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Ephemeral and intermittent streams are increasing with climate and land use changes,

and alteration in stream water presence or flow duration will likely affect litter

decomposition and nutrient dynamics in channel and riparian zones more than uplands.

To investigate the influence of varying climate and streamflow regimes on rates of

decomposition and associated nutrient dynamics, we used a space-for-time substitution

design in which we deployed a common leaf litter across a range of ephemeral

to seasonally- intermittent stream reaches (10) and landscape positions (channel,

riparian, upland) in Arizona, USA over an 18-month period. We also measured soil

physio-chemical properties and nutrient dynamics associated with these reaches and

positions. Consistent with expectations, rates of litter decomposition (k) decreased

significantly in the channels as cumulative percentage (%) of water presence decreased

below 40%. Indeed, differences in cumulative duration of water presence as well as

channel bed material silt content explained 80% of the variation in k across flow regimes.

In contrast, decay rates of the common litter across sites were surprisingly similar in

upland and riparian positions despite large differences in climate, specifically precipitation

(160–516mm). Relatively similar litter nitrogen immobilization and soil moisture in upland

and riparian environments helped to explain the lack of difference in k and soil nutrient

dynamics in these environments. Collectively, our findings indicate that stream water

presence may be a more important indicator of ephemeral and intermittent stream

function than streamflow alone and that riparian zones in these dryland regions may

be less responsive to changes in climate and associated subsidies of streamflow.

Keywords: temporary streams, decomposition, thresholds, climate change, ephemeral stream flow, intermittent

stream flow
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INTRODUCTION

Ephemeral and intermittent streamflow are the dominant flow
regimes in dryland regions—hyper-arid, arid, semi-arid, and
dry sub-humid areas that together encompass >40% of the
terrestrial land surface (Reynolds et al., 2007). The occurrence
of ephemeral and intermittent streamflow, flow only during and
immediately after a rainfall event or flow for short duration,
respectively, is likely to increase in distribution and extent with
climate change (Seager et al., 2007; Larned et al., 2010; Döll and
Schmied, 2012) as well as human water appropriation (Postel
et al., 1996; Alley et al., 2002; Larned et al., 2010). In the
SouthwesternUnited States (US) (Arizona, NewMexico, Nevada,
Utah, Colorado andCalifornia), for example, over 81% of streams
are classified as ephemeral and/or intermittent (U.S. Geological
Survey, 2008; Levick et al., 2008). By 2050, it is projected that
regime shifts from perennial to intermittent and ephemeral
streamflow will increase by 5.4–7.0% globally under low to high
emissions climate change scenarios, mostly in semi-arid regions
(Döll and Schmied, 2012).

Intermittent and ephemeral streams have been identified as
providing key hydrologic functions and services; they supply
water to plants, animals, and drinking water systems in otherwise
dry landscapes (Levick et al., 2008). They store and exchange
surface and subsurface water (Lane, 1983; Goodrich et al., 1997,
2004), provide hydrologic connectivity and continuity for habitat
(Jaeger and Olden, 2012; Jaeger et al., 2014), and recharge and
discharge groundwater (Scanlon and Goldsmith, 1997; Scanlon
et al., 1999; Heilweil et al., 2004). Despite their broad geographic
significance and hydrologic importance, however, key ecological
functions in ephemeral and intermittent streams remain poorly
understood and characterized (Stanley et al., 1997; Levick et al.,
2008; Larned et al., 2010; Datry et al., 2011, 2014). In particular,
little is known about how changes in the frequency and duration
of streamflow or water presence associated with ephemeral
and intermittent streams will alter organic matter and nutrient
dynamics and their controls. The few studies conducted have
been associated with one or two intermittent streams (Schade
and Fisher, 1997; Anderson and Nelson, 2006; Langhans and
Tockner, 2006; Sangiorgio et al., 2007; Corman et al., 2016)
or lab incubations that show the importance of frequency and
duration of wetting of litter and sediment in releasing of carbon
dioxide (CO2) and nutrients (Gallo et al., 2014; Datry et al.,
2018; Shumilova et al., 2019; Correa-Araneda et al., 2020).
Direct measurements of streamflow duration, water presence,
and decomposition rates across a strong climate gradient
remain lacking. Moreover, linkages among uplands, floodplain or
riparian zones and these temporary stream environments remain
poorly characterized owing to the complexity and episodic nature
of these interactions (Belnap et al., 2005; Welter et al., 2005).

Transitions from perennial to intermittent or ephemeral flow
regimes in streams will introduce an ecologically significant
terrestrial phase in the stream channel and the surrounding
environment (Arce et al., 2019). In perennial streams, the
chemical and physical properties of the organic matter (litter
quality), detritivores present including invertebrates and fungal
biofilms, stream temperature, and water column nutrients are

considered to be the primary controls on decomposition (e.g., see
Webster and Benfield, 1986; Tank et al., 2010). With transitions
to intermittent and ephemeral flow, abiotic processes such as
the frequency and duration of streamflow and soil drying and
wetting cycles (Datry et al., 2018) as well as soil coverage and
UV radiation may become more important factors controlling
decomposition rates. These last factors are similar to those
identified in the upland dryland literature (Austin and Vivanco,
2006; Throop andArcher, 2007; Barnes et al., 2012, 2015). Thus, it
is likely that the relative importance of abiotic and biotic controls
on decomposition and nutrient dynamics will teeter back and
forth with changes in the terrestrial and aquatic phases associated
with different flow regimes in intermittent to ephemeral streams.

