure 1), the pipe may be a bot-
tleneck during high flow conditions resulting in high stream stages.

The results of the flow partitioning conducted in this study are difficult to compare to other studies since the
active flow path through the riparian zone in many studies is either only groundwater (Anderson et al., 2014;
Devito et al., 2000), only overland flow (Hoffmann et al., 2018, 2012, 2011), or only tile drain flow (Hansen
et al., 1990). Several studies have investigated overland flow co‐occurring with groundwater flow (e.g.,
Ala‐aho et al., 2017; Hill et al., 2014). However, overland flow in most of these studies was generated by
groundwater seepage (return flow) and thus passed through the riparian sediments in the seepage areas.
Only few studies (e.g., Clausen et al., 1993 ; Peterjohn & Correll, 1984) have measured both overland flow
and groundwater flow through riparian zones, and none of these riparian zones received water from tile
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drains. Overland flow to the stream in these studies was minor (3–16%) on both clay and sandy loam soils,
while groundwater flow dominated.

Our results showed that groundwater outputs from the riparian lowland sediments may be low in a clay till
landscape (3% of output in T31). This justified the disregarding of this flow path as was also done by, for
example, Hoffmann et al. (2012). However, groundwater fluxes may also be significant, even within a short
distance in the same riparian lowland (25% of output in T32). A complex setting where a riparian lowland is
recharged by both disconnected drain pipes in the hillslope, groundwater, and precipitation, while all flow
paths leaving the riparian lowland (drain discharge, groundwater, and overland flow) coexist in equally sub-
stantial proportions, has, to our knowledge, not yet been described. Our results showed that while overland
flow was the dominant flow path in all parts of the riparian lowland, groundwater and riparian lowland
drains were also significant flow paths in some parts of the riparian lowland. Combined with the large var-
iation in area‐normalized fluxes along each flow path between the transects, this shows that the flow path
distribution may be highly variable within a small headwater lowland in a glacial till landscape.

4.6. Implications for Modeling of Riparian Lowland Nutrient Retention

The amount of water traveling through riparian lowlands as overland flow, as opposed to groundwater flow,
is critical for the influence of the riparian lowland on water quality. For example, a review by Mayer
et al. (2007) reported amarkedly higher nitrate removal efficiency via groundwater flow (77% removed) com-
pared to overland flow (42% removed). Thus, information about the parameters controlling the amount of
overland flow in riparian lowlands is useful for the purpose of implementing the riparian lowland flow paths
in larger‐scale models.

While this study was based on detailed field studies and instrumentation that would not be possible at larger
scales, some results may be condensed to a few controlling parameters. Hourly rates of overland flow were
highly correlated with HLR in the four transects (section 3.3.4). While the main contribution to HLR was
drain water in T32–T34 and precipitation in T31, the combined annual HLR was highly correlated with R.
Thus, annual amounts of overland flow could be roughly estimated from R, which is a simple parameter
to assess.

More generally, in (low‐permeable) clayey sediments, overland flow is likely to dominate (e.g., Hoffmann
et al., 2012). Riparian lowlands with sandy sediments or peat have much larger hydraulic conductivities
and infiltration capacities. This results in high groundwater flows, and it follows directly from equation 4
that overland flow (Oout) would decrease. Thus, high HLR or Din alone does not necessarily result in over-
land flow. Also, overland flow will be reduced or cease if the storage (Smax + topographical depressions) is
sufficient to accommodate incoming water or if efficient tile drains are present in the riparian lowland.
Such lowland tile drains may increase infiltration and residence times in the riparian lowland sediments,
which may be important for nutrient cycling, compared to overland flow. However, the resulting residence
times will still be low compared to those of groundwater flow (Schilling et al., 2015).

Riparian lowland areas that were subject to a high HLR showed increased soil saturation and therefore
increased likelihoods of saturation‐excess overland flow and infiltration‐excess overland flow. HLR dynamics,
the infiltration capacity, and the ability of the subsurface to conduct infiltrated water to the stream were
therefore controlling factors governing the distribution of flow paths through the riparian lowland to the
stream. The ability of the subsurface to conduct water was determined by the Ksat of the riparian lowland
sediments, the presence of riparian lowland drains, and the hydraulic gradients. In turn, the hydraulic gra-
dients were controlled by the topography of both the riparian lowland and the upland catchment (Condon &
Maxwell, 2015) and by stream stage. Also the topographical slope of the riparian lowland influences infiltra-
tion of incoming drain water (Fox et al., 1997) as was seen at T32. Compared to natural (undrained) systems,
HLR dynamics in riparian lowland areas recharged by drain water are likely more pronounced resulting in
higher proportions of overland flow (Clausen et al., 1993; Peterjohn & Correll, 1984). Mitigation measures to
reduce overland flow could therefore include dispersing incoming drain water over larger areas of the ripar-
ian lowland and reducing HLR on steep and narrow parts of the riparian lowland.

While the flow path interaction within the riparian lowland area was mainly described in a qualitative way,
the water balance model was able to quantify the inputs and outputs at the riparian lowland boundaries thus
estimating the distribution of water leaving the riparian lowland as overland flow, groundwater flow, and via
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subsurface tile drains. Since the water balance model does not resolve the internal flow path interaction of
the riparian lowland, further studies should focus on the complex exchange between multiple flow paths,
that is, quantifying the internal flow paths (a–g) depicted in Figure 6. For riparian lowlands recharged by
hillslope drain outlets, a specific focus should be on the distribution between direct overland flow and short
return flow, which is expected to impact N transformation (Mayer et al., 2007).

5. Conclusions

Variable local flow pathways were identified for a headwater riparian peat lowland in a glacial till landscape
that receives agricultural drainage water. A conceptual water balance model allowed the quantification of
the variable outflow paths. Overland flow (Oout) was the major outflow path to the stream (67–77%) in sub-
areas without subsurface tile‐drainage although normalized flow rates varied greatly. Local subsurface tile
drainage contributed to stream outflow by 17% from the riparian lowland and subsequently reduced over-
land flow to 31% for the tile‐drained transect. Generally, the significance of groundwater outflow was minor
to moderate and differed widely among the subareas (3–25%) due to local limitations in either Ksat, hydraulic
gradients, and/or lowland transmissivity. The largest contribution of groundwater outflow seemed to be con-
nected to very high local Ksat values for the peat soil in one subarea.

The main predictor of overland flow was the hydraulic loading rate (HLR) from inlet drain water in the hill-
slope (Din) while the contribution of precipitation (P) was significant only whenDin was low. Direct overland
flowwas generated as a result of HLR exceeding the infiltration and/or drainage capacity of the riparian low-
land. Overland flow could also be generated by exfiltration within the lowland transect as indicated by the
upward hydraulic gradients. The heterogeneous distribution of local flow paths within a small headwater
riparian lowland was clearly demonstrated from this study. While the focus was to identify and quantify
the pathways of outflowing water, subsequent studies are needed to further quantify and determine para-
meters controlling the internal flow dynamics and the quantitative significance of direct overland flow ver-
sus short return flow or return flow. Nitrogen dynamics along the variable flow paths is described in a
companion paper (Petersen et al., 2019).
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