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The ‘Dominant Source Layer’ (DSL) is defined as the riparian zone (RZ) depth stratum that contributes the most
to water and solute fluxes to streams. The concept can be used to explain timing and amount of matter trans-
ferred from RZs to streams in forest headwaters. Here, we investigated the potential impact of future climate
changes on the long-term position of the DSL in a subhumid Mediterranean headwater catchment. We used the
rainfall-runoff model PERSIST to simulate reference (1981-2000) and future (2081-2100) stream runoff. The
latter were simulated using synthetic temperature, precipitation, and inter-event length scenarios in order to
simulate possible effects of changes in temperature, rainfall amount, and rainfall event frequency and intensity.
Simulated stream runoff was then used to estimate RZ groundwater tables and the proportion of lateral water
flux at every depth in the riparian profile; and hence the DSL. Our simulations indicated that future changes in
temperature and precipitation will have a similar impact on the long-term DSL position. Nearly all scenarios
projected that, together with reductions in stream runoff and water exports, the DSL will move down in the
future, by as much as ca. 30 cm. Shallow organic-rich layers in the RZ will only be hydrologically activated
during sporadic, large rainfall episodes predicted for the most extreme inter-event length scenarios. Conse-
quently, terrestrial organic matter inputs to streams will decrease, likely reducing catchment organic matter
exports and stream dissolved organic carbon concentrations. This study highlights the importance of identifying
vertical, hydrologically active layers in the RZ for a better understanding of the potential impact of future climate
on lateral water transfer and their relationship with surface water quality and carbon cycling.
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transfer of water and solutes from RZs to streams (Schwab et al., 2016;
Laudon and Sponseller, 2018; Weyer et al., 2018). However, a general,

1. Introduction

Riparian zones (RZs) link terrestrial and aquatic ecosystems (John-
son and McCormick, 1979; Swanson et al., 1982) and exert a major
control over water and solute transfer to forest headwaters worldwide
(McDowell et al., 1992; Luke et al., 2007; Bernal et al., 2015; Musolff
et al,, 2018). The growing consensus on the importance of RZs for
catchment hydrology and biogeochemistry has been translated into an
increasing number of studies focusing on the processes that regulate the

Abbreviations: RZ, riparian zone;; DSL, dominant source layer.

mechanistic, cross-ecoregion understanding of how forest RZs transfer
matter to adjacent streams remains elusive.

The ‘Dominant Source Layer’ (DSL) is defined as the RZ depth stra-
tum that contributes the most to water and solute fluxes to streams and it
has been recently proposed to explain timing and amount of matter
transfer from riparian soils to surface waters in forest headwaters across
ecoregions (Ledesma et al., 2018a). The DSL idea is derived from the
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‘control points’ concept (Bernhardt et al., 2017), which moves beyond
classical ‘hot spots’ and ‘hot moments’ (McClain et al., 2003) by inte-
grating both transport and biogeochemical phenomena. The DSL pro-
vides a conceptual framework for testable hypotheses on the importance
of localized riparian processes on stream hydrology and biogeochem-
istry (Ledesma et al., 2015, 2018b; Blackburn et al., 2017).

The identification of the DSL position in the riparian vertical profile
can be inferred from the relationship between the RZ groundwater table
and stream runoff (Seibert et al., 2009). This relationship is character-
istic of most forest catchments within Mediterranean (Lupon et al.,
2016), boreal (Rodhe, 1989; Seibert et al., 2009; Bishop et al., 2011),
and temperate (McDonnell et al., 1998; McGlynn and McDonnell, 2003)
ecoregions. Laterally flowing water traversing the RZ picks up the
chemical signal corresponding to the depth of its flow path across the
RZ, and then transfers it to the stream in corresponding proportions
(Bishop et al., 2004). This phenomenon is known as the transmissivity
feedback mechanism and has been used to explain water and solute
mobilization to streams by lateral flow exports that increase during
precipitation events as RZ groundwater table rises and water enters
highly conductive riparian layers (Lundin, 1982; Rodhe, 1989; Bishop
etal., 2004). Thus, identifying hydrologically active layers in the RZ (i.e.
DSLs) is relevant to assess and understand stream water quality in forest
and other semi-natural headwater catchments.

Temperature and precipitation ultimately control the vertical posi-
tion of the DSL at both long (i.e. annual and inter-annual) and short (i.e.
precipitation event) temporal scales. For instance, future wetter condi-
tions in boreal regions will promote a shift of the DSL towards upper
riparian layers and, consequently, predominant lateral flow paths from
RZs to streams will connect more organic-rich strata to the aquatic
environment (Ledesma et al., 2015). In the Mediterranean ecoregion,
warmer and drier projected conditions for the future (IPCC, 2013) might
have the opposite effect; the DSL could move down to deeper, more
mineral-rich riparian strata. This change, together with the expected
significant reduction in stream runoff under increased aridity (Pascual
et al., 2015), could accentuate the disconnection between groundwater
and soil organic layers (Butturini et al., 2003), and potentially reduce
dissolved organic matter inputs to streams. At the same time, expected
changes in precipitation patterns, including both larger precipitation
events and longer dry spells, complicate our ability to predict the
importance of sporadic hydrological activation of shallow organic-rich
layers for organic matter transfer, as well as the extent to which
typical runoff generation processes will be altered during exceptionally
large storms (Lana-Renault et al., 2014). A better mechanistic under-
standing of climate-induced changes in predominant riparian water flow
paths and their characteristic DSL is thus essential for assessing future
climate impacts on stream water quantity and quality in Mediterranean
forest catchments.

The objective of the present study was to investigate the potential
impact of future changes in temperature and precipitation patterns on
the long-term position of the DSL in a subhumid Mediterranean catch-
ment. We used the rainfall-runoff model PERSIiST (Precipitation,
Evapotranspiration and Runoff Simulator for Solute Transport; Futter
et al., 2014) and a combination of synthetic temperature and precipi-
tation scenarios to explore the influence of warmer and drier conditions
on stream runoff and the position of the DSL. Inter-event length sce-
narios were also applied to explore the potential importance of extreme
precipitation events on both stream runoff generation and the hydro-
logical activation of shallow RZ layers. Finally, we compared these
model results with empirical measurements of organic matter, carbon,
and nitrogen content in the RZ vertical profile to identify potential
consequences of changes in the DSL for stream water quality and carbon
cycling.

2. Study site

Font del Regas is a Mediterranean catchment with total drainage area
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of 15.5 km? located in the Montseny Natural Park, NE Spain (41°49' N,
2°27' E), ca. 30 km NW from the Mediterranean Sea (Fig. 1). The climate
is subhumid Mediterranean with mild winters, wet springs, and dry
summers. The catchment is biotitic granite-dominated, its altitude
ranges from 405 to 1603 m above sea level, and steep slopes (>50%) are
present.

