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1 | INTRODUCTION

In continental mountain regions, snow accumulation and melt are
dominant controls on streamflow and water availability to down-
stream users and aquatic ecosystems (Barnhart et al., 2016; Brooks
et al., 2021; Horner et al., 2020). The underlying geology of mountain
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Abstract

Streamflow generation in mountain watersheds is strongly influenced by snow accu-
mulation and melt as well as groundwater connectivity. In mountainous regions with
limestone and dolomite geology, bedrock formations can host karst aquifers, which
play a significant role in snowmelt-discharge dynamics. However, mapping complex
karst features and the resulting surface-groundwater exchanges at large scales
remains infeasible. In this study, timeseries analysis of continuous discharge and spe-
cific conductance measurements were combined with gridded snowmelt predictions
to characterize seasonal streamflow response and evaluate dominant watershed con-
trols across 12 monitoring sites in a karstified 554 km? watershed in northern Utah,
USA. Immense surface water hydrologic variability across subcatchments, years and
seasons was linked to geologic controls on groundwater dynamics. Unlike many
mountain watersheds, the variability between subcatchments could not be well
described by typical watershed properties, including elevation or surficial geology. To
fill this gap, a conceptual framework was proposed to characterize subsurface con-
trols on snowmelt-discharge dynamics in karst mountain watersheds in terms of con-
duit flow direction, aquifer storage capacity and connectivity. This framework
requires only readily measured surface water and climatic data from nested monitor-
ing sites and was applied to the study watershed to demonstrate its applicability for

evaluating dominant controls and climate sensitivity.
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watersheds also influences snowmelt-discharge dynamics based on
the importance of surface and subsurface flow pathways (Carlier
et al., 2018; Jefferson et al., 2008; Tague & Grant, 2009), and the rela-
tive contributions and residence times along different flow paths can
impact streamflow patterns and climate sensitivity. Reduced seasonal

snow storage with warming temperatures is further increasing the
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importance of groundwater contributions to streamflow (Arnoux
et al., 2021; IPCC, 2015). In karst-influenced mountain watersheds in
particular, discharge can respond quickly to snowmelt and rain via
karst conduits (Jeannin & Sauter, 1998; Sauter, 1992), and climate
change is expected to alter the relative flow contributions and timing
of karst conduit, matrix and overland flow to streams. Godsey et al.
(2014) suggested that low streamflows in systems with significant
bedrock aquifer storage may be buffered and less sensitive to inter-
annual snowpack variability than watersheds with low-porosity crys-
talline bedrock. Segura et al. (2019) and Hellwig et al. (2020) also
reported short-term buffering of drought year summer baseflows in
areas underlain by porous geology. Liu et al. (2021) found that karst
controls between 65% and 93% of the total streamflow sensitivity to
precipitation across watersheds. However, the climate sensitivity of
karst-influenced watersheds remains unclear due to the combined
influence of overland flow, fast conduit flow and slower matrix-domi-
nated flow pathways. No framework has been widely adopted for
characterizing these systems with respect to groundwater controls on
streamflow, and recent work suggests varied sensitivity to interannual
changes in snow accumulation and melt volumes (Hartmann
et al,, 2017; Liu et al., 2021). Understanding dominant flow pathways
and sources in karst mountain watersheds is critical for predicting
streamflow trends and assessing hydrologic vulnerability to climate
change.

Karst-carbonate aquifers pose a particular challenge for under-
standing the role of groundwater on streamflow response and climate
sensitivity due to their heterogeneous subsurface flow paths that can
store and transport large volumes of water. Karst conduits develop
preferentially along bedding planes, vaults or conjugate fracture net-
works (Ford & Williams, 2007). Conduits along bedding planes provide
for groundwater conveyance based on dip direction while conduits
along structural fractures can facilitate vertical groundwater move-
ment (Hartmann et al, 2014; White, 2002). High-volume conduit
pathways may result in groundwater exchanges between adjacent
watersheds (Cochand et al., 2019; Hartmann et al., 2014). This karst
“piracy” has been repeatedly confirmed through conservative tracer
studies of spring recharge areas (Goldscheider et al., 2008; Span-
gler, 2001). Complex conduit geometry can also form subsurface stor-
age reservoirs (Jodar et al., 2020) feeding multiple spring outlets with
asynchronous responses. Ongoing conduit-matrix storage exchanges
also have the potential to shift flow direction on seasonal timescales
(Hartmann et al., 2014), with water moving from conduits to matrix
storage during the wet season and then back into conduits during the
dry season. Because of the abundance of limestone and dolomite,
much of the research on mountain karst hydrology is from the Euro-
pean Alps (Somers & McKenzie, 2020), with an emphasis on spring
outlets that serve as drinking water sources (Baudement et al., 2017;
Jodar et al., 2020). However, the heterogeneity of karst watersheds
and the monitoring and modelling challenges associated with
characterizing aquifer structure and dynamics continue to limit our
understanding of these unique systems. Liu et al. (2021) found that
karst-influenced watersheds exhibited both enhanced and reduced
streamflow relative to hydrologic simulations in the absence of karst,
depending on karst features and aquifer properties.

Numerous modelling approaches have been used to represent
the complex subsurface dynamics of karst aquifers, but the combined
effects of surface and subsurface flow pathways on streamflow
remain poorly understood. Numerical models have predicted karst
spring discharge as a function of precipitation or snowmelt inputs.
Model structure typically involves reservoirs for conduit, matrix and
near-surface “epikarst” storage (Baudement et al, 2017; Chen
et al., 2018). However, such studies are resource intensive and geo-
graphically constrained, as discussed in Hartmann et al. (2014) and Xu
et al. (2018). Karst aquifers are broadly conceptualized as having two
distinct flow pathways: karst conduits characterized by high velocity
flow and short residence times (less than 30 days) and non-karst
matrix flow through porous media or highly fractured bedrock with
residence times of several years or more (Hartmann et al., 2014).
Some recent studies have expanded on this simple dichotomy to
include flow pathways with intermediate residence times. For exam-
ple, Wang et al. (2019) used multiple Gaussian analysis of frequency
distributions to propose as many as eight distinct groundwater path-
ways. In reality, karst mountain streamflow represents the combined
inputs from distinct residence time flow pathways with differing con-
tributions across seasons, years and subcatchments.

