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Semi-arid . supply to downstream communities. Prior research investigating streamflow generation processes in moun-

f\;‘eatmﬂow generation tainous areas has largely focused on high-elevation alpine and subalpine catchments; less is known about these
ontane

processes in lower-elevation foothills and montane catchments. In these lower-elevation ecoregions, precipita-
tion shifts seasonally from snow to rain, which can result in differing seasonal flowpaths. We analyzed stream
water for electrical conductivity, SiO, Ca, Mg, Na, Cl, SO4, K, and dissolved organic carbon on both a weekly and
storm event basis from April to August 2018 in three small (<10 km?) foothill catchments, and one larger (63.2
km?) catchment extending from the foothills to the subalpine ecoregions, in the Colorado Front Range. Using two
end-member hydrograph separations and concentration-runoff relationships, we inferred the dominant
catchment-scale flowpaths of precipitation to the streams. We selected catchments with varying land use to
investigate the relationship between these characteristics and hydrologic flowpaths. We observed that concen-
trations of lithogenic constituents generally increased and dissolved organic carbon decreased as seasonal runoff
decreased in the three foothill catchments, reflecting a transition from shallow subsurface flowpaths to deeper
subsurface flowpaths. Elevated SO4 and Cl concentrations during low-flow periods in two of our catchments
suggest that historical or current anthropogenic activities, such as mining, application of road salt, and/or near-
stream septic systems, affect local stream and groundwater chemistry. In a foothill catchment with anthropogenic
and geologic impervious surfaces, streamflow during storm responses was sourced from faster, surficial flow-
paths compared to a less disturbed neighboring catchment, highlighting the influence of anthropogenic land-use
on runoff generation. This study provides insight into the fundamental hydrology of foothill catchments and how
they may function in the future with human development, precipitation shifts and disturbances.

Disturbance hydrology
Water quality

1. Introduction understanding the impacts of climate and land use change on water

supplies (Bloschl et al., 2019; Clow, 2010; Kampf and Lefsky, 2016;

Understanding the paths by which water flows through a landscape
(hydrologic flowpaths) is critical for the provisioning of fresh water for
human use (Barnett et al., 2005; Berghuijs et al., 2014), maintaining
ecosystem stability and functionality (Bunn and Arthington, 2002), and
predicting how disturbances may impact both water quantity and water
quality (Mirus et al., 2017; Murphy et al., 2018). Intermittent and
ephemeral streams in lower elevation regions of mountains have been
recognized as important vehicles for energy, water, material, and biota,
as well as maintaining ecosystem health (Acuna et al., 2014; Buttle et al.,
2012). Insight into hydrologic functioning in these areas is critical for
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Leigh et al., 2016; Theobald and Romme, 2007). Within the Rocky
Mountains of Colorado, USA, intermittent streams in foothill and
montane ecoregions are understudied compared to perennial, snowmelt-
dominated waterways in higher elevation regions (Cowie et al., 2017;
Datry et al., 2014; Leigh et al., 2016).

Climatic change is predicted to affect the timing, magnitude and
duration of active hydrologic flowpaths and streamflow generation
processes in mountainous areas (Barnett et al., 2008; Diffenbaugh et al.,
2005; Foks et al., 2018; Hinckley et al., 2014; Kampf and Lefsky, 2016)
by accelerating atmospheric warming (Pepin et al., 2015; Rangwala and
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Miller, 2012), increasing the elevations of rain-snow transition points
(Abatzoglou, 2011; Knowles et al., 2006; Stewart et al., 2005), and
increasing rainfall intensity (Prein et al., 2017). Recent work in Colo-
rado has shown that the dominant source of annual peak discharge is
shifting from snowmelt to rainfall (Kampf and Lefsky, 2016). Increases
in the rain-to-snow ratio (Knowles et al., 2006) will result in rain events
contributing proportionally more to annual stream discharge. This shift
from snowmelt to rainfall warrants an improved understanding of how
water is delivered to streams during summer rain events, especially in
lower elevation catchments.

In addition to climate change impacts, anthropogenic activities
common to lower elevation catchments can alter hydrologic processes.
The foothill and montane ecoregions in the western United States (US)
commonly overlap with the wildland-urban interface (WUI)—the
intersection of human development and wildlands—which is expected
to double in land area by 2030 (Theobald and Romme, 2007). In this
region, hydrologic flowpaths and runoff are altered by replacing vege-
tated areas with impermeable surfaces, leading to decreased infiltration
capacity and increased surface runoff volumes during precipitation
events (Bernhardt and Palmer, 2007; Gremillion et al., 2000; Pickett
et al., 2011; Shuster et al., 2005). In addition, expansion of the WUI will
likely increase wildfire frequency in the future (Balch et al., 2017)
resulting in additional impacts to water quality, supply and treatment as
well as runoff generation processes (Ice et al., 2004; Scott et al., 2013).
In much of the western US, historical hard-rock mining has left legacy
waste and underground workings that can degrade water quality
(Coulthard and Macklin, 2003; Nordstrom, 2011; Rosner, 1998; Singer
et al., 2008), especially when combined with vegetation removal by
wildfires (Murphy et al., 2020).

Understanding how hydrologic flowpaths change across different
time scales within foothill and montane catchments can improve our
ability to predict how land use, disturbances, and climatic changes will
affect water resources. The relationship between constituent (solute)
concentrations (C) and runoff (R) provide insight into the magnitude
and timing of hydrologic flowpaths contributing to streamflow across a
range of flow regimes (Chorover et al., 2017; Evans and Davies, 1998;
Godsey et al., 2009; Johnson et al., 1969; Murphy et al., 2018; Musolff
et al., 2015; Rose et al., 2018; Stallard and Murphy, 2014). During low-
flow conditions, lithogenic constituents associated with bedrock
weathering and deeper subsurface flowpaths (e.g., SiO2, Ca, Mg, Na and
K) typically become enriched in the stream, whereas bioactive constit-
uents associated with shallow subsurface flowpaths (e.g., dissolved
organic carbon (DOC)) typically decrease (Chorover et al., 2017; Evans
and Davies, 1998; Godsey et al., 2009; Rose et al., 2018). In turn, the
spatiotemporal aspects of hydrologic flowpaths contributing to the
stream can be inferred from stream chemistry (Dalzell et al., 2007;
Murphy et al., 2018). In addition to C/R relationships, insight into
streamflow generation processes can be gained from hydrometric and
hydrograph separation methods using simple end-member mixing ap-
proaches (Birch et al., 2016; Buttle, 1994; Hooper and Shoemaker, 1986;
Klaus and McDonnell, 2013; Martinez-Santos et al., 2014; Sklash et al.,
1979).

