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Abstract Riparian zones are known to control the hydrology and biogeochemistry of forest headwater
catchments. Some evidence suggests that these riparian-stream connections are shaped by a relatively small
volume of soil, or dominant source layer (DSL), through which most water and solutes are routed laterally.
However, the hydrological and biogeochemical significance of the DSL has not been broadly evaluated. We
compiled data from four forest headwaters, each from different European sites (boreal, temperate, subhumid
Mediterranean, semiarid Mediterranean) to test whether DSL dimensions and biogeochemical characteristics
vary predictably across ecoregions based on differences in hydroclimate, topography, and soil features. Boreal
DSLs were shallow and thin, whereas small-scale topographic heterogeneity shaped DSL dimensions at the
temperate site. In the Mediterranean sites, DSLs were deeper and thicker, but upper riparian layers that seldomly
connected to the streams had a large influence on the overall lateral flux. Contrasting hydroclimates and soils led
to high dissolved organic carbon concentrations in riparian solutions in both boreal and Mediterranean sites. By
contrast, nitrate concentrations were driven by differences in soil saturation, being orders of magnitude higher in
dry Mediterranean than in wet temperate and boreal riparian soils. Notably, stream chemistry did not
consistently reflect riparian DSL chemistry across flow conditions and ecoregions. We hypothesize that
ecoregion-specific water sources bypassing the riparian zone, as well as ecoregion-specific in-stream
biogeochemical processes could explain these discrepancies. Overall, conceptualizing the varied roles of the
DSL across diverse systems can aid in both scientific assessments and management of land-water connectivity
in river networks.

Plain Language Summary Headwaters make up an immense global network that controls the
quantity and quality of water in streams, rivers, and larger water bodies downstream. It is well established that
soils next to headwater streams, known as riparian zones, play a major role in determining stream chemistry
because water from precipitation generally traverses these areas before entering streams. In this study, we
compare the role that riparian zones play in boreal, temperate, and Mediterranean forest headwaters.
Hydroclimate, topography, and soil characteristics explain differences among ecoregions in the dimensions of
the dominant source layer, a soil layer through which most of the water and solutes are supplied from riparian
zones to streams. We also found that, under some circumstances, riparian and stream chemistry differed in terms
of organic carbon and inorganic nitrogen concentrations. We hypothesize that both water that bypasses the
riparian zone in its way to the stream and transformation processes that occur within the stream can explain these
differences and contribute to shape stream chemistry. Understanding riparian-stream linkages across ecoregions
is important for managing river networks, which provide essential services for human life such as safe drinking
water supply, sustainable agricultural production, a viable industry, recreation, and cultural heritage.

1. Introduction

In natural and semi-natural environments, surface water quantity (i.e., discharge) and quality (i.e., chemistry) are
largely determined by inputs of matter from the surrounding catchment. Riparian zones, where direct physical
interaction between catchment soils and surface waters takes place, are pivotal in controlling the lateral transfer of
water and solutes across the terrestrial-aquatic interface, especially in forest headwaters drained by small streams
(Naiman & Décamps, 1997; Swanson et al., 1982). Given that up to 80% of the world's fluvial network length
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consists of small streams (Benstead & Leigh, 2012; Wohl, 2017), the influence of riparian zones on worldwide
biogeochemical cycling and overall quality of surface waters is disproportionally large.

Understanding the processing and mobilization mechanisms of dissolved organic carbon (DOC) and nitrogen
species, particularly the more mobile nitrate (N-NO5"), has been a major focus of research in riparian studies
because these solutes play significant roles in catchment biogeochemical cycling and water quality (e.g., Cirmo &
McDonnell, 1997; Tiegs et al., 2019). DOC controls the acidification status of surface waters (Bishop
et al., 1990), affects the bioavailability and mobility of metals and organic pollutants (Bergknut et al., 2010;
Shafer et al., 1997), and interferes with drinking water production processes downstream (Chow et al., 2003;
Lavonen et al., 2013; Raeke et al., 2017). Elevated concentrations of N-NO;™ in surface waters can lead to
acidification and, more commonly, eutrophication and consequent ecosystem impairment (Camargo &
Alonso, 2006). Moreover, both DOC and N-NO;™ play a fundamental role in the ecology and metabolic activity
of aquatic biota, which ultimately has important implications for the global carbon and nitrogen cycles via
greenhouse gas emissions (Battin et al., 2023; Cole et al., 2007; Soued et al., 2016).

The importance of riparian zones in shaping catchment hydrology and biogeochemistry has been widely estab-
lished in the literature, including the idea that they are biogeochemical “hot spots” that connect the catchment to
the stream during hydrological “hot moments” (McClain et al., 2003; Vidon et al., 2010). More recently, the
dominant source layer (DSL) concept was introduced to provide a framework for testable hypotheses on the
importance of riparian processes (Ledesma, Futter, et al., 2018). The DSL framework focuses on the often-
ignored vertical dimension in hydrological connectivity between riparian zones and streams (Li et al., 2020),
and how it juxtaposes with vertical heterogeneity in riparian biogeochemistry. Consequently, the DSL framework
explicitly addresses spatial and temporal variability in riparian subsurface water chemistry, which is generally
poorly characterized because relevant data are difficult to collect.

The DSL is defined as the riparian zone depth stratum through which most of the water and solutes are supplied to
streams and builds upon the transmissivity feedback mechanism and the Riparian Flow-Concentration Integration
Model (Rodhe, 1989; Seibert et al., 2009). Typically, lateral water flow exports from riparian zones to streams
exponentially increase as the groundwater table rises and water enters upper, highly conductive riparian soil
layers during rainfall or snowmelt events. This mechanism is observed via non-linear relationships between the
riparian groundwater table and stream discharge (Frei et al., 2010; Kendall et al., 1999). The chemical signature of
each riparian soil depth can be assumed to be imprinted in the laterally flowing water traversing it, and this signal
is then transferred to the stream, explaining the mirroring between riparian and stream chemistry (Bishop
et al., 2004). While examples of riparian-stream hydrological and biogeochemical coupling exist for most
ecoregions, including boreal (Ledesma, Futter, et al., 2018), temperate (Musolff et al., 2018), Mediterranean
(Bernal et al., 2015), and tropical (McDowell et al., 1992) forests, hydrochemical data establishing the dimension
and overall significance of the DSL across systems are lacking. Most riparian studies rely on single catchment
approaches or focus on a single ecoregion and thus have only a modest value for universal generalizations of the
specific hydrological and biogeochemical processes involved. Furthermore, research on riparian-stream in-
teractions and, by extension, catchment hydrology and biogeochemistry has not been developed to the same
extent across ecoregions and is biased towards northern temperate (e.g., Campbell et al., 2021) and boreal (e.g.,
Laudon et al., 2021) landscapes. At the continental level of Europe, this bias implies a knowledge limitation on the
more heterogeneous, and potentially more complex Mediterranean ecoregion (Bernal et al., 2013).

Despite the overall consensus about the importance of riparian zones, it is still debated whether they are the only
or even the major driver of stream chemistry in forest headwaters. Water inputs from upslope or from deep
groundwater sources that bypass the riparian soils, as well as biogeochemical processes taking place within the
aquatic compartment, might collectively weaken or mask the chemical influences of riparian processes on stream
chemistry (Hruska et al., 2014; Marcé et al., 2018; Roebuck et al., 2023; Sawicka et al., 2016). Spatial hydro-
logical and biogeochemical heterogeneity in the riparian zone complicates teasing apart the relative importance of
the different drivers (Bernhardt et al., 2017; Grabs et al., 2012). Therefore, there is a need to explore the extent to
which riparian zones determine stream chemistry in forest headwaters, particularly in relation to major
biogeochemical drivers such as DOC and N-NOj; . The DSL concept assumes that all water entering the stream
(a) comes from the riparian zone and (b) does not experience major biogeochemical changes in the aquatic
compartment, and thus can be used to precisely test whether these assumptions are satisfied. This ability, com-
bined with the detailed representation of subsurface lateral water and solute fluxes, provides a suitable framework
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to test whether stream chemistry reflects riparian soil water chemistry. Other frameworks based on the mixing of
distinct source waters, including classical endmember mixing analyses or more recent approaches such as the
shallow and deep hypothesis (Hooper et al., 1990; Stewart et al., 2022; Zhi & Li, 2020), might not fully capture
the complexity of site-specific lateral subsurface fluxes in this context.

