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Abstract The contributions and composition of baseﬂow sources across an extended recession period
were quantiﬁed for six subwatersheds of varying size in a structurally complex watershed in coastal
California using endmember mixing analysis and related to catchment characteristics (e.g., topography,
geology, land use, and soil characteristics). Both shallow subsurface and deep groundwater reservoirs were
important contributors for streamﬂow during low ﬂow periods, and the composition of baseﬂow sources
across subwatersheds was directly related to geologic indices. A binary classiﬁcation of underlying bedrock
permeability (e.g., low vs. high) best explained the changes in shallow subsurface water and deeper
groundwater inputs through the seasonal recession. Dissolved inorganic carbon (DIC), dissolved organic
carbon (DOC), and speciﬁc UV absorbance at 254 nm (SUVA254) were used to provide additional insight into
endmember characteristics and their contributions to baseﬂow. Stream water DIC concentrations were
broadly controlled by mixing of groundwater and shallow subsurface water endmembers with relatively
constant DIC concentrations, while stream water DOC concentrations reﬂected both spatial and temporal
changes in shallow subsurface water DOC. Results from this study show (1) the importance of considering
baseﬂow as a dynamic mixture of water from multiple sources, (2) the effect of geology on source
composition at the subwatershed scale during low ﬂow conditions, and (3) the impact of shifting baseﬂow
sources on stream water dissolved carbon concentrations and the utility of using dissolved carbon
concentrations to obtain additional insight into temporal variability in baseﬂow sources.

1. Introduction
Structural characteristics of watersheds (e.g., area, slope, and bedrock type) have been used to aid in understanding and predicting streamﬂow generation in many systems (Jencso & McGlynn, 2011; McGuire
et al., 2005; Price, 2011). Most work relating watershed characteristics to streamﬂow generation focuses on
dynamic periods of the annual hydrograph (rainfall events or snowmelt periods), and knowledge gaps still
exist regarding controls on baseﬂow. Baseﬂow is often characterized as a geochemically static component
of streamﬂow that is sustained by regional groundwater (GW) (Klaus & McDonnell, 2013). This characterization of baseﬂow as temporally uniform and spatially homogenous may be inappropriate for many systems.
Previous work has documented signiﬁcant spatial variability in stream geochemistry during low ﬂow periods (Asano et al., 2009; Blumstock et al., 2015; Soulsby et al., 2007; Temnerud et al., 2010; Tetzlaff &
Soulsby, 2008; Zimmer et al., 2013). Variability in stream geochemistry across stream networks during
low ﬂow periods is often indicative of multiple source waters, which typically have distinct endmember
chemistry due to differences in routing and storage in the subsurface (Payn et al., 2012). Blumstock
et al. (2015) found that stream water chemistry of a montane watershed became increasingly heterogeneous
as baseﬂow progressed, suggesting GW contributions from multiple geochemically distinct hydrological
units. Others also found that several GW or shallow ﬂow path sources can contribute to streamﬂow during
baseﬂow (Costelloe et al., 2015; Smerdon et al., 2012).
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Variability in recession curve behavior (e.g., slope, timing, and length) between and within watersheds also
highlight that multiple sources and ﬂow paths contribute to baseﬂow (Tallaksen, 1995). Baseﬂow is commonly considered to be composed of delayed or slow ﬂow path sources. These slow ﬂow paths are not
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limited to deep GW reservoirs and may include shallow subsurface reservoirs (Anderson & Burt, 1980;
Hewlett & Hibbert, 1963; McCallum et al., 2010; Smakhtin, 2001). To account for variability in recession
behavior, Stoelzle et al. (2019) developed a new baseﬂow separation index that considers dynamic contributions from multiple sources during recession periods. Taken together, these studies on stream water geochemical variability and recession behavior during low ﬂow periods raise critical questions about (1) the
importance of runoff contributions from slow ﬂow paths other than deep GW and (2) how and why different
water source contributions vary in time and space during baseﬂow.
Spatial variability in stream water sources within watersheds during baseﬂow may be predicted or explained
by internal variability in catchment characteristics. Cohesive frameworks that integrate spatial predictors
across space and time are needed (Sivapalan, 2003). In an effort to build on this need, a range of watershed
characteristics, such as climate, topography, geology, soil, vegetation, and land use, have been linked to
streamﬂow generation processes (Buttle et al., 2004; Carlier et al., 2018; Emanuel et al., 2010; Jencso &
McGlynn, 2011; Onda et al., 2006). Work focused exclusively on baseﬂow generation processes also shows
connections to geology (Bloomﬁeld et al., 2009; Price, 2011; Tague & Grant, 2004). Variability in water
sources and their relative contributions to baseﬂow may be especially important in structurally complex
watersheds, where ﬂow pathways can vary at the subwatershed scale. Heterogeneous watersheds provide
a unique opportunity to examine and integrate the importance of suggested hierarchal controls (e.g., climate,
geology, soil, and vegetation) on hydrologic processes beyond commonly considered topographic indices
(Bergstrom et al., 2016; Devito et al., 2005; Zimmer & Gannon, 2018). For example, Payn et al. (2012) used
structurally diverse subwatersheds to relate topographic and geologic characteristics to baseﬂow generation
processes and found that during baseﬂow recession, the importance of structural controls increased while
the importance of topographic controls decreased.
Identiﬁcation of sources using a multitracer approach may be useful for deﬁning and distinguishing among
the dominant contributors to baseﬂow. Geochemical differences between potential slow ﬂow sources can be
used to separate their relative contributions to baseﬂow as is frequently done for higher ﬂow periods (Klaus
& McDonnell, 2013). Multitracer approaches can also be best leveraged in structurally complex watersheds
where differences in source contributions may be largest.
In this study, we examine the spatial distribution and temporal evolution of baseﬂow sources in a structurally
complex central coastal California watershed and their relationship to spatial controls (e.g., topography,
geology, land use, and soil characteristics) based on four synoptic sampling events during the summer dry
down season lasting ~6 months. We leverage the extended recession period typical of Mediterranean climate
catchments to isolate the nature of contributions to baseﬂow in the absence of complicating rainfall events
typical of many other systems. To do this, we used endmember mixing analysis (EMMA) to examine how
source water contributions shift across the seasonal baseﬂow recession period in six geologically diverse subwatersheds. We relate the EMMA results to spatial characteristics of the subwatersheds to better understand
hierarchal controls on source contributions to ﬂow. Speciﬁcally, we aim to answer the following questions:
1. What water sources sustain baseﬂow at the subwatershed scale, and do their proportions change with
time and in space?
2. Are baseﬂow sources and magnitudes correlated to subwatershed spatial characteristics?
3. How do baseﬂow sources relate to variability in stream geochemistry, speciﬁcally dissolved carbon
concentrations?