The overarching goal of this study is to advance our limited knowl-
edge of how lower elevation, mountainous catchments function in the
semi-arid Colorado Front Range. Our approach examines catchments
with and without anthropogenic impacts, such as mining and low-
density housing, as well as catchments that vary in the proportion of
annual precipitation inputs (i.e., snow vs. rain). Given that these ecor-
egions are experiencing trends towards greater rainfall contributions to
peak flows (Kampf and Lefsky, 2016), we conducted our study in the
summer to investigate rain-driven processes. We address the following
research questions: what are the dominant flowpaths in lower elevation
catchments with varying land use during summer storm events as
inferred by hydrometrics and stream chemistry, and how do hydrologic
flowpaths in these catchments change from early to late summer? We
address these questions by performing hydrograph separations,
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investigating stream chemistry and runoff behavior during storm events,
and analyzing the relationship between constituent concentrations and
runoff.

2. Study area

We conducted our study in the Boulder Creek Watershed (1,160 km?)
located in the Colorado Front Range (Fig. 1). The watershed spans an
elevation gradient from 1,480 to 4,120 m and can be divided into five
major climatic zones/ecoregions: plains (1,450-1,800 m), foothill
(1800-2400 m), montane (2400-2700 m), subalpine (2700-3500 m),
and alpine (3500-4200 m) (Murphy, 2006). Excluding the plains ecor-
egion, which is downstream of our study area, the foothill and montane
ecoregions comprise 58% of the watershed, and the subalpine and alpine
regions comprise 42%. The foothill regions are underlain by Precam-
brian, metamorphic and granitic bedrock, predominately gneiss and
schist; the subalpine regions contain those rock types and also minimal
Tertiary volcanics and Quaternary alluvium deposits (see figure in
Murphy, 2006, p. 4). Summer (mid-June through mid-September) pre-
cipitation is characterized by convective thunderstorms with substantial
spatial variation in rainfall. The majority of precipitation in the subal-
pine and alpine regions is delivered as snow in the winter and spring,
while in the montane and foothills ecoregions annual precipitation is ~
30-60% snow, 25-40% rain and 15-30% mixed snow and rain (that is,
air temperature crossed 2 °C during the event) (Cowie, 2010). Lower
elevations in the Boulder Creek watershed receive a greater percentage
of precipitation in April-September than do higher elevations (e.g., the
plains receive about 65% of precipitation during that time, compared to
the subalpine receiving about 53% during that time; Murphy et al.,
2015, Table S5). Highest runoff in Boulder Creek typically occurs from
April-June from snowmelt and mixed rain/snow events, and annual low
flow occurs from September to March (Murphy, 2006).

We compared three catchments in the foothill and lower montane
ecoregions of the watershed: Keystone Gulch, Hawkin Gulch and Lost
Gulch (Fig. 1). These foothill catchments are small (3.6-5.3 krnz), north-
flowing, steep (38.4-44.6% slope), and are 94.0-98.7% forested
(Table 1). Satellite imagery of these catchments and visual identification
shows that exposed rock outcrops of granodiorite are common. South-
and west-facing slopes with more sun exposure are dominated by pon-
derosa pine (Pinus ponderosa) with interspersed Rocky Mountain juniper
(Juniperus scopulorum), while north- and east-facing slopes are typically
dominated by more shade-tolerant Rocky Mountain Douglas-fir (Pseu-
dotsuga mengiesii var. glauca) and Colorado blue spruce (Picea pungens)
with few aspen (Populus tremuloides) (Kaufmann et al., 2006). Most of
Hawkin Gulch and upper portions of Keystone Gulch are Boulder
County-designated environmental conservation areas. Keystone Gulch
has considerably more anthropogenic impacts than Hawkin or Lost
Gulch, including low-density housing and a low-intensity trafficked
paved road that extends the entire elevation range of the catchment.
Keystone Gulch also contains 38 historical underground hard-rock
mines, which are primarily located within a 3-km? radius and have
tunnels that are typically <100 m long (Lovering and Goddard, 1950).

We compared the three foothills catchments to the larger (63.2 km?)
Fourmile Creek catchment, which extends from the foothills to subal-
pine ecosystems, to investigate the impact of prolonged snowmelt on
stream chemistry and hydrologic flowpaths (Table 1). Climate in the
lower portion of the Fourmile Creek catchment is similar to the foothills
catchments (mean annual precipitation 500-600 mm; Murphy et al.,
2015), but due to higher winter precipitation in in the headwaters,
Fourmile Creek receives greater contributions from snowmelt. Land use
is similar to Keystone Gulch, with roads, low-density housing, and un-
derground mines, though the mines are more spatially extensive (Lov-
ering and Goddard, 1950).
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Fig. 1. Map of the Boulder Creek Watershed showing locations of each study catchment, locations of the Mile High Flood District rain gauges (Gold Hill, Logan Mill,
Betasso, Filter Plant, Magnolia and Twin Sisters) as well as the National Atmospheric Deposition Precipitation site at Betasso.

3. Data collection and methods
3.1. Precipitation data and sampling

Local incremental rainfall data (from 1.0 mm tipping bucket rain
gauges) were obtained from the Mile High Flood District (MHFD, 2019).
The MHFD Magnolia site is the closest site to the foothill catchments and
was primarily used to estimate rainfall in those catchments, and both the
MHFD Betasso and Logan Mill sites were evaluated for Fourmile Creek
(Fig. 1). Daily precipitation totals and maximum 30-min rainfall in-
tensities (I3p) were calculated at all sites. We used I3g because in
mountainous terrain in this region, most of the 1-hour rainfall falls in the
first 30 min (Moody and Martin, 2001) and this metric has been used in
evaluating flow response in this region (Murphy et al., 2015, 2018).
Maximum I3p is calculated by summing tipping bucket rainfall data

within a 30-minute period and doubling the value to obtain units of mm/
hr (Moody and Martin, 2001).

