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Streamflow in arid and semi-arid regions is predominantly temporary, an integral part
of mountain block hydrology and of significant importance for groundwater recharge
and biogeochemical processes. However, temporary streamflow regimes, especially
ephemeral flow, remain poorly quantified. We use electrical resistance sensors and
USGS stream gauge data in 15 southern Arizona streams spanning a climate gradient
(mean annual precipitation from 160 to 750 mm) to quantify temporary streamflow as
streamflow presence and water presence, which includes streamflow, ponding and
soil moisture. We use stream channel sediment data to estimate saturated hydraulic
conductivity and potential annual infiltration. Annual streamflow ranged 0.6-82.4% or
2-301 days; while water presence ranged from 2.6 to 82.4% or 10 to over 301 days,
or 4-33 times longer than streamflow. We identified 5 statistically distinct flow regimes
based on the annual percent streamflow and water presence: (1) dry-ephemeral, (2)
wet-ephemeral, (3) dry-intermittent, (4) wet-intermittent, and (5) seasonally-intermittent.
In contrast to our expectations, stream channel density was a better predictor of annual
streamflow and water presence than annual rainfall alone. Whereas, the dry-ephemeral
and wet-ephemeral flow regimes varied with seasonal precipitation, the dry-intermittent,
wet intermittent and seasonally-intermittent flow regimes did not. These results coupled
with the potential infiltration estimates indicate that streamflow at the driest sites occurs
in response to rainfall and overland flow while groundwater discharge and vadose
zone contributions enhance streamflow at the wetter sites. We suggest that on a short
temporal scale, and with respect to water presence, wetter sites might be buffered better
against shifts in the timing and distribution of precipitation in response to climate change.
Flow regime classifications that include both stream flow and water presence, rather than
on stream flow alone, may be important for predicting thresholds in ecological functions
and refugia in these dryland systems.
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INTRODUCTION

Streamflow is predominantly temporary in water limited regions
(Newman et al., 2006; Larned et al., 2010; Datry et al., 2014)
such as the Western United States (US), where ~89% of streams
flow intermittently (US Geological Survey, 2008). These brief
streamflow episodes have a profound effect on ecohydrological
processes (Stromberg et al., 2008; Blasch et al,, 2010; Jaeger
and Olden, 2012) and groundwater recharge (Constantz, 1982;
Goodrich et al., 2004; Coes and Pool, 2005; Blasch et al., 2006;
Baillie et al., 2007; Callegary et al., 2007; Cataldo et al., 2010;
Tillman et al., 2011). Despite the importance of temporary
surface waters to biological processes and water resources, the
frequency and temporal distribution of streamflow in water
limited regions remains poorly quantified.

Streamflow in the arid and semi-arid Southwest US occurs
in response to spatially heterogeneous convective summer
precipitation (The North American Monsoon), protracted and
widespread winter precipitation, snowmelt and groundwater
discharge (Goodrich et al., 2004, 2018; Baillie et al., 2007).
Stream channels in this region are areas of focused infiltration
and subsequent recharge (Coes and Pool, 2005) resulting in
significant streamflow losses (Goodrich et al., 2004). Meanwhile,
evapotranspiration losses can alter water redistribution and
subsequent streamflow dynamics (Leenhouts et al., 2006; Scott
et al., 2008). As a result of the coupling among precipitation
patterns, channel infiltration losses and high evapotranspiration
fluxes, streamflow, and stream channel wetting can be temporally
variable and have a high degree of intermittency in these water-
limited regions.

Research shows that streamflow patterns arise from
differences in partitioning of precipitation within catchment
drainage networks (Leenhouts et al., 2006; Biederman et al.,
2014), particularly in water limited systems (Kampf et al,
2016). Hydrologic conceptual models developed in the arid and
semi-arid Southwest indicate that streamflow may transition
from perennial in mountain headwater streams to intermittent
in the mountain fronts and alluvial basins as stream channel
infiltration losses and the distance downstream increase (Tillman
et al,, 2011). These hydrologic discontinuities result in more
pronounced streamflow intermittency at lower elevations, a
pattern observed by Jaeger and Olden (2012). In addition,
geochemical studies show differential partitioning of winter and
summer precipitation to infiltration and subsequent recharge
(Eastoe et al., 2004; Baillie et al., 2007). For example, Wahi
et al. (2008) noted that in the Huachuca Mountains of southern
Arizona, high elevations springs are comprised of a greater
fraction of winter precipitation than lower elevation shallow
riparian waters, which are comprised of a greater fraction of
summer rainfall. Despite the geochemical evidence, there is a
paucity of knowledge about streamflow patterns across a range
of arid and semi-arid streams.

Mountain-system recharge, or recharge that occurs due to
percolation along rock fractures and faults (mountain block)
and infiltration in the mountain front, is considered to be the
main groundwater recharge mechanism in semi-arid systems
(Wabhi et al., 2008). In these systems, water losses to infiltration

along intermittent stream reaches, exclusive of mountain-
connected streams may account for 12-19% of recharge in
some basins (Coes and Pool, 2005). At a localized scale,
intermittent stream recharge can contribute as much 85% to
shallow riparian groundwater during the summer rainfall season
(Baillie et al., 2007). However, stream channel recharge estimates
in intermittent systems can be poorly constrained due to the
scarcity of streamflow and stream water presence measurements.
Methodologies used to assess intermittent stream infiltration
and recharge in arid and semi-arid systems include geochemical
studies, water balance approaches, in-situ infiltrometers, and
thermal monitoring and modeling approaches (Besbes et al,
1978; Sorman and Abdulrazzak, 1993; Constantz et al., 2003;
Dowman et al, 2003; Goodrich et al., 2004; Coes and
Pool, 2005; Blasch et al., 2006; Baillie et al., 2007; Callegary
et al., 2007). However, the temporal dynamics of intermittent
streamflow, a major control on potential infiltration, remain to
be explicitly quantified.