Deciduous European beech (Fagus sylvatica) forest and a small pro-
portion of heathlands (Calluna vulgaris and Gramineae) dominate the
upper parts of the catchment and cover, respectively, 38% and 2% of the
total area. Evergreen oak (Quercus ilex) forest and small proportions of
coniferous trees dominate in the lower parts and cover 54% of the
catchment. Riparian forest, located in the flat near-stream zones (slope
< 10%), covers 6% of the catchment and is composed of a mixture of tree
species including black alder (Alnus glutinosa), black locust (Robinia
pseudoacacia), European ash (Fraxinus excelsior), and black poplar
(Populus nigra) (Lupon et al., 2016). There is a negligible proportion of
riparian forest in the upper 2.9 km stretch of the stream draining the first
1.8 km?. In the following 3.7 km, the width of the RZ increases from 5 to
32 m, which leads to a 12-fold increase in the total basal area of riparian
trees (Bernal et al., 2015).

3. Material and methods

3.1. Stream runoff, riparian groundwater tables, and riparian soil
measurements

We measured stream runoff at a location near the valley bottom of
the Font del Regas catchment draining an area of 13.0 km? (Fig. 1).
Stream water levels were recorded at 15 min intervals from September
2010 to August 2012 using a pressure transducer (Teledyne Isco, Model
1612) attached to a small manmade wall built on one side of the stream
channel. At this location, the streambed is made of pebbles, stones, and
rocks. Stream water levels recorded with the pressure transducer were
converted to stream runoff through the specific rating curve for the
location (R? = 0.98, p < 0.001, N = 65, uncertainty < 2%; Bernal et al.,
2015; Lupon et al., 2016). High frequency values were integrated into
daily data for the two-year period (N = 719 days). Stream runoff is
denoted by units of mm day ' (or mm year™! where appropriate)
throughout the paper.

We selected a well-developed riparian forest area located ca. 500 m
downstream from the stream runoff measurement point to measure
groundwater tables and to characterize the RZ soil profile (Fig. 1). The
selected area has the typical soil (>90% sand, bulk density = 1.09 g
em™!) and vegetation types present in the RZs at Font del Regas (Bernal
et al., 2015; Poblador et al., 2017). There are no permanent tributaries
between the stream gauge and the riparian site, and drainage area only
increases from 13.0 km? to 14.0 km? in this stream section. In addition,
forest type proportions are marginally changed and stream morpho-
logical characteristics (i.e. width, depth, and slope) are very similar
along the stretch that separates the two locations. Therefore, we assume
that specific (i.e. area-normalized) stream runoff was equivalent at these
two points. Further, the riparian area is likely a hotspot for water
accumulation and export to the stream because it is relatively flat
compared to the rest of the catchment. Indeed, water flow direction
along this riparian slope is approximately perpendicular to the stream,
even during summer low flow conditions (Fig. 1). Moreover, the riparian
area is located within a stream reach that is a net receiver of water from
the catchment during base flow conditions (Bernal et al., 2015).

Groundwater levels were recorded at 15 min intervals simulta-
neously with the stream runoff measurements (September 2010 to
August 2012) using a perforated PVC tube equipped with a water
pressure transducer (Druck PDCR 1830) located 2.5 m from the stream
channel within the selected riparian area. Sub-daily high frequency
measurements were averaged into daily values for a total of 664 daily
records (sporadic device failure precluded a full time series for the full
period). Additionally, groundwater levels were manually measured
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Fig. 1. Map of the Font del Regas catchment; including channel network (made up by the potential presence of sporadic overland flow paths, intermittent streams,
permanent tributaries, as well as the main stream reach), land cover types (including forest types and small proportions of heathlands, coniferous trees, and agri-
cultural fields categorized as ‘other’), instrumentations and sampling locations. A schematic representation of the riparian forest area studied, including water
pressure head isolines as estimated on August 2010, is also shown. The location of the Font del Regas catchment within Spain is shown in the inset.

every two weeks during the same period at seven equidistant (ca. 3 m)
piezometers installed ca. 2 m from the stream channel along the RZ
(Fig. 1). A total of 45 supplementary groundwater table measurements
available at each of the seven piezometers were compared with the
continuous measurements. Groundwater table dynamics were notably
similar in all cases (supplementary Fig. A1), which justified the use of
the continuous measurements as representative of the entire riparian
forest area.

A soil pit was excavated in June 2018 for physicochemical charac-
terization of the RZ soil profile. The pit was 1.35 m deep and it was
located ca. 2 m from the continuous groundwater table measurement
location and ca. 4 m from the stream (Fig. 1). We divided the RZ soil
profile in ten different strata based on visual differentiation of texture,
color, and humidity. For each stratum, three soil samples (i.e. three
replicates) were taken and transported in cooling boxes to the laboratory
within three hours from collection, where they were kept frozen until
physicochemical analyses were made. Soil samples were oven dried at
60 °C until constant weight was reached, sieved, and the < 2 mm frac-
tion was used for physicochemical measurements. Relative soil organic
matter content was measured by loss on ignition (450 °C, 4 h). Total soil
carbon and nitrogen content were determined on a gas chromatograph
coupled to a thermal conductivity detector after combustion at 1000 °C
at the Scientific Technical Service of the University of Barcelona.

3.2. Quantification of the Dominant Source Layer

To estimate the DSL at the riparian forest area, we fitted a loga-
rithmic relationship between measured daily groundwater tables and
daily stream runoff (Fig. 2). Data were binned to reduce scattering and
to weight the relative importance of low versus high stream runoff
values, given that base flow conditions were predominant. Hence, daily
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Fig. 2. Relationship between daily groundwater tables at the riparian zone and
daily stream runoff at Font del Regas for the period September 2010 to August
2012 (p < 0.0001, N = 77). Daily stream runoff records were binned at 0.5 cm
groundwater table intervals along the riparian profile.

runoff records were binned at 0.5 cm groundwater table intervals along
the total RZ profile depth (set to 2 m) by obtaining the median value
within each interval, following the same approach as Grabs et al. (2012).
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After this procedure, the final number of observations to fit the loga-
rithmic relationship was 77.

Subsequently, we estimated lateral water fluxes from RZ soil layers
to the stream (at a 1 cm resolution) for any given stream runoff by using
the logarithmic regression equation and assuming Darcy’s law applies,
as described by Seibert et al. (2009). In other words, for any given
stream runoff, lateral flows at any given RZ soil depth were proportional
to the groundwater table — stream runoff curve (Fig. 2), assuming that
they only occurred on saturated layers below the groundwater table, i.e.
shallow perched flow paths to the stream were neglected. In this way,
the DSL can be arbitrarily specified by estimating the relative contri-
bution of each RZ soil depth (at a 1 cm level of resolution) to the total
lateral water flux from the entire RZ profile for any given period of time.
Thus, the proportion of lateral water flux contribution at every cm in the
riparian profile was obtained. This methodology is based on the trans-
missivity feedback mechanism, conceptualized by Bishop et al. (2004)
and mathematically described by Seibert et al. (2009). Following
Ledesma et al. (2015), we quantitatively defined the DSL as the RZ depth
range contributing 50% of the total lateral water flux. This was done for
the two-year calibration period and for the 20-year reference and future
simulation periods (see section 3.4) in each corresponding instance.
Analogously, we also estimated a DSL responsible for 90% of the total
lateral water flux, which represents a more extended estimate of the soil
layers contributing to stream runoff. These depth ranges will be here-
after referred to as DSLs5y and DSLg, respectively.