Here we provide an empirical synthesis supported by conceptualizations of our fundamental understanding of
processes controlling water transfer and solute transformation and mobilization between riparian zones and
streams across four European ecoregions. We present data from the boreal Krycklan, the temperate Rappbode, the
subhumid Mediterranean Font del Regas, and the semiarid Mediterranean Fuirosos forest headwaters. These sites
have been the subjects of much research in the past and are considered representative of their specific ecoregions.
We integrate the knowledge and data produced in these previous studies with new data collected for this synthesis.
Our main goal was to define common patterns and specific differences in riparian hydrological behavior
(including the thickness and vertical position of the DSL) and riparian biogeochemistry (represented by DOC and
N-NOj;  concentrations) across the four sites. Subsequently, we use the DSL framework to explore the extent to
which stream DOC and N-NO;™ reflect riparian soil water DOC and N-NO; in these forest headwater catch-
ments. This exploratory exercise enabled us to hypothesize mechanisms that potentially explain discrepancies in
chemistry between riparian zones and streams.

2. Study Sites, Data, and Methods
2.1. Characterization of Study Sites

The Krycklan Catchment Study, located in northern Sweden (Figure 1a; Table 1), has been used since the 1980s
for hydrology, biogeochemistry, and climate research in the boreal landscape (Laudon et al., 2021). In this study,
we focus on the subcatchment Vistrabacken, known as C2.

The upper Rappbode catchment, located in the Harz mountains of central Germany (Figure 1b; Table 1), has been
studied and monitored since the early 2010s for understanding catchment controls on solute exports in temperate
sites (e.g., Werner et al., 2021). The catchment experienced a pronounced drought in the years 2018 and 2019,
which led to a large infestation of trees by bark beetles (Musolff et al., 2024; Rakovec et al., 2022). This
infestation resulted in the removal of most of the upslope Norway spruce forest in the years 2020 and 2021
(Kong et al., 2022).

The Font del Regas catchment, located in the Montseny Natural Park in northeastern Spain (Figure 1c; Table 1),
was initially studied in the early 2010s and more regularly monitored since 2018 for understanding catchment
hydrology and biogeochemistry of Mediterranean systems (Ledesma, Lupon, & Bernal, 2021; Lupon, Bernal,
et al., 2016).

The Fuirosos catchment, located in the Montnegre-Corredor Natural Park, also in northeastern Spain (Figure 1d;
Table 1), has been studied since the late 1990s at irregular intervals with a strong focus on understanding riparian
hydrology and biogeochemistry of intermittent systems (Bernal et al., 2005; Butturini, 2021; Ledesma, Lupon, &
Bernal, 2021). Contrary to the other three streams, which are all perennial, the Fuirosos stream is intermittent and
ceases flowing during the driest months of the year, typically from late June to late September.

2.2. Data Availability
2.2.1. Meteorological Data, Stream Discharge, and Stream Chemistry

Mean temperature and precipitation data were available for all sites at different periods and from different sources
(Table 1). At Krycklan, daily values (1981-2022) come from a meteorological station located a few hundred
meters from the outlet of the C2 catchment. At Rappbode, long-term mean annual temperature was reported by
Werner et al. (2019) and mean annual precipitation (1986-2015) was available from Musolff et al. (2021). At Font
del Regas and Fuirosos, daily values (2009-2022) were available from two meteorological stations managed by
the Catalan Meteorological Service. Viladrau station is located ca. 4 km northwest of the outlet of Font del Regas,
whereas Dosrius is located ca. 15 km southwest of the outlet of Fuirosos. The representativeness of the meteo-
rological data from these two stations was previously assessed and considered descriptive for both catchments
(Ledesma, Lupon, & Bernal, 2021).
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Figure 1. Location of study sites within Europe and catchment delineations at the location where we measured stream
discharge for (a) the boreal Krycklan C2, (b) the temperate upper Rappbode, (c) the subhumid Mediterranean Font del Regas,
and (d) the semiarid Mediterranean Fuirosos. Background maps: ESRI Physical and Google Satellite in QGIS 3.30.

Stream discharge data were available for different drainage areas at daily frequencies from all sites, except for a
few missing days due to device failure (Table 1; Table 2). Stream DOC and N-NO; concentrations were
available at various intervals, but most commonly biweekly at all sites (Table 2). No stream chemistry was
available from Fuirosos for a 3-month period when the stream ceased flowing (July—September 2022). The
available data periods varied across sites and between DOC and N-NO; (Table 2).

2.2.2. Riparian Groundwater Tables and Soil Water Chemistry

As part of the Riparian Observatory in Krycklan (Grabs et al., 2012), three riparian soil profiles were established
in 2007 representing the riparian zones in the C2 catchment (R5, R6, and R7). Each profile was 2—4 m from the
stream and consisted of two ceramic suction cups at each of five equally distributed soil depths for soil water
collection (Table 2). Soil water DOC concentrations were available from eight sampling campaigns (June 2008 to
September 2009) and, only for profile RS, from seven additional campaigns (June 2013 to May 2014).
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Table 1
Characteristics of the Study Sites

Krycklan C2 Upper Rappbode Font del Regas Fuirosos
Ecoregion Boreal Temperate Subhumid Mediterranean Semiarid Mediterranean

Mean annual temperature (°C)

Mean annual precipitation (mm)

Snow
Mean annual PET® (mm)
Dryness index”

Evaporative index’

Discharge measurement location

Discharge point drainage area (km?)

Elevation range (m a.s.l.)
Upslope vegetation
Riparian vegetation

Riparian width (m)

2.1 (1981-2022)
638 (1981-2022)
ca. 30% of precipitation®
526 (1985-2019)"
0.83
0.64 (2009-2017)
64° 15’ N, 19° 46’ E
0.12
243-306
Pine and spruce forest
Spruce and birch forest

5-40

6.0 (long-term)®
1061 (1986-2015)°
Accumulates in winter
665 (1986-2015)
0.63
0.53 (2013-2022)
51°39° N, 10° 42’ E
2.58
540-620
Pine and spruce forest
Grasses

40 (at lower part)

11.3 (2009-2022)
964 (2009-2022)
<1%*

989 (2004-2006)¢
1.03
0.74 (2020-2022)
41°49° N, 2° 27 E
13.0
503-1603
Beech and oak forest
Mixed deciduous forest

10-20 (at lower part)

14.1 (2009-2022)
663 (2009-2022)
Virtually non-existent
1393 (2004-2006)*
2.10
0.91 (2019-2022)
41°43'N,2°34'E
9.94
169-758
Pine and oak forest
Mixed deciduous forest

10-20 (at lower part)

Werner et al. (2019). "Musolff et al. (2021). Laudon et al. (2021). "Lupon, Bernal, et al. (2016)‘ “Potential evapotranspiration estimated with the Penman—Monteith
equation. ‘Gutierrez Lopez et al. (2021). #Bernal et al. (2012). "Ratio of PET to precipitation. 'Ratio of actual evapotranspiration to precipitation.

Representative solute concentrations for each depth were estimated as the average of the two values coming from
the pair of suction cups. No N-NOj;~ concentrations were available for these profiles.

Further, a hillslope transect was installed close to the outlet of catchment C2 in autumn 1995. This transect
consists of three soil profiles located at 4, 12, and 22 m from the stream following the local topographic slope. The
riparian profile (S4) included ceramic suction cups placed at six depths (Table 2). At S4, soil water DOC con-
centrations were available for 56 sampling campaigns for the most superficial suction cup and for 122 to 134
campaigns for the other suction cups (1996-2022). Soil water N-NOj;~ concentrations were available for three
sampling campaigns for the most superficial suction cup and for 23 to 38 campaigns for the other suction cups
(2013-2022).

A perforated monitoring well equipped with a TruTrack water level data logger was installed alongside the four
riparian profiles at C2 to record groundwater tables. Daily groundwater table records were available for profiles
R5, R6, and R7 (May 2008 to September 2009) and for profile S4 (June 2013 to September 2014) (Table 2). The
four profiles are representative of the catchment because they are located in areas of high topographic wetness
index (TWI), which contribute the most to water and solute fluxes to the stream (Grabs et al., 2012; Leach
et al., 2017).

In September 2021, two riparian profiles were established at Rappbode near the catchment outlet in a well-studied
50 m X 50 m riparian plot, characterized by relatively flat terrain and a higher TWI compared to the rest of the
catchment (Werner et al., 2021). One riparian profile was located 10 m from the stream at a location with
relatively low TWI, representing dry riparian areas in which the groundwater table varies along a large depth
range. The second profile was located 15 m from the other side of the stream at a location with relatively high
TWI, representing wet riparian areas in which the groundwater table is often close to the surface. The dry and wet
areas in the riparian zone at Rappbode have distinct hydrological and biogeochemical behaviors and contribute an
estimated ca. 60% and 40% of water fluxes to the stream, respectively (Werner et al., 2021).

