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Hydrological processes at hillslope and catchment scales explain a large part of stream
chemistry dynamics through source-transport mechanisms from terrestrial to aquatic
ecosystems. Riparian zones play a central role, as they exert a strong influence on
the chemical signature of groundwater discharge to streams. Especially important are
riparian areas where upslope subsurface flow paths converge, because they connect
a large part of the catchment to a narrow section of the stream. Recent research
shows that both in terrestrial and aquatic ecosystems, riparian convergence zones fulfill
important biogeochemical functions that differ from surrounding riparian zones. Most
catchment-scale conceptual frameworks focus on generalized hillslope-riparian-stream
transects and do not explicitly consider riparian convergence zones. This study integrates
collective work on hydrology, groundwater chemistry, vegetation and soils of discrete
riparian inflow points (DRIPs) in a boreal landscape. We show that compared to adjacent
riparian forests, DRIPs have groundwater levels that are consistently near the surface, and
supply organic-rich water to streams. We suggest that interactions between hydrology,
wetland vegetation, and peat soil development that occur in DRIPs leads to their
unique groundwater chemistry and runoff dynamics. Stream-based studies show that
across flow conditions, groundwater inputs from DRIPs to headwater reaches influence
stream temperature, water chemistry and biology. As such, accounting for DRIPs
can complement existing hillslope and stream observations, which would allow better
representation of chemical and biological interactions associated with convergence of
subsurface flow paths in riparian zones.

Keywords: riparian, stream, biogeochemistry, vegetation, drip, groundwater, peat, forest

INTRODUCTION

Riparian Groundwater Inputs to Streams

Riparian zones, or near-stream areas, are terrestrial interfaces that control groundwater (GW)
inputs to streams (Cirmo and McDonnell, 1997). The riparian zone (RZ) can regulate nutrient
leaching, and the transport of sediments, pollutants and heavy metals from terrestrial to
aquatic ecosystems (Li et al., 2009; Stutter et al., 2012; Harms and Ludwig, 2016). These
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biogeochemical functions vary along reaches, mostly because
riparian soil wetness regimes are spatially heterogeneous (Vidon,
2017). Soil wetness conditions in the RZ are strongly coupled to
subsurface flow paths in the upslope contributing area (Beven
and Kirkby, 1979; McGlynn and McDonnell, 2003). Converging
flow paths to a focal point in the RZ can lead to extensive
saturated areas, which can quickly generate runoff during rainfall
events (Ambroise, 2004; Klaus and Jackson, 2018). It has been
demonstrated that these particular sections of the RZ have runoff
responses characterized by sustained saturation excess overland
flow, and high runoft rates of event water (Scheliga et al., 2018).
As such, riparian water residence times can episodically reduce,
affecting the regulating chemical role that is characteristic for RZs
(Jencso et al., 2010). This means that small sections of the RZ,
where GW flow paths converge, can exert a disproportionally
large control on stream water chemistry, supplying water that
chemically deviates from the rest of the RZ (Allaire et al., 2015;
Hester and Fox, 2020). To account for the role of discrete GW
inputs in catchment biogeochemistry, there is a need characterize
them (Briggs and Hare, 2018). Moreover, for quantitative stream
water frameworks and landscape management practices, it is
vital to conceptualize discrete GW inputs to streams, alongside
existing hillslope and catchment concepts (Jencso et al., 2009).