3.3. Rainfall-runoff model (PERSIST) characterization, calibration, and
validation

We used the rainfall-runoff model PERSIST to simulate reference
(1981-2000) and future (2081-2100) stream runoff, which was then
used to back-calculate RZ groundwater tables and to infer DSLs. PERSiST
is a semi-distributed, bucket type model for simulating catchment water
fluxes, including stream runoff, at daily time steps (Futter et al., 2014).
The model simulates evapotranspiration as a function of temperature,
antecedent soil moisture conditions, and catchment vegetation. PERSiST
conceptualizes the landscape at four spatial levels. A catchment (level 1)
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is represented as one or more subcatchments (level 2). Within each
subcatchment, there are one or more landscape units (level 3). Finally,
each landscape unit is made up of one or more buckets (level 4) through
which water is routed. Within this flexible framework, the modeller
specifies the perceptual representation of the runoff generation process
based on a specified number of interconnected buckets within a mosaic
of landscape units, namely forest types in the present study. The model
requires daily time series of air temperature and precipitation as input
data.

We calibrated PERSIST for the two-year period September 2010 to
August 2012 (with a prior 8-month warm-up period). To do so, we used
daily time series of average air temperature and precipitation measured
at a meteorological station located at the valley bottom of Font del
Regas, daily measurements of stream runoff, and a model structure that
explicitly included the RZ forest compartment (Fig. 3). This approach
was used to successfully simulate and predict future changes in stream
runoff at three nested subcatchments along the Font del Regas stream in
a previous study (Lupon et al., 2018). In the present study, a single 13.0
km? catchment (a single reach application) was used. We divided the
entire catchment in two landscape units: (i) evergreen oak forest
(occupying 51% of the total catchment area) and (ii) deciduous beech
forest (occupying 49% of the total catchment area). Within each land-
scape unit, riparian forest occupied 3% of the area and it was accounted
for by combining five buckets (upland quick layer, upland soil layer,
riparian quick layer, riparian soil layer, and groundwater) in appro-
priate proportions along the hillslope (Fig. 3), analogously to Lupon
et al. (2018). The upland quick and riparian quick layers represented the
upper soil stratum that transmit water laterally to the stream only during
large precipitation events, in accordance to the DSL concept quantified
in Fig. 2.

We improved the Lupon et al. (2018) best parameterization (in terms
of model efficiency) to calibrate the single 13.0 km? drainage area by
manually adjusting the model parameters in order to maximize the
values of four performance metrics. The resultant stream runoff simu-
lation was slightly better than the one presented by Lupon et al. (2018),
i.e. we obtained a (i) higher Nash-Sutcliffe (NS) efficiency index (Nash
and Sutcliffe, 1970), (ii) higher log(NS), (iii) lower relative volume

/ s/ s 7 / 4
7 /
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e e e e B LT - - Soil surface
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Fig. 3. Conceptual diagram showing water fluxes (arrows) and buckets as configured in the PERSIST application to Font del Regas in the present study. P is pre-
cipitation and ET is evapotranspiration. This configuration was used in the two landscape units in which the catchment was divided (i.e. evergreen oak forest and

deciduous beech forest).
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differences (RVD) between observed and simulated stream runoff, and
(iv) variance of the simulated time series closer to that of the observed
data (i.e. the ratio of observed to simulated time series (VAR) was closer
to 1). A detailed comparison between model parameters used by Lupon
et al. (2018) and model parameters used here can be found in the sup-
plementary material (supplementary Table Al). Further information on
model configuration and calibration is available in Lupon et al. (2018).

In order to explore the potential influence of future extreme pre-
cipitation events on stream runoff generation, and thereby on DSL po-
sitions, we considered two different parameterizations. First, we used
the aforementioned manual parameterization, which produced rela-
tively fast rainfall-runoff responses (hereafter referred as to ‘fast’) under
future extreme precipitation events. We then obtained a second model
parameterization, derived from the former, which simulated a lower
capacity of the system to generate fast rainfall-runoff responses under
such extreme events (hereafter referred as to ‘slow’). For that, we
changed the PERSiST parameter ‘time constant’ of the upper soil layer in
the two landscape units considered. Generally, this parameter defines
the residence time of water of a specified soil layer within the specified
model structure. At the upper soil layer (defined as ‘quick layer’ in the
present application, Fig. 3), it regulates the immediacy of stream runoff
generation during large precipitation events, as we have observed in
previous model applications. We increased the value of the ‘quick layer’
time constant so that (i) the NS efficiency index during the calibration
process was maintained within 5% of the original (‘fast’) parameteri-
zation and (ii) the RVD was maintained within 5% (original RVD was
3.1%). These criteria defined our limits of acceptability for behavioural
models during calibration (sensu e.g. Beven, 2000). Hence, in the slow
parameterization, water was transmitted more slowly to the stream
during large storms. We expected that this small change in present day
parameterizations, i.e. changing the value of one model parameter
within the limits of acceptability for behavioural models, might have a
disproportionate impact in future rainfall-runoff model simulations that
included extreme precipitation events not observed during calibration
or the reference period.

We considered previous observations and independent sets of data
for validating the model. At Font del Regas, daily fluctuations in stream
runoff can be used as a proxy for daily riparian evapotranspiration dy-
namics because they are strongly correlated with independent sap-flow
measurements from riparian trees (Lupon et al., 2016). Based on these
previous empirical evidences, we validated the model by assessing the
fit of the linear relationship between monthly mean values of simulated
daily riparian evapotranspiration and monthly mean values of observed
daily stream runoff fluctuations, for the two-year calibration period (i.e.
N = 24). We carried out a further model validation by comparing the
empirical DSL curve derived from the observed stream runoff mea-
surements with the simulated DSL curves derived from the simulated
stream runoff (from fast and slow parameterizations), for the calibration
period. As a reminder, for any given period, the DSL curve displays the
proportion of lateral water flux contribution at every cm in the riparian
profile, which is derived from the characterized RZ groundwater table —
stream runoff relationship.

3.4. Future climate scenarios and Dominant Source Layer projections

Because of its longer available time series, we used data from Turé de
I’'Home, a meteorological station located ca. 6 km southwest from the
Font del Regas meteorological station, to construct daily time series of
temperature and precipitation at the study catchment for the reference
period 1981-2000. For this, we used the linear regression models (R? >
0.90, p < 0.001, N = 53) described by Lupon et al. (2018) that related
monthly mean temperature and monthly total precipitation at Font del
Regas and Turé de I’'Home stations for the period 2010-2014 (supple-
mentary Fig. A2).