The objective of this study is to quantify annual streamflow
presence and identify temporal streamflow patterns in streams
of the arid and semi-arid Southwest. An accompanying paper
examines the consequences of these temporary streamflow
patterns for organic and nutrient dynamics (Lohse et al., 2020a).
Here we ask the following questions: (1) How frequent is
streamflow in arid and semi-arid streams and how does it
vary with climate and landscape characteristics?, (2) What
are the temporal patterns of streamflow across sites?, and (3)
What are the rates and potential annual infiltration in arid
and semi-arid stream channels? To address these questions,
we quantified streamflow and stream channel water presence
in 15 stream reaches in southern Arizona spanning an aridity
gradient; developed a classification system for streams in arid
and semi-arid regions based on the degree of surface water
intermittency and generated infiltration estimates for the study
sites. We expected streamflow to vary along a climate gradient
and increase with elevation and mean annual precipitation,
and for streamflow permanence to vary with the timing
of precipitation.

MATERIALS AND METHODS
Study Area

We selected 13 temporarily wet stream channels, or washes,
in southern Arizona located across three climatic zones
(Figure 1, Table1) as indicated by their aridity index
(Thornthwaite, 1948; UNEP, 1992) and that spanned a range
of geomorphic conditions. Precipitation across the region is
bimodal. Summertime convective rainfall (the North American
Monsoon) is intense, of short duration, spatially heterogeneous
and lasts from mid-late June to mid-late September. A second
precipitation period is observed primarily between December
and March with rainfall of lower intensity and longer duration
arising from widespread storm systems.

The monitoring washes were located in largely undisturbed
military facilities, long term ecological research areas and a nature
preserve (Table 1). We used the National Hydrography Dataset
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FIGURE 1 | (A) Study sites in southern Arizona across an aridity range. Sites are located at (B) the Barry Goldwater Range (SWA, BGA); (C) the Santa Rita
experimental range (SRA, SSA); and (D) in the Huachuca Mountains at Huachuca Canyon (HU, HL, HP) and Garden Canyon (GU, GL, GP), located within the Ft.

(NHD) (version 2) (US Geological Survey, 2008) and associated
watershed boundary dataset in ArcMap 10.2 (ESRI, Redlands,
CA) to delineate catchments, and a 3m USGS digital elevation
model (DEM) to delineate and characterize the catchment
upstream of each monitoring wash reach. The most arid study
washes (Al = 0.14), Black Gap (BGA) and Sauceda Wash
(SWA), are located within the Barry M. Goldwater Air Force
Base near Gila Bend, Arizona in the Lower Gila River Basin
on semi-consolidated alluvial basin fans at 324 and 258m
in elevation, respectively. Both study washes have catchments
primarily composed of dacite and sand (Table 1). The catchment
upstream of the BGA reach is 10.2 km? and ranges in elevation
from 324 to 676; while the catchment upstream of the SWA
reach is the largest of our study sites, 326.4 km?, and ranges
in elevation from 258 to 1,114 m (Table 1). The 30-year mean
annual precipitation (MAP) at these sites ranges between 160 mm
at the lower elevations and 250 mm at the higher elevations
(PRISM Climate Group, 2013); while mean annual temperature
(MAT) is 23°C and can range between 5° and 43°C (US Climate
Data; http://www.ncdc.noaa.gov/). Two semi-arid (Al = 0.25)
study washes are located on the Santa Rita Experimental Range

near Sahuarita, Arizona in the Santa Cruz River Basin (SSA and
SRA). These are center-of-basin braided unconsolidated sandy
channels 947 and 952 m in elevation. The catchment upstream
of SSA is 1.7 km? and ranges in elevation from 947 to 1,105 m,
while the catchment upstream of SRA is 18.0 km? and ranges in
elevation from 952 to 1,748 m. The MAP ranges between 350 mm
at the lower elevations and 570 mm at the higher elevations
(PRISM Climate Group, 2013); while MAT is 22°C and can range
between 6° and 38°C (US Climate Data).

Nine study sites are located on the Huachuca Mountains
near Sierra Vista, Arizona and form part of the San Pedro
River Basin (AI < 0.65). The study sites are located along 3
distinct elevations in 3 canyons: Huachuca Canyon and Garden
Canyon which are located within the Fort Huachuca Army Post;
and Ramsey Canyon, within the Nature Conservancy’s Ramsey
Canyon Preserve. These sites have MAP ranging from 430 mm
at the lower elevations to 750 mm at the higher elevations,
while temperatures range from 1° to 34°C, with MAT of 17°C.
The lowest elevation monitoring reaches (HP, GP, and RP) are
piedmont semi-consolidated alluvial channels at 1,453-1,533 m
in elevation and have MAP ranging from 430 mm to 580 mm.
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TABLE 1 | Catchment characteristics including elevation, mean annual precipitation (MAP), and temperature (MAT) from PRISM Climate Group (2013), area, stream

density, latitude and longitude in decimal degrees, and parent material.

Site name (ID) Elevation MAP MAT (°C) Area Stream Latitude, Parent material
(min, max)? (mm) (km?3) density longitude (dec.
(km/km?) deg. N, W)
Alluvial Barry M. Goldwater Air Force Range
Black Gap (BGA) (324, 676) 97 22.3 10.21 5.72 (82.711123, Alluvial
—112.831066)
Sauceda (SWA) (258, 1,114) 97 21.6 326.38 2.38 (32.878405, Alluvial
—112.752874)
Santa Rita Experimental Range
Small Santa Rita (SSA) (947,1,105) 227 19.0 1.69 5.06 (31.885414, Alluvial
—110.88042)
Large Santa Rita (SRA) (952, 1,748) 227 181 17.99 6.28 (31.880545, Alluvial Transitional granite
—110.883672)
Piedmont Huachuca Mountains
Piedmont Huachuca (HP) (1,453, 1,564) 293 16.7 1.27 4.00 (81.540278, Alluvial Transitional granite
—110.334113)
Piedmont Garden (GP) (1,494, 1,556) 335 16.6 0.48 5.12 (31.506705, Alluvial Transitional granite
—110.316744)
Piedmont Ramsey (RP) (1,533, 1,762) 397 16.3 0.28 4.99 (31.468538, Granite
—110.294548)
Lower canyon Lower Huachuca (HL) (1,592, 2,533) 308 13.6 17.06 1.30 (81.537735, Mixed igneous and sedimentary
—110.377248)
Lower Garden (GL) (1,639, 2,630) 409 13.6 29.50 1.22 (31.485624, Mixed igneous and sedimentary
—110.327657)
Lower Ramsey (RL) (1,573, 2,798) 443 12.8 13.21 1.24 (81.459062, Mixed igneous and sedimentary
—110.295734)
Upper canyon  Upper Huachuca (HU) (1,646, 2,533) 276 13.2 16.22 1.37 (81.526465, Mixed igneous and sedimentary
—110.382684)
Upper Garden (GU) (1,582, 2,630) 416 13.1 23.09 112 (31.478043, Mixed igneous and sedimentary
—110.342776)
Upper Ramsey (RU) (1,726, 2,798) 456 11.9 9.81 1.28 (31.445808, Mixed igneous and sedimentary
—110.313850)
HU @ USGS 09471310 (1,708, 2,533) 276 13.2 10.56 1.09 (31.518056, Mixed igneous and sedimentary
(HU_USGS) —110.387222)