Because the specific structure of karst aquifers often cannot be
adequately physically observed or modelled, analyses of measurable
variables such as streamflow, stream water quality and snowmelt pro-
vide an alternative approach to characterize these systems. During
baseflow (generally late summer through winter), the conduits are
largely drained and the fraction derived from fractured matrix and epi-
karst increases. During the snowmelt period, conduit flow is a much
larger component of the spring flow and thus the river flow, along
with overland runoff contributions, as observed in northern Utah
(Neilson et al., 2018). These alternate flow pathways are manifested
as diverse streamflow and chemical responses to similar precipitation
inputs (Chang et al., 2021; Jédar et al., 2020; Neilson et al., 2018).
Neilson et al. (2018, 2021) demonstrated how such variability in
chemical responses can be used in mass and flow balances to quantify
groundwater exchanges in nested karst mountain subcatchments.
However, such approaches rely on intensive water quality monitoring
and laboratory analysis in addition to streamflow data, limiting its

broad applicability.

1.1 | Study objectives

This study used measurable hydrologic and climate data to evaluate
seasonal flow pathways and characterize dominant subsurface con-
trols in subcatchments spanning a large topographic gradient. Specifi-
cally, we compared snowmelt, streamflow and specific conductance
(SpC) patterns between subcatchments, seasons and years relative to
the watershed outlet, and evaluated established relationships
between hydrologic metrics and watershed properties. Finally, we
proposed a new conceptual model of subsurface controls on stream-
flow dynamics in karst mountain watersheds terms of (1) inter-basin
exchange directions of conduit flow, (2) groundwater storage capacity
and (3) the connectivity of storage to outflow springs.
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2 | MATERIALS AND METHODS

21 | Studyarea

This study focused on the semi-arid Logan River watershed in north-
ern Utah, USA, with elevations ranging from 1426 to 3034 m.a.s.l. and
a drainage area of 554 km? (Figure 1a). This watershed includes sev-
eral nested, intensively monitored subcatchments spanning a range of
elevations and karstification (Table 1, Neilson et al., 2021) and has
been the subject of many hydrogeology monitoring and modelling
studies, summarized in Supplemental Materials (Bahr, 2016; Lachmar
et al, 2021; Neilson et al., 2018; Spangler, 2001, 2011). Average
annual precipitation ranges from 45 to 125 cm with the majority fall-
ing as snow. Total snow accumulation (max snow water equivalent
[SWE]) over the study period (2015-2022) ranged from 67 to
137 cm, observed at the Tony Grove Lake SNOTEL station. The Logan
River hydrology is snowmelt-dominated, with peak flows in the spring,
low flows spanning late summer through winter and an annual aver-
age streamflow of 6.5 m®/s at the watershed outlet (FD [First Dam] in
Figure 1a). Dewitt Springs serves as the primary drinking water source
for the nearby city of Logan, Utah.

The bedrock geology of the watershed (Figure S1a) consists of
primarily Palaeozoic-age limestone and dolomite with karst topogra-
phy marked by sinkholes and fractures that feed subsurface drainage
systems intercepted by interbedded siliciclastic units (Bahr, 2016;
Dover, 2007; Spangler, 2001). Dominant geologic structures include

Franklin
,’Basin (FB):

Ricks Springs
(RS}

the northeast-southwest trending Logan Peak Syncline near the west-
ern watershed boundary and normal faults and grabens to the east,
with strata throughout the watershed dipping to the west
(Dover, 2007; Figures 1a and S1). In some areas, Palaeozoic carbonate
strata are overlain unconformably by crudely stratified conglomerates
and siltstones of the Wasatch Formation (Eocene).

2.2 | Datainputs and processing

Timeseries of daily average streamflow measurements and simulated
combined snowmelt and rainfall inputs were evaluated across sites
and water years during defined baseflow, snowmelt and recession
periods. These timeseries were used to calculate a suite of seasonal
hydrologic metrics that were plotted against watershed properties
and hydro-climate conditions to assess potential streamflow controls.
Geospatial and timeseries datasets were assembled and processed to
extract relevant information as described below. Throughout the
paper, year assignments refer to the water year (WY).

2.2.1 | Simulated surface water input timeseries

Combined snowmelt and rainfall timeseries (surface water inputs, or

SWIT) were aggregated from spatially distributed (100-m) model sim-
ulation results for the Logan River basin (Tyson et al., 2023; Xu
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(a) Study area map including nested subcatchment and spring locations, and (b) daily average streamflow at the watershed outlet

by water year through study period. The A to A' geologic cross section indicated in (a) is provided in Figure S1.
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TABLE 1
where applicable.

Name, drainage area, median elevation, and areal percentage of surface karst (Weary & Doctor, 2014) of each monitoring site

Site code Site name Area (km?) Median elevation (m) Surface karst (%)
FB Franklin Basin 65.9 2526 65
TG Tony Grove* 278.0 2488 50
BC Beaver Creek 103.4 2491 94
TF Temple Fork 414 2260 63
RH Right Hand Fork 65.20 2088 46
RS Ricks Spring NA (spring) 1785 (outlet elev) NA
TS Temple-Sawmill 8.61 2417 99
SC Spawn Creek 14.7 2299 46
WC Above Wood Camp* 403.9 2435 70
GC Guinavah Campground* 520.8 2348 69
WS Wood Camp Hollow Spring NA (spring) 1629 (outlet elev) NA
FD First Dam (Outlet)* 554.0 2336 71

Abbreviation: NA, not applicable.
*Monitoring site on the mainstem of the Logan River.

et al., 2022) based on the Utah Energy Balance (UEB) snow model for
WYs 1989-2022 at an hourly timestep. To calculate the hydrologic
metrics described below, simulated gridded SWIT values were aver-
aged across each subcatchment, then summed across timesteps to
provide subcatchment-wide daily SWIT estimates.