Using 1981-2000 as a baseline, we generated synthetic temperature
and precipitation time series by considering the representative
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concentration pathway (RCP) projection changes for 2081-2100 pro-
vided by IPCC for Mediterranean zones. RCP scenarios project an in-
crease in temperature all year round (more pronounced in summer than
in winter) that ranges from 0.75 °C in all seasons under the RCP2.5
(percentile 0.25) scenario, to 6 °C in summer and autumn under the
RCP8.5 (percentile 0.75) scenario. Precipitation is projected to decrease
in April-September, by as much as 35% under the RCP8.5 (percentile
0.25) scenario, while small changes are expected in October-March,
including a slight increase of 5% under the RCP2.5 (percentile 0.75)
scenario. We applied five scenarios for seasonal changes in both tem-
perature and precipitation that covered the whole range of plausible
RCP projections (Table 1), which resulted in an overall change in both
temperature and precipitation for the whole 20-year data series for each
scenario.

Five inter-event length scenarios were applied by uniformly
increasing the duration of the dry spells in the reference period from 0%
(no change) to 200%, without changing the overall precipitation
amount (supplementary Fig. A3). Hence, the inter-event length was
calculated as the difference in days between the last day of a given
rainfall event, which defined the start of the dry spell, and the first day of
the following event, which defined the end of the dry spell. Rainfall
events separated by one day without precipitation were considered in-
dependent. Subsequently, the length of the inter-event duration in the
reference period was increased by 0, 50, 100, 150 and 200% by delaying
the end of the dry spell accordingly. To keep the water volume constant,
the total amount of precipitation registered during the days that were
originally part of a rainfall event (and subsequently part of the dry spell)
was added to the first day of the following rainfall event. These scenarios
were meant to represent extreme hydrological conditions, i.e. longer dry
spells followed by larger precipitation events (Folwell et al., 2016).
Inter-event length scenarios are of interest because the DSL position
could vary not only as a consequence of changes in the magnitude of
annual precipitation and average temperature, but also because of an
increase in the occurrence of hydrological extremes. We combined each
of the five inter-event length scenarios considered with each of the five
temperature and precipitation scenarios, generating a total of 125
climate scenarios (Table 1).

These 125 synthetic future climatic scenarios, together with the
reference scenario, were run in PERSIST using both the fast and slow
parameterizations obtained during calibration in order to produce daily
time series of stream runoff at Font del Regas for the corresponding 20-
year periods. In a further step, stream runoff was used to back-calculate
groundwater tables at the RZ using the estimated RZ groundwater table
— stream runoff relationship (Fig. 2). Subsequently, the DSL position was
characterized for each of the future scenarios and compared with the
DSL position of the reference period using the quantification method
described in section 3.2, for both fast and slow parameterization out-
puts. Relationships between changes in the DSL position and changes in
climate variables were established following the scenario-neutral
method proposed by Bussi et al. (2016). Briefly, a response surface is
created by comparing a variable of interest (here the position of the
simulated DSL) with defined climatic stressors (here changes in tem-
perature, precipitation, and inter-event length). Thus, in order to
analyze the impact of future climate variable changes on the long-term
position of the DSL, changes in the median depth of the DSLs5¢ (as the
movement up or down with respect to the reference 1981-2000 case)
were plotted against overall (20-year) changes in temperature, precip-
itation, and inter-event length for all future scenarios.

4. Results
4.1. Stream runoff calibration and Dominant Source Layer validation
For the two-year calibration period, average annual precipitation

and stream runoff values at Font del Regas were, respectively, 1087 and
256 mm year™!, and therefore the average annual runoff coefficient was
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Table 1

Temperature (T), precipitation (P), and inter-event length (L) (i.e. duration of dry spells) changes applied to the whole reference period (1981-2000) climate data in
order to construct future period (2081-2100) scenarios. Each of the five scenarios presented for each climatic variable were combined with each of the five scenarios
from the other two variables, generating a total of 125 scenarios. Temperature and precipitation changes covered the whole range of projections from the repre-
sentative concentration pathway (RCP) scenarios proposed for Mediterranean zones for the period 2081-2100. Inter-event length changes were arbitrarily assigned.

Temperature change (°C) Precipitation change (%) Inter-event length change (%)

Scenario Dec-May Jun-Nov Scenario Oct-Mar Apr-Sep Scenario Jan-Dec
T1 +0.5 +1.0 P1 —-15 -35 L1 0
T2 +1.5 +1.8 P2 -10 —25 L2 +50
T3 +2.5 +3.6 P3 -5 —-15 L3 +100
T4 +3.5 +4.2 P4 0 -5 L4 +150
T5 +4.5 +6.0 P5 +5 0 L5 +200

0.24. PERSIiST was able to successfully simulate both the temporal
pattern and the magnitude of stream runoff (Fig. 4). Model simulations
were virtually equivalent between the two parameter sets corresponding
to fast and slow runoff response parameterizations, i.e. the difference in
performance metrics for the calibration period obtained from these two
parameterizations was minimal. NS efficiencies (important to fit high
runoffs) and log(NS) (important to fit low runoffs) equalled 0.91 for the

fast parameterization, while the values for these two metrics were 0.86
and 0.88, respectively, for the slow parameterization. The model slightly
underestimated the total stream discharge by 3.1% (fast parameteriza-
tion) and 4.6% (slow parameterization). The VAR (important to ensure
that observed and simulated series have similar variances) was 0.97 for
both parameterizations. The small discrepancy between observed and
the two sets of simulated data was mainly associated with two large
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Fig. 4. Time series of (a) precipitation, (b) daily difference (A) between observed and simulated stream runoff, and (c) daily observed and simulated stream runoff at
the stream measurement location of the Font del Regas catchment for the calibration period (September 2010 to August 2012). Results are shown for both ‘fast’ (high
potential for fast runoff generation) and ‘slow’ (low potential for fast runoff generation) model parameterizations. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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precipitation events; one in October 2010 (four-day accumulated rain-
fall of 144 mm) and one in November 2011 (147 mm on November 15)
(Fig. 4a, b).

Simulated riparian evapotranspiration and observed diel stream
runoff fluctuations (as a proxy for observed riparian evapotranspiration
dynamics) were strongly related (linear regression, R? = 0.92, p <
0.0001, N = 24), which provided a satisfactory validation of the model
(Fig. 5a). Furthermore, there was a good agreement between the DSL
curves derived from observed and simulated data, from both the fast and
slow parameterizations (Fig. 5b). For the observed data, DSLsy was
located between 86 and 106 cm below the soil surface (b.s.s.), whereas
the simulated DSLsy was between 84 and 104 cm b.s.s. for the fast
parameterization and between 85 and 105 cm b.s.s. for the slow
parameterization. Therefore, the DSL thickness equalled 21 cm in all
three cases. Analogously, DSLgg was located between 68 and 124 cm b.s.
s. and between 65 and 121 cm b.s.s. using the observed data and the
simulated (fast and slow) data, respectively (i.e. DSL thickness equalled
57 cm in all three cases).