Here we examine litter decomposition rates and nutrient
dynamics in 10 ephemeral-to- seasonally-intermittent streams
in Arizona, USA over an 18-month period. We used a
space-for-time substitution and held litter quality constant
across sites by deploying oak (Quercus grisea) leaf litterbags,
sourced from the wettest site, to investigate the influence
of varying climate and associated streamflow conditions on
decomposition and nutrient dynamics. At each study site,
we deployed litterbags along three cross-sectional transects
in upland, riparian, and channel positions to evaluate the
role of landscape position in determining decomposition and
nutrient dynamics. We also characterized the soil physical and
biogeochemical characteristics of the sites, monitored streamflow
and water presence using electrical resistance (ER) sensors,
and measured seasonal soil moisture and nutrient dynamics
across sites and positions to evaluate possible controls on litter
decomposition. We hypothesized that decomposition would
be more rapid in channels with seasonally-intermittent flow
compared to ephemeral flow, and expected that abiotic factors
such as longer duration of streamflow and water presence
and associated soil moisture would have a stronger influence
on rates of decomposition than biotic processes such as
nutrient availability and cycling rates. We also expected rates of
decomposition to be more rapid in channels and riparian zones
compared to upland environments, and differences in climate
and subsidies of streamflow and/or soil-water moisture to control
organic and nutrient release.

MATERIALS AND METHODS

Study Sites and Design
All study sites were located on military installations or near
them as a part of a program to understand and manage
ephemeral and intermittent streams on military lands. We
initially selected 13 temporary stream channels or washes in
southern Arizona (Figure 1) that spanned a climate gradient,
withmean annual precipitation ranging from 160 to 750mm, and
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 most arid study
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FIGURE 1 | (A) Location of two main study areas in Arizona along a climate

gradient with black open circles showing locations of Barry Goldwater and

(Continued)

FIGURE 1 | Fort Huachuca military installations. (B) Black Gap (BG) and

Sauceda Wash (SW) are located in Barry Goldwater military installation. (C)

Huachuca Piedmont (HP), Huachuca Lower Canyon (HL), and Huachuca

Upper Canyon (GU) as well as Garden Piedmont (GP), Garden Lower (GL),

and Garden Upper (GU) Canyon are located in the Fort Huachuca military

installation. Ramsey Piedmont, Lower (RL), and Upper Ramsey (RU) Canyon

are located in the Nature Preserve.

sites were located within the Barry M. Goldwater Air Force
Base near Gila Bend, Arizona in the Lower Gila River Basin
(Sauceda Wash, SW; and Black Gap, BG; Figure 1B), on semi-
consolidated alluvial basin fans (200–300m elevation). The
catchment upstream of the BG reach is 10.2 km2 and ranges in
elevation from 324 to 676. The catchment upstream of the SW
reach is the largest of our study sites, 326.4 km2, and ranges
in elevation from 258 to 1114m. The 30-year mean annual
precipitation (MAP30) at these sites ranges between 160mm at
the lower elevations and 250mm at the higher elevations. Mean
annual temperature (MAT) is 23◦C and can range between 5◦C
to 43◦C (US Climate Data; http://www.ncdc.noaa.gov/).

Two semi-arid study washes were located on the Santa
Rita Experimental Range near Sahuarita, Arizona in the Santa
Cruz River Basin (SS and SR). These were center-of-basin
braided unconsolidated sandy channels at 947 and 952m in
elevation. The catchment upstream of SS was 1.7 km2 and
ranged in elevation from 947 to 1,105m, while the catchment
upstream of SR was 18.0 km2 and ranged in elevation from
952 to 1,748m. The MAP30 ranges between 350mm at the
lower elevations and 570mm at the higher elevations (PRISM
Climate Group, 2013); while MAT is 22◦C and can range
between 6 and 38◦C. These sites were later dropped from litter
decomposition and nutrient analyses because these sites were
established later and hence timing of litter deployment was offset
from the rest of the sites, although soil and nutrient data are
available in Lohse et al. (2020b). These two sites will not be
discussed hereafter.

Nine other study sites were located on the Huachuca
Mountains at the Fort Huachuca Army Post and Nature
Conservancy Ramsey Canyon Preserve near Sierra Vista,
Arizona; these catchments drain into the San Pedro River Basin.
The study sites were located in three canyons at three distinct
elevations in each canyon: Huachuca Canyon (H), Garden
Canyons (G), and Ramsey Canyon (R; Figure 1C). The lowest
elevation monitoring sites (HP, RP, GP) located at 1,400–1,500m
elevation are piedmont (P), semi-consolidated alluvial channels,
and receive 430 to 580mmMAP. The HP, GP, and RP catchments
are the smallest (1.3, 0.5, and 0.3 km2, respectively), and have
stream channel densities similar to those of the alluvial basin
sites with values ranging between 2.4 and 6.3 km km−2. GP
site was later dropped from the analysis after a fire swept
through and burned the study area and litterbags, reducing
the total site number to ten. Three lower (L) canyon sites
(HL, GL, RL; Figure 1C), located at 1,500–1,600m elevation,
are incised streams with non-cohesive alluvial banks; MAP30
ranges between 520 and 650mm. Finally, three upper (U)
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canyon sites (HU, GU, RU; Figure 1C) are located at 1,600–
1,700m elevation on cohesive bedrock with moderate alluvium
present. These upper sites have MAP30 ranging from 590 to
750mm and temperature ranges from 1 to 34◦C, with MAT
of 17◦C.

At each of the study sites, we selected a monitoring
stream reach of 200m in length (Figure 2). The catchment
upstream of each monitoring stream reach was delineated
and characterized using ArcMap 10.2 (ESRI, Redlands, CA).
At each reach, we established three cross-sectional transects
100m apart (0, 100, 200m) and characterized the channel
geometry (Gallo et al., 2020). We established sampling locations
at channel, riparian, and upland positions along each of the
three transects for measurement of site physical and chemical
characteristics, litter decomposition and soil moisture and
nutrient dynamics.