2. Materials and Methods
2.1. Study Area
The San Lorenzo River (SLR) drains the 360 km2 San Lorenzo Watershed (SLW) in central coastal California
(Figure 1a). Discharge in the SLR is generally controlled by seasonal precipitation, which is characterized by
winter maxima and summer minima typical of Mediterranean climates. This wet‐dry seasonality often
results in extended recession periods that start in late spring and persist through early fall. Average annual
precipitation in the SLW was ~1,090 ± 527 mm for Water Years (WY) 2011 to 2018, as measured at Station
US1CASZ0024 in Felton, California (accessed via NOAA National Centers for Environmental Information
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Figure 1. (a) Geologic map of the San Lorenzo Watershed in Santa Cruz County, California. Asterisks indicate water‐bearing units. Tbu, Tertiary Butano
sandstone; Tlo, Tertiary Lompico sandstone; Tp, Tertiary Purisima Formation; Tsm, Tertiary Santa Margarita sandstone; Vign, various nonwater‐bearing
igneous and metamorphic facies; Vsed, various nonwater‐bearing sedimentary units. Gray‐shadowed regions depict the studied subwatersheds. (b–g) Geologic
maps of the subwatersheds. Contour lines represent 100 m changes in elevation.

Climate Data Online) (NCDC, 2019). The sampling period herein consists of the summer of WY 2018
(October 2017 to September 2018), a year with below average precipitation (692 mm).
The SLW consists of more than 20 subwatersheds, each draining primary tributaries that directly discharge
into the mainstem SLR. This study focused on six subwatersheds in the SLW that vary in size from 3.7 to
69.5 km2 (Figures 1b–1g). Boulder, Clear, and Fall creeks originate from western subwatersheds, while
Bear, Love, and Zayante creeks drain eastern subwatersheds.
The watershed has complex lithology (Figure 1). Regional GW inputs to surface waters arise from three
potential water‐bearing units: Butano sandstone, Lompico sandstone, and Santa Margarita sandstone
(ETIC Engineering, 2006). The Santa Margarita sandstone is a high permeability, generally unconﬁned unit
with exposures along Boulder, Love, and Zayante creeks. The Butano sandstone has surface exposures in
areas along Bear, Boulder, Love, and Zayante creeks but generally underlies the Lompico sandstone, which
has surface exposures in all subwatersheds. Western subwatersheds of the SLW have high‐grade metamorphic (e.g., schist) and igneous (e.g., granodiorite) bedrock, while eastern subwatersheds are underlain
by primarily sedimentary bedrock. Soil parent material for the SLW is weathered sandstone and occasionally
weathered granite; soils are generally well drained sandy loam mollisols. Vegetation in the SLW is dominated by evergreens, including native coastal redwoods (Sequoia sempervirens) and Douglas ﬁr
(Pseudotsuga menziesii).
2.2. Spatial Analysis of Subwatershed Characteristics
Geologic, topographic, land use, and soil characteristics were aggregated for each subwatershed in
ArcGIS. Land cover was based on the 30 m spatial resolution National Land Cover Database (NLCD)
from 2011 (NLCD, 2011). Open space percentage includes the following NLCD classiﬁcations:
“Developed, Open Space,” “Shrub,” “Grassland,” and “Pasture.” Forest percentages used in this study
are the sum of “Evergreen Forest” and “Mixed Forest.” Classiﬁcation deﬁnitions are available online from
the NLCD database. Soil characteristics were extracted from the National Soil Conservation Service Soil
Survey Geographic (SSURGO) database using the Web Soil Survey tool (SSURGO, 2019). Topographic
data were aggregated from a patched USGS 3 m DEM from Fisher et al. (2016). Bedrock cover was
RICHARDSON ET AL.
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analyzed using a digital geological map of Santa Cruz County based on
Brabb et al. (1997). Bedrock permeability was classiﬁed in a binary manner by setting a threshold hydraulic conductivity value of 10−9 m s−1
(e.g., an intrinsic permeability of ~10−16 m2), with values below this
threshold considered low permeability. Aquifer test results compiled
by Kennedy/Jenks (2015) were used to classify water‐bearing units.
Nonwater‐bearing units (e.g., granite, shale, and schist) were assumed
to have hydraulic conductivity values of 10−10 to 10−13 m s−1, based
on values given from Freeze and Cherry (1979).
2.3. Water Sampling and Stream Gauging
Water samples were collected from six streams (Bear, Boulder, Clear, Fall,
Love, and Zayante) during four single‐day sampling events in April, May,
Figure 2. San Lorenzo River mainstem speciﬁc discharge (Q) at USGS
11160500 and daily precipitation (P) for the 2018 water year at NCDC
June, and September of 2018, as mainstem discharge receded in the
Station US1CASZ0024. Synoptic sampling events are indicated by blue
absence of major precipitation events (Figure 2). Nearly 98% of rainfall
markers on the hydrograph.
in WY 2018 occurred between October and early April, prior to the sampling events. GW samples were collected from eight established monitoring wells in the watershed during a separate sampling event in June 2018. All water samples were ﬁltered to
0.2 μm and refrigerated immediately after sampling until geochemical analysis at the Marine Analytical Lab
at the University of California at Santa Cruz (UCSC). Cation concentrations (Na+, Ca2+, Mg2+, and K+) were
measured using a Thermo iCAP 7400 Inductively Coupled Plasma Optical Emission Spectrometer. Anion
concentrations (Cl− and SO42−) were measured on a Dionex ICS‐2000 Ion Chromatograph. Major dissolved
inorganic nutrients (NO3−, PO43−, and SiO44−) were determined on a Lachat QuikChem 8000 Flow
Injection Analyzer. Dissolved organic carbon (DOC) was measured as nonpurgeable organic carbon
(NPOC) on a Shimadzu TOC‐VCPH TC/TN Analyzer, and dissolved inorganic carbon (DIC) was determined
on a UIC Carbon Coulometer. Speciﬁc ultraviolet absorbance (SUVA254) at 254 nm, a measure of percent
aromaticity considered to represent DOC reactivity, was measured on a Thermo Genesys 10S UV‐Visible
Spectrophotometer (Weishaar et al., 2003). Analytical precision and accuracy for all analytes was generally
better than 5% (supporting information Table S1).
At the time of water sample collection, each stream was gauged just upstream of its conﬂuence with the
mainstem of the SLR using a Pygmy Price ﬂow meter at 0.6 of the water depth. Flow was calculated using