4.2. Reference and future projections of climate and stream runoff

The reference period (1981-2000) was characterized by an average
annual air temperature of 12.9 + 0.6 °C (average + standard deviation)
and an average annual precipitation of 764 + 203 mm year '. The
average duration of consecutive days with no rainfall during this period
(i.e. average inter-event length) was 4.3 + 4.7 days and the average
daily rainfall event amount was 5.9 + 10.9 mm day !. Future
(2081-2100) temperature scenarios showed increased annual average
values that ranged from 13.6 °C in the less extreme scenario (T1) to
18.1 °C in the most extreme scenario (T5, Table 2). The driest future
precipitation scenario (P1) led to an average annual precipitation of 583
4+ 171 mm year’l, whereas the value for the wettest scenario (P5) was
786 + 213 mm year’l, slightly higher than the reference one (Table 2).
Future average inter-event length increased from scenario L1 (same as
reference) to scenario L2 (12.9 + 9.4 days). The combination of pre-
cipitation and inter-event length scenarios led to a wide range of average
daily rainfall event amounts for the future periods, ranging from 4.5 +
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8.8 mm day ! for the combined L1 and P1 scenarios to 25 + 34 mm
day_1 for the combined L5 and P5 scenarios (Table 2).

The reference period (1981-2000) showed an average annual
simulated stream runoff of 86 and 84 mm year " for fast and slow pa-
rameterizations, respectively. The overall runoff coefficient was 0.11 in
both cases, although the inter-annual variation of this parameter was
large, ranging from 0.03 to 0.25 (Fig. 6). The distributions of both
annual stream runoff and runoff coefficient were very similar between
the fast and the slow parameterizations in the reference period. The 125
future (2081-2100) scenarios also produced a large range of annual
stream runoff conditions and runoff coefficients; from 12 to 374 mm
year ! and from 0.03 to 0.30, respectively. Considering all 125 sce-
narios, both the slow and the fast parameterization produced similar
results at the lower end (i.e. the drier scenarios) of the distributions of
both annual stream runoff and runoff coefficient. By contrast, the fast
parameterization led to larger annual stream runoff and runoff co-
efficients than the slow parameterization at the upper end of the dis-
tributions (i.e. the wetter scenarios) (Fig. 6). There was a positive
relationship between annual precipitation and both annual stream
runoff (exponential regression, R2 = 0.60, p < 0.0001) and annual
runoff coefficient (exponential regression, R? = 0.43, p < 0.0001).
However, as precipitation increased, a wide range of possible stream
runoff conditions and runoff coefficients were projected (supplementary
Fig. A4).

4.3. Reference and future Dominant Source Layer projections

DSL curves derived from future scenarios differed from the DSL curve
of the reference period, for both the fast and the slow parameterizations
(Table 3, Fig. 7a, b). The depth at which the maximum proportion of
lateral water flux occurred shifted from 98 cm b.s.s. in the reference
period to 116 + 13 cm b.s.s. for the combined fast and slow parame-
terization scenarios in the future. The maximum depth for this
descriptor was found at 128 cm b.s.s for six of the future scenarios (in
both fast and slow parameterizations). The upper depth that contributed
to lateral flow to the stream was located at 61 cm b.s.s. for the reference
period, while this depth was deeper for the slow parameterization

Proportion of lateral water flux
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Fig. 5. (a) Relationship between monthly means of simulated daily riparian evapotranspiration (ET) and monthly means of observed diel stream runoff (Q) fluc-
tuations (as a proxy for observed daily riparian evapotranspiration) at Font del Regas for the calibration period (September 2010 to August 2012). Simulated ET for
‘fast’ (high potential for fast runoff generation) and ‘slow’ (low potential for fast runoff generation) model parameterizations was identical. (b) Dominant Source
Layer (DSL) curves derived from observed and simulated stream runoffs in relation to riparian zone depth. Light grey depth range represents the DSLo, (riparian zone
depth range contributing 90% of the total lateral water flux) and the dark grey depth range is the DSLsq (riparian zone depth range contributing 50% of the total
lateral water flux), as derived from the observed stream runoff data. Both ‘fast’ and ‘slow’ model parameterization results are shown in (b). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2
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Annual average + standard deviation (SD) of temperature (T), precipitation (P), and inter-event length (L) (i.e. duration of consecutive days with no rainfall) for
reference (1981-2000) and future (2081-2100) scenarios. The range of average + SD daily rainfall event amounts for reference and future L scenarios is also shown.
Each of the five future scenarios presented for T, P, and L were combined with each of the five future scenarios from the other two variables, generating a total of 125

scenarios.
Scenario Temperature (°C year’l) Scenario Precipitation (mm year’l) Scenario Inter-event length (days) Rainfall event (mm day’l)
Reference 12.9+0.6 Reference 764 + 203 Reference 4.3+4.7 5.9+11
T1 13.6 £0.6 P1 583+171 L1 4.3+4.7 45+8.8t06.0+11
T2 145+ 0.6 P2 638 +£182 L2 7.6+7.4 82+14t011+18
T3 159+ 0.6 P3 693 +192 L3 10.4+8.7 13+20to 17 £25
T4 16.7 £0.6 P4 748 + 203 L4 11.8+9.1 16 +23 to 21 £30
TS 18.1+0.6 P5 786 + 213 L5 129+9.4 18 £27 to 25+ 34
400 Table 3
—_ 8 Dominant Source Layer (DSL) curve descriptors derived from the reference
E 8 (1981-2000) and the 125 future (2081-2100) scenarios from both ‘fast’ (high
=300 g potential for fast runoff generation) and ‘slow’ (low potential for fast runoff
% ° generation) model parameterizations (par). Model results for the reference
c ° ! period from both parameterizations were equal. For each descriptor, the
2 average + standard deviation and the range (within parenthesis) of the 125
%200 4 future scenarios are shown.
g : DSL curve descriptor Reference Fast par Slow par
v | (ecm b.s.s.) (cm b.s.s.) (cm b.s.s.)
S i
5100 - | Upper contributing depth 61 41 +15 65+4
E | (27-75) (59-77)
< - DSLg, upper depth 76 51+24 80+3
(27-84) (72-84)
0 . . . DSLs upper depth 87 96 +7 98+8
(84-117) (85-117)
DSLsg lower depth 114 130+7 129 +8
(113-142) (111-142)
0.3 A ] DSLgo lower depth 139 149+ 4 144+ 4
E 8 (137-158) (135-150)
2 . § Max contributing depth 98 116 £13 115+13
Q (93-128) (92-128)
‘C DSLsy thickness (cm) 28 3242 29+1
£02 1 (26-36) (26-32)
8 DSLgy thickness (cm) 64 80+11 65+1
(65-96) (63-67)
S |
c ! I
S5 0.1 ! I
)
parametrization, the future thickness of DSLgg was similar to that
0 ! " ' simulated for the reference period, yet its upper and lower delimiting
Reference Fast par Slow par depths were, on average, 4 and 5 cm deeper (Table 3). For the fast