Site Physical and Chemical Characteristics
The physical and chemical properties of the <2mm soils or
sediments at all positions were characterized (n = 99 total). In
brief, we cored soils (0–5 cm depth) in the field, brought them
back to the lab, air dried and passed them through a 2mm sieve.
We determined particle size distributions (% sand, % silt, and %
clay) and soil texture using a modified pipette method (Gee and
Bauder, 1986). We determined water holding capacity (WHC)
following methods by Dane et al. (2002). We made a 2:1 water
to soil paste and determined soil pH with a probe calibrated
using pH 10.01, 7.00, and 4.01 buffer solutions (Thomas, 1996).
We measured soil C and N and isotopes of C and N on an
Elemental Combustion System 4010 (Costech Analytical Tech,
Inc, USA) attached to a Delta V Advantage Mass Spectrometer
(Thermo Scientific, Germany) at the Center for Archaeology,
Materials, and Applied Spectroscopy at Idaho State University,
Pocatello, Idaho. In brief, we dried soils at 55◦C for 24–48 h prior
to grinding soil. We placed a 20 g soil subsample, which had been
picked for roots, into a ball mill grinder and ground the soils until
a fine powder was attained. We removed soil inorganic carbon by
acid fumigation prior to analysis and then packed samples into
5 × 9mm tin capsules. We report values for δ

15N in parts per
thousand (‰) relative to atmospheric N2 using the equation: δ

(‰) = [(Rsample/Rstd) - 1] × 1,000 where Rsample = - ratio heavy
to light isotope (15N/14N) of a sample. We are report values for
δ
13C in parts per thousand (‰) relative to the Vienna PeeDee
Belemnite standard. Both δ

15N and δ
13C values had an analytical

precision of ≤0.2 that was determined from repeated analyses of
standard materials. We also collected a separate set of soils from
all sites and locations to determine soil bulk density (g cm−3)
using a modified version of the excavation method (Grossman
and Reinsch, 2002; Gallo et al., 2014). In brief, we excavated
the soil mass of an 8 cm diameter circle to 10 cm depth with a
trowel. We determined the volume of the void by lining it with a
plastic bag and filling it with water. We sieved the soils (<2mm)
collected from this void, dried them for soil moisture, and then
weighed them for mass to determine the fraction of fine earth
<2mm. Particle density was assumed to be 2.65 g/cm3. Fine and
coarse fractions were determined from bulk density sampling.

Precipitation and Streamflow and Water
Presence
To classify site climatic and flow conditions, we measured
precipitation using the nearest, established tipping bucket
rainfall gauges, streamflow presence using an electrical resistance
(ER) sensor method described by Jaeger and Olden (2012)
and determined soil-water presence using an ER sensor
method by Gallo et al. (2020). In brief, 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. The ER sensors were modified as outlined in
Blasch et al. (2002), with 2 electrical leads exposed to identify
the onset and cessation of runoff, where the onset of runoff
was marked by the sudden and rapid increase in the relative
electrical conductivity (EC) signal to a less negative or a
positive number. The termination of streamflow was marked
by a similarly sudden shift in the EC signal back to a more
negative signal. In contrast to the streamflow presence signal,
the surface water presence signal had a distinct inflection
point that marked a shift from a steep EC signal recession
to a less steep EC signal recession. Because it was difficult to
distinguish EC signals indicating water ponding versus soil
moisture presence, we defined all EC signals indicative of
water presence, including streamflow, as “water presence.”
Given that 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, we used the maximum percent (%) water
presencetransect observed at each monitoring reach as the
reach % water presence. We identified five distinct streamflow
regime classes: dry-ephemeral, wet-ephemeral, dry-intermittent,
wet-intermittent, and seasonally-intermittent groups (Gallo
et al., 2020). Here we report cumulative precipitation, and
monthly and cumulative streamflow and water-presence
associated with date of litterbag collection; data are available in
Lohse et al. (2020a).

Litter Decomposition
To test the influence of climatic and flow variables on
decomposition, litter quality and quantity was held constant
across sites. Given that streams are transitioning from wetter
to drier flow regimes, we collected litter at the wettest site,
upper Ramsey Canyon (RU) and deployed them at each site
across all positions. At RU, we collected senesced oak (Quercus
grisea) leaves as oak woodlands with conifers dominate the
upper canyons in this region (Stromberg et al., 2015; Corman
et al., 2016); we also collected a smaller subset of senesced
Arizona sycamore (Platanus wrightii) leaves. Litter was collected
in separate plastic bags, brought back to the lab, and dried at
40◦C to obtain a constant water weight prior to packing. We
note that mean average summer temperatures ranged from 32–
42◦C across sites so that drying at 40◦C was not outside of
the extremes. Nylon mesh litterbags (10 × 15 cm, 1mm nylon
mesh) were packed with 4 g dried leaf material. Every 35th bag
was packed and then transferred to a pre-dried envelope for
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FIGURE 2 | (A) Study site design with location of monitoring stream transects and associated channel, riparian, and upland position. Examples of channel, riparian

and upland positions at (B) HU, Huachuca Upper Canyon; (C) GL, Garden Lower; and (D) BG, Barry Goldwater.

wet-dry correction and initial chemical analysis where samples
were dried to 55◦C. Initial carbon (C) and nitrogen (N) contents
were determined on a Fisons NA-1500 elemental analyzer (Fison
Instruments, Milan, Italy). Initial litter C:N-values for oak were
32.2 ± 0.55 and for sycamore 85.7 ± 9.4 (mean ± standard
error (SE).