aThe monitoring reach elevation is the minimum catchment elevation.

The HP, GP and RP catchments are the smallest (1.3, 0.5,
and 0.3 km?, respectively), and have stream channel densities
similar to those of the alluvial sites that range between 2.4 and
6.3km km™2. Three lower canyon monitoring reaches (HL, GL,
and RL) range between 1,539 and 1,592m in elevation and
are incised streams with non-cohesive alluvial banks that have
MAP_ ranging between 520 and 650 mm.

Finally, three upper canyon monitoring reaches (HU, GU,
and RU) are located at 1,582-1,726 m in elevation and are on
cohesive bedrock with moderate alluvium present. These sites
have MAP ranging from 590 to 750 mm. Both, the lower and
upper canyon sites have the lowest stream channel densities of all
the study sites and have the highest catchments elevations, from
2,533 t0 2,798 m. To further complement our data set, we coupled
our monitoring data to USGS data (http://waterdata.usgs.gov)
from 3 from discharge (Q) gauges, #09471310, #09470800, and
#09470750 located in the Upper Huachuca Canyon (HU_USGS)
Upper Garden Canyon (GU_USGS) and Upper Ramsey Canyon

(RU_USGS), respectively. In all cases, except Upper Ramsey Site
that was coincident with our study reach, the other gauges are
located in close proximity of the upper canyon reaches (HU
and GU), within 2 km (Huachuca) and 5 km (Garden), and their
catchments are similar in elevation, size, and stream channel
density (Table 1, Figure 1).

Precipitation Data

We obtained monthly precipitation from the nearest tipping
bucket gauge available to each monitoring reach. For sites BGA
and SWA in the Barry M. Goldwater Air force range, we used
precipitation data from the Maricopa Alert System Gauge #71000
at Sauceda Wash (http://alert.fcd.maricopa.gov/alert/Google/v3/
gmap.html#), located at the outlet of the SWA. For sites SSA
and SRA in the Santa Rita experimental Range, we used a dense
network of precipitation data from long term research station
monitoring tipping bucket rain gauges (24 total within and near
the catchment) (http://ag.arizona.edu/SRER/data.html) and for
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the sites in the Huachuca Mountains, we used seven gauges
located in or near Fort Huachuca. Fort Huachuca data were
processed and provided by Lainie Levick and Russ Scott from
the USDA-ARS-SWRC in Tucson, AZ (Levick et al., 2015). We
estimated the total volume of precipitation to each catchment
over a annual time by multiplying the precipitation depth over
the annual period of time by the catchment area.

Streamflow and Surface Water Presence

At each of the study washes, we selected a monitoring stream
reach of 200m in length. At each reach, we established
three cross-sectional transects 100 m apart and characterized
the channel geometry, including channel slope using GPS
and differential surveying. We installed electrical resistance
sensors (TidbiT v2 UTBI-001 data logger, Onset Corporation,
Bourne, MA) at the thalweg of each cross-sectional transect to
identify surface water presence frequency and duration, with
the exception of the high elevation Ramsey Canyon site (RU),
which is classified as a sensitive area. The electrical resistance
sensors were temperature sensors modified as outlined in Blasch
et al. (2002), with 2 electrical leads exposed; and we followed
the method outlined by Jaeger and Olden (2012) to identify
the onset and cessation of runoff. In brief, the onset of runoff
is marked by the sudden and rapid increase in the relative
electrical conductivity (EC) signal to a less negative or a positive
number, while the termination of streamflow is also marked
by a similarly sudden shift in the EC signal back to a more
negative signal (Figure 2). In this study, EC = —94 indicates dry
conditions. The sensors logged an EC signal every 10 min. We
quantified the percent of streamflow at each monitoring transect
(streamflowygpsect) as follows:

t
Mgy
streamflowyansect = Z Lstreamflow x 100 (1)
0 Ntotal

where Nigreamflow is the number of “streamflow” signals, or
instances of sudden and clear shift in EC to a more positive
number indicative of streamflow as illustrated in Figure 2 over a
period of time t, and 1,y is the total number of EC observations
made during that same time period. The site % streamflow
was estimated by averaging the % streamflowpser for each
stream reach.

We were able to quantify the duration of surface water
presence as moist soil or ponded water because the EC signal
for runoft is distinct from that of a moist soil and soil-drying
conditions (Blasch et al., 2002; Jaeger and Olden, 2012). In
contrast to the streamflow presence signal, the surface water
presence signal has a distinct inflection point that marks a shift
from a steep EC signal recession to a less steep EC signal recession
(Figure 2). We quantified the % surface water presence at each
transect (% water presencesgnsect) as:

t

Myater_presence
water presencCesansect = E _Walerpresence 100 (2)
0 Ntotal

where #yater_presence 18 the number of “surface water presence”
signals, or instances of sudden and clear shift in EC from

streamflow to a water ponding or soil drying signal as illustrated
in Figure 2 over a period of time t. Because it is difficult to
distinguish EC signals indicative of water ponding from soil
moisture presence, here we define all EC signals indicative of
water presence, including streamflow, as “water presence.” We
were interested in identifying maximum length of time that water
might be present in the stream either as ponded water, shallow
soil water or streamflow available for biological activity, therefore
we used the maximum % water presencesysect Observed at each
monitoring reach as the reach % water presence. We treated
data from USGS gauges in a similar manner where if the
instantaneous discharge (Q, liters per second) > threshold, then
signal = “streamflow.” Because stream gauge data can be noisy
at low Q, we used stage-discharge curves generated using the
published USGS data (http://waterdata.usgs.gov) to determine
“noise” threshold where Q < 0.3 liters per second = “no flow”
where 0.3 liters per second is ~ 10 times below typical velocity
rating limit of 2.8 liters per second (Turnipseed and Sauer, 2010).
Here we assumed that surface water presence was at minimum
the same as streamflow presence for all USGS gauges. Finally, we
estimated the ratio of percent annual water presence to percent
annual streamflow presence (AWP:ASFP).