Boreal Riparian Zones

In Swedish boreal landscapes, the source-transport mechanisms
in riparian zones have been studied for over 30 years (Bishop
et al,, 1990). The cold and generally wet climate, in combination
with shallow GW levels, promote peat accumulation in near-
stream areas (Seibert et al., 2007). The development of
highly conductive peat-rich top soils overlaying relatively low
conductivity mineral soils, results in a vertical exponential
hydraulic profile (Rodhe, 1989). During rain or snowmelt events,
GW levels rise and lateral transport rates can rapidly increase
from mm/d to m/d (Seibert et al., 2009; Bishop et al., 2011). This
transmissivity feedback has helped explain rapid mobilization of
pre-event water during flood episodes (Kirchner, 2003; Bishop
et al., 2004), as well as the positive relationship between flow
and dissolved organic carbon (DOC) observed in boreal forest
streams (Laudon et al., 2011). However, this approach generally
does not account for spatial heterogeneity of riparian GW
inputs and the coupling with chemical dynamics (Burt, 2005;
Vidon, 2017). Hillslope studies have shown that riparian organic
layer thickness, depth to GW, and topography-driven flow path
convergence account for much of the spatial heterogeneity
observed in runoff generation from the RZ to streams (Lyon et al.,
2011; Grabs et al., 2012; Ledesma et al., 2018a). Despite these
advances in understanding spatiotemporal variability of source-
transport mechanisms in RZs, catchment-integrative frameworks
based riparian soil water chemistry still struggle to represent
spatial and temporal dynamics of stream chemistry (Seibert et al.,
2009).

Problem Description and Research Aim

Current source-transport concepts do not fully represent
riparian heterogeneity in GW regimes, vegetation patterns
and soil development associated with flow path convergence.

Moreover, the implications of focused GW discharge on
stream biogeochemistry is poorly conceptualized within existing
catchment frameworks (Briggs and Hare, 2018). This study
focuses on discrete riparian inflow points, or DRIPs (Ploum
et al., 2018), which are riparian areas that connect relatively
large upslope contributing areas - UCA - (between 20,000 and
100,000 m?) to narrow sections of boreal streams. DRIPs have
been largely overlooked, or misclassified as temporary streams.
For example, hillslope studies have mostly focused on RZs
with UCAs ranging from 10 to 1,000 m? (Grabs et al., 2012;
Lidman et al., 2017), while others have considered DRIPs as
a dynamic component of the stream channel network (Agren
et al,, 2015). Even though contributing areas of DRIPs approach
stream initiation thresholds, they lack a confined stream channel
and their appearance can be better described as a wetland-like
corridor with riparian vegetation dominated by peat moss and
GW levels near the surface (Jansson et al., 2007; Kuglerova
et al., 2014a). We argue that these local shifts from forest
hydrology to wetland-like hydrology within boreal catchments
has implications for source-transport mechanisms that affect
stream biogeochemistry dynamics (Laudon et al., 2011; Laudon
and Sponseller, 2018). The aim of this study is to show that
interactions among hydrology, GW chemistry and vegetation
patterns at DRIPs lead to different riparian inputs to streams
than surrounding RZ. Furthermore, we address the implications
for streams and how monitoring DRIPs can improve catchment
biogeochemistry frameworks. Our perspectives presented here
are strongly informed by our work and collective time spent at
boreal headwaters at the Krycklan Study Catchment in Sweden
(Laudon et al., 2021).

OBSERVATIONS

DRIPS, also documented as GW discharge zones or discrete
GW inputs, were visually identified along streams by their peat-
moss and grass dominated vegetation community (Jansson et al.,
2007; Kuglerova et al., 2014a), and high soil wetness relative to
the rest of the RZ (Figure 1C). A priori identification of DRIPs
involved selection of RZs with relatively large UCAs (Figure 1B),
as these were areas where GW was expected to discharge to the
stream (Kuglerovd et al., 2014a). Combined with the “squishy
boot” approach (Dunne et al., 1975) soil wetness conditions along
and away from streams were delineated (Agren et al.,, 2014). A
monitoring network was setup with the main focus on the C5-
C6 stream reach in Krycklan (Figure 1A), which sources from
a headwater lake and flows through forest to a hydrometric
station 1.5km downstream (Laudon et al.,, 2021). A GW well-
network was setup in the riparian zone (Ploum et al., 2020),
and a fiber-optic distributed temperature sensing (FO-DTS) cable
was installed in stream (Leach et al., 2017). In addition, repeated
stream water sampling was done at 50 meter intervals along the
stream reach (Lupon et al., 2019).