On 10 January 2010, we placed nine randomly selected oak
litterbags in each position x transect x site combination (upland,
riparian, and channel positions, 3 transects, 10 sites for 810
total). Only one replicate per site for sycamore was deployed
due to limited litter material (nine litter bags per landscape
position, 27 per site, 288 total). We do not focus on this
litter type hereafter except to note that decomposition rates
of sycamore were slightly lower than oak but did not differ
significantly within the channels (Stromberg et al., 2015). All
litterbags were collected at time 0, 1 day, 4 weeks, 3, 6, 12,
and 18 months. Following collection from the field, litter was
cleaned to remove residual soil, dried at 55◦C for 12–24 h and
then weighed. Litter samples were ground to a fine powder (pass
through no. 40 sieve) and stored in vials. Ash free dry mass
(AFDM) was determined on 1.0 g of homogenized subsample
by combusting it at 450◦C for four hours and reweighing the
mass after combustion. Another subsample of the ground litter
was analyzed for C and N content by packing 6.0mg of ground
litter into tin capsules and analyzing it on the elemental analyzer.
Oak and sycamore litter data are available in Lohse et al.
(2020a).

Soil Moisture and Nutrient Dynamics
To evaluate possible moisture and biological controls on rates
of decomposition, we monitored seasonal soil moisture and soil
exchangeable mineral N pools and transformation rates using
both soil extractions and incubations, wet up experiments, as
well as in-situ ion exchange resins bags. Specifically, surface soils
from each position were collected from 0–5 cm depth during
winter/spring (January–March), pre-monsoon (May–June) and
post-monsoon (August–September) seasons from June 2010 to
September 2012, periods that maximized thermal and hydrologic
contrasts (99 samples per season). Soils were collected with
a core sampler, stored in plastic bags in coolers, returned
to the laboratory, and subsampled for analyses. In the lab,
we sieved the soils to <2mm, and then dried one 25 g soil
subsample at 105◦C to determine gravimetric soil moisture.
To determine exchangeable mineral N pools, we extracted a
10 g subsample with 50ml of 2N potassium chloride (KCl),
ammonium (NH+

4 ) and nitrate (NO−
3 ). To determine rates of

net mineralization and nitrification, we incubated another soil
subsample under aerobic conditions for 7 days in the dark
and estimated rates based on difference between initial and 7-
day exchangeable mineral N pools, NH+

4 plus NO−
3 , and NO−

3
only, respectively (Hart et al., 1994). Finally, we performed
wet-up experiments on pre-monsoon dry soils to evaluate the
potential rates of nutrient release after monsoon wetting. In
brief, we wet soils with 18.2 mOhm water to 60 % WHC
moisture conditions, incubated these soils for 7 days in the dark,
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extracted them, and analyzed them for exchangeable mineral
N pools.

To assess in-situ nutrient availability and release in response to
seasonal dynamics, we utilized exchange resin bags, which have
been shown to be a useful integrator of chemical flux over time
(Binkley and Matson, 1983). We deployed two sets of exchange
resin bags, one for cations (Dowex 50W−8X; H+form) and one
for anions (Dowex 1–8X; C1− form). Bags (6 × 5 cm) were
constructed on inert silk screen mesh-monopolyester, #85 and
filled with 3.0 +/– 0.05 g resin and charged overnight in 2M
sodium chloride (NaCl) for anion and 2M Hydrochloric acid
(HCl) for cation bags. One cation and anion exchange resin
bag each was placed in the soil at a depth of 3–5-cm along the
three transects at each site at the three landscape positions. Resin
bags were deployed in upland, riparian and channel positions
during the seasonal periods, winter/spring (January–March), pre-
monsoon (May–June) and monsoon/post-monsoon (August–
September) to contrast thermal and hydrologic contrasts as
above. Bags were retrieved at the end of each period, and
new bags of both cation and anion exchange resins were
deployed in the same positions. In the lab, resin bags were
washed free of soil using 18.2 mOhm water. The resins were
then placed in centrifuge tubes for extraction in 0.5M NaCl
(40ml) for anions and 2M NaCl in 0.1M HCl for cations.
Extracts for NH+

4 and NO−
3 in associated matrices (KCl,

NaCl, NaCl in HCl) were analyzed on a SmartChem discrete
autospectrophotometer (DA) (Unity Scientific Instruments, Inc.,
Brookfield, CT) at Idaho State University. We used a salicylate
method (AMM-003-A) to analyze for NH+

4 as N (hereafter
referred to as NH+

4 ) and a nitrate reduction method with
a cadmium metal column (NO3-001-A) to analyze for NO−

3
as N (hereafter referred to as NO−

3 ). We also report resin
and soil soluble reactive phosphorus data in Lohse et al.
(2020b).

Statistical Analyses
Statistical analyses were performed in JMP 11 (SAS, Carey,
NJ). Changes in mass remaining, where litter AFDM at time
(t) (Mt) is divided by the initial AFDM (M0) (Mt/M0), litter
N remaining as percent, soil moisture, and nutrient dynamics
were analyzed using repeated measures ANOVA. Loss of
litterbags downstream in several channel positions (HU, GU)
resulted in an unbalanced design and precluded statistical
comparisons among sites and locations on 18-month time
periods so that analyses for litter were performed up to 12
months. Flow regime (F) and landscape position (P) were
considered main effects with interaction terms. Welch’s ANOVA
were used for main effects tests where variances were unequal.
Post-hoc Tukey tests were performed to determine significant
differences among flow regimes. Decay constants (k) were
generated from regressions where the natural log transformation
of Mt/M0 was plotted against time since deployment (up to
18 months). Step-wise multiple linear regression models were
performed to evaluate possible climate, streamflow condition,
and nutrient availability controls on the decay rates (k, d−1),
in the absence of variation in litter quality and quantity as a
common litter from the wettest site (RU) was deployed across T
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sites. Transformations were performed to meet assumptions of
normality and homoscedascity.