Channel Sediment Physical Characteristics
We collected channel sediment samples from 0 to 10 cm depth
to determine bulk density and substrate texture at each of the
three cross-sectional transects. We used the pipette method for
particle size analyses to determine % sand, % silt, % clay (Day,
1965) and soil texture of the channel sediments. We estimated
bulk density in g cc ™! using a modified cavity method (Grossman
and Reinsch, 2002) in which the soil mass of a 8 cm diameter
circle was excavated to 10 cm with a trowel. We determined the

Streamflow

-100 - . . . !
0 5 10 15 20

Hours

FIGURE 2 | Typical electrical conductivity (EC) profile for a runoff event at a
monitoring reach. Each data set (red, green, and blue) represents a different
sensor at a single reach. The onset of runoff is marked by a rapid increase in
EC (red and blue). The end of streamflow can be identified by either EC
returning to —94, the baseline reading, or by an inflection in the rate of change
in EC to a less steep slope, indicative of soil drying conditions (green).
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volume by lining the void with a plastic bag and filling it with
water. Soils collected from this void were then sieved (2 mm),
dried for soil moisture, and weighed for mass to determine the
fraction of fine earth <2 mm. Particle density was assumed to
be 2.65 g/cm?. Soils for bulk density were not treated to remove
organic carbon or carbonates. Data for channels are also reported
in Lohse et al. (2020b) but also include other landscape positions;
see design in Lohse et al. (2020a), and data are available in Lohse
et al. (2020c¢).

Saturated Hydraulic Conductivity and

Infiltration

We used bulk density and soil texture to estimate the
saturated hydraulic conductivity (Ky;) of the bed sediment at
each monitoring transect using Rosetta pedotransfer functions
(Schaap and Leij, 2000). We estimated the infiltration depth, I,
over time t as follows:

I=Kg ™ (1-1vf)" tf (3)

Where(1-rvf) is the volume of the soil sample, including the
rock and void volume normalized to 1, minus the rock volume
fraction; and ty is the duration of streamflow estimated using
the EC sensors over a period of time t. We estimated the total
catchment potential infiltration (Iyux—catchment) by multiplying
the infiltration depth by the total catchment stream channel
length and the channel width. We repeated this process for every
monitoring transect so that for each catchment we had 3 distinct
estimates of I, catchment- Our infiltration estimates assume that
every streamflow event the entire stream channel contributed
to infiltration and that the stream geometry remained constant
during the study period. We estimated the fraction of the
catchment that is comprised of stream channels (fCAgeams) by
dividing the product of the total catchment stream channel length
and channel width by the catchment area. We repeated this
process for every monitoring transect so that for each catchment
we had 3 distinct estimates of fCAteams. Finally, we estimated the
ratio of I;ux—catchment to total precipitation over the observation
period to evaluate the total channel infiltration in channels
relative to total precipitation received. We acknowledge these are
first-order estimates of infiltration as presence of cobbles and
boulders (> 2mm fraction) was variable and sometimes high
at sites and likely led to uncertainties in infiltration estimates;
more sophisticated modeling methods are available but these
approaches were beyond the scope of this study.

Comparison of Observed Streamflow and
Water Presence to Modeled Streamflow

Permanence

To evaluate and possibly scale up our observed results to
the landscape level for the Huachuca Mountains study area,
we compared our observations on streamflow duration (as
measured using ER sensors) to modeled data from Levick et al.
(2015) and Levick et al. (2018). In brief, Levick et al. (2018)
simulated stream flow permanence using the AGWA/SWAT
(Automated Geospatial Watershed Assessment Tool/Soil and

Water Assessment Tool) for mapped streams in Fort Huachuca
as a whole. Validation sites used by Levick et al. (2018) were data
from Gallo et al. (2020), also reported in final report by Stromberg
et al. (2015), and these cluster validity data indicated that only
five flow types existed on Fort Huachuca. However, Levick et al.
(2018) further bifurcated the classification tree into eight flow
types based on additional remote sensing observations such as
vegetation and channel morphology. As described more below,
we did not capture the hyper-arid stream types (8 type) and their
3 and 4 types were lumped into the wet-intermittent classes given
the rarity of class 3 (2% total stream reaches) (7 classes displayed).
We used linear regression to determine the similarity of our two
approaches for estimating stream flow permanence.

Statistical Analyses

Statistical analyses were performed using JMP 10 (Cary, NG;
SAS Institute Inc.). We used non-standardized Wards Clustering
Analyses (Tan et al., 2006; Sall et al., 2012) on percent annual
streamflow and percent annual water presence to identify
statistically distinct (p < 0.05) groups of sites with similar
streamflow and water presence responses or regimes. Clusters
with a Euclidian vector length > 093 were retained for
further analyses. Using Wilcoxon non-parametric comparison of
means and linear regression models (Zar, 1999), we identified
differences in surface water presence and infiltration rates and
volumes of each stream channel class, and patterns in how
percent streamflow and water presence vary with precipitation
over the monitoring period and between seasons. For the
purposes of our statistical analyses, and in response to our data
structure we define seasons as follows: Spring from April 1 to June
30; Summer from July 1 to September 30; Fall from October 1 to
December 31; and Winter from January 1 to March 31; Summer
from July 1 to September 30 captures the Arizona monsoon that
officially ends Sept 30th and Winter convective storms occur
from January 1 through March 31.