the velocity‐area method according to Rantz (1982). Stream velocity was generally measured at intervals such
that no more than 10% of streamﬂow was contained in one subsection (6.9 ± 2.3% in April, 6.0 ± 1.2% in
May, 6.1 ± 1.7% in June, and 8.2 ± 1.8% in September 2018).
2.4. Baseﬂow Separation Using Endmember Mixing Analysis
Endmember mixing analysis (EMMA) was used to divide inputs to streams into either GW or shallow subsurface water (SSW) (Christophersen et al., 1990; Christophersen & Hooper, 1992; Hooper et al., 1990). Ten
tracers (Na+, Ca2+, Mg2+, K+, Cl−, SO42−, NO3−, PO43−, SiO44−, and speciﬁc conductivity) were considered
for use and evaluated for conservative behavior. Tracers were deﬁned as conservative if they exhibited at
least one linear trend in bivariate solute‐solute plots (R2>0.5, p <0.01) (Figure S1). The ﬁnal selected model
indicated three endmembers and used eight tracers (Na+, Ca2+, Mg2+, Cl−, SO42−, NO3−, PO43−, and speciﬁc conductivity). The model conformed to requirements of low residual structure (mean R2 = 0.07 ± 0.05)
and high cumulative variance in accordance with the “rule of 1” (m = 2, PC1 = 73.9%, PC2 = 18.3%)
(Table S2) (Hooper, 2003).
Since multiple water‐bearing units have the potential to contribute to baseﬂow in the SLW, we used results
of the spatial analysis of subwatershed lithology combined with previous work indicating plausible GW contributions to the studied streams to inform all possible GW endmembers for each stream in EMMA
(Table S3) (ETIC Engineering, 2006). The geochemistry of each GW endmember was based on the average
concentrations of the collected water samples and corroborated with historical records (Table S4). NO3− and
PO43− concentrations used in EMMA were particularly useful for ﬁngerprinting GW contributions from
anthropogenically impacted aquifers in the region (e.g., Santa Margarita and Lompico). All GW contributions herein are presented as the sum of GW fractions determined via EMMA.
RICHARDSON ET AL.
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Many studies exist showing large variability in soil water chemistry over
relatively small scales in forested catchments (Grossmann & Kloss, 1994;
Manderscheid & Matzner, 1995). Instead of direct sampling, which
would be difﬁcult to accomplish over the spatial scale of this study,
we assumed a range in viable SSW endmember geochemistry based on
a thorough examination of mixing dynamics across ﬂow conditions in
the SLR using historical and current water‐quality data from the
California Environmental Protection Agency's Central Coastal
Ambient Monitoring Program (CCAMP, 2019). Principal component
analysis (PCA) of available water‐quality data (Cl−, Na+, PO43−,
NO3−, and speciﬁc conductivity) was completed using mainstem SLR
data for three water years for which both discharge and geochemical
data were available (WY 2005, 2011, and 2017) at USGS 11160500.
The PCA revealed two distinct data clusters that separated out as a function of ﬂow conditions: low‐ to intermediate‐discharge periods and
Figure 3. Heatmap visualization of subwatershed characteristics.
intermediate‐ to high‐discharge periods (Figure S2). These clusters,
Characteristics were centered by the mean and scaled by the standard
which shed light on how water sources to the SLR operate seasonally,
deviation. aqu, %aquifer; are, watershed area; cla, %clay in soil; for, %forest;
regardless of antecedent conditions, were conﬁrmed with k‐means clusgrd, mean stream gradient; l/g, stream length/mean gradient; len, stream
ter analysis (Figure S2). At low ﬂows, PCA results indicated a transition
length; low, %low‐permeability bedrock; ops, %open space; san, %sand in
soil. See Table S5 for the actual values.
in dominant source contributions, likely representing diminished inputs
from SSW and increases in GW contributions. Given knowledge of GW
endmember geochemistry for the region, the SSW source must be a low conductivity, low ionic strength
endmember that more closely resembles geochemistry observed during mid‐ to high‐discharge periods. As
such, the stream with the lowest conductivity and cation/anion concentrations during the ﬁrst sampling
event in March 2018 was used as the upper boundary of SSW geochemistry. To complement this upper
boundary geochemistry estimate, we assumed the lowest concentration SSW endmember was close to
regional rainwater chemistry (e.g., equivalent to the shortest possible residence time with no signiﬁcant
interaction with subsurface strata). We used a 5 year average (2013–2017) rainwater geochemical proﬁle
from National Trends Network (Site CA 66), which is part of the National Atmospheric Deposition
Program (NTN, 2019) to estimate the lowest concentration SSW endmember.
These endmember estimates assume that SSW geochemistry, with respect to the parameters used in EMMA,
is relatively uniform across the watershed, an assumption we believe to be reliable for the needs of this study
based on (1) spatial analyses of soil characteristics that show general homogeneity in soil types across the
watershed examined, (2) supporting DIC data independent of the EMMA model as presented in section 4,
and (3) expectations that intrasource geochemical variability of the SSW endmember is likely low with
respect to across source variability (relative to GW endmembers) from large differences in residence times.
We recognize that the fractions generated in EMMA are biased by our endmember approximation but
believe that the resulting estimate is sufﬁcient for the goals of this paper as both SSW endmembers represent
geochemical extremes, but even at their upper and lower boundaries, the resulting shifts in contributions
from the SSW endmember, as determined via EMMA, were generally small (5.6 ± 4.5%, see Figure 5).
2.5. Correlation Analysis
Cross correlations of spatial characteristics were analyzed using Pearson's correlation coefﬁcient (R) after
conﬁrming that the distributions were not signiﬁcantly different from normal using a
Kolmogorov‐Smirnov normality test. Relationships between spatial characteristics and derived quantities
from streamﬂow and source fractions were analyzed using the nonparametric Spearman's rank correlation
coefﬁcient (rs). Average values are denoted herein as “x” and typically presented with their 1‐sigma standard
deviation.