Ceramic suction cups were installed at three depths at the profile with low TWI, and at two depths at the profile
with high TWI (Table 2). Soil water DOC and N-NO;N-NOj;™ concentrations were available for eight sampling
campaigns (November 2021 to October 2023). The two profiles were located close to existing perforated
monitoring wells equipped with pressure transducers (Solinst Levelogger, Canada, and van Essen Micro-Diver,
Netherlands) that recorded groundwater tables. Daily groundwater tables were available for wells b2 (next to the
“dry” profile) and b4 (next to the “wet” profile) for the period November 2020 to September 2022 (Table 2).

LEDESMA ET AL.

5of 24

85U807 SUOWILLID @AEa.D 3|qed!|dde ay) Aq peusenob ae saole YO @SN JO S9N 10} ARid1T8UIIUO A8]IA UO (SUOTHPUOD-PUB-SWLBIALI0O" A8 | 1M ARe.d 1)U |Uo//:StY) SUORIPUOD pue swie | a4} 88S *[520z/70/72] Uo Akeiqiauliuo A8 (1M “Bnd WnueZ - yjoywpH Ad 05280099202/620T 0T/I0p/W0d Ae M Areiqiuljuo'sgndnBe//:sdny Wwolj pepeojumoq ‘Z ‘S0z ‘12266t



 Veld
M\I Global Biogeochemical Cycles 10.1029/2024GB008250
AND SPACE SCIENCES
Table 2
Data Availability at the Study Sites
Data Description Krycklan (C2) Upper Rappbode Font del Regas Fuirosos
Stream discharge Frequency Daily Daily Daily Daily
Period April 2005-September 2022 May 2013—August 2023 January 2020- October 2018—
February 2023 February 2023
Missing data 11% 8% 12% 24%
Stream DOC?* Frequency ca. Biweekly ca. Biweekly ca. Biweekly ca. Biweekly
Period July 1987-November 2022 March 2013-November 2014, November 2021- November 2021-
February 2017-November 2019, February 2023 February 2023
October2020-October 2023
N 960 161 31 27
Stream Frequency ca. Biweekly ca. Biweekly ca. Biweekly ca. Biweekly
-b
N-NO; Period July 2008—-November 2022 March 2013-November 2014, November 2021— November 2021—
October 2020-October 2023 February 2023 February 2023
N 369 100 32 28
Riparian Profiles RS, R6, R7, S4 b2 (dry), b4 (wet) #2.6 #1
grl())lundwater Frequency Daily Daily Daily Daily
table
Period May 2008-September 2009 (R5, R6, R7) November 2020-September 2022  September 2018— October 2019—
June 2013-September 2014 (S4) February 2023 February 2023
Missing data 0% (R5, R6, R7), 27% (S4) 24% 10% 26%
Riparian Depths (cm b.s.s.)" 15, 30, 45, 60, 75 (RS, R6, R7) 10, 30 (b2) 15, 30, 45, 60, 15, 30, 45, 60,
soil water DOC* 10, 25, 35, 45, 55, 65 (S4) 10, 30, 60 (b4) 75,90, 115 75, 90
Period June 2008-May 2014 (RS5) November 2021-October 2023 May 2021- May 2021-
June 2008—September 2009 (R6, R7) March 2022 March 2022
June 1996-November 2022 (S4)
N 15 (RS), 8 (R6, R7), 56-134 (S4) 8 3 3
Riparian soil water Depths (cm b.s.s.)° 10, 25, 35, 45, 55, 65 (S4) 10, 30 (b2) 15, 30, 45, 60, 15, 30, 45, 60,
N-NO,™ 10, 30, 60 (b4) 75,90, 115 75, 90
Period February 2013-November 2022 (S4) November 2021-October 2023 May 2021- May 2021-
March 2022 March 2022
N 3-38 (S4) 8 3 3

Dissolved organic carbon. "Nitrate. “Centimeters below the soil surface.

In May 2021, ceramic suction cups were installed at six depths (Table 2) in a representative riparian profile
located 3 m from the Font del Regas stream at a location where the drainage area is 14.2 km?, a few hundred
meters downstream of the stream discharge measurement location. At that time, we installed an analogous array
of suction cups in a representative riparian profile located ca. 7 m from the Fuirosos stream and ca. 70 m upstream
the location where stream discharge is regularly monitored (Table 2).

At both Mediterranean sites, soil water was sampled on three occasions for DOC and N-NO5~ concentrations
(May 2021 to March 2022). At Font del Regas, soil water was additionally sampled at the same times from a
piezometer perforated on the bottom 10 cm to a depth of ca. 120 cm. This piezometer was located ca. 30 m
downstream of the array of suction cups, also ca. 3 m from the stream, and near a perforated monitoring well. This
well (#2.6) was equipped with a HOBO water level data logger that recorded groundwater tables 2 m from the
stream. At Fuirosos, a perforated monitoring well (#1), also equipped with a HOBO water level data logger,
recorded groundwater tables at the edge of the opposite side of the stream in relation to the array of suction cups.
Daily groundwater tables from well #2.6 (September 2018 to February 2023, subhumid Font del Regas) and well
#1 (October 2019 to February 2023, semiarid Fuirosos) were available (Table 2). These two groundwater table
time series were considered representative of the corresponding profiles where we measured soil water chemistry
after offsetting them using the difference in water level between the wells and suction cup locations (Text S1 in
Supporting Information S1). At both sites, the riparian areas where soil water chemistry and groundwater tables
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were recorded represent the typical riparian groundwater table dynamics, vegetation, and riparian soil charac-
teristics of their corresponding catchments and are hotspots for water accumulation and export to the streams due
to their relatively high TWI (Ledesma, Lupon, & Bernal, 2021).

2.3. Using the Dominant Source Layer (DSL) Framework to Study Riparian Zones

The DSL provides an estimation of the riparian zone depth stratum that contributes the most to water and solute
fluxes to streams. To assess riparian hydrological behavior across the four study sites, we first established the
empirical relationship between the riparian groundwater table and stream discharge, which is the basis of the DSL
(Figure S1 in Supporting Information S1). Subsequently, we estimated the thickness and position of the DSLq,
that is, the depth range contributing 90% of the total lateral water flux from each riparian profile to the stream
(Figure S1 in Supporting Information S1). Additionally, we tested whether stream chemistry matched the ex-
pected chemistry from DSL riparian lateral fluxes by comparing flow weighted DOC and N-NOj~ concentrations
in the riparian zone with DOC and N-NOj; concentrations in the adjacent stream.

2.3.1. Riparian Groundwater-Stream Discharge Relationships

For each riparian profile, we fitted logarithmic models between matching observations of daily groundwater tables
(Gw) and daily stream discharge (Q) so that Gw = a + k * In(Q). In each case, discharge records were binned at
0.5 cm groundwater table intervals by obtaining the average value within each interval. The binning procedure
follows the same approach as Ledesma, Ruiz-Pérez, et al. (2021) and its purpose is twofold: (a) to enhance data
consistency by minimizing scattering and (b) to appropriately weight the influence of both low and high stream
discharge values given that low flow conditions are predominant, especially at the Mediterranean sites.

In all cases, we applied both a single-logarithmic model and two-logarithmic models (one at each side of a stream
discharge tipping point based on a two-step segmented linear regression). The objective of this exercise was to
determine the best model fit in each case, choosing between a single- or two-logarithmic models. The criteria for
selection included maximizing R? (especially at the upper range of the stream discharge), as well as minimizing
the difference between the observed and calculated groundwater table at maximum discharge (Table S1 in
Supporting Information S1). We prioritized having better estimates at higher discharge values because these
conditions are associated with larger lateral fluxes. The process resulted in the selection of a single-logarithmic
model for the boreal profiles, and two-logarithmic models for the temperate and Mediterranean profiles (Table S1
in Supporting Information S1).

In our comparison across sites, we considered the coefficient k (cm mm™") as a proxy for the rate at which upper
riparian layers are hydrologically activated in relation to increments in stream discharge. This coefficient rep-
resents the vertical stretch (or compression) of the logarithmic function, so that low k values indicate that small
increases in groundwater table mobilize large amounts of water (an indication of high hydraulic conductivity),
and vice versa (Figure S1 in Supporting Information S1).