RESULTS AND DISCUSSION

Annual Precipitation, Streamflow and,

Water Presence Patterns

The mean annual precipitation (mean PPT) observed over
our 28-month study period ranged from 97 to 456 mm across
sites, with the driest sites being the alluvial sites, where
the observed mean annual precipitation was < 250 mm and
significantly (p < 0.5) lower than at all other sites. Across
all sites, at a regional scale, precipitation varied significantly
and positively with elevation (r* = 0.74); however, we did
not observe a significant correlation between precipitation
and elevation at the Huachuca Mountain sites (piedmont,
upper, and lower canyon). At the Huachuca Canyon sites, HP,
HL, and HU, we observed lower than expected precipitation
given their elevation and mean annual temperature (Table 2).
Comparison of our monitoring record with MAP (PRISM
Climate Group, 2013) (Table1) indicates that these sites
consistently receive less rainfall than the adjacent southeastern
canyon and piedmont sites. Literature reviews show that
in the mountainous Western US, spatial heterogeneity and
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TABLE 2 | Annual precipitation (PPT), percent annual streamflow presence (ASFP), percent annual water presence (AWP), and stream substrate characteristics including

bulk density (BD) and coarse fraction by volume (%) at each monitoring reach.

Site Annual ASFP AWP Sand, BD Coarse Catchment Wetted Ksat Potential I:PPT 0.5; 1.0
PPT (m) (%) (%) silt,clay (gcc™') Fraction (% channel channel (cmday~') Annual
(%) by volume) length cross Infiltration
(km) section (m)
(m)
Alluvial
BGA 0.18 0.6 2.6 94, 4,2 2.4 (0.5) 56 (13) 26.16  7.37(1.08) 354 (334) 1(<1) 0.3(0.3);0.6(0.6)
SWA 0.18 1.1 17.9 97,21 2.1(0.7) 79 (8) 776,50 8.95(1.6) 709 (316) 12 (4) 1.1(0.5); 2.3 (1)
SSA 0.23 1.1 363  97,1,2 2.1(0.3) 11 (4) 8.54 1.36(0.2) 303(198) 11 (7) 2(0.1);
SRA 0.23 20 177 96,2,2  1.7(0.1) 34 (4) 90.77  5.78(47) 601(113) 29 (4) 0.3); 2. )
Piedmont
HP 0.36 19 179 86,7,7 1.4(03) 51.9(13.4) 1.51 1.96(0.2) 492 (585) 5(5) 0.1 (0.1); 0.1 (0.1)
GP 0.36 20 150 91,7,2 1.7(0.3) 32.4 (6.4) 0.30 2.28(1.1) 407 (509) 5(2) 0.1(0.1); 0.2 (0.2)
RP 0.36 1.3 32.3 96, 2, 1 1.4(0.2) 36.3(8.5) 0.13 1.63(0.6) 961 (115) 29 (6) 0.3 (0.2); 0.6 (0.3)
Lower HL 0.36 336 474 9532 13(01) 57.5(13.4) 1.41 7.05(1.7) 870(124) 514 (46) 8.7(0.2);17.3(0.3)
Canyon
GL 0.36 232 371 94, 5,1 1.5(0.1)  43.7(14.9) 9.93 8.61(4.2) 648(98) 313(109) 2.6(0.6);5.2(1.2)
RL 0.36 3.4 354 84,14,2 1.4(0.4) 52.4 (15.5) 2.92 3.24(0.1) 333(310) 23(26) 0.1(0.1);0.2 (0.3
HU 0.36 16.0 27.7 93,5,2 1.4(0.3) 56.8(10.9) 18.60  6.41(1.7) 622(204) 164 (97) 2.5(1.1);4.9(2.2)
GU 0.36 50.6  57.2 90,7,3 1.5(0.6) 35.8(2.3) 25.91 8.12(2.4) 491 (216) 578(233) 4.4(0.8);8.8(1.6)
HU_USGS 0.36 302 302 90,7,3 1.5(0.6) 56.8 (10.9) 11.50 6.41(1.7) 622 (204) 311(183) 6.7 (3); 13.4 (6.1)
GU_USGS 0.36 82.4 824 94,4,2 19(<01) 358(2.3) 26.60  8.12(2.4) 491 (216) 941(379) 7.4 (1.4);14.8(2.8)
RU/RU_USGS  0.36 79.0 79.0 93,5,2 1.4 (0.3 0(0) 11.05 3.92(0.6) 235(17) 679(48) 3.6(1.1);7.2(2.3

The saturated hydraulic conductivity (Ksat) was estimated using Rosetta pedotransfer functions (Schaap and Leij, 2000). The potential annual infiltration depth (m) assumes that the
entire streambed contributes to infiltration. We report two annual infiltration (I) to annual precipitation (PPT) ratios (I:PPT) based on the volume of precipitation (m3) by multiplying area
of catchment (Table 1) by annual observed precipitation (annual PPT) and the volume infiltrated by catchment stream channels (m®) based on multiplying the wetted channel area (m?)
[as the product of wetted channel cross section and catchment channel length (km)], and infiltration depth (m), the first assuming that only half (0.5) of the streambed contributes to
infiltration, the second assumes that the entire streambed contributes to infiltration. The standard deviations are reported as (SD).

topography can largely control localized patterns precipitation
while summertime monsoonal rainfall decreases in a northward
direction at the regional scale (Mock, 1996; Adams and
Comrie, 1997). Therefore, it is likely that the physical location
of Huachuca Canyon coupled with storm rainout result in
significantly lower observed mean PPT than at the Garden and
Ramsey Canyon sites. Even when accounting for precipitation
differences at the Huachuca site, no significant differences
in precipitation between the piedmont, lower canyon and
upper canyon sites were observed, where rainfall ranged from
276 to 457 mm.