Hydrology

DRIPs have a distinct hydrological behavior, characterized by
sustained GW-stream connections and quick responses to rain
and snowmelt inputs. DRIPs have relatively constant GW
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FIGURE 1 | DRIPs along the C5-C6 headwater reach. (A) shows an inset map of Krycklan in Sweden and the C6 catchment. Hydrometric stations C5 and C6 are
indicated by black squares, and DRIP and non-DRIP wells are indicated in light green circles and dark green spades, respectively. (B) shows in light blue the gain in
upslope contributing area along the stream reach, from C5 to C6. The light green vertical bars show the approximate location of the DRIPs along the reach. (C) shows
a summer snapshot of soil moisture percentage of DRIPs and non-DRIPs across the Krycklan catchment relative to their upslope contributing area. (D) shows daily
time-series of depth to groundwater from three DRIP wells during the hydrological year 2018. The background shows a color gradient from dark brown to gray that
represents the 10 cm aggregated mean organic matter percentage (OM%) from DRIPs (n = 12). (E) shows in a similar fashion the depth to groundwater from three
non-DRIP wells, and the OM% of non-DRIPs (n = 12).

levels close to the surface (Figure 1D), while the surrounding
RZ has deeper GW levels which periodically rise toward the
surface in response to rain or snowmelt inputs (Figure 1E).

This demonstrates that DRIPs facilitate a permanent GW
connection between the upland landscape and the stream
network. Even during extreme drought conditions, sustained
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FIGURE 2 | DRIP and non-DRIP characteristics. (A) shows boxplots of the DOC concentrations of groundwater, collected in DRIP (light green) and non-DRIP wells
(dark green). The number of observations per group (n) are provided and p-values are based on well averages (10 DRIP wells and 10 non-DRIP wells) using a T-test
where p-values < 0.05 were considered significant. (B) shows in a similar way the EC of groundwater in DRIPs and non-DRIPs. (C) shows the abundance of
Sphagnum moss (as a % from all bryophyte species found at each site) across DRIPs and non-DRIPs. (D) is an illustration of a DRIP (white box) positioned along a

GW-stream connections at DRIPs have been documented, while
along the rest of the stream all lateral inputs had ceased
(Gémez-Gener et al., 2020). During rain or snowmelt events, the
combination of the large contributing area of DRIPs (Figure 1B),
and the near-surface GW levels promote most of the event water
to rapidly route toward the stream, via flow paths near - and
sometimes over - the soil surface. Distributed manual discharge
measurements along the study reach highlight that across a range
of flow conditions, the majority of gained streamflow enters the

stream through DRIPs (Lupon et al., 2019). Moreover, shifting
stable water isotope signatures associated with rainfall events
indicate that event water was present in DRIP groundwater
directly next to the stream (Leach et al., 2017). During snowmelt
episodes, ice sheets have been observed at DRIPs, which routed
meltwater over the ice surface, bypassing riparian soils (Ploum
et al., 2018). These observations show that DRIPs differ from
the more broadly applied transmissivity feedback concept, which
mostly emphasizes the rise of GW levels into highly conductive
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soil layers, which leads to mobilization of pre-event water (Bishop
et al., 1990).