3. Results
3.1. Analysis of Subwatershed Spatial Characteristics
There was a clear gradient in spatial characteristics across the subwatersheds (Figure 3 and Table S5), and
the majority of the considered characteristics were correlated (Figure S3). For example, smaller
RICHARDSON ET AL.
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subwatersheds were generally steeper with shorter ﬂow paths and greater
spatial extents of low‐permeability bedrock compared to larger subwatersheds. Larger subwatersheds also had greater fractions of their area
underlain by aquifers (R2 = 0.87, p<0.05). Land use cover across the subwatersheds was relatively uniform with forests covering 75% to 88% of the
subwatersheds, though these slight differences were strongly negatively
correlated with other characteristics such as open space cover, subwatershed area, length/gradient, aquifer area, and soil sand/clay content
(Figure S3). The secondary dominant land cover for all subwatersheds
was open space, which ranged from 10% to 20%. Physical characteristics
of soils were also relatively uniform in terms of sand content (61 ± 3%)
and clay content (17 ± 2%). Soil organic matter (SOM) content varied
slightly across the study area, with eastern subwatersheds containing
slightly higher SOM (2.2 ± 0.2%) relative to western subwatersheds (1.3
± 0.2%; Table S6).
−1

Figure 4. Time (days) versus speciﬁc discharge, Q (mm day ), for all
streams. Mainstem Q is shown for USGS 11160500. Markers represent the
sampling events.