The UEB model simulates the mass and energy balances of the
snowpack both on the ground and intercepted by canopy (Tarboton &
Luce, 1996). The model was driven by NLDAS-2 forcing downscaled
to 100-m resolution using orographic adjustment; and further bias-
corrected using observations at six SNOTEL stations within the mod-
elled area (Xu et al., 2022). As a result, simulated SWIT is subject to
uncertainties from forcing, downscaling and precipitation undercatch
error (Tyson et al., 2023; Xu et al., 2022).

222 | Streamflow and SpC timeseries

Logan River Observatory stations along the mainstem (TG [Tony
Grove], WC [Wood Camp], GC [Guinavah Campground]), in six tribu-
tary subcatchments (FB [Franklin Basin], BC [Beaver Creek], RH [Right
Hand Fork], SC [Spawn Creek], TF [Temple Fork], TS [Temple-Saw-
mill]), and at two springs (RS [Ricks Spring], WS [Wood Camp Hollow
Spring]) provided the bulk of flow and SpC data (referenced to 25°C)
used in the analyses over the available time periods (Figure 1a;
Table 1). The U.S. Geological Survey (USGS) operates an additional
gauge at the mouth of Logan Canyon (FD, USGS 10109000), provid-
ing discharge for WY 1987-2021. Just upstream from FD, a diversion
canal withdraws up to 2.3 m%/s from the river during the irrigation
season (starting around April 15) that can alter flow at FD. All moni-
toring stations record data at 15-min intervals and stage height obser-
vations were converted to discharge via rating curves developed by
the Logan River Observatory or USGS. Details on field monitoring,
QA/QC protocols and links to public datasets are available in Neilson
et al. (2021).

All aquatic timeseries data were smoothed through daily averag-
ing, and data gaps were filled using linear interpolation. During the
high-flow season (March-July), filled data gaps were limited to periods
of 1 to 5days. Extended data gaps occurred in winter months
(November-February) due to instrument icing. Interpolation of dis-
charge during this period was only used for runoff ratio calculations.
Field observations and recorded discharge at other stations show min-
imal streamflow variability during these cold months. Intervals of data
availability for each site are shown in Figure S2. WS has multiple out-
lets that make direct discharge measurements infeasible. Instead,
spring discharge was estimated as the difference in river discharge
measured at WC and another gauging location just below the
inflow of WS.

2.2.3 | Watershed properties

Several topographic and geologic properties were calculated for each
subcatchment (Tables 1 and S1). Drainage areas were delineated using
USGS StreamStats v4. Median elevation, median slope and average
aspect were calculated using USGS 10-m digital elevation models in
ArcGIS Pro v10.7 (Addor et al., 2017). Percentage of karst surface
extent was calculated based on the surface extent of carbonate karst

layers calculated by Weary and Doctor (2014) (Figure Sic).

2.3 | Data analysis

231 | WY classification

WYs in the study period (2015-2022) were classified based on the
cumulative daily average flow at FD from the start of the snowmelt
period to 60 days after the recession start date as wet (>70th percen-
tile), moderate (30th to 70th percentile) or dry (<30th percentile).
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Designations were based on the snowmelt period only to remove the
potential influence of an elevated snowmelt recession carried over

from the previous year.

2.3.2 | Normalized hydrographs

Daily average discharge (Q) for each mainstem and subcatchment site
(i.e., all monitoring sites except springs) was then normalized by drain-
age area (A) (Table 1) using Equation 1 to generate area-normalized
streamflow timeseries (Qa).

Q
A

Qu= (1)

Next, because flow at the outlet (FD, Figure 1a) represents the
integrated watershed response to precipitation, subcatchment Qa
timeseries were further normalized relative to area-normalized
streamflow at the outlet (Qa0), where Qy is the area-outlet normalized

streamflow (Equation 2).

Qa

QN - QAo.

)

Because the springs did not have definitive recharge areas, spring
hydrographs were instead compared with other sites via peak flow
normalization. Peak-normalized streamflow timeseries (Qp) were cal-
culated as daily average streamflow divided by WY maximum daily

average flow (Qnay) at that site (Equation 3).

Q

QP - Qmax '

(©)

For each study site, daily average Q, Qa, Qn (or Qp), and SpC were
plotted over each WY.

2.3.3 | Annual hydrologic metrics
Using the daily average streamflow and SWIT timeseries, several
established annual hydrologic metrics were calculated following past
studies on mountain watershed hydrology (e.g., Brooks et al., 2021;
Curry & Zwiers, 2018; Deshmukh & Singh, 2016; Patterson
et al., 2020) (see full list in Table S2). To facilitate comparison between
sites, metrics were reported as ratios relative to the watershed outlet.
Because many metrics did not yield clear relationships with watershed
properties (see Figure S3), we focus only on relevant metrics below.
The annual start dates of the snowmelt, recession and baseflow
periods at each site (Table S3) were expert-determined based on
visual assessment of streamflow and SWIT patterns following Patter-
son et al. (2020). Baseflow period start date was selected as October
1 for all years and sites, and snowmelt period start date was set as the

last day of low flow in March or April. The recession period starts on

the first day of the final snowmelt-driven hydrograph peak, typically
followed by a smooth decay curve. Small discharge spikes during the
snowmelt recession were ignored in timing determinations.

The baseflow period was summarized using median baseflow
magnitude. The snowmelt period was summarized using annual peak
flow (Qmax) and the melt runoff ratio, calculated as the ratio of cumu-
lative snowmelt period streamflow to cumulative SWIT. The recession
period was quantified using the monthly recession slope, the average
hydrograph slope in the first 30 days of the recession period, to
reduce sensitivity to short snowmelt or rain events. The annual runoff
ratio was calculated as the cumulative WY streamflow to SWIT ratio.
Scripts for calculating all metrics are available at https://github.com/
danielthurber/thesis. Non-normalized metrics for all years and sites
are provided in Table S4.