We used data from the Betasso National Atmospheric Deposition
Program (NADP) site for concentrations of Ca and Mg in precipitation
(NADP, 2019; see Fig. 1 for location). At this site in an open canopy, we
deployed a sequential sampler to measure rainfall and collect multiple
precipitation samples during storms, but it malfunctioned. Subse-
quently, we collected bulk precipitation samples for electrical conduc-
tivity (EC) analysis at this site. The bulk precipitation sampler was
washed using ultra-pure deionized water (DI water) three times before
each sample collection.

3.2. Stream discharge and electrical conductivity

Continuous stream stage data were obtained at all sites except Lost
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Table 1
Site characteristics and summary of water samples collected at each site in the
study area. Site characteristics were derived from the U.S. Geological Survey
program StreamStats (USGS, 2020) and a 10-m digital elevation model with
ArcGIS.

Hawkin Lost Gulch Keystone Fourmile
Gulch Gulch Creek
Area (km?) 3.6 4.5 5.3 63.2
Avg. 2158 2061 2240 2435
Elevation
(m)
Min. 1817 1768 1838 1746
Elevation
(m)
Max. 2457 2371 2633 3515
Elevation
(m)
Ecoregion foothills foothills foothills foothills (45%)
Type (96%) (100%) (78%) montane (36%)
montane montane subalpine
(4%) (22%) (19%)
Avg. Basin 44.6 41.3 38.4 36.8
Slope
% Forest 98.7 94 96.2 65.9
Cover
Avg. 540 534 542 552 (up to 1000
Annual in subalpine
Precip. region)
(mm)
Dominant Granodiorite Granodiorite Granodiorite Granodiorite
Geology and some
volcanics
Presence of No No Yes Yes
Historical
Mines
Presence of Few Few Yes Yes
Roads
and
Houses
Grab 20 20 18 30
Samples
Storm 11 0 26 17
Samples
Total 31 20 44 47
Samples
Date Flow 7/24/2018 7/4/2018 7/12/2018 Perennial
Ended
Other notes - - - 23% area

burned in 2010

Gulch. For Keystone and Hawkin Gulch, we recorded stage every 5 min
with a calibrated, submerged pressure transducer (model-CS451) and a
CR1000 data logger (Campbell Scientific, Inc., Logan, UT, USA),
measured discharge weekly using a flow meter (AquaCalc Pro, JBS In-
struments, Columbus, OH, USA), and calculated a stage-discharge rela-
tionship. Fourmile Creek discharge data (5-min interval) were retrieved
from the U.S. Geological Survey (USGS) stream-gaging station Fourmile
Creek at Orodell, CO (06727500), located approximately 100 m up-
stream of its confluence with Boulder Creek (U.S. Geological Survey
(USGS), 2019; see Fig. 1 for location). We did not install a pressure
transducer at Lost Gulch due to resource constraints, but measured
discharge when samples were collected. At all catchments, runoff (mm/
hr) was calculated by dividing stream discharge by drainage area.
Temperature-corrected EC was recorded every 5 min using
laboratory-calibrated conductivity loggers (model-U24-001, Onset
Computer Corporation, Bourne, MA, USA) at all sites. To account for
instrument data drift, we calibrated EC data to weekly measurements
collected with a laboratory-calibrated, hand-held EC meter (model-
2052, Amber Science Inc., Eugene, Oregon, USA). An instrument mal-
function at Fourmile Creek resulted in the loss of 5-min EC data from
that catchment. Additionally, we measured EC in every water sample
and selected 3-6 samples per sampled storm event for complete water
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chemistry analysis based on variations in discharge and EC.
3.3. Water sampling

Stream samples were collected as grab samples at all sites across the
season from April 18 to August 1 (Table 1) approximately every week
(less in April and early May), or until the streams stopped flowing. We
refer to “seasonal” changes throughout this paper to reflect this period of
April 18 to August 1. Additional grab samples were collected before and
after (typically within 24 hr before the start, and 24 hr after the end)
storm events. During storm events, samples were collected at Keystone
Gulch, Hawkin Gulch and Fourmile Creek using automatic samplers
(model-6712, Teledyne ISCO, Lincoln, NE, USA) on a 15-min or 30-min
interval, depending on storm forecast. Automatic samplers were pro-
grammed to begin sampling based on rising stream stage compared to
current stage, previous stage behavior and future storm forecast. During
some storm events, increases in stage were not large enough to activate
the automatic samplers. Storm samples were not collected at Lost Gulch.

3.4. Laboratory analysis

We preserved water samples following standard techniques of cool-
ing, filtering, and acidifying samples for laboratory analysis (McCleskey
et al., 2012). Stream water samples were analyzed for major cations and
anions, DOC, metals (Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni,
P, Pb, Sb, Se, Sr, U, V, W, Zn), EC, and pH. Precipitation samples were
analyzed for EC. Refer to the SI for details on laboratory analytical
methods, precision and accuracy (Table S1). All stream chemistry data
are available from the Boulder Creek Critical Zone Observatory database
(http://www.hydroshare.org).

3.5. Concentration-runoff relationships

To investigate how hydrologic flowpaths change from early to late
summer, we developed linear regressions between concentration-runoff
(C/R) at each site. For each site, C/R relationships for EC, SiO,, Ca, Mg,
Na, Cl, SO4, DOC, and K were fitted using both grab and storm water
samples combined with the formula:

log(C) = a + b*(log(R)) 1)

where a is the slope intercept, b is the slope, R is runoff (mm/hr), and C is
a predicted constituent concentration expressed in mg/l. A negative
slope (b < 0) indicates constituent dilution where the concentrations
decrease with increased discharge, while a positive slope (b > 0) in-
dicates enrichment where the concentrations increase with increased
discharge (Godsey et al., 2009). All data analyses was run in the “R”
statistical package (R Core Team, 2018).