Groundwater Chemistry

The contrasting hydrological regimes of DRIPs and non-DRIPs
lead to differences in GW chemistry. The near-surface flow paths
at DRIPs route a portion of GW flow through peat or living
moss layers, while in non-DRIPs solutes from various soil layers
are mobilized in response to GW level variation (Ledesma et al.,
2018a). As a result, DOC concentrations in DRIPs are on average
1.7 times higher (34 mg/l) compared to non-DRIPs (20 mg/l,
Figure 2A). However, during snowmelt events in spring, DOC
concentrations in DRIPs decrease by 20% (Ploum et al., 2020),
which can be explained by periods of overland or over-ice flow
(Figure 1D). Further, the low electrical conductivity (EC) in
DRIP wells (36 uS/cm) compared to non-DRIPs (52 pS/cm)
suggests that most GW in DRIPs has little interaction with the
mineral soil (Figure 2B). Moreover, the greater variability in EC
at non-DRIPs supports the idea that in these parts of the RZ
GW levels fluctuate across soil horizons with varying organic and
mineral fractions (Figure 1E). The 20% increase in DOC at non-
DRIPs during snowmelt (Ploum et al., 2020) further supports the
idea that non-DRIP groundwater chemistry is highly dependent
on GW level fluctuation. In non-DRIPs a distinct change in
chemistry can be observed within the RZ toward the stream
(Ploum et al., 2020), which corroborates that at non-DRIPs the
areas upslope of the RZ have minor influence on riparian water
chemistry (Ledesma et al., 2018a). In contrast, the distinct DOC
and EC concentrations of DRIPs is observed at the upslope extent
of the RZ. This suggests that for the chemical signature of DRIP
groundwater, the wetland-like corridor upslope of the RZ plays
an important role. The lateral transport of water through peatand
living moss near the surface, allows event water to be enriched
with DOC. This indicates that in terms of hydrology and GW
chemistry, DRIPs might be better represented by wetland-derived
explanatory frameworks rather than forest hydrology concepts
(Laudon et al., 2011).

Vegetation and Soil Conditions

DRIPs and their upslope contributing area look like wetland
corridors hidden in the forest (Figure 2D). DRIPs have higher
species richness of vascular plants, with several unique species
typical to wetland-type communities, which contrast with the
typical non-DRIP riparian forest vegetation (Kuglerova et al,
2014a). Moreover, DRIPs seem to increase the lateral extent
of riparian vegetation occurrence beyond the width found
along neighboring non-DRIP riparian zones (Kuglerova et al.,
2016). The higher species richness of plants as well as the
increased lateral distance of riparian communities at DRIPs have
been primarily connected to the unique soil biogeochemical
conditions, such as higher soil pH, higher amount of available
nitrogen, and faster mineralization and plant uptake (Kuglerova
et al., 2014a). Tiwari et al. (2016) further showed that tree
composition in DRIPs is dominated by deciduous species, while
coniferous are more common in non-DRIPs. In addition, tree
growth in DRIPs is limited by lower soil oxygen availability to
roots due to frequent saturated soil conditions. The saturated

soil conditions are favorable for the growth of peat mosses
(Sphagnum sp.), which have higher abundance at DRIPs
compared to adjacent non-DRIPs (Figure 2C). Further, the
process of organic matter decomposition is slower at DRIPs.
This was visible from soil inventories along the riparian GW
well-network, which showed that while non-DRIPs had darker,
strongly decomposed organic horizons, the upper 25cm of
DRIP soils consist mostly of undecomposed Sphagnum moss
(Supplementary Figure 1). These Sphagnum top soils have been
reported to facilitate lateral water movements at rates in the order
of 800 m/d (van Breemen, 1995). Combined with the persistent
near-surface GW levels, DRIPs can rapidly move event water to
the stream compared to non-DRIP locations.

INTERACTIONS

Our observations suggest that within the UCA of DRIPs,
interactions among hydrological and chemical soil conditions
and vegetation lead to the development of a wetland-like corridor
within the forest. The convergence of subsurface flow paths at
DRIPs leads to saturated soil conditions, and subsequently DRIPs
are dominated by Sphagnum mosses. Over time, peat develops,
which results in soil biogeochemical conditions that sustain
these vegetation patterns that contrast with the surrounding
forest. The peat topsoil and near-surface GW levels route water
through peat and living moss, resulting in supply of organic-rich
water to streams. Furthermore, the saturated conditions promote
the mobilization of newly introduced rain and snowmelt water
during events. Meanwhile during such events, surrounding non-
DRIP RZ become activated, leading to rapid mobilization of pre-
event water. These contrasting runoff generation processes then
lead to a mosaic of lateral inputs to streams, affecting spatial
patterns of stream biogeochemistry.