Finally, scatterplots and linear regression were used to evaluate
relationships between subcatchment hydrologic metrics and water-

shed properties, as detailed in Figure S3.

3 | RESULTS

Annual plots of daily average streamflow at the watershed outlet
show peak and average discharge varying by an order of magnitude
across years (Figure 1b). WYs 2017 and 2021 were classified as very
wet and very dry years, respectively, and other years as wet (2019),
moderate (2016, 2020) or dry (2015, 2018 and 2022). These assign-
ments were consistent with those of Xu et al. (2022) and Tyson et al.
(2023) based on a longer period of record. Hydrographs and simulated
daily SWIT spanning the late baseflow, snowmelt and early recession
periods are illustrated in Figures 2 and S4.

Area-normalized hydrographs highlight the distinctive behaviour
of different tributary subcatchments and mainstem sites (Figure 3).
The spring-fed headwater drainage, FB, had much higher Q, during
the snowmelt and recession periods than other mainstem sites. Snow-
melt peak Q4 in FB reached ~10.8 mm/day (Qu ~3) in WY 2019 and
~3.6 mm/day (Qn ~5) in WY 2021. Omitting FB, the four mainstem
sites (TG, WC, GC and FD) had similar streamflow patterns, with dif-
ferences largely explained by elevation (Figure 3a) and contributions
from major springs. Higher elevation TG and WC both showed muted
responses to the annual initial snowmelt event relative to lower eleva-
tion GC and FD, but similar Q4 patterns through the remainder of the
year. Downstream of the spring contributions, GC Q, remained
slightly higher than other mainstem sites in drier years (2020, 2021).
The drop in flow at FD in mid-April 2021 (Figure 3) may be attribut-
able to the start of irrigation diversions, and the rising limb rate and
peak flows in all years are likely slightly lower than they would be in
the absence of the one upstream withdrawal.

Considering the tributary subcatchments (Figure 3b), TS had
much higher Q, than others because the flow at this location is domi-
nated by a large spring that may capture snowmelt water outside of
the catchment, while adjacent SC had a negligible snowmelt response.
These two sites combine to generate a moderate snowmelt signal at
TF with peak flow timing and Q4 peak magnitude similar to that of the
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FIGURE 2 Hydrographs and simulated SWIT timeseries (vertical black bars) for selected sites and portions of water years, with the start of
the snowmelt period and the start of the recession period indicated as vertical dashed lines. Additional years are shown in Figure S4.

mainstem sites (Figure 3b). A snowmelt pulse was only observed in
RH in 2018 and 2019 and occurred in April well before other sites.
The Qa at BC remained very low across seasons and years, with the
highest observed Q, of 2.0 mm/day occurring in mid-June of
wet 2019.

A closer look at TF and RH reveals distinct streamflow responses
to similar SWIT in 2017 and 2018 (Figure S4). After similar
responses to the initial snowmelt pulse, subsequent melting resulted
in a clear streamflow response in TF but was almost unnoticeable in
RH. Hydrogeologic factors potentially causing this discrepancy are
discussed in Section 4, although it could also be attributed to bias in
UEB simulation results. Compared with snow accumulation observa-
tions at the nearby Temple Fork SNOTEL station, UEB predictions
overestimated SWE in WY 2017, thus resulting in simulated snowmelt
occurring later than actual, and underestimated SWE in WY 2018 (Xu
et al., 2022).

Figure 3c highlights variation in the timing of springs and main-
stem seasonal streamflow patterns. In WY 2019 and 2020, RS closely
tracked the substantial flow increase at FD in the early snowmelt
period (early April) but was hardly perceptible in WC and TS. In con-
trast, in dry WY 2021 RS had no flow response corresponding to the
first snowmelt pulse at FD. Later in the snowmelt period, FB, RS, WS
and FD had very similar peak flow timing and recession rates during
snowmelt events. Flow initially increased with snowmelt at TS and RS
with nearly identical timing at the watershed outlet. The initial
response in WC was more delayed, with a moderate response in May

and peak flow in June. In drier years, TS reached its seasonal peak in
early May and began receding well before, but more slowly than, the
other springs and mainstem sites.

The SpC plots (Figure 4) provide additional explanation for the
distinct seasonal flow patterns described above. During the snowmelt
period, mainstem sites generally exhibited short SpC spikes at the
start of the melt period as older water in the matrix is flushed out,
then a significant decrease during peak runoff (Figure 4a,c,e), followed
by a period of variable and then increasing SpC with a return to base-
flow conditions. FB maintained the lowest SpC values throughout the
period of record, consistent with the many karst springs observed in
the FB subcatchment. The timing of early melt SpC spikes was very
similar in FB, TG and WC along the mainstem and in spring-fed RS,
although RS had higher values. RH also exhibited a rapid decrease in
SpC in the early melt period followed by quick returns to baseflow
conditions in wetter years, but these trends were less distinct in drier
years. TS exhibited a short increase followed by a long decrease in
SpC over the melt period, followed by a rise back to baseflow values.
SC had higher SpC than TS, likely because it originates from tufa-
depositing springs. SC and TF stayed relatively stable except for a
short, but steep, drop during wet-year snowmelt. Finally, BC had very
high SpC but trends were erratic, likely due to runoff of salt from win-
ter highway maintenance.

Area-outlet normalized hydrographs (Qy) highlight differences in
flow magnitudes, rise and recession rates relative to the integrated
watershed response, represented as a flat line of Qy = 1 in Figure 5.
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codes are defined in Table 1 and Figure 1. Line types denote the baseflow (dashed), snowmelt (solid) and recession (dotted) seasons. Additional

years are provided in Figure S5.

Qn values greater than 1 indicate higher flow per unit area relative to
the watershed outlet, and positive (negative) slopes during the reces-
sion period indicate a more gradual (faster) snowmelt recession com-
pared with the integrated watershed response.