2.3.2. Estimation of DSL,,

At each riparian profile, we computed riparian lateral water fluxes considering all the dates with observed stream
discharge data at each site. First, we used the logarithmic regression equations relating the groundwater table and
stream discharge to back-calculate groundwater tables relative to each stream discharge observation to maximize
the time series length. Theoretically, for any given stream discharge, lateral fluxes at any given soil depth are
proportional to the groundwater table—stream discharge curve (see e.g., Ledesma et al., 2015 for details on the
calculations). Two interdependent principles were applied: (a) Darcy's law of proportionality between flow rate
and hydraulic gradient and (b) lateral flow only occurring on saturated layers below the groundwater table
(Seibert et al., 2009). Each riparian profile was set to be 200 cm deep below the soil surface (b.s.s.) and 50 cm high
above the soil surface, which more than covered the range of calculated groundwater table variation across all
profiles, and accounted for potential lateral flow overland. The DSL can be specified by estimating the relative
contribution of each soil depth (at a 1 cm level of resolution) to the total lateral water flux from the entire profile
for any given period of time. Following Ledesma, Ruiz-Pérez, et al. (2021), we quantitatively estimated the
DSL,,, that is, the depth range contributing 90% of the total lateral water flux (Figure S1 in Supporting Infor-
mation S1), and compared its extent (i.e., thickness) and vertical position among the different riparian profiles.
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2.3.3. Estimation of Riparian Flow-Weighted Concentrations and Riparian-Stream Comparisons

We estimated flow-weighted concentrations of DOC and N-NOj;" at the different riparian profiles. To do so and
considering the whole range of available concentrations, we first constructed three different concentration profiles
along the considered depth range (i.e., 50 cm above the soil surface to 200 cm b.s.s.): (a) median, (b) upper
quartile (i.e., 75th percentile), and (c) lower quartile (i.e., 25th percentile) DOC and N-NO5 concentration
profiles. In the three cases (and for both DOC and N-NO;"), concentrations were linearly interpolated at a 1 cm
resolution across the range of available measurements from the shallowest to the deepest depth where suction
cups were placed.

We assumed that the concentration at 200 cm b.s.s. for the boreal and temperate profiles was equal to the lowest
concentration measured at the deepest suction cup, and applied linear interpolation from that bottom suction depth
to 200 cm b.s.s. Regardless, soil layers below the deepest suction cup had a negligible influence in the calculations
for the boreal and temperate profiles. To establish the concentrations at 200 cm b.s.s. at the Mediterranean
profiles, we used data collected from deep groundwater stations. At the subhumid site, we used water samples
(N = 27) from a ca. 3-m-deep piezometer located 10 m from the stream in the studied riparian area. At the
semiarid site, we used water samples (N = 24) from a ca. 5-m-deep well near the valley bottom. These samples
were collected between November 2021 and February 2023. We assumed that the concentration at 200 cm b.s.s.
for the three constructed profiles was equal to the median, upper, or lower quartile concentrations, respectively,
measured in the samples from the piezometer (subhumid site) and the deep well (semiarid site).

In all cases, concentrations between the shallowest suction cup and the riparian soil surface were assumed to be
constant and equal to the concentration at the shallowest suction cup. At 10 cm above the soil surface, we assumed
that the DOC concentration was equal to the European average concentration in rain water (lavorivska
etal., 2016), and that the N-NO;~ concentration was equal to the concentration in wet deposition for the year 2020
for each of the four sites (EMEP, 2023). We linearly interpolated the concentrations between the riparian soil
surface (equal to the concentration at the shallowest suction cup) and 10 cm above the surface and assumed a
constant concentration between 10 and 50 cm high. This is based on studies that have found concentrations of
DOC and N-NOj; in water layers of a few centimeters forming above riparian soils to be similar to those in
shallow soil layers rather than to atmospheric inputs (Blaurock et al., 2022). Only the wet riparian profile at the
temperate site and the riparian profile at the semiarid Mediterranean site showed calculated groundwater tables up
to around 10 cm above the soil surface during specific days.

Constructed concentration profiles were then multiplied by the corresponding lateral water flux at each depth and
integrated across space in the vertical profile and across time for the available periods (Figure S1 in Supporting
Information S1). This integration resulted in a total mass of DOC or N-NOj~ exported laterally, which divided by
the total volume of water laterally exported produces the flow-weighted concentration, which is analogous to a
discharge-weighted flux calculated for a given period (Figure S1 in Supporting Information S1). The resulting
range in DOC and N-NOj; flow-weighted concentrations given by median, upper quartile, and lower quartile
concentration profiles were grouped by stream discharge quartiles defined by the availability of stream discharge
data.

At each site, we tested whether different flow conditions led to differences in stream DOC and N-NO;™ con-
centrations by comparing the four discharge quartile groups using the Kruskal-Wallis test followed by a Dunn's
post hoc test for pair comparisons. For each discharge quartile, we then plotted the median of stream DOC and
N-NOj;~ concentrations against the median of DOC and N-NO;~ flow-weighted concentrations from the cor-
responding riparian zone profiles. The interquartiles from both stream concentrations and riparian flow-weighted
concentrations were used as a range estimate to avoid the more extreme values, as our focus was on long-term
patterns characterized by moderate situations. In these plots, we interpreted data points within +20% of the
1:1 line as indicative of stream chemistry being determined mostly by riparian chemistry. We interpreted de-
partures beyond the conservative +20% uncertainty bounds of the 1:1 line as indicative of either additional water
sources bypassing the riparian zone or in-stream biogeochemical processing having an influence on the chemical
signal reflected in the stream.
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3.2. Riparian Zone Hydrological Behavior

All riparian profiles showed strong non-linear (i.e., logarithmic) relationships
between the riparian groundwater table and stream discharge (Figure 3),
generally consistent with the transmissivity feedback mechanism
(Rodhe, 1989). Nevertheless, the coefficient k of the logarithmic models showcased differences in the riparian
zone hydrological behavior among sites. The lowest values of k were observed at the riparian profiles of the boreal
site (ranging between 3.0 and 4.5 cm mm™ "), indicating that, for each increment in stream discharge, there is a thin
riparian layer that is hydrologically activated (Figures 3a—3d; Table S1 in Supporting Information S1). In other
words, the activation of the upper riparian layers can mobilize large amounts of water owing to their high hy-
draulic conductivities. This observation is typical of boreal till riparian soils where shallow layers are highly
organic with low bulk density and large structural pores (Ledesma et al., 2015; Nyberg, 1995).

Two-logarithmic models more accurately represented the relationship between the riparian groundwater table and
stream discharge in the temperate and Mediterranean profiles (Figures 3e—3h; Table S1 in Supporting Infor-
mation S1). The thicker or more heterogeneous depth range in which water levels varied here compared to the
boreal sites likely explains the more complex fits required. At the temperate dry and wet profiles (Figures 3e and
3f), low discharge was associated with a wide range of possible groundwater tables, owing to the low hydraulic
conductivity of these riparian layers (indicated by large k values of 38 and 22 cm mm™", respectively). At higher
discharge values, a vertical compression in the relationships was captured by different logarithmic models with
lower k coefficients (i.e., 6.7 and 4.0 cm mm ™", respectively). This observation indicates that shallower riparian
layers are more conductive than deeper ones. In agreement, at this and other temperate riparian zones, there is an
evident transition from lower mineral, unsorted till layers with lower hydraulic conductivities into upper
conductive organic layers, which are nonetheless thinner and contain smaller macropores than at boreal sites
(Kendall et al., 1999; Werner et al., 2019).
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Figure 3. Logarithmic relationships between daily groundwater tables at different riparian profiles and daily discharge at the corresponding streams (Gw = a + k * In(Q))
across four catchments located in (a—d) boreal (Bor), (e—f) temperate (Tem), (g) subhumid Mediterranean (shMed), and (h) semiarid Mediterranean (saMed) ecoregions.
Daily stream discharge records were binned at 0.5 cm groundwater table intervals along the riparian profile in order to construct the logarithmic models (p < 0.0001 in
all cases). Note that the scales of the x-axis differ across panels. Note that in the profiles at the temperate and Mediterranean sites, we fitted two different logarithmic
models, one at each side of a tipping point defined by a two-step segmented linear regression model.