Observed streamflow and stream water presence were
highly variable across sites but predictable based on climatic
factors and stream channel density (Figure 3). Streamflow
was observed on average 21.7% of the time or 79 days
in 1 year, but ranged from 0.6 to 82.4% corresponding to
2 and 301 days per year. Similarly, surface water presence
was observed 35.8% of the time, or 131 days of the year,
but ranged from 2.6% to >824% or 10 to over 301
days (Table 2). Both streamflow and surface water presence
increased significantly (p < 0.05) and exponentially with MAP
(Figures 3A,B), and decreased significantly and exponentially
with MAT (> = 0.38 and 0.53, respectively) and stream

channel density (Figures3C,D). These results are consistent
with conceptual frameworks of arid and semi-arid streamflow
that point to a coupling of decreased precipitation, increased
evaporation and evapotranspiration fluxes and increased stream
channel infiltration losses as mechanisms that result in
intermittent streamflow (Goodrich et al., 1997; Izbicki et al,,
2000).

Stream Flow and Water Presence Regimes
Five distinct flow and water presence regimes were identified with
the clustering analyses: (1) dry-ephemeral, (2) wet-ephemeral,
(3) dry intermittent, (4) wet intermittent, and (5) seasonally-
intermittent (Figure 4). All alluvial and piedmont sites (Figure 1,
Table 1) were classified as dry or wet ephemeral, and one
lower canyon was classified as wet ephemeral. The remaining
lower canyon, mid and upper canyon sites were classified as
dry-, wet-, and seasonally-intermittent sites. These flow regimes
align with previous work in the region that used a geomorphic
classification scheme to classify ephemeral channels in alluvial
and piedmont areas (Sutfin et al., 2014). The wet-ephemeral
name was selected based on field surveys indicating the presence
of phreatic vegetation at the sites clustering in this group
(Strombergetal., 2017). Annual streamflow in the dry-ephemeral
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FIGURE 4 | Clustering analysis dendrogram based on percent annual
streamflow presence (ASFP) and percent annual water presence (AWP). We
identified 5 statistically distinct streamflow categories.

and wet-ephemeral clusters ranged from 0.6 to 2.0% and 1.1 to
3.4%, respectively, and was significantly lower (p < 0.05) than
the intermittent and seasonally-intermittent groups (Table 3,
Figure 5A), where annual streamflow ranged from 16 to 82.4%.
Annual water presence at the dry-ephemeral cluster ranged
from 2.6 to 17.9% and was significantly lower than in all other
clusters; whereas it was highest at the wet-intermittent and
seasonally-intermittent clusters, where it ranged from 47.4 to >
82.4% (Table 3, Figure 5B).

Across sites, annual streamflow intermittency and water
presence regimes varied in response to landscape characteristics
and the magnitude of annual rainfall. The streamflow regime
classification, the MAP and stream channel regressions
(Figure 3) and the spatial MAP patterns observed suggest that
landscape variables have a larger effect on streamflow and
water presence regimes than annual precipitation magnitude.
If the annual precipitation magnitude was the main driving
mechanism controlling streamflow regimes, then all of the
monitoring sites would classify according to a climate gradient,
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TABLE 3 | Mean (SD) values of annual % streamflow and % water presence and monthly % streamflow and % water presence for each season.

Annual Fall Winter Spring Summer
Streamflow
Dry ephemeral 1.5(0.6) 2.0 (1.8 0.6 (0.6)° 0.4 (0.5)° 3.1 (2.372
Wet ephemeral 1.9(1.3 2.3 (2.4)2b 1.2 (1.4)0¢ 0.5 (0.5)° 3.8 (2.1
Dry intermittent 23.1(7.1) 28.2 (202 24.5(19.7)2 0.6 (0.6)° 39.3 (24.92
Wet intermittent 42.1 (12.1) 43.5(21.9)° 73.6 (18.6)2 7.9 (10.6)° 43.4 (33)°
Seasonally-intermittent 80.7 (2.3) 100 (0)? 100 (0)2 48.8 (44.7)° 74 (31.7)2P
Water presence
Dry ephemeral 14.2 (6.6) 21.1 (19.47 3.7 (3.5P 1.7 (2.7P 30.4 (20.4)2
Wet ephemeral 34.7 (2.0) 38.6 (24.5)° 24.3 (25.1)° 3.2 (8.0° 72.8 (14.92
Dry intermittent 31.7 (4.9 41.2 (26)2 35.3 (25.92 0.7 (0.7)° 49.6 (31.22
Wet intermittent 52.3(6.9) 51.4 (26.4)° 84.2 (16.6)2 12.5(14.8)° 61 (31.1)2P
Seasonally-intermittent 80.7 (2.3) 100 (0) 100 (0) 48.8 (44.7)° 74 (31.7)2P

Means sharing a superscripted letter across seasons are not significantly different.
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FIGURE 5 | Box plots of (A) Percent annual streamflow; (B) Percent annual
water presence and (C) ratio of water presence to streamflow across clusters.
Box plots sharing a lowercase letter are not significantly different (o > 0.05).

a pattern not supported by our data. For example, piedmont
sites HP and GP received more rainfall during the monitoring
period than the alluvial SWA and SRA, however, all classified
in the “dry-ephemeral” cluster (Figure 4) due to similar annual
streamflow and water presence (Table2). Percent annual
streamflow and water presence varied positively and significantly
with precipitation at the dry-ephemeral, wet-ephemeral, and dry-
intermittent reaches (Table 4). Annual precipitation explained
the greatest fraction of the percent annual streamflow and water
presence variance at the dry-ephemeral and ephemeral sites
(up to 47%); 6 and 11%, respectively at the dry-intermittent
sites and no correlations were observed at the wet-intermittent
and seasonally-intermittent sites. These data indicate that there
is a strong link between flow regime and annual precipitation
magnitude, but only at the drier sites, which were the most
responsive to rainfall magnitude. The absence of a correlation
with annual precipitation at the wet-intermittent and seasonally-
intermittent sites, which have a large fraction of annual
streamflow and water presence, indicates that flow regimes are
likely subsidized by subsurface water resources that discharge to
the channel (Izbicki, 2007; Levick et al., 2008; Wahi et al., 2008).