During the baseflow period, spring-fed TS consistently had the
highest Qn and outlet-normalized median baseflow magnitudes
(Table 2) of the non-spring monitoring sites (springs cannot be plotted
in terms of Qy) followed by SC and TF. Baseflow Qy values in this
complex increased from about 5 in a wet year to 11 in a dry year
(Table 2, Figure 5). BC had the lowest Qn baseflow by far (median
baseflow 4%-13% of outlet), followed by TG (43%-57%) and RH
(52%-67%), while FB and WC had similar Qy baseflows to the outlet
in most years (Table 2). At the start of the melt period, TS, SC and TF
Qn were all >1 with negative slopes, indicating elevated baseflow and
a muted streamflow response to snowmelt compared with the outlet.
In SC and TF, Qy dropped below 1 during the melt period in moderate
and wet years while TS consistently maintained the highest Q,
although it also decreased over the melt period. In RH, Qn exceeded
1 only in the early melt period in wet years and stayed below 1 later
in the melt period in moderate and dry years. In FB, Qu peaked at
about 3 in wet years and 5 in dry years. During the recession period,
TS had the steepest positive Qy slope (monthly recession slope
177%-315% of outlet), followed by SC, TF, RH and GC. In contrast,
FB had a steep negative Qu recession slope across WYs, indicating

much faster snowmelt recession rates than the integrated watershed
response despite being the highest elevation subcatchment (Figure 5).

Finally, while tributaries and large springs presented a large range
of seasonal streamflow patterns, these patterns could not be explained
by typical watershed properties such as slope, elevation and surficial
geology, contrasting with established controls on streamflow patterns
in non-karst mountain watersheds. The scatterplots between hydrologic
metrics and typical watershed properties revealed no significant trends
across the watershed (Figure S3). Although median baseflow magnitude
varied somewhat with average aspect, with the highest baseflow values
occurring in west-southwest facing subcatchments (TF/SC/TS), these
sites are also aligned with the bedding plane dip of underlying strata
(Figure S1), which has been identified as a control on conduit orienta-
tion (Bahr, 2016) and is consistent with global understanding of struc-

tural influences on karst groundwater flow (Ford & Williams, 2007).

4 | DISCUSSION

4.1 | Karstcontrols on streamflow patterns

A major challenge in comparing annual streamflow patterns across
mountain watersheds is separating the impact of climate and topo-
graphic influences from geologic controls (Tague & Grant, 2009).
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(dotted) seasons.

Area- and outlet-normalized hydrographs exhibited substantial vari-
ability in the baseflow, snowmelt and recession periods across multi-
ple subcatchments with similar climate forcing. One possible
explanation for the elevated snowmelt signal in FB and TS (Figure 3)
is variable precipitation inputs due to different orographic effects and
snowmelt timing at different elevations and aspects (Xu et al., 2022).
However, elevated runoff ratios are not observed in other high eleva-
tion subcatchments such as TG and BC. Overall, we did not observe
typical effects of watershed properties (e.g., drainage area, elevation,
annual precipitation, slope, aspect and antecedent baseflow) on
streamflow metrics (Figure S3) found in non-karstic mountain water-
sheds such as those described by Kelleher et al. (2015) and Brooks
et al. (2021). These findings corroborate recent studies suggesting
that karst aquifer dynamics play a significant role in the fate and

rerouting of snowmelt in the Logan River watershed (Neilson
et al, 2018; Xu et al., 2022).

Although karst surface extent has been correlated with baseflow
metrics in another carbonate-influenced watershed in the western
United States (Tobin & Schwartz, 2020), no such relationships were
observed here. This is likely the result of karst surface extent maps
(Figure S1c) not providing insight regarding the three-dimensional
complexity of the aquifer—including storage capacity, conduit net-
work structure and groundwater flow directions that act as primary
controls on outflow patterns. Karst area extent of RH and SC was
both less than 50% due to widespread surficial deposits of the
Wasatch Formation (Dover, 2007). However, this conglomerate is
entirely underlain by carbonate strata, which are hydrologically influ-
ential but obscured in the surface extent variable.
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Figure 1. Line types denote baseflow (dashed), snowmelt (solid) and recession (dotted) seasons.

4.2 | A conceptual model of subsurface controls
on streamflow patterns in karst mountain watersheds

Area- and area-outlet normalized hydrographs and seasonal flow met-
rics provide an alternative approach for understanding karst water-
sheds in terms of dominant aquifer characteristics using streamflow

data. Past studies of karst systems have proposed conceptual models

and hypotheses for internal aquifer structural controls on streamflow
patterns, which are summarized in Hartmann et al. (2014). These
interpretations include a three-dimensional model of recharge, storage
and transmission (Hobbs & Smart, 1986), linking recession or draw-
down hydrograph characteristics to the conduit network distributions
(Kresic, 2007), explanations of overflow spring triggers (Fleury

et al., 2007) and recharge/discharge interactions between conduit
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wy FB TG BC TF RH TS
Outlet-normalized annual runoff ratio

2015 1.39 0.69

2016 1.23 0.68 0.13 1.53

2017 1.23 0.64 0.32 141 0.49

2018 1.14 0.63 0.25 1.92 0.70

2019 1.69 0.61 0.18 1.65 0.65 4.04

2020 1.89 0.60 0.07 2.19 0.61 7.23

2021 1.86 0.68 0.04 244 0.73 11.80

2022 217 0.75 0.12 1.33 0.66 10.86
Outlet-normalized snowmelt runoff ratio

2015 1.69 0.77

2016 1.23 0.67 0.11 1.60

2017 1.27 0.68 0.35 1.04 0.47

2018 1.52 0.69 0.36 1.66 0.50

2019 224 0.62 0.21 1.34 0.52 2.83
2020 2.64 0.69 0.11 1.83 0.47 4.91
2021 2.81 0.76 0.04 1.52 0.81 8.45
2022 3.10 0.77 0.16 0.92 0.39 7.13