The riparian profiles at the subhumid and semiarid Mediterranean sites (Figures 3g and 3h) showed higher &
coefficients for periods of high discharge (13 and 26 cm mm™ ", respectively) than for periods of lower discharge
(5.0 and 6.3 cm mm™", respectively). However, the tipping points at which the logarithmic relationship shifted
corresponded with the 97.5th (2.16 mm) and 98.9th (1.49 mm) percentiles of stream discharge for the subhumid
and semiarid sites, respectively (Table S1 in Supporting Information S1). By comparison, the analogous tipping
points for the temperate dry and wet profiles corresponded to the 40th and 51st percentiles, respectively. Thus, the
unusually high & coefficients observed for the Mediterranean sites at upper riparian layers only apply during
exceptionally high flow conditions. We hypothesize that, under those circumstances, a lower effective hydraulic
conductivity of shallower layers is induced by pre-existing dry conditions that make exceptionally high pre-
cipitation inputs more efficient at filling up the profile vertically relative to the otherwise dominant lateral
transmissivity dimension (Fovet et al., 2015; Frei et al., 2012; Ledesma et al., 2022; Tunaley et al., 2016). This
behavior appears to be characteristic of Mediterranean sites, especially those of a semiarid context, and not of the
boreal and temperate sites. During all other conditions that applied most of the time, riparian groundwater tables
in the Mediterranean sites fluctuated through mineral layers. These strata are characterized by sandy or sandy-
gravel texture with relatively high hydraulic conductivity (Butturini et al., 2003), which would explain the
relatively low k coefficient values during lower discharge.

The vertical distribution of the DSLy, was consistent with the differences described based on the k coefficients
(Figure 4). At the boreal site, the DSLy, was similar across the four available riparian profiles and generally
thinner (average thickness = 20 cm) and shallower (average of median depth = 19 cm b.s.s.) than at the other sites
(Figures 4a—4d), except for the wet temperate profile. At the temperate site, the DSLg, was 30 cm thick for the dry
profile (Figure 4e) and 20 cm thick for the wet profile (Figure 4f). The high TWI of the wet profile led to a median
DSLy, depth of 2 cm above the soil surface, indicating that overland flow was common for the riparian areas
represented by this type of profile. By contrast, the low TWI at the dry profile set the median DSLgj at 21 cm b.s.s.
with no overland flow. We suggest that the small-scale heterogeneous topography (e.g., hollows and hummocks)
described for this temperate riparian zone resulted in the divergent position of the DSLg, between the wet and dry

LEDESMA ET AL.

10 of 24

85U807 SUOWILLID @AEa.D 3|qed!|dde ay) Aq peusenob ae saole YO @SN JO S9N 10} ARid1T8UIIUO A8]IA UO (SUOTHPUOD-PUB-SWLBIALI0O" A8 | 1M ARe.d 1)U |Uo//:StY) SUORIPUOD pue swie | a4} 88S *[520z/70/72] Uo Akeiqiauliuo A8 (1M “Bnd WnueZ - yjoywpH Ad 05280099202/620T 0T/I0p/W0d Ae M Areiqiuljuo'sgndnBe//:sdny Wwolj pepeojumoq ‘Z ‘S0z ‘12266t



A
MAI Global Biogeochemical Cycles 10.1029/2024GB008250
AND SPACE SCIENCES
DOC (mg L?) DOC (mg L?) DOC (mgL?) DOC (mg L?)
0 15 30 45 60 75 9 0 15 30 45 60 75 90 0 15 30 45 60 75 9 0 15 30 45 60 75 90
15
0 - : - - - . - -
-15 |
5»45 3
s
S5
a
105 | (a) (b) (c) (d)
Bor (R5) Bor (R6) Bor (R7) Bor (S4)
-135
15
0 T T T T T T T T T T T T
15
§-45 L
=
S5
a
105 (e) (f) (g) (h)
Tem dry (b2) Tem wet (b4) shMed (#2.6) saMed (#1)
135
N-NO;~ (mg L?)
0 3 6 9 1215
15
0 . . ; -
-15
@
No N-NO, data available No N-NO,- data available No N-NO, data available _ ¢
£ -45 ¢
° q 0.00 0.01 0.02
Bor (R5) Bor (R6) Bor (R7 0 :
o 30 .
-60 Bor (S4)
-75
135
N-NO;™ (mg L) N-NO; (mg L) N-NO, (mg L)
0 3 6 9 12 15 0 3 6 9 2 15 0 3 6 9 2 15
15
0 ; . . . ———— - : - : P
15 T [ )
0. 0.04 0.08
— ) 0 ‘
£ 0.0 05 1.0
= = 0 r 15 |
-S 15
Q -30 [ 30
8 75 07
60 . -45
105 75 (J) (k) (I) (m)
Tem dry (b2) Tem wet (b4) shMed (#2.6) saMed (#1)
-135

Figure 4. Dissolved organic carbon (DOC) and nitrate (N-NO;") concentrations including median (circle) and interquartile range (error bars) at each corresponding
depth measured in riparian profiles across four catchments located in (a—d, i) boreal (Bor), (e, f, j, k) temperate (Tem), (g, 1) subhumid Mediterranean (shMed), and (h,
m) semiarid Mediterranean (saMed) ecoregions. Purple vertical lines represent the relative proportion of lateral water flux at each depth along the profiles (i.e., dominant
source layer, DSL, curves) and shaded areas delimitate the DSLy,, (riparian zone depth range contributing 90% of the total lateral water flux) for the available stream
discharge dates in each case. Note that the information regarding the DSL is equivalent in both the upper DOC panels and the corresponding lower N-NO;™ panels. Note
also that the scales of the x-axis are the same for the solute concentrations as well as for the relative proportion of later water flow (which ranges from 0% to 10% in all
cases and it is not explicitly shown).

locations (Werner et al., 2021). Marked small-scale topographic variabilities are present in riparian zones in other
temperate sites and therefore, a similar heterogeneous pattern likely emerges across this ecoregion (Blaurock
et al., 2022; Frei et al., 2010).
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The shape of the DSL curve and the segmented DSL,, in the Mediterranean sites indicate a more complex hy-
drological pattern (Figures 4g and 4h): within a single profile, upper riparian layers are hydrologically activated
only sporadically but have a relatively large influence on the overall water flux. For example, at the subhumid site,
depths above the median DSLg, (103 cm b.s.s.) were active only 1.5% of the time, but amounted to as much as
21% of the total lateral water flux (Figure S2 in Supporting Information S1). The pattern was similar at the
semiarid site, where the activation of layers above the median DSLy (47 cm b.s.s.) represented 0.8% of the time
and accounted for 38% of the total lateral water flux (Figure S2 in Supporting Information S1). As a result, the
DSLgy, was 46 cm thick at the subhumid site and 86 cm thick at the semiarid site, both appreciably thicker than at
the temperate and boreal profiles (Figure 4).

The difference between the two Mediterranean sites lies in the different k coefficients during high flow conditions,
which was two times larger at the semiarid site. Consequently, lateral water fluxes were seemingly deeper and
more restricted in space at the subhumid site. Nevertheless, we note that the riparian groundwater table—stream
discharge relationship and the derived DSL at the semiarid site considered only the periods when the stream
flowed. During the periods when there is no stream discharge and there is a hydrological disconnection between
the riparian zone and stream, the riparian groundwater table at the semiarid Mediterranean site is located
consistently below 200 cm b.s.s. (Butturini et al., 2003).

3.3. Riparian Zone DOC and N-NOj;  Biogeochemistry

In general, both DOC and N-NOj~ concentrations in riparian soil water were higher closer to the surface at the
four sites (Figure 4). This spatial trend has been commonly observed for DOC in forest riparian zones across
different regions (Sanderman et al., 2009; Schwab et al., 2018; Stewart et al., 2022), as well as for N-NO;,
although less information is available (but see Ranalli & Macalady, 2010). There were exceptions to this
observation; for example, the wet profile at the temperate site showed increasing DOC concentrations with depth
(Figure 4f) and no spatial trend for N-NO;~ (Figure 4k), likely related to the nearly permanent saturated con-
ditions. However, measuring chemistry at only two depths in this profile limits our ability to fully describe
vertical patterns.

Accumulation and solubilization of organic matter and low mineralization rates due to hypoxic conditions driven
by high moisture are likely behind the high DOC concentrations of the boreal riparian profiles (median value per
depth varying between 15 and 71 mg L™"; Figures 4a—4d) (Ledesma, Futter, et al., 2018). The dry location at the
temperate site (Figure 4e) tended to exhibit lower DOC concentrations in soil water (median values per depth
varying between 1.7 and 6.0 mg L™") than the wet location (Figure 4f), where median values per depth varied
between 7.7 and 21.0 mg L™". This difference is also likely explained by greater accumulation and solubilization
of organic matter in areas with high TWI, where persistently water-saturated conditions result in lower rates of
organic matter decomposition and mineralization compared to areas with low TWI (Werner et al., 2021).