3.2. Baseﬂow Magnitude and Endmember Contributions
to Streamﬂow

Discharge normalized by watershed area, deﬁned as speciﬁc discharge
(Q), decreased in all streams across the study period (Figure 4). Speciﬁc
discharge from all streams averaged 0.94 ± 0.41 mm day−1 in April, 0.51 ± 0.28 mm day−1 in May,
0.25 ± 0.17 mm day−1 in June, and 0.12 ± 0.10 mm day−1 in September of 2018. Between April and
September of 2018, speciﬁc discharge decreased on average by 0.83 ± 0.36 mm day−1, or 88 ± 10%, in all
streams. Western streams (Boulder, Clear, and Fall) had higher speciﬁc discharges initially relative to eastern streams (Bear, Love, and Zayante; 1.15 to 1.54 vs. 0.53 to 0.69 mm day−1, respectively). Of the three western streams with high initial speciﬁc discharge, Fall and Clear creeks maintained the highest speciﬁc
discharges through the entire recession period, and initial spatial differences observed in speciﬁc discharge
across most streams were similar through the dry down period.
The fraction of SSW (fSSW) generally decreased through time in all streams, though not all transitioned to
GW dominance, which we deﬁne here as an fGW greater than 0.5 (Figure 5). In April 2018, four (Boulder,
Clear, Fall, and Love) of the six streams were SSW dominated (deﬁned as fSSW greater than 0.5). Of the four
initial SSW‐dominated streams, only Boulder Creek transitioned to GW dominance by September 2018. fSSW
decreased on average by 0.15 ± 0.07 in all streams across the recession period. The largest and smallest
decreases in fSSW occurred in Boulder Creek (−0.26) and Zayante Creek
(−0.08), respectively (Figure 5).
Speciﬁc discharge from SSW (QSSW) ranged from 0.16 to 1.19 mm day−1
in April (x = 0.57 ± 0.39 mm day−1), 0.05 to 0.64 mm day−1 in May (x =
0.29 ± 0.23 mm day−1), 0.02 to 0.29 mm day−1 in June ( x = 0.13 ±
0.12 mm day−1), and 0.002 to 0.13 mm day−1 in September of 2018 (x =
0.06 ± 0.06 mm day−1) (Figure 6a). QSSW decreased on average by 91 ±
8% in all streams during the summer dry down period, and the
largest decreases in QSSW generally occurred in western streams
(Boulder, Clear, and Fall). QGW ranged from 0.26 to 0.46 mm day−1
in April (x = 0.38 ± 0.07 mm day−1), 0.15 to 0.30 mm day−1 in May (x =
0.23 ± 0.06 mm day−1), 0.07 to 0.20 mm day−1 in June ( x = 0.12 ±
0.05 mm day−1), and 0.007 to 0.11 mm day−1 in September of 2018 ( x =
0.06 ± 0.05 mm day−1) (Figure 6b). QGW decreased on average by 85 ± 12%
in all streams during the study period.

Figure 5. Time (days) versus fraction of stream water baseﬂow from SSW
(fSSW) for all streams. Error bars represent the range of fractions
produced using the upper and lower estimates of SSW endmember
geochemistry. Markers represent the sampling events.
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The relationship between speciﬁc discharge, fSSW, QSSW, and QGW was
examined with respect to subwatershed characteristics to evaluate
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potential ﬁrst‐order spatial predictors (Table 1). Speciﬁc discharge was not
correlated to any of the spatial predictors considered in this study. The
binary index of bedrock permeability was the best stand‐alone predictor
of fSSW (rs = 0.94 to 1.00, p<0.05) (Figure 7). QSSW was best predicted by
the fraction of the catchment with low‐permeability bedrock initially
(rs = 0.94, p<0.05), though this correlation's signiﬁcance decreased
through the recession period. There were no statistically signiﬁcant correlations for QGW.
3.4. Stream Water Dissolved Carbon Geochemistry
Stream water DIC, DOC, and SUVA254 values generally followed similar
trends with time, though absolute changes in concentrations among the
streams varied in magnitude (Figure 8). Across all subwatersheds, stream
water DIC concentrations and SUVA254 values generally increased, and
stream water DOC concentrations decreased as fGW increased through
the recession period. Stream water DIC concentrations and SUVA254
values increased on average by 450 ± 300 μM and 1.8 ± 0.3 L mg−1 m−1,
respectively, while stream water DOC concentrations decreased on average by 120 ± 50 μM through the dry season.
Spatial differences in stream water DOC concentrations and SUVA254
values across subwatersheds were also apparent. Stream water DOC concentrations ranged from 130 to 390 μM (x = 250 ± 100 μM) at the start of
the dry season (April 2018) and decreased to 60 to 200 μM (x = 130 ±
70 μM) by the end of the study period (September 2018) (Figure 8b).
SUVA254 values in stream water were spatially variable as well and ranged
as follows: 1.2 to 2.3 L mg−1 m−1 in April (x = 1.9 ± 0.5 L mg−1 m−1), 2.3
to 3.2 L mg−1 m−1 in May ( x = 2.6 ± 0.3 L mg−1 m−1), 2.1 to
3.7 L mg−1 m−1 in June ( x = 3.1 ± 0.6 L mg−1 m−1), and 3.4 to 4.1
L mg−1 m−1 in September of 2018 (x = 3.6 ± 0.3 L mg−1 m−1) (Figure 8c).
−1

Figure 6. Time (days) versus (a) speciﬁc discharge (mm day ) from
SSW (QSSW) and (b) speciﬁc discharge from GW (QGW) for all streams.
Markers represent the sampling events.