Outlet-normalized monthly recession slope
2015 1.79 0.78
2016 1.93 0.73 0.16 0.05
2017 2.23 1.03 0.63 0.95 0.65
2018 2.69 0.87 0.62 041 0.14

2019 241 0.73 043 0.54 0.65 2.86
2020 3.72 0.69 0.16 0.50 0.27 244
2021 3.93 1.02 0.11 0.69 0.27 1.77
2022 276 0.84 0.35 0.40 0.07 3.15

Outlet-normalized median baseflow magnitude
2015 0.85 047
2016 1.08 0.57 0.13 1.48
2017 1.05 0.50 0.13 2.70

2018 0.58 0.49 0.07 2.34 0.62
2019 0.79 0.43 0.05 2.38 0.67 5.07
2020 0.69 0.43 0.04 2.53 0.64 8.19

2021 0.93 0.56 0.04 2.09 0.52 11.17
2022 1.03 0.57 0.01 1.46 0.81 15.00

TABLE 2  Annual hydrologic metrics
reported as ratios relative to the
watershed outlet.

SC wc GC

1.40 0.87 0.91
2.28 0.78 1.02
6.90 0.81 1.04

0.77 1.05

0.65 0.85 0.98
1.02 0.78 1.13
4.25 0.82 1.31

0.80 111

0.11 1.06 0.87
0.15 1.07 1.10
1.29 0.67 1.45

0.44 1.14

211 0.99 0.59
3.30 0.79 0.64
7.96 0.69 0.74
9.43 0.77 0.82

Note: Non-normalized hydrologic metric values are available in Table S4. Empty cells indicate data was

not available for those sites in those water years.

flow and matrix storage (Le Moine et al., 2007). These models form
the basis for predictive streamflow model selection and parameteriza-
tion (Rimmer & Salingar, 2006). However, the established consider-
ations are most applicable to wells and individual springs and karst
system structure becomes more apparent at larger (watershed) scales
(Ford & Williams, 2007). The different streamflow and SpC patterns
observed throughout the Logan River watershed in adjacent sub-
catchments with similar climate forcing suggest a need for an updated
conceptual model that considers spatially distributed recharge and
localized stratigraphic controls to address this gap.

The immense hydrologic heterogeneity across sites indicates
some important additional differences in aquifer controls. We there-
fore propose a revised conceptual model of subsurface controls on
streamflow patterns in karst mountain watersheds that, in addition to
conduit and matrix flow, considers (1) inter-basin exchange directions
of conduit flow (importing/exporting), (2) groundwater storage capac-
ity and (3) the connectivity of storage to outflow springs or streams
(Figure 6). We propose that these aquifer characteristics can be
inferred from the area- and area-outlet normalized hydrograph pat-
terns (Figure 5) and flow metrics (Table 2) described above. Note that
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FIGURE 6 Proposed conceptual model to describe hydrogeologic distinctions between karstified subcatchments. Vertical conduit
enlargement illustrates increased aquifer storage and horizontal conduit enlargement illustrates higher connectivity to spring outlets. The slope
direction of the underlying drainage conduit represents groundwater import or export across topographic boundaries.

flow metric values henceforth refer to the ratio of metric values calcu-

lated at the subcatchment relative to the watershed outlet.

421 | Importing/exporting

The characterization of subcatchments as either importing or export-
ing groundwater flow is indicated by the annual and snowmelt period
runoff ratios and the baseflow magnitude relative to the integrated
watershed response as measured at the outlet. Importing systems are
expected to have higher runoff ratios than the outlet (>1) due to a
larger portion of SWIT (primarily snowmelt in mountain watersheds)
going to discharge points and outlet-normalized cumulative melt dis-
charge >1, while exporting systems should have lower runoff ratios
and outlet-normalized cumulative melt discharge (<1). It should be
noted that evapotranspiration may affect runoff values, making this
distinction accurate, but not always sufficient for identifying importing
systems. In the absence of SWIT information, similar distinctions may
be made by comparing cumulative area-averaged discharge over the
snowmelt period. However, comparing flow metrics directly rather
than runoff ratios assumes uniform recharge depths, which may be
unreasonable in mountain watersheds spanning a large elevation
range. Variations in Qu over the baseflow period may be attributed to
piracy routes feeding water either into (elevated baseflow) or out of
(reduced baseflow) each subcatchment (Hartmann et al.,, 2014; Liu
et al., 2021) or to different conduits engaging at different times. Out-

let-normalized median baseflow magnitude can help highlight systems

with basinwide gains or losses, but this response is also influenced by

aquifer connectivity and storage (see below).

422 | Connectivity

Connectivity refers here to the relative residence time or rate at
which groundwater drains from the aquifer to spring outlets or
streams. Connectivity is established by intersecting fracture and con-
duit networks and does not require an increase in total storage vol-
ume. The Qu recession period characteristics point to drainage rates
of the aquifer that can be associated with the degree of subcatchment
connectivity. High connectivity is associated with rapid reductions in
Qa and low connectivity with a slower decrease in Q. Relative to the
watershed outlet, this translates to a negative Qu recession slope indi-
cating high connectivity and a positive slope indicating low connectiv-
ity, as summarized by the outlet-normalized monthly recession rate or
similar metric. Baseflow up to 6 months after any SWIT suggest that
streamflow is sourced by matrix-level groundwater drainage or con-
duit storage with residence times of at least 8 months (Neilson
et al., 2018). Associated low connectivity hydrologic indicators include
baseflow Qn >1 and a higher outlet-normalized runoff ratio the year
after a wet year, indicating residence times longer than the prior-year
water. This phenomenon is observed in the Temple Fork complex fol-
lowing the wet year of 2019. Connectivity may also vary seasonally
and as a function of storage volume depending on the outflow rate of

active connections, which may change with pressure head and aquifer
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storage in complex ways. The paradoxical streamflow of RH in 2017

(Figure S4) suggests such aquifer complexity.