However, DOC concentrations at the boreal profiles were still distinctly higher than those at the wet temperate
profile (Figures 4a—4f). Reasons behind this observation potentially include a (a) higher and more aromatic
dissolved organic matter production in the coniferous trees and peat mosses of the boreal site than in the grasses
present at the riparian zone of the temperate site (Borken et al., 2011; Hedwall & Mikusinski, 2016; Jones
et al., 2014; Wania et al., 2009), (b) lower mineralization in the boreal site due to lower temperatures, and (c)
higher solubility of dissolved organic matter in the boreal region due lower atmospheric nitrogen deposition
(Dentener et al., 2006; Musolff et al., 2017).

Interestingly, the Mediterranean sites showed high DOC concentrations in upper and intermediate riparian depths
(Figures 4g and 4h) despite their low soil organic carbon content (below 2%; Figure S3 in Supporting Infor-
mation S1). At the subhumid site, the median DOC concentrations at 45 cm b.s.s. was 44 mg L~!, whereas this
metric reached 55 mg L™ at 30 cm b.s.s. in the semiarid site. These concentrations are similar to the high
concentrations measured in the shallow depths of the boreal profiles, where the soil organic carbon content is one
order of magnitude higher, ranging between ca. 20% and 50% (Ledesma et al., 2015; Ledesma, Kothawala, et al.,
2018). Thus, high DOC concentrations in riparian soil water can be found in contrasting ecoregions with
markedly different conditions and soil organic carbon contents.

At the Mediterranean sites, the conditions that potentially favor high riparian soil solution DOC include high
temperature for most of the year and sufficient soil moisture, both promoting microbial activity that releases DOC
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from organic matter decomposition (Kalbitz et al., 2000). At the semiarid site, for instance, our riparian soil
moisture measurements (Text S1 in Supporting Information S1) showed values consistently higher than 10% with
a median of ca. 20% at 20-50 cm b.s.s. during 2021 and 2022 (unpublished data). The high presence of roots
observed in riparian soils at 3045 cm b.s.s. at both sites can also potentially provide substantial amounts of
exudate-derived DOC (Ledesma, Ruiz-Pérez, et al., 2021; Wen et al., 2020). Furthermore, accumulation of DOC
during periods of low hydrological connection to the stream can also contribute to increase DOC concentrations in
the soil solution pool (e.g., Harms & Grimm, 2010).

Riparian N-NO;™ concentrations were relatively constant and extremely low in the boreal site (<0.01 mg LY
Figure 4i), which is coherent with the widespread high nitrogen limitation and low rates of net mineralization and
nitrification reported for boreal soils (Sponseller et al., 2016). The wet profile of the temperate site also showed
low and stable N-NO;~ concentrations (ca. 0.05 mg L™'; Figure 4k). Classically, wet-related hypoxic conditions
in forest riparian zones in boreal and temperate regions favor denitrification and thus limit the production and
mobilization of N-NO;~ (Blackburn et al., 2017; Cirmo & McDonnell, 1997).

Conversely, N-NO;  concentrations in the dry temperate profile tended to be higher and more variable
(Figure 4j), especially in the upper 10 cm b.s.s. layer (median = 0.4 mg L™"), which was saturated <5% of the
studied time (Figure S2 in Supporting Information S1). Notably, riparian N-NO;~ concentrations were up to three
orders of magnitude larger in the Mediterranean profiles (median value per depth varying between 0.2 and
14 mg L™"; Figures 41 and 4m) compared to the boreal profiles. Concentrations were especially high and markedly
variable in the upper aerated layers. In contrast to other ecoregions, net nitrification driven by high temperatures
and sufficient soil moisture can lead to high and variable N-NO5 concentrations in riparian zones of Mediter-
ranean catchments (Lupon, Sabater, et al., 2016; Pinay et al., 2018).

3.4. Riparian Zone Controls on Stream Chemistry

3.4.1. Stream Chemical Dynamics as a Function of Flow Conditions and Riparian Hydrological
Connection

In general, stream DOC concentrations increased with increasing discharge, but this pattern was not consistent
across discharge quartiles and ecoregions (Figure 5). In the boreal stream, DOC concentrations significantly
increased from low- and intermediate-low flow conditions (quartiles Q1 and Q2) to intermediate-high flow
conditions (quartile Q3), and from those to high flow conditions (quartile Q4) (Figure 5a). This result is consistent
with stream discharge being a good predictor of stream DOC concentrations across the boreal region (Winterdahl
et al., 2014). By contrast, no significant differences in DOC concentrations among discharge quartiles were
revealed at the temperate stream (except for lower concentrations during low flow conditions, Figure 5c).
However, this result is not inconsistent with the observation that stream DOC concentrations generally increase
during individual storm events in ours and other temperate forest streams, likely because pulling the whole time
series together masks the effect of seasonality (i.e., temperature-driven DOC variability), which exerts a strong
influence on the concentration magnitude in this ecoregion (Musolff et al., 2018, 2021; Werner et al., 2019).

The two Mediterranean streams showed apparent increases in DOC concentrations from low to high discharge
quartiles (Figures 5e and 5g), but the low sample size precluded a statistically significant result. Indeed, a simple
linear regression between stream discharge and DOC concentration was significantly positive at both sites
(R2 = 0.13, p < 0.05 at the subhumid site; R® = 0.22, p < 0.05 at the semiarid site; Figure S4 in Supporting
Information S1). Previous studies have also shown that DOC concentrations increase during storm events (which
are more common in autumn and winter) at both streams (Bernal et al., 2002; Ledesma et al., 2022).

Stream N-NOj~ concentrations also generally increased with increasing discharge, but the results were mixed
across ecoregions (Figure 5). For instance, concentrations at the boreal stream were consistently low and inde-
pendent of flow conditions (Figure 5b), a pattern that has been observed in ours and other boreal forest headwaters
due to nitrogen limitation (Blackburn et al., 2017; Lofgren et al., 2011; Luke et al., 2007). At the temperate stream,
we observed an apparent increase in N-NOj;  concentrations with discharge supported by linear regression
(R* = 0.30, p < 0.0001; Figure S4 in Supporting Information S1), although differences were only statistically
significant between discharge quartiles Q2 and Q4 (Figure 5d). In other temperate forest headwaters, patterns are
not uniform, but observations generally show increasing N-NO5 concentrations with discharge (Cirmo &
McDonnell, 1997).
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Figure 5. Box plots of available dissolved organic carbon (DOC, left-side panels) and nitrate (N-NO;, right-side panels)
concentrations in (a-b) boreal, (c—d) temperate, (e—f) subhumid Mediterranean, and (g-h) semiarid Mediterranean streams.
For each ecoregion, data are grouped by stream discharge quartiles (Q1 to Q4). Statistical differences using the Kruskal-
Wallis test followed by a post hoc Dunn's test for pair comparisons are denoted with letters. Note that the scales of the y-axis
differ across panels.

At the Mediterranean streams, N-NO;~ concentrations systematically increase with discharge, but again, the low
sample size only produced statistically significant differences between Q1 and Q3-Q4 at the semiarid site
(Figures 5f and 5h). Nevertheless, the apparent increases in concentrations with discharge were supported by
linear regression (R? = 0.27, p < 0.005 at the subhumid site; R” = 0.34, p < 0.005 at the semiarid site; Figure S4 in
Supporting Information S1). Concentrations of N-NO;~ are generally higher during storm flow than during base
flow in ours and other Mediterranean forest headwaters (Avila et al.,, 1992; Bernal et al., 2002; Ledesma
et al., 2022).

According to the DSL framework, the observed variability in stream solute concentrations with discharge can
result from the activation of different riparian soil layers with distinct chemistry during different flow conditions
(Seibert et al., 2009). Riparian DOC at the boreal and Mediterranean profiles (Figures 4a—4d and 4g—4h) and N—
NO;™ at the temperate dry and Mediterranean profiles (Figures 4j, 41 and 4m) generally increase in the upper
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layers of the corresponding DSLg,,. These upper riparian layers with higher concentrations are typically hydro-
logically activated and connected to the stream during higher flow conditions, which can explain the higher
stream concentrations observed for these two solutes when the discharge increases (Figures 5a, 5d and 5e—5h).
Likewise, the lack of variability in stream N-NO; concentrations with flow conditions in the boreal site
(Figure 5b) can be related to the vertically stable N-NO; concentrations in the DSLy, (Figure 4i). Finally, the
small variation in stream DOC with discharge at the temperate site (Figure 5¢) may be explained by the divergent
DOC vertical patterns observed at the dry and wet areas in the riparian zone (Figures 4e and 4f).