4. Discussion
4.1. Geologic Controls on Nonstationarity in Baseﬂow Sources

Many studies on streamﬂow generation mechanisms have focused exclusively on topographic indices as spatial predictors. This approach is well
suited for structurally homogeneous systems where geology is generally uniform (McGuire et al., 2005). In
more structurally complex landscapes, geologic controls may override topographic predictors of streamﬂow
generation processes. Subwatersheds of the SLW were primarily distinguished by differences in bedrock
permeability. By leveraging these spatial differences in geology during the summer dry down period, we
were able to show that the relative contribution of SSW and deep GW to streamﬂow was best explained
by subwatershed‐scale differences in bedrock permeability (Table 1). This ﬁnding is in line with previous
work that has suggested that bedrock permeability is an important control on subsurface ﬂow pathways
and transit times (Pﬁster et al., 2017; Uchida et al., 2006), especially during baseﬂow (Hale et al., 2016;
Hale & McDonnell, 2016; Jencso & McGlynn, 2011; Tague & Grant, 2004). These spatial differences in bedrock permeability translated to physical distinctions in available subsurface water storage capacity
(Figure 9). In subwatersheds with greater areal extents of high‐permeability bedrock, relative contributions
of GW to streamﬂow were the highest. High‐permeability bedrock allows for vertical movement of water,
via inﬁltration and deeper recharge of GW reservoirs, which limits the extent of water accumulation in
shallow subsurface storage and, subsequently, downslope SSW contributions to baseﬂow (Figures 9c and
9d). In contrast, subwatersheds with low‐permeability bedrock transmitted water primarily through shallow subsurface pathways (Figure 9a). Streams in these subwatersheds received up to an order of magnitude
more SSW than their more permeable counterparts and remained compositionally dominated by SSW
through the entire recession period considered, even as speciﬁc discharge decreased across all streams
RICHARDSON ET AL.
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Table 1
Spearman's Rank Correlation Coefﬁcients (rs) Between Subwatershed Characteristics and Speciﬁc Discharge (Q), Fraction of Streamﬂow From Shallow Subsurface
Water (fSSW), Speciﬁc Discharge From SSW (QSSW), and Speciﬁc Discharge From GW (QGW)
Geology

Topography

% Aquifer

% Low Permeability

Area

Length

−0.49
−0.64
−0.49
−0.49
−0.14

0.71
0.83
0.71
0.71
0.07

−0.49
−0.54
−0.31
−0.31
−0.04

−0.49
−0.54
−0.31
−0.31
−0.04

−0.81
−0.81
*
−0.90
*
−0.90
−0.83

0.94
*
0.94
**
1.00
**
1.00
0.93

*

−0.77
−0.77
*
−0.89
*
−0.89
−0.80

−0.81
−0.81
−0.58
−0.58
−0.45

0.94
*
0.94
0.77
0.77
0.55

*

Gradient

Land use

Soil

L/G

% Forest

% Open Space

% Clay

% Sand

0.31
0.49
0.37
0.37
0.26

−0.37
−0.54
−0.43
−0.43
−0.17

0.64
0.75
0.64
0.64
0.10

−0.66
−0.77
−0.66
−0.66
−0.06

−0.71
−0.77
−0.54
−0.54
−0.21

0.60
0.66
0.49
0.49
0.01

−0.77
−0.77
*
−0.89
*
−0.89
−0.80

0.60
0.60
0.66
0.66
0.61

−0.71
−0.71
−0.83
−0.83
−0.75

0.84
*
0.84
0.75
0.75
0.77

*

−0.89
*
−0.89
−0.83
−0.83
−0.83

*

−0.83
−0.83
−0.71
−0.71
−0.74

0.83
0.83
*
0.94
*
0.94
0.85

−0.77
−0.77
−0.43
−0.43
−0.37

−0.77
−0.77
−0.43
−0.43
−0.37

0.60
0.60
0.43
0.43
0.35

−0.71
−0.71
−0.49
−0.49
−0.40

0.84
*
0.84
0.81
0.81
0.50

*

−0.89
*
−0.89
−0.83
−0.83
−0.52

*

−0.83
−0.83
−0.71
−0.71
−0.47

0.83
0.83
0.54
0.54
0.43

0.38
−0.31
0.14
0.14
0.06

0.38
−0.31
0.14
0.14
0.06

−0.41
0.37
0.14
0.14
0.02

0.49
−0.43
−0.09
−0.09
−0.01

0.09
−0.66
−0.37
−0.37
−0.11

−0.09
−0.54
−0.31
−0.31
−0.12

−0.23
0.49
0.03
0.03
0.02

Q
Apr 2018
May 2018
Jun 2018
Sep 2018
Cumulative
fSSW
Apr 2018
May 2018
Jun 2018
Sep 2018
Cumulative
QSSW
Apr 2018
May 2018
Jun 2018
Sep 2018
Cumulative
QGW
Apr 2018
May 2018
Jun 2018
Sep 2018
Cumulative
*

0.40
−0.49
−0.12
−0.12
−0.02

Signiﬁcance of p<0.05.

**

−0.15
0.71
0.31
0.31
0.12

−0.04
0.64
0.41
0.41
0.12

Signiﬁcance of p<0.01.

(Figure S4). Hale and McDonnell (2016) found similar differences in subsurface ﬂow paths in catchments
with contrasting underlying geology; in areas with low‐permeability volcanic rock, storage was limited to
shallow soils, and mean transit times in these areas were short (~1.8 years) relative to more sedimentary
catchments with deeper GW reservoirs (~6.2 years). Such permeability contrasts at soil‐bedrock contacts
are known to initiate shallow downslope subsurface ﬂow (Harr, 1977),
and early studies on recession ﬂows show that these shallow ﬂowpaths
can be active, long‐duration contributors to streamﬂow in the absence
of rainfall (Hewlett & Hibbert, 1963; Mosley, 1979). Additionally, while
no work exists showing the extent of bedrock fracturing in the studied
subwatersheds, it is possible that the shallow subsurface stores are
inﬂuenced by exﬁltration of bedrock GW into overlying soil layers
(Figure 9b); catchments with signiﬁcant fracturing of bedrock can
receive 50% to 95% of baseﬂow contributions from bedrock GW (Uchida
et al., 2003). The exact routing of water, from initial inﬁltration to ﬁnal
discharge from shallow subsurface storage, through the low‐permeability
subwatersheds is unclear without more detailed ﬁeld‐based work on
ﬂow paths.