3.6. Hydrograph separation

To infer dominant hydrologic flowpaths during storm events, we
used a one-tracer, two end-member mixing model to perform hydro-
graph separations in Keystone Gulch and Hawkin Gulch, two adjacent
catchments which are similar in elevation and precipitation but differ in
anthropogenic impacts. For a two end-member system, the hydrograph
separation is calculated as:

(Traceryx — Traceryre_event)

@

Event Water Fraction =
(Tracereyent — Tracerpre_event)

Pre — event Fraction = (1 — Event Water Fraction) 3)

where pre-event water (baseflow) and event water (precipitation) are
end-members and EC or constituents (Ca or Mg) are a tracer. Several
conditions and assumptions must be met to perform the two end-
member hydrograph separation: 1. Only two components are
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contributing to stormflow during the event (baseflow and event water);
2. Tracer values of each component are significantly different and
remain constant during the event, or changes are known; and 3.
Streamwater is completely mixed and there is minimal evaporation
(Klaus and McDonnell, 2013; Wels et al., 1991). After confirming that
the tracer values of each component are significantly different and
assuming conditions (2) and (3) were met, we separated storm hydro-
graphs into event water and pre-event water contributions using EC as a
tracer.

While EC is frequently used as a tracer in hydrograph separation
studies, it does not always behave conservatively in the environment
(Laudon and Slaymaker, 1997), so we assessed its suitability as a con-
servative tracer by comparing hydrograph separation results derived
using EC as a tracer to those derived using Ca and Mg as tracers. Because
EC is largely controlled by major constituents such as Ca and Mg,
hydrograph separations based on either EC, Ca, or Mg should yield
similar results. Through a quantitative comparison using linear regres-
sion, we assumed that a high R? and near one-to-one slope between EC
and primarily bedrock-derived solutes with minimal biological activity
(Mg, Ca) would indicate the suitability of EC as a conservative tracer. If
these conditions were met, hydrograph separation results were obtained
using EC as a tracer due to the comparatively higher temporal resolution
of collection in comparison to grab sampling for Ca and Mg. To estimate
error in these hydrograph separations, results from two end-member
hydrograph separations using EC, Ca, and Mg as tracers were
compared (Fig. S3 and Table S2). We primarily used hydrograph sepa-
ration results using EC as a tracer in the results and discussion.

We also evaluated error in the EC value of precipitation used for
hydrograph separations. The sequential precipitation sampler malfunc-
tioned during some storm events, and thus EC values for precipitation
during individual storms were not available. In addition to comparing
EC-derived hydrograph separations to those derived from Mg and Ca
values, three different hydrograph separations for each storm event
were calculated using the average EC value +two standard deviations
(18.2 pS/cm, 20.8 pS/cm, and 15.6 uS/cm, respectively) of all precipi-
tation samples collected to investigate if the mean (18.2 uS/cm) is a
representative precipitation EC tracer value. Using +two standard de-
viations as the event EC tracer value minimally changed the results of
component contributions (<2%) and 18.2 uS/cm was exclusively used as
the tracer value for event water in final hydrograph separation analysis.

Uncertainty estimates for the final mixing model results utilizing EC
as a tracer were obtained following the methodology derived by Gen-
ereux (1998). Following this method, the standard deviation of
streamflow EC measurements 48 h prior to the start of each event, the
standard deviation of EC in precipitation, and the manufacturer’s re-
ported instrument error were propagated to estimate uncertainty for
each individual sample’s mixing model calculation. These uncertainty
estimates were then characterized by the mean, median, and range of
uncertainty estimates for the event and pre-event fractions calculated
using Egs. (2) and (3).

4. Results
4.1. Precipitation

During the 2018 water year (October 1, 2017 to September 30,
2018), 57% of annual precipitation fell from April through July near our
field catchments at the Betasso NADP site (Fig. 1), with the highest
monthly precipitation totals occurring in May (129 mm) and June (60
mm) (Fig. S1). In May and June, there were ten storms with > 10 mm
precipitation, with the two largest events occurring on June 18 (27 mm)
and May 2 (24 mm). A prolonged dry period occurred from June 20 to
July 15, when <7 mm of precipitation fell in 24 days. Similar to previous
studies in this area, we observed substantial spatial variation in rainfall
during summer convective storms (Murphy et al., 2015) (Table S3). For
example, on June 18, all gages recorded > 20 mm except two sites
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within the Fourmile Creek catchment (Logan Mill and Gold Hill) which
recorded < 4 mm.

4.2. Stream runoff

Runoff in all the catchments varied by several orders of magnitude
during the study period, with runoff generally decreasing from mid-May
to August (Fig. 2). Runoff values from the foothill catchments were
similar to each other throughout the season (ranging from 0.0005 mm/
hr to 0.08 mm/hr) and were lower than runoff of Fourmile Creek.
Keystone, Hawkin and Lost Gulch had intermittent flow which ceased on
July 12, July 24, and July 4, respectively, and did not flow again, except
intermittently in response to storms, during the study period.

Runoff increased in response to storm events in all catchments. The
largest storm of the season (June 18) caused runoff to peak at 0.08 mm/
hr and 0.03 mm/hr at Keystone Gulch and Hawkin Gulch, respectively
(Fig. 2). Seasonal peak runoff at Fourmile Creek (0.14 mm/hr) occurred
in response to an early season storm on May 18.

4.3. Seasonal times series of electrical conductivity and constituents

4.3.1. Electrical conductivity

EC was related to runoff and responded to storm events in all study
catchments, but the response differed among the catchments (Fig. 2). In
general, EC was inversely related to runoff across the season, being
lowest in mid-May during high runoff and highest in July during low
runoff. EC values in the three foothill catchments were similar to each
other throughout the season (range: 126-403 pS/cm, mean: 267 pS/
cm+ 62 SD), but EC was typically lower in Fourmile Creek (range:
144-285 pS/cm) during the first half of the study period, which coin-
cided with snowmelt in the headwaters of Fourmile Creek. Natural Re-
sources Conservation Service records indicated snowmelt in upper
Fourmile Creek began on approximately May 4, and was snow-free by
May 23 (United States Department of Agriculture (USDA) National Re-
sources Conservation Service (NRCS), 2019). Fourmile Creek EC
increased from 187 pS/cm on June 15 to 305 pS/cm on July 4,
approaching values of the foothill catchments. After early July, EC at
Fourmile Creek increased similarly to EC at the foothill catchments for
the rest of the season (Fig. 2). During storms, EC of Hawkin Gulch always
decreased, but EC in Fourmile Creek increased above pre-storm values.
EC at Keystone Gulch decreased during all storms except during the
storm runoff response on May 22, in which EC increased above pre-
storm EC levels.