3.4.2. Does Stream Chemistry Entirely Reflect Riparian Soil Water Chemistry?

The simple qualitative assessment presented in the previous section supports the paradigm that stream chemical
dynamics can be driven by vertical patterns in riparian soil water chemistry across varying flow conditions, and
thus the hypothesis that stream water chemistry mirrors riparian soil water chemistry (Bishop et al., 2004; Stewart
et al., 2022). However, it does not provide a quantitative resolution of the relative importance of riparian zones in
controlling stream chemistry. In this section, we shed light on this question by using the DSL framework
to explore the level of correspondence between stream and riparian soil water chemistry. We compared DOC and
N-NOj;" concentrations in the stream with corresponding flow-weighted concentrations from the riparian zone in
our four forest headwater catchments (Figure 6). We separated the comparison by stream discharge quartiles
because the riparian-stream correspondence based on DSL assumptions might depend on flow conditions.
Specifically, varying flow conditions could potentially trigger the activation of catchment compartments other
than the riparian zone, as well as control stream water residence times and therefore in-stream biogeochemical
processing (Li et al., 2021; Zimmer & McGlynn, 2018).

One of the most striking patterns observed was the consistently lower DOC concentrations in the stream
compared to the estimated DOC flow-weighted concentration exported from the riparian zone at the boreal site
(Figure 6a). This pattern holds true for the four representative profiles presented here and across all flow con-
ditions. Dilution from sources other than the riparian zone is unlikely to explain this result because a combination
of isotopic, hydrological, and modeling approaches suggests that there is limited bypass of water below 100 cm
b.s.s. in this riparian zone (Amvrosiadi et al., 2017; Peralta-Tapia et al., 2015). Rapid in-stream uptake of DOC
can partially explain the discrepancy because this process has been observed in other streams in the Krycklan
catchment (Lupon et al., 2023). However, it is unlikely that in-stream DOC uptake alone can account for such
DOC removal (>10 mg L™"), given that the dissolved organic matter mobilized from riparian zones is largely
non-labile and water residence times are short (Berggren et al., 2023; Kothawala et al., 2015; Ledesma,
Kothawala, et al., 2018).

We hypothesize that the main process removing DOC from this boreal stream is rapid flocculation and co-
precipitation of DOC with iron (Fe) once hypoxic riparian zone water meets oxic conditions in the stream
(Einarsdottir et al., 2020; Knorr, 2013; Riedel et al., 2013; Tittel et al., 2022). The generally wet and therefore
reducing conditions of the riparian zone, together with the very low concentration of N-NO;™ as a competing
electron acceptor, would favor the formation of soluble Fe** (Tittel et al., 2022). Indeed, soil water in the four
boreal riparian profiles showed high concentrations of total Fe that varied from 1 to as much as 15 mg L™" (Figure
S5 in Supporting Information S1). To put it in context, the concentration of total Fe in riparian soil water at the
Mediterranean sites was in the order of 0.001-0.1 mg L™" (Figure S5 in Supporting Information S1). Hence, we
hypothesize that reduced Fe>* from the riparian zone can be quickly oxidized in the boreal stream into Fe** and
removed from the water column together with affinitive compounds such as DOC via precipitation of Fe hy-
droxides (Neubauer et al., 2013; Riedel et al., 2013). This process is further supported by the significantly lower
Fe concentrations found in stream water compared to riparian soil water across the bigger Krycklan catchment
(Kohler et al., 2014; Lidman et al., 2017; §kerlep et al., 2023), and likely present across the boreal ecoregion.

The same mechanism can be invoked to explain the higher DOC flow-weighted concentration in the wet riparian
profile of the temperate site compared to the stream concentration, particularly during lower flow conditions
(Figure 6¢). Median soil water Fe concentrations in this profile were 12.2 and 18.0 mg L™" at 15 and 30 cm b.s.s.,
respectively (Figure S5 in Supporting Information S1). During low flow conditions, the DSLy, of the wet profile
ranged from 15 to 37 cm b.s.s., implying a hydrological connection between these soil solution Fe-rich riparian
layers and the stream. During higher flow conditions, saturation-excess overland flow increasingly gains
importance as the mode of water export from the high TWI zones here (Werner et al., 2021). Under these
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Figure 6. Relationships between concentrations of dissolved organic carbon (DOC, left-side panels) and nitrate (N-NO;, right-side panels) in streams and
corresponding flow-weighted concentrations in the associated riparian zone profiles in (a—b) boreal, (c—d) temperate, (e—f) subhumid Mediterranean, and (g—h) semiarid
Mediterranean sites. For each ecoregion, data are grouped by discharge quartiles (Q1 to Q4). Circles are medians and error bars represent interquartile ranges. The 1:1
line is indicated by a red line, together with +£20% uncertainty bands as dashed red lines. Note that panel (a) contains four sets of data from four riparian profiles.
Similarly, panels (c—d) contain two sets of data from two riparian profiles.
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circumstances, stream Fe-DOC co-precipitation likely diminishes in importance because Fe oxidation can occur
as water moves overland in the riparian zone. Indeed, the overall DSL,, of the wet profile ranged from 8 cm b.s.s.
to 11 cm above the soil surface, highlighting the importance of flow paths overland in the wet areas. By contrast,
soil water Fe concentrations were markedly lower at the dry riparian profile (ranging from 0.02 to 0.08 mg L™" at
15 and 30 cm b.s.s.), where the DOC flow-weighted concentration tended to be similar to the stream concen-
trations at both low and high flow conditions (Figure 6c).

At the temperate site, we also observed a discrepancy between riparian and stream N-NOj~, whereby stream
concentrations are considerably higher than those expected from riparian zone lateral fluxes, especially during
high flow conditions and independently of riparian TWI (Figure 6d). The most feasible explanation for this
discrepancy is the contribution of additional sources of water with high N-NO5~ concentrations. Specifically,
we hypothesized that the recurrent water ponds over the riparian soil surface observed at this and similar
temperate forest headwater catchments might play an important role in this context (Blaurock et al., 2022;
Werner et al., 2021). We measured a median N-NO; concentration as high as 8.4 mg L™ (interquartile
range = 7.0-10.2 mg L™!, N = 8) in water sampled from these ponds during a 3-month survey in 2023 (DOC
concentrations were similar to those found in the stream).

The contribution of the ponds to the stream when they become hydrologically connected via overland flow,
especially during higher flow conditions, is difficult to quantify. However, this contribution is potentially sig-
nificant in terms of N-NOj~ given the discrepancy between riparian and stream N-NO;~ based on the DSL
calculations, which did not account for the ponds. The high levels of N-NOj in the ponds could be related to the
upslope forest dieback caused by the bark beetle infestation that followed a 2-year drought period starting in 2018,
as we have recently suggested elsewhere (Musolff et al., 2024). Tree death and subsequent removal potentially
had two main effects: (a) the hydrological effect of decreasing evapotranspiration and (b) the biogeochemical
effect of reducing nutrient uptake (Hope, 2009; Kreutzweiser et al., 2008). As a consequence, relatively more
water with high levels of organic and inorganic nitrogen (especially the more mobile N-NO;") could begin
to mobilize from the upslope into the riparian zone, where we hypothesized it emerged into the ponds due to
upwelling at the edge of the riparian zone. Indeed, considering only the early data period before the dieback
(2013-2014; Table 2), the discrepancy between stream and riparian zone N-NO;~ was notably smaller (Figure S6
in Supporting Information S1). This finding suggests that, before the drought, pond water was either less
important in contributing to the stream or had lower N-NO;~ concentrations. Pond water could potentially be
integrated in future studies within the DSL framework via characterization of its hydrological transfer to the
stream and regular monitoring of its chemistry.

The last clear discrepancy between riparian and stream chemistry was observed at the Mediterranean semiarid
site, where both stream DOC and N-NO;~ concentrations were lower than those expected from riparian zone
lateral fluxes, especially during high flow conditions (Figures 6g and 6h). This catchment is larger and the soils
are notably deeper than those in the boreal and temperate sites, which opens the door to potential inflows of deep
groundwater with a distinct chemical signal to the stream bypassing the riparian zone. Indeed, the median DOC
and N-NOj~ concentrations from the deep well near the valley bottom of the catchment (which we assume
represents deep groundwater) were, respectively, 2.5 and 0.02 mg L™', notably lower than stream and riparian
DOC and N-NOj~ concentrations (Figures 6g and 6h). This deep groundwater flows through a medium of very
low hydraulic conductivity and remains hydrologically disconnected from the stream for large parts of the year,
that is, when there is no stream flow or this is in recession (Butturini et al., 2003). Nevertheless, it could dilute the
riparian DOC and N-NOj;~ signal during high flows, largely explaining the notably lower DOC and N-NO;~
concentrations in the stream compared to the riparian zone at the semiarid site.