RESULTS

Soil Physical and Chemical Characteristics
Soil physio-chemical characteristics varied significantly with flow
regimes and positions (Table 1). Soil bulk density (<2mm
fraction) was significantly higher in the dry-ephemeral washes
(1.99 ± 0.15 g/cm3) compared to other positions and flow
regimes (range: 0.85–1.64 g/cm3) (p < 0.05). Average sand
content was high across sites, ranging from 70 to 94% whereas
silt and clay made up a smaller and more variable percentage,
2–26% silt and 1.5–8.7% clay. Percent soil organic carbon (C)
was significantly lower in channels than in other positions, and
tended to be more similar in riparian and upland positions.
Across flow regimes, soil C was lowest in the dry-ephemeral
channels and increased substantially in the wet-intermittent to
seasonally-perennial channels, 0.3–6.3%. Sediment nitrogen (N)
was very low in most of the channel positions (0.03–0.07%)
except in the seasonally-perennial channels, where % N was
higher, 0.37 %. The upland and riparian soil carbon to nitrogen
ratios (C:N) were generally higher than channel sediments,
particularly under dry and wet-intermittent conditions where
ratios were >40.

Precipitation and Streamflow and Water
Presence
Precipitation was bimodal across all sites with higher
precipitation with cumulative precipitation ranging from
111mm at the dry-ephemeral to 516mm at seasonally-
intermittent site over the 18-month (January 2011–June 2012)
litter deployment [Supplementary Figure 1; also see Gallo et al.
(2020) for mean monthly distribution]. All but one group,
the seasonally-intermittent flow regime, exhibited a bimodal
streamflow similar to that of the regional rainfall (Figures 3A,B).
Cumulative streamflow days varied dramatically from <1
to 434 days across the sites over the 18-month deployment,
representing 0.2–85% of available days (Figure 3C). Cumulative
daily stream water presence varied from 11 to 433 days, 2.5–85.5
% as annual water presence (Figure 3D). The most responsive
sites to rainfall in terms of soil-water presence were the dry- and
wet-ephemeral sites and had higher observed water presence
relative to streamflow compared to the other sites (Figure 3D).

Decomposition Dynamics
Litter mass of oak decreased significantly with time across all
sites, with landscape position exerting a significant influence on
rates of decomposition across sites (Figure 3; RMANOVA: flow
regime: F4, 75 = 9.28, p < 0.0001; position: F2, 75 74.45, p <

0.0001; flow regime∗position: F8, 75 9.96, p < 0.0001; time: F3, 73
182.28; time∗flow regime: F12, 193 3.85, p < 0.0001; time∗position
F6, 146 21.17, p < 0.0001 time∗position∗flow regime; F24, 212 =

3.82, p < 0.0001). Oak litter in upland and riparian positions had
>50 % of mass remaining as ash free dry mass at the end of the
18th month deployment and did not differ significantly across
sites and flow regimes (Figures 4A,B). In contrast, mass loss in

the channels differed significantly across sites and flow regimes
(Figure 4C). Indeed, these differences among flow regime in
channels emerged as early as 4 weeks after deployment based
on univariate ANOVA and post-hoc Tukey tests (Figure 4C). In
seasonally- and wet-intermittent channels,<20% of the oak litter
mass remained after 18 months compared to other flow regimes
that had >50 % remaining, percentages similar to those observed
in the upland and riparian positions across sites (Figure 4C).

A single exponential decay model fit the oak litter data
well (mean r2 0.9, median 0.94). Oak leaf decay rates (k)
ranged from 0.0003 to 0.0054 d−1, and ANOVA and post-
hoc Tukey tests conducted on channel locations showed that
decay rates were significantly higher in channels with seasonally-
intermittent compared to dry- and wet-intermittent streamflow
and significantly higher than those with ephemeral flow (Welch’s
ANOVA F4, 9.45 38.17, p < 0.0001; Figure 4D).

Oak litter N dynamics as measured by percent N remaining
varied significantly with flow regime and interactions with time
and generally showed net gains of N mass in upland and riparian
positions whereas litter in channel positions showed net losses of
N mass (Figure 4) (RMANOVA: flow regime: F5, 78 = 3.79, p =

0.004; position; F2, 78 = 2.05, p = 0.1344, flow regime∗position
F10, 78 = 0.56, p = 0.84; time: F3, 76 = 2.49, p = 0.06; time∗flow
regime; F15, 210 = 2.1, p = 0.01). Specifically, oak litter % N
mass remaining increased as much as 20–40% from the initial
value of 1.5 ± 0.04% N in the riparian and upland positions,
respectively, especially at the wetter sites (Figures 4E,F). The
exception was the dry-ephemeral sites that showed declines in
litter N in the uplands and to a lesser extent, riparian positions. In
the channels, the % oak N remaining generally decreased across
all flow regimes (Figure 4G).

Over the 18-month study period, correlations between %mass
remaining and%N remaining differed across landscape positions
and were highly variable especially in upland and riparian zones.
Litter in upland and riparian positions lost proportionally less
N than total mass and yielded weak relationships with slopes
less than 1, 0.45 ± 0.35 for the upland and 0.74 ± 0.56 for the
riparian position. In contrast, % N remaining was proportional
to mass loss in the channel (Figure 4H), with a slope of 1.03
± 0.37.