The primary driver of these interactions in DRIPs is landscape
topography. DRIPs have UCAs close to stream channel initiation
thresholds (10 ha), but they are not characterized by defined
stream channels. While in warmer climates or steeper terrain,
these parts of the landscape are often approached as stream
channels with intermittent open-water flow (Hale and Godsey,
2019; Prancevic and Kirchner, 2019), in the cold and less steep
boreal landscape we found wetland-like corridors. We consider
that this is the result of climate-vegetation-soil interactions
(Troch et al, 2013) specific to the boreal region: the cold
climate, short growing season and saturated soil conditions
lead to peat formation in topographic lows. In a similar
climate setting, it has been shown that hydrology-vegetation
interactions lead to formation of treed wetlands in and around
stream networks, and that these wetland features can strongly
influence stream DOC concentrations (Creed et al., 2003; Little-
Devito et al., 2019). Specifically, wetlands directly connected
to stream networks can moderate peak flows and sustain
low flows (Ameli and Creed, 2019). As such, DRIPs have
a connecting function between the upland and the stream
network (Figure 2D). Here, we showed that besides hydrological
implications, there are soil and vegetation interactions that lead
to distinctly different GW chemistry. Thus, the DRIP concept
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highlights the need to include vegetation in the delineation
of open-channel networks, and account for hydrological and
biogeochemical implications. To correctly represent source-
transport processes from terrestrial to aquatic ecosystems, it
is important to acknowledge differences between open-channel
flow and subsurface flow through wetland-like corridors.

IMPLICATIONS FOR STREAMS AND
MONITORING

DRIPs are not only important for source-transport mechanisms
from terrestrial to aquatic ecosystems, but also have an
important biogeochemical role for streams. DRIPs create variable
streamflow conditions along the reach (Lupon et al, 2019;
Gomez-Gener et al, 2020), and control stream temperature
dynamics (Leach et al., 2021). Further, Lupon et al. (2019)
demonstrated that directly downstream of DRIPs, the biological
uptake of DOC increased, leading to enhanced emissions of
methane and carbon dioxide across flow conditions. Also in-
stream nitrogen uptake locally increased by presence of DRIPs
(Lupon et al,, 2020). This sheds new light on the idea that
the main role of boreal headwaters in stream networks is the
downstream supply of solutes (Raymond et al., 2016). Instead,
headwaters not only transport DOC from hillslopes toward
downstream reaches, but have a reactive role as well (Casas-Ruiz
et al., 2017). More specifically, the DRIP concept facilitates the
use of topography to identify stream reaches where large fluxes of
DOC are transported from the terrestrial ecosystem to the aquatic
ecosystem, and where reactive stream sections are located. This
link between process understanding and a generally available tool
can contribute to the scaling of supply and removal mechanisms
of terrestrial DOC across stream networks (Mineau et al., 2016).
The explicit consideration of discrete GW contributions in
stream chemistry frameworks is a timely issue (Briggs and Hare,
2018). So far, features such as DRIPs are poorly represented
in environmental monitoring infrastructure and are therefore
likely to be misclassified. We consider the DRIP concept to
be a useful to further promote the consideration of flow path
convergence in study designs (Burt, 2005). Including DRIPs
in existing frameworks on hillslope and catchment scale can
give new insights in catchment processes (Seibert et al., 2009;
Ledesma et al., 2018b). We also consider that identification
of DRIPs along stream networks is of interest for scaling
biogeochemical dynamics across boreal landscapes (Laudon and
Sponseller, 2018). Further, we argue that the DRIP concept can
help implementation of riparian complexity in land management
practices (Kuglerova et al., 2014b; Wallace et al., 2018). This can
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