For the remaining comparisons, including the previously mentioned correspondence between the dry riparian
profile and stream for DOC at the temperate site, the chemistry of riparian and stream waters was either similar or
exhibited small differences (Figures 6b, 6e, and 6f). Riparian spatial heterogeneity can potentially explain these
smaller discrepancies (Stewart et al., 2022). Hydrological and biogeochemical variations within the riparian zone
can complicate the collection of representative riparian soil water samples, underscoring the importance of
selecting representative sampling profiles, which we ensured through careful selection at our sites.

In turn, in-stream biological processes could also modulate the riparian DOC and N-NOj;" signals in some cases.
For instance, net nitrification has been observed in the Krycklan catchment during lower flow conditions (Lupon
et al., 2020), and could have contributed to the apparently higher stream N-NO;~ concentrations compared to the
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riparian zone at the boreal site during low flow (Figure 6b). The prevalence of in-stream N-NO; uptake in the
Mediterranean streams, especially during low flow conditions (Bernal et al., 2012), could have contributed to the
apparently lower stream N-NOj~ concentrations compared to those expected from riparian inputs (Figures 6f and
6h). In-stream DOC uptake can be quantitatively important in Mediterranean streams because of its labile
character, which favors rapid assimilation even during periods of short water residence times (Bernal et al., 2019).
This process is potentially more prominent in semiarid systems (Catalan et al., 2018), and could have contributed
to the discrepancy between riparian and stream DOC at our site (Figure 6g). Ultimately, the complex equilibrium
among supply, demand, and in-stream uptake, together with the variability in metabolically favorable stoichio-
metric C:N ratios, can regulate in-stream heterotrophic processes, especially at the Mediterranean sites (Bernal
et al., 2019; Pefiarroya et al., 2023).

3.5. Conceptualization of the DSL and Riparian-Stream Linkages Across Ecoregions

We found that the DSL that contributes the most to water and solute fluxes to the stream (Figure 4) is shallower
and thinner in boreal systems due to both geological and soil characteristics (shallow glacial till, high organic
matter content, low bulk density, and large structural pores) and overall wetness (Figure 7). In the more mineral
riparian zones of temperate systems, the DSL size and position depend on TWI areas defined by small-scale
topographic heterogeneity: the DSL of high TWI areas resembles that of boreal sites, whereas the DSL of low
TWI areas is wider and deeper (Figure 7). In Mediterranean sites, the DSL is notably deeper than at boreal and
temperate sites, but upper riparian layers that are hydrologically activated only sporadically can have a relatively
large influence on the overall water and solute flux (Figure 7), especially in semiarid systems (Figure 4). This
pattern is driven by large precipitation events characteristic of Mediterranean regions.

Riparian DOC concentrations can be high under contrasting conditions (Figures 4 and 7): cold and moist favoring
low mineralization and accumulation of organic matter (e.g., boreal site), and warm and relatively dry promoting
microbial activity and DOC release in the root zone (e.g., upper riparian layers of Mediterranean sites). Riparian
N-NOj;™ appears to be clearly driven by the redox state, whereby wet-related hypoxic conditions favor denitri-
fication and low concentrations (boreal and temperate sites) and oxic conditions favor nitrification and high
concentrations (Mediterranean sites).

We showed that the position of the DSL can be broadly linked to stream chemical dynamics across all ecoregions
via the activation of different riparian soil layers with distinct chemistry during different flow conditions
(Figures 4 and 5). This assessment supports previous conceptualizations on which the DSL framework is based
(Bishop et al., 2004), as well as the broad concepts of for example, the shallow and deep hypothesis, which
suggests that stream water chemistry is shaped by distinct source waters from different depths (Stewart
et al., 2022).

However, when exploring the correspondence between stream chemistry and that expected from riparian inputs,
discrepancies emerged (Figure 6). In some cases, the discrepancies could be attributed to varying contributions
from water sources other than the riparian zone, which are a function of temporal variability in catchment hy-
drological connectivity. Our assessment helped hypothesizing the origin of these sources, including deep
groundwater (e.g., Mediterranean ecoregion) and pond water overland (e.g., temperate ecoregion) (Figure 7). In
other cases, the observed discrepancies could be better explained by in-stream biogeochemical processes,
including geochemical precipitation (e.g., boreal and temperate ecoregions) and biological uptake or release
(universal, but likely more relevant in the Mediterranean ecoregion) (Figure 7). In summary, the significance of
(a) water sources other than the riparian zone and (b) in-stream biogeochemical processes can vary across flow
conditions and ecoregions, but our results indicate that they can be large enough to modulate the riparian zone
chemical signal that is subsequently reflected in the stream (Figure 7).

4. Concluding Remarks and Implications for Future Research

Riparian zones in forest headwaters exhibit unique hydrological behavior and biogeochemistry relative to the rest
of the catchment, and exert a pivotal role in determining stream water chemistry. This study delves into these
unique characteristics and their differences across four ecoregions in Europe: boreal, temperate, subhumid
Mediterranean, and semiarid Mediterranean. Using DOC and N-NOj;" as illustrative examples, this study also
sheds light on the relative importance of the riparian zone in determining stream chemistry.
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Figure 7. Conceptual figure summarizing our results and proposed hypotheses for the studied ecoregions. For a typical temperate forest headwater catchment, we
separate wet from dry profiles, while both subhumid and semiarid Mediterranean cases are integrated together. The dominant source layer (DSL, delimited by dashed
horizontal lines) is the riparian zone depth stratum through which most of the water and solutes are supplied to streams and is derived from the relationship between the
riparian groundwater table and stream discharge. The lateral transmissivity along the profile is based on this relationship and is illustrated with blue arrows, where larger
arrows represent greater transmissivity. Archetypical mean dissolved organic carbon (DOC) and nitrate (N-NO;) concentration profiles in the riparian soil solution are
presented as green and purple lines, respectively. The central panel illustrates potential mechanisms by which stream chemistry may deviate from riparian soil
chemistry. Roman numerals in the blue box representing the stream indicate which ecoregion these processes might be associated with, and whether they dominate
during high flow, low flow, or across various flow conditions.

We note that our riparian-stream comparison is limited by riparian heterogeneity and does not provide definitive
answers but hypotheses that should be tested in future studies. Regardless, we conclude that streams do not always
mirror the chemistry of soil water in distinct riparian layers. Therefore, the connection between riparian and
stream chemistry might not be as straightforward as previously stated (e.g., Ledesma, Kothawala, et al., 2018),
and neither can stream chemistry simply be described by a mixture of water sources (e.g., Easthouse et al., 1992;
Inamdar & Mitchell, 2006; Stewart et al., 2022).

It is open to investigation how the hydrological and biogeochemical behavior of riparian zones and their link to
stream chemistry will be altered under the influence of a changing climate. A “mediterranization” of the temperate
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and boreal climates, that is, an increase in the frequency and severity of extreme events such as droughts and large
storms, is ongoing and predicted to accentuate (Rédler et al., 2019; Spinoni et al., 2018). However, the long-term
factors that shaped the distinct geology, soil characteristics, and vegetation across these different ecoregions make
it difficult to foresee a “mediterranization” of the riparian and stream responses at more northern latitudes. This is
well-exemplified here by how our temperate catchment responded to a drought. The vegetation that evolved in
this site could not cope with this extreme event, and by dying, likely triggered hydrological (i.e., lower evapo-
transpiration) and biogeochemical (i.e., reduced nutrient uptake) processes that are not seen in Mediterranean
sites after droughts as the vegetation there are adapted to withstand such events. This drought-induced tree death
manifested in large parts of Central Europe and is a present reality and a future threat across temperate forest
catchments (Romeiro et al., 2022).

We highlight that multiple-site approaches can help identify common patterns and specific differences in riparian
hydrological and biogeochemical characteristics across ecoregions, as well as the factors driving these patterns
and the resulting dynamics of stream water chemistry. This comprehensive empirical and conceptual synthesis of
our fundamental understanding of processes controlling water transfer and solute transformation and mobilization
between riparian zones and streams based on the DSL framework can support both scientific assessments and
management of river networks.
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Commons by Attribution licence (CCBY). The Rappbode, Font del Regas, and Fuirosos data are available at the
research data repository HydroShare, also with a CCBY licence (Ledesma, 2025).
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