Environmental Controls on Decomposition
in Channels
Given no significant differences in k in riparian and upland
positions, a stepwise multiple linear regression was conducted
to elucidate environmental controls on the k in channels across
flow regimes, and only significant factors with p < 0.05 were
retained in the model. Results showed that cumulative days of
water presence and % silt of the channel bed material explained
80% of the variation in the k in channels across flow regimes
(Whole model, F2, 16 28.39, r2 = 0.80, r2

adj
= 0.77, RMSE =

0.0007, p <0.0001; Figure 5A). Log transformed cumulative days
of streamflow and water presence days were highly correlated
(r = 0.95; Figure 5B) and the correlation indicated that these
terms could possibly be used interchangeably. However, there
were more days of water presence compared to streamflow
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FIGURE 3 | Monthly percent of sites with streamflow and stream water presence at dry-ephemeral (BG, SW, HP, GP), wetephemeral (RP, RL), dry-intermittent (HU,

GL), wet-intermittent (HL, GU), seasonally-intermittent (RU) locations. Mean monthly values for each flow regime category are shown in (A,B). Arrows indicate litterbag

collections. Cumulative streamflow and water presence percentages as a fraction of the total days over a monitoring periods are show in (C,D).

detected at the dry end of the spectrum of flow regimes
(i.e., DE regime), a range of 86 compared to 8.75 days, and
therefore cumulative days of water presence was selected as
a potentially more sensitive measure of water availability in
these systems. Cumulative days of water presence was more
normal distributed and thus reduced heteroscedascity in the
multiple regression. Cumulative days of water presence alone
explained 74% of the variation in decay rates (Figure 5C).
Cumulative days of stream water presence and streamflow
were also modestly correlated to cumulative precipitation (r
= 0.62–0.78), but cumulative precipitation did not load in
the model. Other biophysical variables considered such as %
N remaining, pH, water holding capacity, litter % N, C:N,
soil C and N, and soil C:N did not load into the stepwise
regression model as significant factors. Lignin and other litter
quality characteristics were held constant across all sites because
of the common litter source and therefore not considered.
Finally, soil temperature was not considered as a main factor

in the regression models because site/position specific data were
not available.

Soil Moisture and Nutrient Dynamics
Soil moisture dynamics followed stream and soil water presence
patterns and varied significantly with flow regime, position, and
season (RMANOVA: flow regime: F4, 89 = 35.52, p < 0.0001;
position: F2, 84 26.92, p < 0.0001; flow regime∗position: F8, 89
8.21, p < 0.0001; time: F5, 85 37.89, p < 0.0001; time∗flow
regime: F20, 282 6.11, p < 0.0001; time∗position F10, 170 2.34,
p = 0.003; time∗position∗flow regime; F40, 373 = 3.73, p <

0.0001; Figures 6A–C). In-situ gravimetric soil moisture was
2–6 times higher in the seasonally-intermittent compared to
the dry-intermittent to ephemeral stream channels (Figure 6A).
Soil moisture dynamics were more muted and less variable in
the riparian and upland positions but peaked following the
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FIGURE 4 | Mass remaining as percent (%) of initial oak litter mass over time (days since deployment) for 10 study sites in the (A) upland, (B) riparian and (C) channel

positions, and (D) oak leaf decay (k) rates shown for the channel position by flow regime (D-Eph, Dry-ephemeral; W-Eph, Wet-Ephemeral; D-Int, Dry-intermittent;

W-Int, Wet-Intermittent; and S-Int, Seasonally-Intermittent). Asterisks in (C) indicate significant differences in mass loss among sites at different time points as tested

with ANOVA and post-hoc Tukey tests (p < 0.05). Different letters in (D) indicate significant differences in decay rate among flow regimes (p < 0.05). Mass is

expressed in ash free dry mass. Percent N mass remaining of initial oak litter N over time (day since deployment) for the different flow regimes in the (E) upland, (F)

riparian, and (G) channel positions. (H) Relationship between %N remaining and % mass remaining shows that upland and riparian locations showed net gain while N

loss in channel positions was proportional to mass loss.
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FIGURE 5 | (A) Cumulative daily stream water presence and % silt explain 79% of variation in decomposition rates (d−1) in channels across flow regimes, (B) Log

transformed cumulative daily stream presence is highly correlated to log transformed cumulative stream water flow days but detects water availability at lower flow

conditions, (C) cumulative daily stream presence explain 74% of total variation in decomposition rates (k).
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FIGURE 6 | Soil moisture (A–C), ammonium (D–F), and nitrate (G–I) pools, and in-situ net mineralization (J–L) and net nitrification rates (M–O) associated with

different flow regimes and positions (channel, riparian, and upland) over the course of the decomposition experiment.
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FIGURE 7 | Pre-monsoon rates of net mineralization (A), potential rates of net mineralization in response to experimental wetting (B), pre-monsoon rates of net

nitrification (C), and potential rates of net nitrification in response to experimental wetting (D) across flow regimes, D-Eph, Dry ephemeral; W-Eph, Wet-ephemeral;

D-Int, Dry-intermittent; W-Int, Wet-Intermittent; and S-Int, Seasonally-Intermittent and positions.

monsoon season, especially under seasonally-intermittent and
wet-intermittent flow conditions (Figures 6B,C).

Soil nitrogen pools and processes also varied significantly
with flow regime, position, and season. Soil exchangeable NH+

4
concentrations varied significantly with time and interactions
with flow regime and position (RMANOVA: flow regime: F4, 88
= 0.71, p = 0.587; position: F2, 88 14.59, p < 0.0001; flow
regime∗position: F8, 88 2.425, p = 0.02; time: F5, 84 11.09, p <

0.0001; time∗flow regime: F20, 279 4.05, p < 0.0001; time∗position
F10, 168 2.79, p = 0.003; time∗position∗flow regime; F40, 368 =

1.44, p = 0.04; Figures 6D–F). Post-hoc ANOVA tests showed
that upland and riparian positions were significantly elevated in
NH+

4 compared to channel positions (Welch test: F2, 428 48.75 p
< 0.0001). In contrast, only flow regime had a significant main
effect on soil exchangeable NO−

3 concentrations (RMANOVA:
flow regime: F4, 89 = 7.76, p < 0.0001; position: F2, 89 1.08,
p = 0.34; flow regime∗position: F8, 89 0.87, p = 0.54; time:
F5, 85 1.38, p = 0.23). In particular, soil exchangeable NO−

3 was
consistently and significantly elevated (4–8 times higher) under
dry-ephemeral stream conditions relative to other flow regimes
(Welch F4, 254 21.36, p < 0.0001; Figures 6G–I).