4.3.2. Major cations, anions and silica

We observed seasonal variations in lithogenic constituent (SiO», Ca,
Cl, Mg, Na, SO4, and K) concentrations, with the lowest concentrations
during the spring runoff period (May) and the highest concentrations in
June and July during low flow (Fig. 2). The three foothill catchments
had similar concentrations of SiO,, Ca, Mg, and K, but Keystone Gulch
had higher concentrations of Cl and Na. Fourmile Creek usually had
lower concentrations of most lithogenic constituents than the foothill
catchments during spring runoff, but similar or higher concentrations
during the low-flow period of late June and July (Fig. 2). In comparison
to the foothill catchments, Fourmile Creek always had lower SiO; con-
centrations, and higher SO4 concentrations. Concentrations of Cl and Na
in Keystone Gulch (7.2-21.2 mg/1 Cl, 6.6-12.5 mg/1 Na) were more
similar to Fourmile Creek (4.1-30.6 mg/1 Cl, 6.1-12.5 mg/1 Na) than to
the other foothill catchments (2.2-11.3 mg/1 Cl, 5.0-8.8 mg/I1 Na). At all
sites, NO3 concentrations were typically below detection limit (105 out
of 158 samples were < 0.01 mg/1) with a maximum value of 2.2 mg/1.

4.3.3. Dissolved organic carbon

Keystone Gulch generally had the highest DOC concentrations
(3.6-14.0 mg/1, median: 7.2 mg/1 & 2.1 SD) of all the study sites, while
Fourmile Creek had the lowest concentrations (2.5-7.0 mg/l, median:
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Fig. 2. Times series of weekly grab samples from April 18 to August 1. Concentrations/values of precipitation (mm), runoff (mm/hr), EC, Cl, DOC, Na, SOy, SiO,, and
Ca at all sites. Cumulative precipitation data (mm) is from the Mile High Flood District Magnolia precipitation site, the closest site to the headwaters of the foothill
catchments (see Fig. 1 for locations). Mg and K concentrations are not shown but have similar concentration behavior to Ca. The approximate end of snowmelt is mid-
to late-May at the foothill catchments and early- to mid-June for Fourmile Creek. All EC units are pS/cm, all constituents are in mg/1. Runoff values < 0.0005 mm/hr

(only observed in Keystone Gulch and Hawkin Gulch) are not plotted.

3.3mg/1 + 1.3 SD) (Figs. 2 and 3). Hawkin Gulch and Lost Gulch usually
had similar DOC concentrations throughout the season (1.9-8.1 mg/1,
median: 4.2 mg/1 &+ 2.1 SD). Seasonal variations in DOC were similar
across all sites and DOC concentrations were highest in the high runoff
period (early May to June). During the low runoff period (June to
August), DOC concentrations generally remained constant at each
catchment (~6.5 mg/] at Keystone Gulch and ~3.5 mg/1 at the other
sites).

4.3.4. Metals

Metal concentrations in all watersheds were generally low; concen-
trations of As, Be, Cd, Co, Cr, Mo, Ni, P, Pb, Sb, Se, and W were nearly
always below detection limits. At all sites, concentrations of Fe ranged
from < 0.002 mg/1 (below detection limit) to 0.07 mg/1. In the foothill
catchments, Fe concentrations were highest in Keystone Gulch (mean
concentration = 0.021 mg/1) and lowest in Hawkin Gulch (mean con-
centration = 0.006 mg/1). Across all sites, concentrations of Zn were
typically low and ranged from < 0.001 to 0.08 mg/1. Mn concentrations
at Fourmile Creek and Keystone Gulch were always higher (ranged from
< 0.001 to 0.132 mg/1) than in Lost Gulch and Hawkin Gulch (ranged
from < 0.001 mg/1 to 0.002 mg/1).

4.4. Concentration-runoff relationships

C/R relationships were strong (R? > 0.50, p < 0.01) for Ca, Mg, Na,
Cl, and SO4 in all catchments, except for Cl and SO4 in Lost Gulch (Fig. 3,
Table 2). Log SiO2/R relationships were strong in Hawkin and Lost
Gulch (R2 > 0.65, p < 0.01) but weaker in Keystone Gulch and Fourmile
Creek (R? < 0.35, p < 0.01). Relationships between runoff and K or DOC
were generally weaker and more variable (Table 2).

C/R relationships exhibited different slope characteristics among
constituents (Fig. 3, Table 2). At all catchments, the relationships be-
tween runoff and EC, SiO, Ca, Mg, Na, Cl, SO4 and K concentrations had
negative slopes (except for CI at Lost Gulch). DOC/R exhibited positive
slopes at all catchments except at Keystone Gulch, where the slope was
approximately zero (Fig. 3).

4.5. Storm event response and hydrograph separations at the foothill
catchments

Streamflow dynamics during storm events differed between the
Keystone and Hawkin Gulch catchments. Across the five sampled storm
events, total precipitation ranged from 3 to 38 mm. Maximum I3, ranged
from 3 to 33 mm/hr; during a storm on June 18, gages in all catchments
recorded an I3p > 15 mm/hr. During three of four sampled storm events,
Keystone Gulch exhibited a rapid runoff response to rainfall with a rapid
(10 to 30 min) time-to-peak and a subsequent steep recession, while
Hawkin Gulch exhibited a longer (45-65 min) response (Table 3, Figs. 4
and 5). During the low-intensity storm event on June 17 (max. I3p: 6
mm/hr), however, Keystone Gulch and Hawkin Gulch both had very
small and slow runoff responses. During all storms, Keystone Gulch had
higher runoff peaks than Hawkin Gulch (Table 3). For example, during
the largest storm of the season on June 18 (Fig. 2), runoff rates at
Keystone Gulch and Hawkin Gulch peaked at 0.08 mm/hr and 0.03 mm/
hr, respectively (Fig. 4).