Fig. 6. Distribution of annual stream runoff and annual runoff coefficient
values corresponding to all simulated years from the reference period
(1981-2000) and the 125 future (2081-2100) scenarios. For the future sce-
narios, both ‘fast’ (high potential for fast runoff generation) and ‘slow’ (low
potential for fast runoff generation) model parameterization (par) results are
shown. The outputs obtained from both parameterizations for the reference
period were very similar and only the results from the fast parameterization are
shown. Pink dots represent the corresponding values from the two-year cali-
bration period (September 2010 to August 2012).

scenarios (65 + 4 cm b.s.s.). The fast parameterization led to the acti-
vation of shallower depths in the riparian profile (up to 27 cm b.s.s.)
(Table 3, Fig. 7a), specifically for the most extreme inter-event length
scenarios (L3 to L5 in Tables 1 and 2).

The upper and lower depths delimiting DSLs( for the reference sce-
nario were 87 and 114 cm b. s. s., respectively. These upper and lower
depths shifted, respectively, 10 and 15 cm down the riparian profile for
the combined fast and slow parameterizations in the future scenarios. By
contrast, the thickness of DSLsy was similar for both the reference and
the future cases, varying between 26 and 36 cm (Table 3). In its turn,
DSLy for the reference period was constrained between 76 and 139 cm
b.s.s., resulting in a DSL thickness of 64 cm. For the slow

parameterization, the activation of shallower depths under the most
extreme inter-event length scenarios led to the vertical expansion of
DSLgg along the soil profile (Fig. 7a). For example, scenario T5, P1, L5
(Tables 1, 2) had a DSLgg divided into a shallow stratum between 35 and
55 cm b.s.s. and a deeper stratum between 82 and 154 cm b.s.s., which
together led to a total thickness of 92 cm.

The DSL position changed in response to changes in climate vari-
ables, and the patterns were consistent for both the fast and slow pa-
rameterizations (Fig. 8). The position of DSLs( rose by only 2 cm only for
the wettest scenarios, while it shifted down as much as 28 cm for the
driest scenarios. The DSLsq position responded similarly to changes in
precipitation and temperature; i.e. as the system became warmer and
drier, DSLso moved down in the riparian profile in similar proportions
(Fig. 8a, d). By contrast, the DSLs( position was relatively insensitive to
changes in inter-event length (Fig. 8b, c, e, f).

4.4. Characterization of the riparian soil profile

The riparian soil profile consisted of a 10 to 15 cm organic horizon
underlain by a semi organic layer with large number of roots down to
35 to 45 cm b.s.s (A horizon). The highest organic matter content (up
to ca. 6%) was measured closer to the surface and then decreased with
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Fig. 7. Dominant Source Layer (DSL) curves derived from reference (1981-2000, thick, red lines) and 125 future (2081-2100) scenarios in relation to riparian zone
depth at Font del Regas. Results are shown for both (a) ‘fast’ (high potential for fast runoff generation) and (b) ‘slow’ (low potential for fast runoff generation) model
parameterizations. In each case, darker coloured lines correspond to drier scenarios (i.e. higher temperatures, lower precipitations, and higher inter-event lengths),
whereas the wetter scenarios are indicated with lighter coloured lines. Vertical distributions of (c) organic matter (OM) and carbon (C) and (d) nitrogen (N) content of
a representative riparian soil profile are also shown. For panels (c) and (d), circles represent average values and error bars represent standard deviations of three
replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

depth down to ca. 1% at 1.35 m b.s.s. (Fig. 7c). Carbon and nitrogen
contents followed a similar pattern to the one observed for the organic
matter and varied from 0.3% to 2.2% and from 0.03% to 0.2%,
respectively (Fig. 7c, d).

5. Discussion
5.1. Overall PERSIiST model performance

PERSIST successfully reproduced stream runoff magnitude and dy-
namics at Font del Regas, as indicated by all performance metrics (NS,
log(NS), RVD, and VAR) and by visual inspection of the hydrographs
(Fig. 4c). The overall calibration period was exceptionally wet, which
led to an exceptionally high runoff coefficient and high annual stream
runoff; yet they were within the plausible reference and future condi-
tions according to our simulations (Fig. 6, supplementary Fig. A4). This
could imply that the two parameterizations obtained during the cali-
bration procedure were primarily balanced for wet conditions, which
could bias future hydrological projections. However, the calibration
period also included typical summer droughts (e.g., only 25 mm of
rainfall were recorded in the combined months of June and July of
2012). We argue that the overall exceptionally wet calibration period,
which included occasional typical dry conditions, allowed us to calibrate
the model under a wide range of stream runoff circumstances, from low
base flow to infrequent high stream runoff peaks produced by seldom
observed large rainfall events. All in all, we believe that having a set of
overall wet and occasional dry conditions was favourable for calibrating
the model, simulating future conditions, and developing our main
objective, despite the relatively short time series used.

In addition, the exceptionally wide weather conditions encountered
during the calibration period ensured that a wide range of RZ

groundwater table depths was also captured. This is essential to
construct reliable relationships between RZ groundwater tables and
stream runoff, which are the basis for subsequent DSL estimations. In
Font del Regas, these two variables were more strongly related (i.e. they
showed a higher R?) than in similar studies conducted in the boreal
ecoregion (e.g. Bishop et al., 2011; Ledesma et al., 2016), which further
confirms the suitability of our approach. Finally, model validation via
comparison of (i) observed stream runoff fluctuations (as a proxy for
observed riparian evapotranspiration) and simulated riparian evapo-
transpiration and (ii) observed and simulated DSLs was satisfactory
(Fig. 5). Overall, accurate and validated model simulations were ach-
ieved suggesting that the two model parameterizations (fast and slow)
were robust and could be used for stream runoff simulations and DSL
estimations under reference and future climate scenarios.

5.2. Dominant Source Layer projections and response to climate variable
changes

In order to explore the potential response of the DSL to changes in
climate, we considered a wide range of climatic conditions based on an
ensemble of 125 synthetic climate scenarios that together went beyond
the available climate model projections. This approach helped under-
standing the long-term sensitivity of the DSL position to changes in
temperature, total precipitation, and inter-event length, and widely
covered potential uncertainties arising from the estimation of future
climate variables and model parameterization.

Changes in temperature and total precipitation led to similar changes
in the DSL position (Fig. 8), suggesting that these two factors will be
equally important in determining the location of important lateral water
fluxes in the future. An increase in temperature will likely increase both
evaporative demand from the atmosphere and water demand from



J.L.J. Ledesma et al.