Rates of net mineralization and nitrification were much more
variable across space and time, though they were generally
positive under seasonally-intermittent flow conditions relative
to others indicating nutrient release rather than immobilization
(Figures 6J–L). In contrast to these field dynamics, controlled
laboratory wetting experiments of pre-monsoon soils showed
more consistent patterns in rates of N cycling. Indeed,
experimental wetting of pre-monsoon soils resulted in 2–5 times
higher potential rates of net mineralization and nitrification
than pre-monsoon rates across flow regimes (Figure 7). The
exception to this pattern was the seasonally-intermittent channel
sites where rates of potential net mineralization and nitrification
were comparable to pre-monsoon conditions (Figures 6, 7).

Nutrient availability and potential loss as measured by resin
bags during the monsoon season showed similar patterns
as wet up experiments (Figure 8). Resin NH+

4 and NO−
3

concentrations were similarly high across flow regimes in
upland and riparian positions following monsoon events.
Similar to field data (Figure 6), resin NO−

3 was higher in
the channel positions in the dry ephemeral sites compared to
the wet intermittent and seasonally intermittent sites. Notably,
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FIGURE 8 | (A) Ammonium and (B) nitrate availability as measured by resin

bags and normalized by total days deployed during the monsoon across flow

regimes, Dry ephemeral (D-Eph), Wet-ephemeral (W-Eph), Dry-intermittent

(D-Int), Wet-Intermittent (W-Int), and Seasonally-Intermittent (S-Int), and

positions (channel, riparian, and upland).

channel sediments in the wetter sites were low in nutrient
availability (Figure 8).

DISCUSSION

Higher decomposition rates observed in the seasonally- and
wet-intermittent channels were consistent with expectations
that mass loss would be higher under more permanent flow
regime conditions compared to more temporary flow conditions.
Rates of decomposition decreased by a factor of 3–6 with
the transition from seasonally- and wet-intermittent to dry-
intermittent and ephemeral flow regimes (Figure 4D). The few
decomposition studies conducted in intermittent or drought-
influenced streams have typically focused on one stream and
shown similar decreases in rates of decomposition (Anderson
and Nelson, 2006; Langhans and Tockner, 2006; Sangiorgio
et al., 2007). Sangiorgio et al. (2007), for example, conducted
their study in Mediterranean stream channels experiencing
drought conditions and showed lower rates of leaf decay in
dry compared to wet sites (0.003 compared to 0.006 d−1), rates
which are comparable to those reported in this study (range:
0.001 to 0.0054 d−1). Results from our study contrasts with two
studies focused in Arizona, USA on short-term decomposition
rates of different litter in the aquatic phase of intermittent
streams. Specifically, Schade and Fisher (1997) showed faster
rates of decomposition (0.017–0.005 d−1) compared to this
study, with the lowest rates of decomposition observed in

sycamore leaves (0.005 d−1) relative to the ash, cottonwood,
and willow leaves. Corman et al. (2016) showed similarly high
rates of decomposition of maple (Acer grandidentatum) leaves,
0.016–0.003 d−1) in the wet-to seasonally intermittent sites
in the Fort Huachuca. These differences among studies may
indicate that short-term decomposition studies in temporary
streams, particularly intermittent, and ephemeral streams, may
overestimate organic matter dynamics and decay rates if only
conducted during the aquatic phase. Difference in k across studies
may also be explained owing to differences in litter type/quality,
though a limited subset of sycamore leaves decomposed across
these same sites in this study showed no substantial differences in
k from oak leaves (Figure 5, Lohse et al., 2020a).

Faster rates of leaf decay have been typically observed in
channels compared to other floodplain positions in perennial
streams, similar to our findings. However, these effects often only
emerged after 12–18 months (Gurtz and Tate, 1988; Anderson
and Nelson, 2006; Langhans and Tockner, 2006; Langhans et al.,
2008). In our study, differences in decomposition emerged
among positions as early as 4 weeks after deployment and
may possibly be explained based on differences in controls
on decomposition in intermittent to ephemeral streams. Other
global and regional analyses of organic matter and nutrient
dynamics in intermittent streams have typically conducted lab
incubations and pointed to the importance of rewetting and
duration of wetting of litter and sediment in releasing of carbon
dioxide (CO2) and nutrients (Gallo et al., 2014; Datry et al.,
2018; Shumilova et al., 2019; Correa-Araneda et al., 2020).
These studies have pointed to the need to measure in situ
decomposition rates and measure the resumption of flow and
quantifying different flow regime (Datry et al., 2018). Though
limited in scope to dryland regions (MAP, 111–750mm), we
directly measured streamflow duration, water presence, and
decomposition rates across a strong climate gradient and held
litter quality constant to evaluate these hydroclimatic controls.
We found that cumulative days of stream channel water presence
and channel bed sediment texture explained 79 % of the
variation in k across all sites (Figure 5). Proportional loss
of mass and N (Figure 4D) in the channels indicated that
physical fragmentation from cumulative duration of streamflow
could likely explain much of this variation, but that water
presence contributed to explaining slightly more variation
in decomposition rates, especially on the dry end of the
spectrum. Collectively, our findings indicate that stream water
presence may be a more important indicator of ephemeral and
intermittent stream function than streamflow alone. This finding
warrants further investigation and consideration in other studies.

