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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
(160-516 mm). 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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Lohse et al. Litter Decomposition in Temporary Streams

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~) 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 7 | Pre-monsoon rates of net mineralization (A), potential rates of net mineralization in response to experimental wetting (B), pre-monsoon rates of net
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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;
concentrations varied significantly with time and interactions
with flow regime and position (RMANOVA: flow regime: F4 gg
= 0.71, p = 0.587; position: F, gg 14.59, p < 0.0001; flow
regime*position: Fg gg 2.425, p = 0.02; time: F5 g4 11.09, p <
0.0001; time*flow regime: Fyg, 279 4.05, p < 0.0001; time*position
F1o, 168 2.79, p = 0.003; time*position*flow regime; Fyo 365 =
1.44, p = 0.04; Figures 6D-F). Post-hoc ANOVA tests showed
that upland and riparian positions were significantly elevated in
NH; compared to channel positions (Welch test: Fy, 425 48.75 p
< 0.0001). In contrast, only flow regime had a significant main
effect on soil exchangeable NO; concentrations (RMANOVA:
flow regime: Fy g9 = 7.76, p < 0.0001; position: F; g9 1.08,
p = 0.34; flow regime*position: Fg go 0.87, p = 0.54; time:
Fs, g5 1.38, p = 0.23). In particular, soil exchangeable NO3 was
consistently and significantly elevated (4-8 times higher) under
dry-ephemeral stream conditions relative to other flow regimes
(Welch Fy, 254 21.36, p < 0.0001; Figures 6G-1I).

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 (Figure7). 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 (Figure8). Resin NH, and NOj
concentrations were similarly high across flow regimes in
upland and riparian positions following monsoon events.
Similar to field data (Figure6), resin NO; was higher in
the channel positions in the dry ephemeral sites compared to
the wet intermittent and seasonally intermittent sites. Notably,

Frontiers in Water | www.frontiersin.org 12

October 2020 | Volume 2 | Article 571044


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Lohse et al.

Litter Decomposition in Temporary Streams

. 5

° A

Z 4 - —3 Channel

2 " C— Riparian

c == Upland

n

o 21
+ < 1

z i fl

0 - ]

20

o B

Z

151

2

c 4

£ 10

o

—

I(V) 5 4

2 i

O = lE @
D-Eph W-Eph D-Int W-Int S-Int
Flow regime

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~!), 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~!) 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~') 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 (CO;) 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, 111-750 mm), 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 (Figure5). Proportional loss
of mass and N (Figure4D) 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, 111-516 mm 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

Frontiers in Water | www.frontiersin.org

13

October 2020 | Volume 2 | Article 571044


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Lohse et al.

Litter Decomposition in Temporary Streams

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 (1 mm) 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 (Figure4) 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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