(a)

Journal of Hydrology 595 (2021) 126014

200 200
13 ~ ~
> g 150 g 150
()] c c
c 1] ©
© oy =
.S [&] o
o £ 100 £ 100
5 c c
© @ Qo
@ k= €
g ¢ 50 S 50
(9] $ @
© 8 8
£ £
-20 -15 -10 -5 0 1 2 3 4 5
Precipitation change (%) Precipitation change (%)
(d) 200 200
_ S S
O ~ <
< S 150 S 150
2 5 5
(=]
& S 5
o % 100 S 100
o c c
S @ Q
2 . E z
g 4 & 50 5 50
k3 3 3
/ c IS
Q
" .
-20 -15 -10 -5 0 -20 -15 -10 1 2 3 4 5

Precipitation change (%)

Precipitation change (%)

Temperature change (°C)

Fig. 8. Future (2081-2100) change in the 50% Dominant Source Layer (DSLsg) position with respect to the reference period (1981-2000) as a function of tem-
perature, precipitation, and inter-event length changes, and expressed in centimetres moving down (negative numbers) or up (positive numbers) in the riparian zone
profile. The DSLs, is defined as the riparian zone depth range contributing 50% of the total lateral water flux. Results are shown for both (a), (b), (c) ‘fast’ (high
potential for fast runoff generation) and (d), (e), (f) ‘slow’ (low potential for fast runoff generation) model parameterizations.

plants (Wang et al., 2012; Lupon et al., 2018). This increase in evapo-
transpiration rates in the long-term might lead to a drop in RZ
groundwater tables (and thus DSLs) and a consequent decrease in lateral
water exports from RZs to streams. Notably, a decrease in precipitation
will have a direct effect on the water balance by decreasing water
availability, further lowering DSLs and lateral water exports. In turn, a
decrease in water availability can also affect plant phenology and
growth (Vicente-Serrano et al., 2013), and promote changes in vegeta-
tion that might further change evapotranspiration patterns in the RZ
(Penuelas and Boada, 2003; Poblador et al., 2019). Yet, and in a desire
for simplicity, we did not consider possible changes in either vegetation
cover or evapotranspiration patterns associated with future changes in
climatic conditions. Further studies exploring this type of questions
would be needed, which could be especially important because the
overall effect of climate change on evapotranspiration patterns is a
complex issue still under debate (Matheny et al., 2014; Yu et al., 2016;
Teuling et al., 2019).

On the other hand, the DSL position was relatively insensitive to
changes in inter-event length, for both fast and slow parameterizations,
for the overall 20-year periods (Fig. 8). Changes in inter-event length
modify the intra-annual distribution of precipitation, which in the most
extreme scenarios can lead to (i) periods of very low and deep lateral
water transfer from RZs to streams, and (ii) activation of shallow
conductive riparian layers in response to large rainfall events. During
the overall 20-year period, inter-annual compensatory effects may be
concealing these two phenomena, which could partially explain why
temperature and total precipitation, but not inter-event length, were the
most important climate variables driving long-term trends in the DSL
position. Yet, extreme precipitation events could cause sporadic

10

hydrological activations of shallow RZ layers, i.e. organic and A horizons
above 35 cm b.s.s. (Poblador et al.,, 2017), especially for the fast
parameterization simulations (Fig. 7a). According to our simulations,
the frequency of daily events for which RZ layers above 35 cm b.s.s. will
be hydrologically connected to the stream may increase with increasing
inter-event length, i.e. from L1 to L5 scenarios (supplementary Fig. A5).

Inter-event length scenarios L2 to L5 included rainfall events larger
than 200 mm day ™! (and up to 268 mm day ), which led to a range of
associated daily simulated stream runoffs of 37 to 79 mm day ! for the
fast parameterization and of 0.1 to 6.4 mm day * for the slow param-
eterization. These numbers highlight the discrepancy between the two
parameterizations in simulating peaks in stream runoff under excep-
tionally large precipitation inputs in the future. In light of their different
outcomes, the question that arises is whether the fast or the slow pa-
rameterizations considered in the present study yield realistic future
scenario results. Rainfall events larger than 200 mm day ! have been
recorded on several occasions in the NW Mediterranean region
(Gonzalez-Hidalgo et al., 2003; Llasat et al., 2013), and so it is
conceivable that they could occur anytime at Font del Regas (Ledesma
et al., 2021). Unfortunately, most of these events do not have associated
runoff data from neighboring forest headwater streams because catch-
ments are generally ungauged and no systematic stream runoff mea-
surements are available (Llasat et al.,, 2013). Consequently,
understanding runoff generation during extremely large rainfall events
in these systems is challenging and stream runoff peaks appear to be
strongly dependent on antecedent soil moisture conditions (Avila et al.,
1992; Bernal et al., 2002; Lana-Renault et al., 2014). This dependency
likely led to the wide range of simulated stream runoff conditions and
runoff coefficients associated with high overall precipitation at the
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annual scale observed here (supplementary Fig. A4). As an example in
the context of this discussion, a stream runoff peak of 52 mm day ' was
recorded in March 2013 at a forest headwater catchment close to Font
del Regas as a response to a two-day rainfall event of 163 mm (Ledesma
et al., 2019). By contrast, the peak in stream runoff recorded at Font del
Regas during the calibration period was 7.5 mm day ! as a response to a
two-day rainfall event of 154 mm (Fig. 4).

Thus, we cannot be certain whether the fast or the slow parameter-
ization produced more realistic outcomes and the ‘true’ answer probably
lies somewhere in between. A way to overcome this limitation caused by
epistemic uncertainty is to include a wide range of climatic conditions
and contrasting model parameterizations in order to cover the range of
plausible outcomes, as we have done here. Epistemic uncertainty arises
from a lack of knowledge about how to represent a catchment system in
terms of both model structure and parameters and may include things
that have not yet been perceived as being important, but which might
result in reduced model performance when surprise events occur
(Beven, 2016). Here we showed that even a minimalist approach to
epistemic uncertainty using only a single model and changing a single
parameter gave rise to a broad range of system behaviours when, indeed,
surprise events (i.e. extremely large precipitation events in future sce-
narios) were present in the simulations. Such events were missing in the
calibration period and the reference scenario, when, by contrast, the fast
and slow model parameterizations led to virtually equivalent stream
runoff simulations.

Future modelling work could improve on the work presented here by
considering specific hydrological processes that could have greater
relevance under future climate conditions. For instance, the hydrologi-
cal activation of shallow RZ layers might be constrained by the actual
physical capacity of the soils to first infiltrate and subsequently transfer
water laterally to the stream during extreme precipitation events. These
events can be associated with rapid runoff generation, overland flow,
and destructive flash floods in Mediterranean catchments (Llasat et al.,
2013). In its present form, the DSL approach does not directly account
for overland flow generation over unsaturated soils as it is based on the
static logarithmic relationship between RZ groundwater tables and
stream runoff. Moreover, the present approach does not consider the
occurrence of reverse hydraulic gradients from the stream to the RZ,
which may occur during dry periods in Mediterranean catchments
(Butturini et al., 2003; Lupon et al., 2016), and may become more
important under drier and warmer conditions. Nevertheless, these dry
period-related situations entail very low transfer of both water and
solutes, independently on the direction of movement, and are not as
critical in the context of matter transfer as hydrological processes
associated with extreme rainfall events. Despite these limitations, the
approach used here, which combines the use of a well-established
rainfall-runoff model and the well-grounded DSL conceptual model,
provides a framework for hypothesis testing and prediction that can be
useful to infer potential consequences of future climate for the transfer
of water and solutes from terrestrial to aquatic ecosystems, and thus for
surface water quantity and quality, in Mediterranean headwaters and
similar systems located elsewhere.