Concentrations of SiOy, Ca, Cl and SO4 in Hawkin and Keystone
Gulch generally decreased during storm events. The greatest decrease
occurred on June 18; within ten minutes, concentrations of SiO5, Ca, Cl
and SO4 decreased 60 to 80% in Keystone Gulch and 15-30% in Hawkin
Gulch (Fig. 4). Concentrations of DOC peaked on the falling limb at 12.7
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All C/R relationships have p-values < 0.01, except where the dashed lines indicate p-values > 0.05.

mg/] in Keystone Gulch and 16.6 mg/l in Hawkin Gulch. Lithogenic
constituent concentrations increased with increased runoff during the
storm events on May 22 (Fig. S2) at Keystone Gulch.

For all storm events, Hawkin Gulch’s runoff response to rainfall was
dominated by pre-event water contributions (event water estimates <
50%; Table 3). In contrast, event water estimates at Keystone Gulch
peaked above 50% during three out of the four storm events and ranged
from 21% on June 17 to 70% during the largest runoff event of the
season on June 18 (Fig. 5); and the timing of peak event water generally
coincided with peak runoff. This large dilution on June 18 coincided

with the highest event water fraction (70%) calculated at Keystone
Gulch. During this storm, peak DOC at Keystone Gulch occurred 80 min
after peak event water contributions to streamflow, while in Hawkin
Gulch, DOC concentrations peaked 30 min after peak event water con-
tributions. Keystone Gulch had much higher DOC concentrations (20.7
mg/1) in response to the storm on July 15 than during the larger June 18
storm (12.7 mg/1); this may be related to Keystone Gulch being
completely dry before the July 15 storm.

Calculated event water estimates using Ca and Mg as tracers are
similar to using EC as a tracer (for Ca and Mg, linear regression R? is 0.97
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R?, slope and p-values from Log(Constituent) — Log(Runoff) analysis of EC, SiO,, Ca, Mg, Na, Cl, SO,4, DOC, and K for Keystone Gulch, Hawkin Gulch, Fourmile Creek
and Lost Gulch using storm and grab samples. Notes: * indicate R* < 0.2 and italics indicate p-value > 0.05.

R? EC S$i0, Ca Mg Na cl S0, DOC K
Keystone Gulch 0.68 0.32 0.59 0.59 0.56 0.70 0.60 < 0.01 0.41
Hawkin Gulch 0.78 0.67 0.89 0.88 0.79 0.65 0.64 0.38 0.30
Lost Gulch 0.70 0.85 0.86 0.89 0.85 < 0.01 0.18 0.86 0.80
Fourmile Creek 0.85 0.33 0.82 0.85 0.80 0.68 0.86 0.19 0.55
Slope EC SiOy Ca Mg Na Cl SO, DOC K
Keystone Gulch -0.15 —-0.14 —0.18 —0.18 —0.11 -0.27 —-0.23 0.02* —0.11
Hawkin Gulch -0.15 -0.11 -0.16 —-0.15 -0.13 —-0.33 —-0.24 0.19 —0.05
Lost Gulch —0.16 —0.04 —0.13 -0.12 —0.06 0.00* -0.11* 0.29 —0.08
Fourmile Creek —-0.22 —0.06 —0.22 —-0.25 —-0.21 -0.39 —0.40 0.09 —-0.15
p-value EC SiO, Ca Mg Na cl S04 DOC K
Keystone Gulch <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.69 <0.01
Hawkin Gulch <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Lost Gulch <0.01 <0.01 <0.01 <0.01 <0.01 0.96 0.07 <0.01 <0.01
Fourmile Creek <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Table 3

Summary of all storms sampled at all sites with date (all storms are in 2018) sampled, maximum 30 min intensity, total precipitation, peak runoff, time to peak runoff,
maximum event water and timing of maximum event water (using EC as a tracer), average high and low temperatures the week before the storm event, and the total
precipitation the week before the storm event. All precipitation data is from the Mile High Flood District Magnolia site, except where ~ is precipitation data from the
Logan Mill site and * is from the Mile High Flood District Betasso site (Mile High Flood District (MHFD), 2019). Temperature data are from the Betasso NADP site

(National Atmospheric Deposition Program (NADP), 2019; see Fig. 1 for location).

Site Hawkin Gulch Keystone Gulch Fourmile Creek

Storm Date June 17 June 18 July 15 May 22 June 17 June 18 July 15 May 18 June 17 June 18 June 19
Max. I3g 3 19 6 3 3 19 6 33* 3 15* 13
Total Precip (mm) 21 24 9 3 21 24 9 38* 15° 16* 127
Peak Runoff (mm*hr ') < 0.01 0.03 < 0.01 0.03 0.01 0.08 0.01 0.14 0.01 0.04 0.04
Time to Peak (min) >180 45 65 15 >180 30 10 50 >180 35 5

Max. Event Water (%) 5 46 22 - 21 70 63 - - - -
Timing of Max. Event Water peak falling rising - peak rising peak - - - -

Avg. High/Low Temp. (C) Week Before 31/11 28/11 34/14 19/5 31/11 28/11 34/14 20/3 31/11 28/11 27/11
Total Precip (mm) Week Before 9 30 2 30 9 30 2 8% 0 15% 31

and 0.95, and slope is 0.84 and 0.86, respectively; Fig. S3). Average
percent differences between using EC as a tracer versus using Ca and Mg
were lower at Hawkin Gulch (14.8%) than at Keystone Gulch (26.9%).
The time to peak event water was the same regardless of which tracer
was used in the hydrograph separation. For one storm event (on May 22)
at Keystone Gulch, using EC, Mg, or Ca as tracers violated the assump-
tion that tracer values of each component are significantly different and
remain constant during the event, or changes are known. During all
other events, calculated uncertainty estimates for mixing model results
utilizing EC as a tracer were relatively small, with a mean uncertainty
for event fractions at both catchments ranging from + 0.02 to + 0.06
with a mean of + 0.03. Uncertainty calculations for individual mixing
model results, and summary statistics of these calculations can be found
in Tables S4 and S5.