423 | Storage
Aquifer storage refers to the volumetric storage capacity available to
be filled and drained. Given uniform aquifer connectivity, outlet-nor-
malized baseflow values <1 indicate low-storage aquifers and >1 indi-
cate high storage aquifers. However, because storage and
connectivity are closely linked and difficult to separate, seasonal and
interannual hydrologic variability can together point to the combined
effect of storage and connectivity. Aquifers with large storage capac-
ity and high connectivity may exhibit increased drainage rates during
snowmelt associated with elevated Q, peak flows, steeper recession
slopes and baseflow magnitudes similar to the outlet. Alternatively,
large storage aquifers with low connectivity may result in a Qs peak
flow similar to the outlet and elevated winter baseflows that stay ele-
vated for a year or more after a wet year. A low-storage aquifer may
have a similar Q4 peak to high storage/low connectivity aquifers, but
Qn stays ~1 over the baseflow period and Q4 may not remain ele-
vated in years after a wet year, resulting in the highest outlet-normal-
ized runoff ratios occurring during rather than following wet years.
The combination of dominant groundwater flow direction, con-
nectivity and storage, each with two end members, results in eight

Importing catchments

possible end member hydrographs and relative metric values repre-

sented in terms of Q4 and Qy in Figure 7.

424 | LRO subcatchment classifications
This proposed conceptual model was applied to the Logan River to
illustrate its utility across diverse geologic and topographic settings.
The highest elevation subcatchment FB exhibits high annual runoff
ratios (1.14-2.17), likely indicating flow importing (Table 2). Extremely
elevated peak flows and steep negative Qy recession slopes (outlet-
normalized monthly recession rate 1.79-3.93), particularly in dry
years, indicate high connectivity, while low median baseflow magni-
tudes (0.69-1.08) suggest low storage. FB also had a substantial drop
in SpC corresponding with streamflow rise, consistent with shorter
residence time of karst conduit groundwater and direct surface runoff.
Together, these hydrologic characteristics indicate more connected
and larger diameter conduits with limited storage supply, characteriz-
ing FB as an importing aquifer with limited but highly connected stor-
age (Figure 7a,c, top right panels). This interpretation is corroborated
by the many mapped large karst conduit springs in FB (Neilson
et al., 2018; Spangler, 2011), many of which go dry in fall or mid- to
late-summer during dry years.

BC has the lowest Qu across years and seasons and a very muted
Qn melt signal and peak flow, suggesting groundwater losses either to

Exporting catchments

+

Meltrunoff ratio
and recession rate

- Storage

(b) '

<

g

)

o

—

©

=

]

2

=]

bt

N

® Recession > ‘Recessiun z

£ rate > (= 2 >

— o

S / g / \ g / \

® N g AN

o / ~ ¢ / © "\ ~

<

-|__ DateafterJan.1 - -

=

]

g (C) Negative Negative (d) . *

s recession recession Highestrunoff ratio

5 slope; Qu<l slope; Qu>1 during wetyear

w

§ Qu<l Qu<<1 v
W<

N —

©| - Storage - Storage

£ € . Highest runoff ratio . 8 i

5 £ afterwetyear Positive z

c 2 recession %

@ 2 Qv slope, Qu>1 2

3 g v S

S

o %4 P Je— —_— - o

~.

©

)

S

<

—--\;:’—_—_ “l——

Annual and meltrunoff ratio >1

Annual and melt runoff ratio <1

FIGURE 7 Archetype hydrographs for end member subcatchments (blue solid lines) compared to a watershed outlet (black dashed lines).
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highlight distinguishing characteristics used for aquifer characterization.
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adjacent basins or the underlying bedrock (Figure 7). Its annual runoff
ratio was highest in the wettest year (0.32) and melt runoff ratio never
exceeded 0.36. Together, these findings indicate flow exporting.
Because BC is largely non-responsive at the measurement site, little
can be inferred about aquifer storage or connectivity from streamflow
and SpC alone. However, taking a more holistic approach, we can use
the conceptual model characteristics and metrics of adjacent sub-
catchments (e.g., FB is an adjacent importing watershed) and local
knowledge to infer BC's characteristics. In late summer months, sec-
tions of BC go dry, despite having the largest topographic subcatch-
ment area of all tributaries in the study area. Recent tracer studies
attempting to map the northeastern portion of BC's subsurface con-
nections have found large portions of the subcatchment exporting
flow eastward to the Swan Creek watershed via large perennial
springs that flow into Bear Lake with very short travel times (a few
days) (L.E. Spangler, personal commun., March 2023). This suggests
that BC is a large storage aquifer that is well connected—albeit not to
the stream in its topographically defined subcatchment. However, in
the western portion of the watershed (adjacent to FB), it is possible
that some of the water being exported from BC is feeding the peren-
nial springs in FB, again suggesting a large, well-connected storage
aquifer.

In contrast with FB, the flatter recession slopes (Figure 2) and
positive Qu recession slope (Figure 5) of the Temple Fork complex
and RH indicate less connected underlying structures (e.g., conduits,
faults and fractures) and large karst groundwater stores that drain
slowly. However, connectivity in TS appears to change over time as a
function of storage. In wet WY 2017 and the following year, peak
flow occurred at the same time as other sites, while in dry 2020 and
2021, flows peaked about a month earlier than other sites (May
vs. June). This could indicate that when the storage is full, there is high
connectivity via large conduits that maintain high flow rates. How-
ever, under low storage conditions (or when spring outflow exceeds
snowmelt inflow rate), only low connectivity smaller conduits/matrix
flow are activated.

The TS site had very high melt period Qu values, a very steep pos-
itive Qu recession slope and much higher cumulative melt period nor-
malized discharge than other sites, particularly in dry years, indicating
an importing aquifer with low but seasonally varying connectivity. SC
and downstream TF exhibited similar but more muted streamflow pat-
terns than TS, with high Qy baseflow transitioning to ~1 during the
snowmelt period and positive Qu recession slopes (Figure 5). Aside
from brief drops in SpC during wet-year snowmelt at SC and TF, likely
from overland runoff, SpC at these sites stayed relatively stable and
elevated. Together, these patterns suggest the activation of longer
residence time subsurface storage into streamflow that may be due to
longer or less connected flow paths and/or large fracture/matrix
groundwater stores that feed the large Sawmill spring just upstream
from TS. Therefore, all three subcatchments were characterized as
importing aquifers with poor connectivity and large storage
(Figure 7a,c, bottom right panels). This interpretation is supported by
preliminary tracer studies indicating TS is fed in part by sinkholes
about 3 km from the spring (personal comm. Larry Spangler).