The annual water presence to streamflow presence ratio
(AWP:ASFP), a measure of water availability as ponding or
soil moisture, varied between 1.0 and 33.6 (Table 2), and was
on average 8.5. The AWP:ASFP ratio at the dry-ephemeral
and wet-ephemeral clusters ranged from 4.6 to 33.6 and was
significantly higher than ratios at all other clusters where they
ranged from 1.1 to 3.3 (Table 2, Figure 5C). The large ratios
observed at the dry-ephemeral (mean = 9.3, SD = 4.3) and wet-
ephemeral (mean = 23.0, SD = 11.8) sites indicate that water
as soil moisture and/or ponds is present over 4 times longer
than streamflow which has significant implications for biological
processes at these dry sites (Lohse et al., 2020a). Indeed, Lohse
et al. (2020a) showed that cumulative streamflow presence could
explain slightly more variation in rates of litter decomposition in
the washes than cumulative streamflow, especially on the dry end
of the spectrum.
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TABLE 4 | Coefficient of determination (%) values for significant (o < 0.05)
regressions of percent streamflow and water presence vs. precipitation.

Annual Fall Winter Spring Summer
Streamflow
Dry ephemeral 0.31 - - - 0.50
Wet ephemeral 0.47 0.40 - - 0.31
Dry intermittent 0.06 - - - -
Wet intermittent - - - - -
Seasonally-intermittent . . - 0.40 (-) 0.45 (-)
Water presence
Dry ephemeral 0.47 0.38 - - 0.42
Wet ephemeral 0.33 - - 0.60 -
Dry intermittent 0.11 - - - -
Wet intermittent - - - - -
Seasonally-intermittent - - - 0.40 (-) 0.45 (-)

A “~” indicates a non-significant regression; a (-) indicates a negative correlation.

In arid and semi-arid systems, biological and biogeochemical
processes are primarily water limited (Austin et al., 2004; Gallo
et al., 2014). Water availability as soil moisture and ponds can
therefore offset water demands during non-streamflow periods
and extend the period of time during which biologically mediated
processes can occur (McCluney and Sabo, 2009; Allen et al,
2014). Indeed, a number of studies show that biogeochemical
processes such as respiration and organic matter mineralization
can continue under low matric potentials (Carbone et al., 2008;
Lohse et al., 2020a). Therefore, we expect biological activity to
continue for an extended period of time following streamflow
at the drier flow regimes, particularly the wet-ephemeral sites
where vegetation can enhance water presence via hydraulic
redistribution of water to shallow stream sediments (Naumburg
et al., 2005).

Temporal Dynamics
Despite differences in precipitation across years and a
large degree of variability in the magnitude of mean
monthly streamflow and water presence throughout the
monitoring period, generalized patterns of streamflow and
water presence/absence were consistent between study years
(Figure 6). Streamflow and water presence varied differently
with the temporal distribution of precipitation within each flow
regime group (Figure 7). While a clear bimodal distribution of
rainfall was observed, this was not the case for streamflow and
water presence across flow regimes (Figures 7A-C, Table 3). The
spring months were the driest, with mean precipitation depths
of up to 5mm, accounting for the lowest gains in cumulative
annual precipitation (Figure 7D). Similar to streamflow patterns
described by Ajami et al. (2011) in Santa Catalina Mountains in
semi-arid southern Arizona, this period also had the statistically
lowest streamflow and water presence across sites and flow
regimes (Table 3), and therefore had no significant increase in
cumulative streamflow and water presence (Figures 7E,F).

We expected streamflow and water presence to be of longer
duration during the summer (July, August and September) and

fall (October, November and December), when precipitation
was statistically highest, averaging 220 and 64 mm, respectively,
and accounting for 68 and 21% of annual rainfall. Surprisingly,
streamflow and water presence were statistically highest during
these periods only at the dry-ephemeral and wet-ephemeral
sites (Table 3). Percent monthly streamflow at the dry-ephemeral
sites varied positively and significantly with precipitation during
the summer only; and during the summer and fall at the
wet-ephemeral sites (Table 4). Similarly, percent monthly water
presence varied positively and significantly with precipitation
at the dry-ephemeral sites during the fall and summer, and
only during the spring at the wet-ephemeral sites (Table 4).
While not explicitly addressed in this study, coupling among the
characteristics of seasonal precipitation, streamflow generation
mechanisms and channel infiltration losses likely results in these
temporal flow regime patterns (Blasch et al., 2002, 2004). For
example. summertime precipitation is of high intensity and short
duration, resulting in infiltration excess overland flow and rapid
streamflow generation following episodic rainfall (Goodrich
et al,, 1997; Levick et al., 2008), which might explain the positive
responses to rainfall during the summer. In contrast, winter
rainfall in the region is of low intensity and long duration
allowing for significant infiltration and transmission losses, and
streamflow occurs in response to saturation excess overall flow
and local subsurface flows after rainfall (Levick et al., 2008;
Ajami et al., 2011). Finally, a variable not addressed here that
warrants further study is that of antecedent moisture conditions,
which is not only of great importance for biological processes
(Austin et al., 2004; Belnap et al., 2005) but can significantly alter
streamflow responses in water limited regions (Blasch et al., 2004;
Vivoni et al., 2009; Hawkins and Ellis, 2010).

The seasonal flow regime patterns observed at the canyon
sites in the dry-intermittent, wet-intermittent and seasonally-
intermittent flow regimes point toward geologic and subsurface
connectivity controls on stream flow. Despite the larger
magnitude of summer time rainfall, streamflow and water
presence at the dry-intermittent sites did not significantly
vary between the summer, fall and winter; while at the wet-
intermittent sites the highest streamflow and water presence
occurred during the winter (Table3). We did not observe
any seasonal responses to precipitation in the dry and wet-
intermittent flow regimes. In contrast, streamflow and water
presence at the seasonally-intermittent sites were greatest during
the fall and winter and varied significantly and inversely with
precipitation during the summer and spring (Table 4). Within
the context of generalized mountain block hydrology conceptual
models and geochemical evidence of studies in the region (Eastoe
et al.,, 2004; Wilson and Guan, 2004; Wahi et al., 2008; Ajami
et al,, 2011), it is likely that the streamflow and water presence
observed at these canyon sites is sourced from discharge and
subsurface flow of water stored within the fractured bedrock
matrix. Finally, the flow regimes patterns at these canyon
sites appear to be buffered in the short term from varying
climate, suggesting that biological riparian and stream channel
processes relying on soil moisture might be more resilient
to climate change and potential shifts in the regional timing
of precipitation.
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Saturated Hydraulic Conductivity and

