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A B S T R A C T

Background & Aims: We assessed the joint role of shrub cover and UV-B on decomposition in a Sonoran Desert
grassland. UV is considered an important driver of biogeochemistry in arid grasslands and shrub proliferation in
these landscapes can alter both abiotic and biotic drivers of biogeochemistry.
Methods: We manipulated ambient solar UV-B exposure of Prosopis velutina leaf litter under and away from shrub
canopies and assessed decomposition responses over 320 days.
Results: Leaf litter mass declined 40% during the first 50 days, but only an additional 10% during the remaining
270 days. Decomposition was slower under shrubs, where ground temperatures and total solar radiation were
lower than locations away from shrubs. However, the presence/absence of UV-B radiation had no detectable
influence on mass loss either under or away from shrubs. UV-B exposure decreased N immobilization suggesting
UV-B photodegradation is facilitating microbial access to litter N.
Conclusions: Higher decomposition of litter away from shrubs may reflect a combination of greater rates of
thermal degradation and photodegradation. While UV-B did not directly influence decomposition rates, exposure
may alter litter nutrient dynamics. Our study suggests landscape-scale decomposition could decline with in-
creases in woody plant canopy cover owing to shrub-driven changes in microclimate.

1. Introduction

Decomposition of plant litter is an important facet of carbon and
nutrient cycles and a key factor in soil fertility and nutrient availability
in shallow rooting zones (Berg and Laskowski, 2005). Litter decom-
position can also influence ecosystem production by altering soil or-
ganic matter content and thus soil water holding capacity and nutrient
retention. Decomposition is particularly important in dryland ecosys-
tems where pools of litter and soil nutrients are smaller than those in
mesic systems (Moorhead and Reynolds, 1991). Decomposition models
developed in mesic systems typically under-predict decomposition in
drylands relative to measured values (Vanderbilt et al., 2008), sug-
gesting the existence of unique abiotic drivers or unique interactions
between abiotic drivers and biotic decomposition processes in these
ecosystems (Austin, 2011; King et al., 2012; Throop and Archer, 2009).

Given that drylands account for approximately 45% of the global land
area (Prăvălie, 2016) and comprise a considerable portion of inter-
annual variability in the terrestrial C sink (Ahlström et al., 2015), an
accurate representation of arid land decomposition in ecosystem
models is imperative.

1.1. Abiotic drivers of decomposition

Abiotic drivers of unique importance in drylands may include
photodegradation by ultraviolet radiation (UV-B, 280–315 nm; UV-A,
315–400 nm) and short wavelengths of photosynthetically active ra-
diation (PAR, 400–700 nm) (Austin and Vivanco, 2006; Brandt et al.
2007, 2010). However, while UV radiation can enhance decomposition
(Austin et al., 2016; King et al., 2012), some studies show no, or
minimal, effects (e.g., Kirschbaum et al., 2011; Yanni et al., 2015) and
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detrimental effects are also observed (e.g. Paul and Gwynn-Jones, 2003;
Zepp et al., 1998). These conflicting results may reflect the differential
impacts of UV radiation on abiotic and biotic decomposition processes.
UV radiation can increase abiotic decomposition rates through photo-
degradation of recalcitrant material (Austin and Vivanco, 2006), but
negatively impact biotic processes where highly actinic shorter UV-B
wavelengths occur (Barnes et al., 2015; Brandt et al. 2007, 2010). Biotic
decomposition may, however, be enhanced if UV radiation alters the
structure of the microbial community or changes microbial growth or
activity via indirect effects on litter substrates or direct effects on mi-
crobial enzymes (Baker and Allison, 2015; Wang et al., 2015).

UV effects are also mediated by precipitation amount and frequency
(Smith et al., 2010), differences in plant species litter chemistry and/or
structure (King et al., 2012), and the extent to which litter is covered by
soil (Barnes et al., 2015). The net effect of UV radiation on decom-
position may therefore depend upon the relative importance of several
interacting biotic and abiotic processes (Baker and Allison, 2015; Lin
et al., 2015) that can vary with location and ecosystem (Wang et al.,
2015) and from one stage of decomposition to another (Austin and
Ballaré, 2010; Day et al., 2015).

1.2. Canopy structure influences on decomposition

Plant canopies influence litter quality, soil physicochemical prop-
erties, soil microbial communities, and microclimate (Aanderud et al.,
2008; Barron-Gafford et al., 2012; Grant, 1997; Osanai et al., 2012).
These variables have the potential to directly influence decomposition
and can interact with incoming PAR and UV radiation to indirectly
mediate decomposition. Drylands are often characterized by mixtures
of grasses and shrubs, and the structural differences associated with
these contrasting life forms affect a variety of ecosystem functions
(Barger et al., 2011; Eldridge et al., 2011), including decomposition
(Throop and Archer, 2007). Shrubs have increased in abundance in
recent decades in many drylands (Archer et al., 2017). One con-
sequence of this shrub encroachment is alteration of biogeochemical
cycling, which is ostensibly influenced by the litter inputs from woody
plants and its subsequent decomposition in shrub canopy microclimates
(Throop and Archer, 2008).