5. Discussion

5.1. How do hydrologic flowpaths change from early to late summer in
lower elevation catchments with varying land use?

Relations between stream runoff and water chemistry in our catch-
ments suggest a transition in dominant flowpaths from the shallow
subsurface during high flow to deeper groundwater during low flow.
Concentrations of lithogenic (e.g., SiO3, Ca, Mg, and Na) constituents
increased with decreasing runoff during the season, while the bioactive
constituent DOC decreased (Figs. 2 and 3); many studies have shown this
same pattern, and attributed it to a shift of flowpaths from the DOC-rich,
weathering-product-poor shallow subsurface to deeper flowpaths mov-
ing through bedrock or deep soil (Boyer et al., 1997; Burns et al., 2016;
Hornberger et al., 1994; Chorover et al., 2017; Godsey et al., 2009;

Murphy et al., 2018; Stallard and Murphy, 2014). Slopes of C/R re-
lationships for SiO,, Ca, Mg, and Na in our catchments are shallow
(range: —0.25 to —0.04; Table 3) and similar to the near-chemostatic
slopes found by Godsey et al. (2009) in a study of 59 geochemically
diverse US catchments. Our results differ from C/R relationships of
alpine and subalpine catchments in Colorado, which are strongly
dependent on the magnitude of runoff: there, low-flow periods tend
toward chemostatic behavior, while high-flow periods are chemo-
dynamic, with substantial dilution of lithogenic solutes (Stottlemyer and
Troendle, 1992; Podzorski, 2018). These higher-elevation systems
experience dilution of lithogenic constituents that persists into late
summer/early fall due to prolonged snowmelt. Lithogenic constituents
in our catchments, however, were lowest in late May/early June and
were higher during the remainder of the summer, when streamflow was
low.

The differences between stream water chemistry and C/R relation-
ships in foothill/ montane catchments and subalpine/alpine catchments
in the Colorado Front Range likely result from the greater contribution
of seasonal snowmelt to streamflow and a longer snowmelt season at
higher elevations (Cowie et al., 2017; Williams et al., 2011). The average
date of complete snowpack melt from water years 2008-2017 was May
31 at the subalpine Niwot Ridge SNOTEL site (elevation: 3321 m), but
nearly a month earlier (April 28) at montane (elevation: 2734 m) Gor-
don Gulch (United States Department of Agriculture (USDA) National
Resources Conservation Service (NRCS), 2019; Anderson and Ragar,
2019). In Fourmile Creek, which extends from the foothills to the sub-
alpine, lithogenic constituent concentrations were lower from May to
mid-June, when snowmelt derived from the subalpine region controlled
stream discharge (Fig. 2). After snowmelt waned, EC and concentrations
of Ca and Na increased, approaching levels similar to those of the
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(see Fig. 1 for locations).

foothill catchments (Fig. 2). Zhang et al. (2018) estimated that ~24% of
annual discharge in Boulder Creek was sourced from groundwater flow
from the montane ecoregions. However, this estimate did not include
foothills catchments, and our results suggest that 24% may be an un-
derestimate of groundwater contributions from low to mid-elevation
catchments. Williams et al. (2011) observed an increase in base cation
concentrations in stream water with decreasing elevation in headwater
catchments in the Boulder Creek Watershed, which may also indicate
greater groundwater contributions at lower elevations. Recent work by
Kampf and Lefsky (2016) demonstrated that peak snow water equiva-
lents have declined over the past three decades throughout the Colorado
Front Range. If snowpack depth and snow water equivalent continue to
decrease with increasing temperatures in high elevation areas, catch-
ments in the foothills and montane ecoregions may contribute not only a
greater proportion of annual flow but also impact water quality with
higher concentrations of lithogenic constituents.

Water chemistry suggests that anthropogenic activities such as
housing, roads, and historical mining affect Keystone Gulch and Four-
mile Creek, to a varying seasonal degree. We observed high concentra-
tions of Cl in these catchments, particularly during low-flow conditions
in the later season. Chloride concentration is low in the Boulder Creek
Granodiorite, which underlies our study sites (Gable, 1980), so bedrock
is not a likely source. In urbanized catchments, high Cl concentrations in
streamwater are typically linked to a combination of both effluent from
local septic systems, and long-term road salt application (Sherwood,
1989; Gutchess et al., 2016; Kelly et al., 2008; Stets et al., 2018). Several
residences with domestic sewage systems are located adjacent to the
stream channel in both Keystone Gulch and Fourmile Creek and may
contribute Cl to the groundwater system. The U.S. Natural Resource
Conservation Service (NRCS) assessed the soils in these areas to be “very
limited” for septic use, which suggests that less effective performance of
septic systems may be expected (Soil Survey Staff, Natural Resources
Conservation Service, United States Department of Agriculture (USDA),
2020); thus, it is possible that wastewater, which can be elevated in

chloride (Gutchess et al., 2016), may be contributing to nearby streams.
In addition, Boulder County applies a mixture of sand and 5-10% rock
salt (NaCl) to roads that parallel Keystone Gulch and Fourmile Creek
(Boulder County, 2019), and it is possible that CI enters local ground-
water and is transported to streams (Kelly et al., 2008; Ledford et al.,
2016; Perera et al., 2013; Sherwood, 1989). Residence times of CI in
altered groundwater systems has been estimated to range from 20 to 30
years (Gutchess et al., 2016) to hundreds and thousands of years
(Novotny et al., 2009), highlighting a potential long-term impact of
land-use change on stream chemistry in the Colorado Front Range.
Elevated SO4 concentrations in Fourmile Creek may be related to the
presence of widespread historical underground mines in this catchment.
Minimal SOy is present in Boulder Creek Granodiorite, which underlies
most of our study area (Gable, 1980), but pyrite is present in ore deposits
in the Fourmile Creek catchment (Lovering and Goddard, 1950; Plumlee
et al., 1995), and oxidation of pyrite can lead to elevated SO4 in waters
downstream of mines (Nordstrom, 2011, 2009). Indeed, mine discharge
in the Fourmile Creek catchment, which is derived from deeper flow-
paths through abandoned subsurface mine workings (Murphy et al.,
2020), contains elevated SO4 (McCleskey et al., 2012; Murphy et al.,
2020b). During spring, snowmelt runoff derived from the upstream
subalpine region provides dilution of the stream. Keystone Gulch also
contains historical underground mines, but we did not observe high
concentrations of SO4 in that catchment. In contrast to the ore in
Fourmile Creek, the telluride ore mined in Keystone Gulch has limited
pyrite (Plumlee et al., 1995), and the mines are less spatially extensive.
While flowpaths in Keystone Gulch may also intersect historical mines,
the resultant mine discharge would likely have low SO4 concentrations.
Limitations on property access prevented us from sampling of mine
discharge in Keystone Gulch. Despite the presence of mines in both of
these watersheds, metal concentrations were generally low and can be
attributed to the type of ore deposit in both (Plumlee et al., 1995).
Other studies have suggested that atmospheric deposition is a
considerable source of both Cl and SO4 to montane and foothills
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Fig. 5. Precipitation, total runoff, event water fraction using EC as a tracer
(with % peak event water estimate indicated), EC, and concentrations of SiO,,
Ca, Cl, SO4 and DOC on July 15 at Keystone and Hawkin Gulch. Precipitation
data are from the Mile High Flood District Magnolia precipitation site (see Fig. 1
for location). Constituent concentrations with * are from samples collected from
Hawkin Gulch at 12:55 on July 15 and from Keystone Gulch at 16:54 on
July 12.