Potential Infiltration

The K4 estimates were high and wide ranging, from a reach
average of 235-961 cm day ™ !; while potential infiltration depths
varied between < 1 and 941 m per year (Table 2). Our potential
infiltration estimates also assumed that infiltration occurs every
time streamflow occurs. Therefore, it is not surprising that
annual potential infiltration depths were significantly higher
at the wet-intermittent and seasonally-intermittent sites, which

have the greatest streamflow, than at the dry-ephemeral and
wet-ephemeral sites (Table 2, Figure 8A), which have the lowest
streamflow. Surprisingly, the fraction of the catchment that
can contribute to channel infiltration is statistically greatest
at the dry-ephemeral sites, where it varied from 0.8 to 4.2%
(Figure 8B). The potential annual infiltration to annual PPT
ratio (I:PPT), assuming that only 50% of the stream substrate
contributes to infiltration, ranged from 0.1 to 8.7; whereas
the ratio varied from 0.2 to 14.8 assuming that the entire
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stream channel contributes to infiltration (Table 2, Figure 8C).
The potential annual infiltration to precipitation ratio was
significantly lower at the dry-ephemeral and ephemeral sites
(0.1-2.9), and was highest at the wet-intermittent and seasonally-
intermittent sites (3.6-17.3, Figure 8C). Our infiltration depth
estimates assume only a vertical flux, no lower boundary
condition and that whole channel contributes to infiltration;
however, in reality it is difficult to know exactly the fraction of
the channel substrate that contributes to infiltration. However,
low potential infiltration to precipitation ratios, particularly
if we assume that only 30-50% of channel contributes to
infiltration so that I:P < 1.5, indicate that streamflow is
primarily generated by rainfall at the driest sites. High ratios
at the canyon sites provide further evidence of subsurface
connectivity resulting in groundwater discharge and vadose
zone water contribution consistent with mountain system
recharge and streamflow generation mechanisms described
in generalized conceptual models (Wilson and Guan, 2004;
Wahi et al.,, 2008; Ajami et al., 2011).

Comparison of Observed Streamflow and
Water Presence to Modeled Streamflow
Permanence

Results of linear regression showed a high correspondence
between our field-based approach for determining stream flow
permanence and the modeling approach taken by Levick et al.
(2018) for the Huachuca Mountains (r> = 0.76-0.86, Figure 9).
We acknowledge that the duration of the monitoring period was

limited to 28 months, and further study is merited to evaluate
these patterns. However, the agreement of two independently
derived stream classifications, our study based on field stream
flow presence data that represented two fairly typical seasonal
rainy seasons across a diverse gradient of sites and Levick
et al. (2018), who modeled stream flow based on 2005-2012
precipitation inputs, channel characteristics, and vegetation lend
support that our classification is reasonable.

Given the high correspondence between the two methods,
we generated a landscape-scale map of the modeled stream
flow using seven categories based on the number of days per
year the stream is flowing. We then overlaid our study sites
(Stromberg sites) on this map (Figure 10). This map indicates
that our field sampling in the Huachuca Mountains captured
most, but not all, of the hydrological stream types present at
Fort Huachuca. Notably, our sampling did not capture the many
hyper-ephemeral sites distal from the mountains. In addition,
the dry-ephemeral channels on piedmont surfaces were too
small to be captured by Levick et al. (2018) and thus could be
overlooked by hydrological models. Collectively these findings
indicate generalizable patterns in stream flow permanence that
may be applied to other regions. Future research will need to
fill in hyper-ephemeral sites as these were not captured in our
observation efforts.

CONCLUSIONS

We quantified streamflow and stream water presence in streams
exhibiting temporary flow across a wide climate gradient
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and showed a coupling of landscape characteristics and the
magnitude and timing of rainfall in controlling flow regimes.
We found that at a regional scale, stream channel density
is a better predictor of streamflow and water presence than
rainfall alone. Based on the percent of time streamflow and
water presence occurred at our sites we identified 5 statistically
distinct flow regimes: (1) dry-ephemeral, (2) wet-ephemeral,
(3) dry-intermittent, (4) wet-intermittent, and (5) seasonally-
intermittent. We showed that water availability as soil moisture
and/or surface ponds can be 4-33 times greater than the duration
of streamflow at the driest sites, which has important implications
for biogeochemical processes. With regards to responses to
rainfall, we showed that each of the flow regime groups has a
distinct response to the magnitude and temporal distribution of
rainfall. All but one group, the seasonally-intermittent group,

similar to that of the regional rainfall. The most responsive
sites to rainfall were the dry-ephemeral and wet-ephemeral sites,
where rainfall could account for up to 50% of streamflow and
60% of water presence; while flow regimes in the intermittent
sites did not vary with seasonal rainfall. The infiltration estimates,
specifically, the ratio of infiltration to rainfall, indicate that
streamflow at the driest sites likely occurs in response to
rainfall and overland flow; whereas groundwater discharge and
upwelling may also contribute to streamflow at the wetter. This
study highlights the high degree of variability in streamflow
regimes at the regional scale and across a climate gradient. Our
data suggests that wetter sites might be overall better buffered
against shifts in the timing and distribution of precipitation
in response to climate change. However, we also suggest that
additional studies identify the land cover characteristics that have
the greatest impact in flow regimes, particularly in the drier sites,
where streamflow is highly sensitive to rainfall.
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(2% total stream reaches) such that only 7 classes are displayed.

FIGURE 10 | Mapping of observed stream classifications (this study -labeled Stromberg Sites) compared to Levick et al. (2018). We note that hyper ephemeral
streams were not captured by our classification scheme and Levick et al. (2018) 3 and 4 types were lumped into the wet-intermittent classes given the rarity of class 3

Elevation
2890 m

- 810m

Stromberg Study
Watersheds
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