5.3. Implications for surface water quality

Future changes in the DSL position will likely imply changes in the
chemical signal transferred from the RZ to the stream and thus, in sur-
face water quality. At Font del Regas, the predicted range of change was
wide (from a shift up of 2 cm to a shift down of 28 cm) though the
general trend shown by most scenarios was towards moving down. For
instance, the depth with the maximum contribution to lateral water flux
is projected to move down an average of 18 + 13 c¢m, from 98 to 116 cm
b.s.s. (Table 3) and many scenarios showed the maximum contributing
depth as low as at 125 to 128 cm b.s.s. (Fig. 7). Notably, the soil
chemistry associated with the deeper RZ layers providing most of the
lateral water flux in the future scenarios is different from the RZ layers
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that contributed the most to the lateral water flux in the reference
period. In particular, deeper RZ layers showed lower organic matter,
carbon, and nitrogen content, as usually reported for forests soils
(Jobbagy and Jackson, 2000, 2001). This suggests that the future drop in
the DSL position at Font del Regas will entail a lower transfer of dis-
solved organic matter from the RZ to the stream, not only because of the
anticipated decrease in water fluxes, but also because dissolved organic
carbon (DOC) and nitrogen concentrations in RZ water will likely be
lower.

This potential outcome is relevant because dissolved organic matter
inputs from terrestrial ecosystems are an important energy source for
aquatic organisms and thus future declines could disrupt stream meta-
bolism, ecosystem productivity, and food web structure (Elser et al.,
2000; Bernal et al., 2018). At the same time, carbon budgets and cycling
could be disrupted by a decrease in lateral carbon exports. To illustrate
potential changes in lateral DOC exports and concentrations under
future climate conditions, we annually integrated the daily product of
simulated lateral flow and measured carbon content in the riparian
profile for the most extreme scenarios and compared the resulting lateral
DOC export and flow-weighted concentration with the reference sce-
nario. We based these calculations on the fast parametrization simula-
tions, which were more conservative because the sporadic activation of
shallow organic-rich RZ layers during large storm events could partially
compensate for future declines in lateral DOC exports and concentra-
tions. For this rough approximation, we assumed that (i) measured
carbon content pattern in the profile was representative of the entire RZ
and did not substantially change over time (Jobbagy and Jackson,
2000), and (ii) measured carbon content was proportional to riparian
soil water DOC concentrations (Hope et al., 1997; Evans et al., 2006).
The scenario with no changes in inter-event length and the warmest,
driest future climate (T5, P1, L1, Table 2) resulted in a 65% lower water
transfer, a 71% lower DOC transfer, and a 19% lower annual average
DOC flow-weighted concentration. The equivalent scenario with the
maximum increase in inter-event length (T5, P1, L5) only moderately
compensated for these climatic changes, resulting in a 54% lower water
transfer, a 60% lower DOC transfer, and a 12% lower annual average
DOC flow-weighted concentration.

These heuristic calculations suggest that, even in those cases for
which the activation of shallow hydrological flow paths could offset
declines in carbon export, future declines in the DSL will alter carbon
cycling and in-stream processes in subhumid and semiarid Mediterra-
nean forest catchments that experience the proposed climate changes by
substantially decreasing lateral carbon fluxes (Bernal et al., 2019).
Moreover, it is unlikely that rapid and intermittent inputs from shallow
flow paths could sustain the ecological status of the aquatic environment
in the long-term. Such a pattern of inputs would likely have other un-
desirable consequences for the stability of stream ecosystems, including
high rates of bank erosion and transport of sediments, as well as damage
or scouring of stream and riparian biota (Fisher et al., 1982; Ledesma
et al., 2019).

6. Conclusions and further investigations

This study combined the DSL concept and the use of climate sce-
narios in a rainfall-runoff model to estimate future changes in the ver-
tical position of predominant lateral water fluxes from the RZ to the
stream in a subhumid Mediterranean catchment. Our model exercise
illustrates that small changes in present day calibrations, represented by
rainfall-runoff model parameterizations, can have a significant impact
on future projections of stream runoff. Two model parameterizations
simulated the same stream runoff in the calibration period, but produced
significant differences in stream runoff responses under future scenarios
with extreme precipitation events. This is the result of epistemic un-
certainty, a common limitation in hydrological models and which can
only be overcome with more data and information (and hence more
measurements, investigations, and understanding) and that should be



J.L.J. Ledesma et al.

treated subjectively based on expert judgment (Beven and Smith, 2015).
Here, we attempted to treat uncertainty in this way by using two con-
trasting behavioural parameterizations together with an ensemble of
125 synthetic climate scenarios, as we consider it to be the most sensible
approach for integrating hydrological modelling, climate change pro-
jections, and water resources management in catchments worldwide.

We showed that the DSL of riparian lateral water fluxes in Mediter-
ranean headwaters such as Font del Regas will likely drop down in the
future as a consequence of both an increase in average temperature and
a decrease in total precipitation. Our simulations suggest that the DSL
position is not sensitive to changes in inter-event length, though longer
dry spells and larger rainfall events could lead to the sporadic hydro-
logical activation of shallow organic-rich soil layers in the RZ. Overall,
these changes in predominant lateral flow paths will lead to (i) declines
in lateral water export and in DOC (and likely other organic nutrients)
concentrations and exports from RZs to these Mediterranean streams for
most of the year, and (ii) an increasing importance of extreme rainfall
episodes on annual water balances.

This study highlights that the DSL concept in combination with the
use of rainfall-runoff models offer a simple and useful framework to
assess stream water quantity and quality in forest headwaters world-
wide. This type of approaches can e.g. help to constrain lateral carbon
exports from terrestrial ecosystems to inland waters, which is critical to
quantify global carbon balances (Tank et al., 2018). Studies of changes
in the location of the DSL between wet and dry periods are needed in
future applications aiming to investigate finer temporal scale patterns in
hydrological processes and runoff generation changes associated with
climate variation. The inclusion of vegetation change scenarios associ-
ated with climate change as well as a dynamic RZ groundwater table —
stream runoff relationship that accounts for potential seasonal vari-
ability will also be important to project possible future changes in the
water balance more rigorously. In conclusion, an integrative DSL
approach is needed for the management of water resources in forest
headwater catchments.
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