Figure 7. Fraction of stream water baseﬂow from SSW (fSSW) versus
percent of subwatershed with low‐permeability bedrock. Markers
represent the sampling events (rs = 0.93, see Table 1).
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Interestingly, the subwatersheds with the greatest areal extent of
low‐permeability bedrock were generally able to maintain the highest speciﬁc discharges through the recession period (from sustained SSW contributions) even though their speciﬁc discharges decreased the most in
absolute terms. The drainage characteristics of SSW‐dominated streams
imply that subwatersheds with greater percentages of low‐permeability
bedrock can accumulate more water per area for initial rapid release from
dynamic storage in the soil mantle and that this compartment drains
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faster but less efﬁciently than deep GW stores. This inefﬁciency ties back
to early experimental work by Hewlett and Hibbert (1963), which shows
sustained soil mantle drainage can last over 140 days in the absence of
rainfall. The ﬁnding of SSW‐dominated streams is especially important
in the context of emerging hydroclimatic variability. SSW‐dominated
streams may be more sensitive to seasonal and annual changes in precipitation as these stores depend on relatively recent precipitation (within the
water year) for recharge, while primary aquifers are often better buffered
against interannual precipitation variability (Nippgen et al., 2016; Zimmer
& Gannon, 2018).
Similar to past work on scaling properties of structurally diverse catchments (Carlier et al., 2018; Hale et al., 2016; Hale & McDonnell, 2016;
Tague & Grant, 2004), our ﬁnding of the importance of bedrock permeability in baseﬂow source partitioning emphasizes the value of including
geologic indices in development of a hydrologic classiﬁcation system
(McDonnell & Woods, 2004; Wagener et al., 2007). Systems with strong
correlations of topographic indices to properties of catchment function
may actually represent ﬁner‐scale controls on water cycling and ﬁt into
studies such as this one, which leverages structural heterogeneity to
delineate the higher spatial order control of geology. Such intercomparisons hint at the importance of geologic controls on catchment storage
and release functions during low ﬂow periods in geologically diverse,
mountainous watersheds.
4.2. Implications of Shifting Baseﬂow Sources: An Example Using
Dissolved Carbon Geochemistry
Spatial and temporal differences in water sources contributing to baseﬂow
have consequences for observed stream biogeochemistry. Variability in
concentrations of biologically relevant compounds, such as dissolved carbon, across and within structurally complex watersheds during baseﬂow
may arise primarily from differences in water sources rather than
in‐stream biogeochemical processing. We found that dissolved carbon
concentrations and associated SUVA254 values shifted in line with changes
in dominant source contributions (Figure 8). Though the exact concentrations of dissolved carbon in streams in this study are more geochemically
complex than binary mixing of GW and SSW endmembers (e.g., dependent on contributions from multiple aquifers), general trends through
time and in space in stream water dissolved carbon were used to provide
supplemental insight and independent conﬁrmation of mixing dynamics.
The observed shifts in stream water dissolved carbon geochemistry across
subwatersheds (see Figure 8, from high DOC and low DIC/SUVA254 to
low DOC and high DIC/SUVA254) evaluated together with the transition
in GW endmember contributions to streamﬂow (from low to high fGW)
through time support our classiﬁcation of the SSW endmember as a shalFigure 8. Fraction of stream water baseﬂow from GW (fGW) versus (a) DIC low, short residence time source relative to the GW endmembers.
concentration, (b) DOC concentration, and (c) SUVA254. Markers represent
Streamﬂow DOC concentrations generally decreased and DIC concentrathe sampling events with time progressing in the direction of the arrow.
tions
increased as fGW increased in all subwatersheds through time. The
Black triangles represent the range in GW endmember concentrations
observed
decreases in DOC concentrations in individual streams occurred
or values.
at the same time as increases in fGW, which is consistent with (1) measured GW endmember DOC concentrations, which were low and highly uniform across all well samples
(38 ± 6 μM), and (2) previous work showing signiﬁcant differences in dissolved organic matter (DOM) content in soil versus GW reservoirs from abiotic (e.g., sorption) and biotic (e.g., remineralization) processing
(Chapelle et al., 2016; Shen et al., 2015).
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Figure 9. Conceptual diagram of baseﬂow generation processes in a range of geologic settings showing how various ﬂow paths can contribute to baseﬂow. Each
subﬁgure shows hillslope depictions of baseﬂow dominated by (a) shallow subsurface water contributions, (b) bedrock groundwater emerging as shallow
subsurface water contributions, (c) groundwater contributions, and (d) groundwater contributions from multiple aquifers. All lateral arrows represent ﬂow paths
that can eventually contribute to runoff. Sideplots accompanying each subﬁgure show possible changes in hydraulic conductivity, K (as an indicator of
permeability), with depth. Figure is not to scale and is modiﬁed from Katsura et al. (2008).