catchments in the Boulder Creek Watershed (Aguirre et al., 2017; Mills,
2016), but the reported deposition and stream fluxes do not fully explain
the patterns we observed in our catchments. Dust deposition in the
montane/foothills region is greatest during the early summer months
with the highest rates being between the months of May and July
(Aguirre et al., 2017; Heindel et al., 2020); however, Cl and SO4 con-
centrations in our streams became more dilute during these months and
only increased late in the summer—out of phase with seasonal deposi-
tion patterns. In nearby montane Gordon Gulch, Cl and SO4 concen-
trations were variable, yet consistently higher in streamwater than in
groundwater. Concentrations in groundwater remained relatively con-
stant throughout the year, but stream concentrations became more
enriched in response to summer rain events, especially in the late fall
following prolonged dry periods (Mills 2016). Concentrations of SO4 and
Cl in streamwater increased in response to a large rain event in late June
in Fourmile Creek and Keystone Gulch, respectively (Fig. 2), but this
response was not consistent among all catchments, or across all rain
events, as would be expected if atmospheric deposition was the primary
driver for SO4 and Cl enrichment in streams. In addition, peak SO4 and
Cl concentrations in Fourmile Creek and Keystone Gulch stream water
during our study were >10 times greater than those observed in Gordon
Gulch over a three-year period (Mills 2016). Therefore, while atmo-
spheric deposition may contribute to SO4 and Cl to some degree in our
catchments, it is likely a small fraction.
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5.2. What are the dominant flowpaths during summer storm events in
foothill catchments?

Comparing the timing and magnitude of peak event water fractions,
hydrograph and constituent behavior indicated dominant flowpaths
during storm events differed between Keystone Gulch and Hawkin
Gulch. Peak event water estimates at Hawkin Gulch (Table 3), the
largely undisturbed foothills catchment, were consistent with past
studies where storm hydrographs are dominated by pre-event water
contributions (Brown et al., 1999; Buttle, 1994; Buttle and Peters, 1997;
Marc et al., 2001; Genereux and Hooper, 2012; Gibson et al., 2005; Hoeg
et al., 2000; Hooper and Shoemaker, 1986; Klaus and McDonnell, 2013;
Sklash et al., 1979). Event water contributions typically peaked on the
falling limb, indicating that substantial volumes of event water were
delivered to Hawkin Gulch after peak runoff. Concentrations of DOC and
lithogenic constituents were highest and lowest, respectively, on the
falling limb, suggesting that this event water traveled through shallow
subsurface flowpaths intersecting DOC-rich soils (Boyer et al., 1997;
Hornberger et al., 1994; McDowell and Likens, 1988; McGlynn et al.,
1999; Mills, 2016). In contrast, Keystone Gulch, the foothill catchment
with anthropogenic disturbances, had peak event water contributions >
50% that coincided with peak or near peak runoff, and low DOC and
lithogenic constituent concentrations. This suggests the rapid pulse of
event water at Keystone Gulch is likely not delivered through shallow
subsurface flowpaths (Klaus et al., 2013; McDonnell, 1990) or overland
flowpaths over soils, both of which are typically rich in DOC (Gremillion
et al., 2000; Pearce, 1990).

We posit that overland flow that bypasses both DOC and lithogenic
constituents is the primary contributor of event water contributions at
Keystone Gulch. Although overland flow across impervious surfaces has
been shown to flush accumulated DOC on roads and pavement into
streams during storm events (Aitkenhead-Peterson et al., 2009; Hook
and Yeakley, 2005; Wise et al., 2019), these studies were in highly ur-
banized watersheds with more traffic-intensive roads relative to
Keystone Gulch. Keystone Gulch has low-density, low-intensity traf-
ficked roads and it is possible that flowpaths across impervious surfaces
in Keystone Gulch have low DOC concentrations. Another possible
explanation for the large pulse of event water at Keystone Gulch is
overland flow across several near-stream, rock outcrops upstream of our
sampling point. Rock outcrop complexes make up approximately 14% of
the area of Keystone Gulch, and are concentrated near the stream outlet
and along an ephemeral tributary in the upper portion of the catchment
(U.S. Geological Survey (USGS), 2020). At the Panola Mountain
Research Watershed in Georgia, Burns et al. (2001) showed constituent-
dilute water was sourced from upstream rock outcrops and dominated
peak runoff during storm responses. However, with our current data set,
the precise mechanism for the quick delivery of event water at Keystone
Gulch cannot be definitively determined.

6. Conclusion

This research contributes to a broader understanding of current
streamflow-generating processes in foothill catchments of the western
US and provides a baseline from which future climatic variability and
disturbances to such catchments may be assessed. We found that litho-
genic constituent concentrations in foothill catchments increased
throughout the summer and showed less seasonal variation than higher
elevation catchments due to relatively lower snowmelt contribution.
Event water contributions in a disturbed catchment (e.g., housing and
road development) were higher than event water contributions in a
neighboring catchment with no disturbances. The presence of higher Cl
concentrations in the disturbed catchments suggest that road salt or
septic systems may be affecting stream chemistry, while the presence of
higher SO4 in one of the mined catchments, but not the other, may be
related to ore type and/or spatial extent of mines. Our results highlight
the importance of considering different components of land-use in the
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wildland-urban interface when investigating stream chemistry and
runoff generation processes. In the context of future development, our
findings have implications for predicting future changes in stream
chemistry and hydrology in this rapidly developing region.
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