Our findings that differences in rates of mass loss were
only associated with the channel positions, not the upland and
riparian positions, were surprising given the wide range of actual
precipitation received across flow regimes, 111–516mm annual
precipitation (Figures 4A–C). Many upland studies show climate
and litter quality as the main factors controlling decomposition
rates (e.g., Hobbie, 1992; Couteaux et al., 1995; Aerts, 1997). In
this study, we held litter quality constant by transplanting the
wettest site litter material across sites. Seminal decomposition
studies comparing k in different litter types in upland areas show
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substantial differences in k associated with similar magnitude
change in precipitation (∼400mm) (Melillo et al., 1982). Our
results indicate that the subsidy of water in the channels as
streamflow and/or soil-water is the main factor driving the
increase in rates of decomposition in the seasonally- and wet-
intermittent channel sites compared to the dry-intermittent
and ephemeral flow regimes rather than climate differences
alone. If climate factors were the main factor driving these
differences, significantly higher rates of decomposition would
have been observed in the riparian and upland positions at the
seasonally- and wet-intermittent sites. The lack of difference
in k in the riparian and upland position despite differences in
precipitation could be explained by the comparable soil moisture
dynamics observed in the upland and riparian position across
flow regimes (Figure 6). High sand and silt content across
riparian and upland sites (>91 %) and relatively similar water
holding capacity (Table 1) could also help to explain similar soil
moisture dynamics despite differences in precipitation across
flow regimes. Finally, similar effective precipitation, the amount
of water actually added and stored in the soil, due to significant
increases in vegetation volume and richness in the riparian
and upland environments with decreasing aridity as shown by
Stromberg et al. (2017) may also help to explain lack of difference
in soil moisture dynamics. Collectively these findings indicate
that rates of decomposition in the terrestrial portions of these
landscapes may be less sensitive than channels to declines in
precipitation and associated increases in temperature.

Litter quality such as % N and C:N did not emerge as a major
factor explaining rates of decomposition. Indeed, the lack of
difference in total mass loss among flow regimes in the upland
and riparian positions may be explained by net gains of N being
immobilized from the surrounding environment (Figure 4)
indicating possible nutrient limitation to decomposition in these
upland environments (Hobbie and Vitousek, 2000). In contrast,
channels showed N loss varying in proportion to mass loss
indicating that differences in water presence and the physical
breakdown or physical abrasion of litter by water were the main
factors contributing to differences in rates of decomposition in
the channels. As the duration of streamflow decreased from
intermittent to ephemeral flow, the importance of the terrestrial
phase of the channel increased and N loss decreased such that N
loss in ephemeral channels mirrored patterns of N loss in upland
and riparian positions (Figure 4). Corman et al. (2016) suggested
that phosphorus (P) availability may limit decomposition in the
same wet-intermittent to seasonally intermittent reaches that we
studied where calcium carbonate deposition occurs. However,
we observed higher decomposition rates in these sites with
low P availability compared to the drier reaches with higher
P availability.

Other abiotic factors such as soil coverage/sediment burial
(Fritz et al., 2006; Barnes et al., 2012, 2015) and UV degradation
(Austin and Vivanco, 2006; Throop and Archer, 2007), as well
as biotic factors such as invertebrates (Anderson and Nelson,
2006) and microbial communities associated with the litter
(Kaiser et al., 2014) may need further consideration to be able to
explain the remaining variation in decomposition rates observed,
particularly in the uplands. As mentioned above, lignin was
not evaluated because litter quality was held constant in this

study, though sycamore leaves decomposed at the same rate as
oak leaves in channels suggesting that physical controls were
more important than litter quality in these dryland regions.
Furthermore, studies have indicated in the past that lignin is not
likely associated with inhibiting effects in desert environments
(Schaefer et al., 1985). Mesh size (1mm) in our study likely
limited invertebrates attack and therefore breakdown of litter.
The role of invertebrates and microbial films/consortium in
driving decomposition was beyond the scope of this study
and merits further consideration as these processes have been
shown to be important in driving decomposition in both the
aquatic (Langhans et al., 2008; McCluney and Sabo, 2009; Allen
et al., 2014) and terrestrial (Barnes et al., 2012) portions of
landscapes. Finally, sediment burial has also been found to slow
decomposition rates in intermittent coastal plain streams (Fritz
et al., 2006) as well as in dryland upland environments (Barnes
et al., 2012, 2015) and may help to explain further variation in
decomposition rates given that some of channel litterbags were
buried in sediment during the monsoon season.

Soil nutrient dynamics were more variable in space and time
across this climate gradient, although patterns emerged especially
in the dry ephemeral streams. Specifically, experimental wetting
and in-situ wetting following monsoon rains resulted in elevated
soil nitrate concentrations as extractable nitrate and in resin bags
in ephemeral channels. Previous work in ephemeral washes has
shown large release of nutrient and gas fluxes following wetting
and controlled by sediment texture and associated properties
(Gallo et al., 2014). High soil nitrate concentrations observed in
our dry ephemeral washes after in-situ and experimental wetting
were similar to those observed in the sand washes (6.8 ug N/
g dry soil) in Gallo et al. (2014). These findings suggest that
soil nitrate concentrations and its accumulation may be a good
indicator of streams transitioning from intermittent to ephemeral
ones. They also point to rapid and large release of trace gases and
nutrients following wetting that may not have been previously
appreciated from dryland rivers (Marcé et al., 2019) and warrants
further study in both natural and urban systems (Gallo et al.,
2014).

Collectively, findings from this study indicate that
decomposition and nutrient release in stream channels are
tightly coupled to streamflow and water presence, and controls
on these processes will reach a tipping point (Scheffer et al.,
2009) as streams move from perennial to intermittent and
ephemeral conditions with climate and/or land use change.
Our data indicate that transitions to more temporary flow
regimes (<40% streamflow) in this region and other dryland
regions will result in a regime shift and rapid declines in
organic matter processing (Figure 4) as well as gradual
declines in soil stores of carbon and nutrients (Table 1). As
such, changes in streamflow permanence associated with
climate change may tip the relative importance of controls
on decomposition and nutrient dynamics toward terrestrial
compared to aquatic ones.
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