Interpreting the elevated baseflow Qu of the Temple Fork complex as
groundwater imports from adjacent basins is also consistent with
karst conduits following bedding plane partings down-dip through the
subcatchment (Figure S1b).

The RH subcatchment had the lowest Qu values after BC—only
exceeding 1 during peak flows in wet years (2017 and 2019)—and low
annual (0.49-0.73) and snowmelt (0.39-0.81) runoff ratios, all sug-
gesting an exporting aquifer. Unlike exporting from BC, a small melt
response was observed in RH in wet years. However, peak flow tim-
ing occurred earlier than in other subcatchments, which may be par-
tially attributed to lower catchment elevation (Figures 1 and S2). The
runoff ratio in RH was higher in WY 2018 than in very wet 2017, indi-
cating sufficient storage and low enough connectivity to maintain
higher flows into the next year. As additional evidence, slightly posi-
tive Qu recession slopes (slow drainage relative to outlet) point to low
connectivity, and baseflows lower than the outlet per unit area
(median baseflow magnitude 0.52-0.81) indicate moderate storage.
RH was therefore characterized as exporting with moderate storage
and low connectivity (Figure 7b,d, upper right panels; Table 2).

Along the mainstem, the Q4 (Figure 3) and Qy plots illustrate the
combined effects of the monitored tributaries and springs as well as
other localized inputs established in previous studies (Neilson
et al., 2018). In wetter years (2019), differences between the main-
stem sites washed out. In drier years (2020, 2021), despite being clos-
est to the outlet, GC had higher Q4 peak flows and recession flows
and slightly faster recession rates compared with the other upstream
mainstem sites (Figure 3). TG and WC (just upstream from WS)
tracked FD well during snowmelt, but WC exhibited reduced reces-
sion rates, particularly in very dry years, indicating potential localized
groundwater contributions. Looking at flow balances from different
years, Neilson et al. (2018) found that the mainstem reach from WC
to GC can be gaining or losing. This is likely dependent on localized
karst influences along the river that either add or remove groundwa-
ter as a function of stage.

Finally, Qp plots of the monitored springs (RS and WS) illustrate
similar timing and recession rates of snowmelt period high flows,
largely corresponding to high flow timing at FB and FD. However, in
WY 2020, RS peaked in mid-May well before WS, more closely track-
ing the Qp of FD and FB than WS. In very dry WY 2021, an early sea-
son snowmelt peak at the outlet was not observed at the springs or
other upstream mainstem sites, which combined with the lack of SpC
response (Figure 4) suggests isolated low-elevation flow contributions.

4.3 | Limitations and next steps

There remain many unknowns in karst hydrogeology that will require
substantial monitoring and modelling resources to understand, such as
the extent of aquifer recharge areas, dynamic piracy routes and timing
of matrix-conduit exchange. The aim of this study was not to develop
quantitative predictive models, but rather to use hydrologic timeseries
based on readily measurable data to characterize controls on nested

subcatchments and springs in a mountain watershed.
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The only essential data requirement for this analysis is daily dis-
charge for nested sites within a watershed, although SpC and simu-
lated snowmelt timeseries data provided additional supporting
evidence of dominant aquifer characteristics. As the seasonal
responses were consistent for a given subcatchment across years, ini-
tial characterization could be performed with only one year of data,
although additional years would improve the assessment.

The proposed approach provides a rapid assessment tool to eval-
uate relative streamflow sensitivity to snowpack and melt dynamics.
Assessing streamflow sensitivity to snowmelt variability via improved
understanding of groundwater controls in these hydrologic systems is
critical (Godsey et al., 2014; Liu et al., 2021; Tague & Grant, 2009).
Characterizing climate sensitivity typically requires long periods of
record to perform trend analysis (Burn & Hag Elnur, 2002; Godsey
et al., 2014) or the development and calibration of hydrologic models
to evaluate climate scenarios (Arnoux et al., 2021; Chen et al., 2018;
Hellwig et al., 2020). By linking observed snowmelt-discharge pat-
terns to dominant aquifer characteristics according to our conceptual
model, monitoring sites can be characterized in terms of relative cli-
mate sensitivity. For example, FB was characterized as a low storage,
high connectivity aquifer, which would likely make it very sensitive to
sustained drought and low snowpack conditions. In contrast, the Tem-
ple Fork complex sites were found to be underlain by a high storage,
poorly connected aquifer, which should make them more resilient to
climate variability, as indicated by high snowmelt and recession sea-
son Qu values in TS and SC in very dry WY 2021 (Figure 5). These dis-
charge-based assessments may be used to determine where in a
watershed to focus more intensive monitoring or modelling studies, or

to improve hydrologic model representation (Liu et al., 2021).

5 | CONCLUSION

Our study analysed several years of continuous snowmelt, streamflow
and spring discharge data across 12 nested monitoring sites within a
single karst mountain watershed. Hydrologic patterns across sites,
years and seasons were linked to geologic influences, highlighting the
significance of complex karst aquifer structure in driving snowmelt-
discharge dynamics. A conceptual framework was proposed for char-
acterizing aquifer dynamics of nested subcatchments and springs
within a watershed based on commonly measured hydrologic time-
series in terms of conduit flow direction, aquifer connectivity and
storage. Distinctions between study sites inferred through this frame-
work were largely supported by previous hydrogeology studies. This
framework may be used to improve understanding of dominant aqui-
fer controls and climate sensitivity in other karst-influenced mountain
watersheds in the absence of detailed hydrogeologic studies.
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