DOM quantity and quality shift during transport through the subsurface; in soils, bioavailability of DOM is
typically reduced with increasing depth as microbes preferentially remineralize labile organic matter and
leave behind more refractory DOM (Shen et al., 2015). Subsequent recharge of water containing this highly
recycled soil DOM often leads to substantial differences in DOM concentration, composition, and bioavailability between soil water and GW (Chapelle et al., 2016; Shen et al., 2015). The high SUVA254 values
associated with higher fGW in this study are consistent with an expected decrease in DOM reactivity with
greater source contributions from GW. All well samples from the SLW had high SUVA254 values
(4.0 ± 1.8 L mg−1 m−1), indicative of recycled (e.g., refractory) DOM. Initial DOC concentrations in streams
were also spatially variable, which suggested that SSW endmember DOC geochemistry was distinct across
subwatersheds as GW DOC concentrations were highly uniform. The uniformity in GW endmember DOC
concentrations, which is common to many GW systems (Chapelle et al., 2016), allowed us to establish conservative mixing lines for approximation of SSW endmember DOC concentrations using individual projections through the stream water and GW endmember DOC data. SSW endmember DOC concentrations in
western streams projected out to a lower DOC concentration SSW endmember than their eastern counterparts (Figure 10a). The lower SOM content in western subwatersheds relative to eastern subwatersheds
can explain the spatial distinction in estimated SSW endmember DOC concentrations (rs = 0.79), while
allowing SSW DIC concentrations to remain relatively uniform otherwise (Figure 10b). The mixing lines also
highlight that the rate of change in DOC concentrations with respect to fGW shifts with time; changes in
slope indicate a shift in process or behavior that may be best explained as intrasource variability in SSW endmember DOC concentrations, not only in space but also with time. The extrapolated decreases in SSW endmember DOC concentrations with time in subwatersheds are consistent with drainage of water in shallow
RICHARDSON ET AL.
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water storage zones (whether that water is primarily transported via
downslope drainage and/or as exﬁltrating bedrock GW that enters the
shallow zone before ﬁnal discharge into proximal streams). Work by
Bishop et al. (2004) showed that DOC geochemistry can be depth dependent in soils, and SOM data extracted from SSURGO conﬁrmed this depth
dependency in SOM content in SLW soils (Table S6).
Conceptually, this change in SSW endmember DOC geochemistry with
time and in space can be contrasted with endmember mixing dynamics
controlling stream water DIC concentrations. Slopes of regressions
between fGW and stream water DIC concentrations were generally consistent with time, though mixing lines were not established as GW endmember DIC concentrations were not uniform, and DIC concentrations in
streams are affected by gas evasion, which can lower DIC concentrations
considerably (Doctor et al., 2008; Öquist et al., 2009). Both factors would
have a signiﬁcant effect on mixing line projections. Nonetheless, a visual
examination of stream water DIC concentrations indicates that (1) most
data fall on lines with y intercepts (e.g., theoretical SSW endmember
DIC concentrations) that are reasonable (e.g., positive and low DIC concentration consistent with SSW from other forested watersheds) and (2)
GW endmember DIC concentrations within the range of DIC concentrations observed for GW in the area (aside from Love Creek) (Kindler
et al., 2011). These general consistencies in regression behavior in DIC
concentrations imply a relative stasis in both GW and SSW endmember
DIC contributions through the dry down period.

Figure 10. (a) Stream water DOC concentration versus the fraction of
stream water baseﬂow from GW (fGW) with mixing lines displayed for
each stream using GW endmember DOC and stream DOC concentrations
and (b) percent soil organic matter (%SOM) in each subwatershed versus
the back‐calculated SSW endmember DOC concentration for each
subwatershed (rs = 0.79).

Taken together, we suspect that shallow subsurface ﬂow paths contributing to baseﬂow in individual subwatersheds shift spatially during the dry
season as shown for other systems (Nippgen et al., 2015; Uchida
et al., 2006) and that this spatial evolution of contributing areas differentially affects dissolved carbon geochemistry (Laudon et al., 2011;
Zimmer & McGlynn, 2018). As sources shift, DIC concentrations change
relatively uniformly in space and time, acting very broadly as a qualitative
indicator of watershed‐scale source transitions in this system at low ﬂows

Figure 11. Generalization of hypothetical stream water dissolved carbon mixing dynamics controlled by (a) SSW and
GW endmembers with relatively uniform DIC geochemistry through the summer dry down period and (b) a spatially
variable SSW endmember with shifting DOC geochemistry and static GW DOC concentrations through the summer dry
down period.
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(e.g., low to high as a proxy for SSW to GW dominance) (Figure 11a). In contrast, DOC concentrations are
indicators of subwatershed‐scale SSW intrasource endmember variability as SSW storage is depleted through
the seasonal baseﬂow recession (Figure 11b).

5. Conclusions
Source contributions to baseﬂow in a structurally complex central coastal California watershed were
quantiﬁed using EMMA during the summer dry down period and related to spatial indices at the subwatershed scale to gain insight into the drivers of baseﬂow generation. Relative contributions of GW and
SSW to baseﬂow were spatially and temporally variable across subwatersheds. While some streams transitioned to GW dominance, several streams remained dominated by SSW contributions through the baseﬂow recession period. Watershed controls on GW versus SSW‐dominated streams appeared to arise from
subwatershed‐scale differences in lithology, which dictates where water can be stored and transported in
the subsurface. This, in turn, inﬂuences the residence time of ﬂow paths and the timing of streamﬂow
contributions. At the subwatershed scale, dissolved carbon geochemistry was consistent with shifting
source waters, even as contributing areas associated with each source within subwatersheds likely changed through time. Stream water DIC concentrations were broad, qualitative indicators of watershed‐level
transitions in dominant source waters, while DOC concentrations and SUVA254 values were assumed to
better reﬂect intrasource changes consistent with expected shifts in organic matter content as soil layers at
different depths drained. Our ﬁndings show that using a multitracer approach for identiﬁcation of source
contributions to baseﬂow in structurally diverse watersheds can provide new insight into baseﬂow
dynamics. These results have broad implications for our understanding of baseﬂow generation, and more
work is needed to better understand when and where assumptions of stationarity in baseﬂow sources may
be inappropriate.
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