Shrubs may either promote or retard surface litter decomposition
rates relative to rates in shrub-free patches (Fig. 1). Solar radiation at
ground level is typically lower under shrub canopies than away from
shrubs, with radiation attenuation greater for UV than PAR (Grant,
1997). But, as reviewed earlier, these environmental changes could
either stimulate or suppress decomposition. Canopy interception of
precipitation and lower soil temperatures under shrubs would pre-
sumably reduce decomposition rates relative to locations away from
shrubs. However, canopy shading and surface litter reduce soil eva-
poration, potentially promoting decomposition by helping retain
moisture in shrub patches. Shrubs can also influence decomposition
indirectly by altering ground cover and hence patterns of soil-litter
mixing (Throop and Archer, 2007). Microbial biomass, organic carbon,
and total nitrogen tend to be higher in soils associated with shrubs (e.g.,
Hollister et al., 2010) and each of these factors would also promote
decomposition rates relative to locations away from shrubs. Elevated
respiration and mineralization in shrub-associated soils relative to soils
away from shrubs support this notion (Barron-Gafford et al., 2012).

1.3. Combined effects of drivers

The net effect of shrub alteration of microclimate and the im-
portance of UV exposure on decomposition rates were assessed by
manipulating ambient UV exposure of shrub leaf litter under and away
from shrub canopies at a Sonoran Desert site where shrub displacement
of grasses has been well-documented. We focused on UV-B as these
wavelengths have the greatest potential to simultaneously exert both
positive and negative effects on decomposition (Bornman et al., 2015).
In addition, we assessed differences in decomposition drivers by
quantifying shrub-induced changes in radiant energy (PAR and UV),
soil moisture, and temperature regimes. We conducted weekly sampling
at the beginning of the experiment to quantify the role of these drivers
during the initial phases of the decomposition process, when rates of
mass loss are typically most rapid. This allowed us to more thoroughly
assess the relative importance of abiotic and biotic drivers, the balance
of which may change as litter decomposes.

Fig. 1. Heuristic model of decomposition drivers in a shrub-invaded grassland, where “magnitude” indicates the hypothesized strength of a given parameter and
“effect” the hypothesized influence of shrub canopy presence/absence on decomposition rates (+ = positive; 0 = neutral; - = negative).
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2. Methods

2.1. Study site

Leaf litter decomposition of Prosopis velutina, a leguminous shrub,
was quantified on the Santa Rita Experimental Range (SRER, http://ag.
arizona.edu/SRER/), a 21,513 ha semiarid research site located in
southeast Arizona (approximately 80 km south of Tucson, Arizona,
USA), where increases in P. velutina cover during the past century have
been well-documented (Browning and Archer, 2011). The SRER climate
is subtropical with bimodal annual precipitation delivered via convec-
tional storms during the summer monsoon season (July through Sep-
tember) and as gentle winter rains (late December to March) (Lane and
Kidwell, 2003). Our study was conducted in the mesquite-grassland
zone (1150m elevation) at 31° 48′ 12″ N, 110° 51′ 47″Wwhere Entisols
dominate and the mean annual precipitation is 370mm. Ground cover
at our site was a matrix of bare soil (ca. 30%) and non-native Lehmann's
lovegrass (Eragrostis lehmanniana, ca. 30%) interspersed with P. velutina
(ca. 30% cover) and cacti (Opuntia spp.). See McClaran (2003) for ad-
ditional details on climate, vegetation, soils, and land-use history.

2.2. Litterbag construction

Litterbags (10 × 10 cm) were constructed to manipulate exposure to
UV-B radiation as described in Day et al. (2007). They consisted of a 20× 20 mesh (ca. 0.9mm openings) fiberglass window screen bottom and
a perforated plastic top. Two types of clear plastic were used for the top:
0.038mm thick Aclar type 22A (a UV transparent plastic; 'UV-B pre-
sent'; Honeywell, Pottsville, PA, USA) and 0.051mm thick polyester
(optically equivalent to Mylar; a UV-B blocking plastic; 'UV-B blocked';
DuPont Teijin Films U.S., LLP, Hopewell, VA, USA) (for optical prop-
erties, see Ryel et al., 2010). As indicated above, we focused on UV-B as
this waveband is known to influence photodegradation as well as de-
composer microbes, and can thus potentially induce both positive and
negative effects on litter decomposition (Bornman et al., 2015). To fa-
cilitate exchange of air and moisture, a regular grid consisting of 24
holes (each 1.5mm diameter) was punched into the plastic film on the
top of each bag. Leaflets of P. velutina were collected from the SRER
during autumn 2008 near the time of leaf drop, oven-dried at 30 °C, and
stored at room temperature. Approximately 1.3 g of dried leaflets was
used per litterbag.

2.3. Litterbag deployment

Litterbags were deployed 13 July 2011 on the soil surface in two
vegetation placements representative of differing levels of radiant en-
ergy exposure: bare ground away from shrubs (areas between shrubs
lacking herbaceous cover and receiving full sun) and sub-canopy,
under-shrub locations (shaded areas beneath mature P. velutina plants
with limited grass cover). Litterbags were secured to the soil surface
with landscape staples in opposite corners. Litterbags away from shrubs
were randomly placed in one of three bare soil patches of ca. 5 m2 to
maximize full sun exposure. Litterbags under shrubs were divided
randomly and equally for placement beneath the canopies of two large,
mature shrubs (20.2m2 and 23.5 m2 canopy area). The sub-canopy
placements were placed roughly half-way between the shrub bole and
canopy edge and away from any herbaceous vegetation. The two shrubs
were located ca. 25 m apart and the area between them was pre-
dominantly bare ground.

In total, 180 litterbags were deployed and collected (2 vegetation
placements × 2 UV-B treatments × 5 replicates/collection date × 9
collection dates). Five litterbags from each vegetation–UV treatment
combination were selected at random for collection on days 0, 7, 14, 21,
28, 52, 160, 266, and 320.

2.4. Sample analyses

Litterbags were transported to the lab immediately after field col-
lection and litter was dried overnight at 60 °C. Following drying, litter
was passed through a 1.4mm sieve to remove loose mineral soil,
carefully cleaned with brushes and tweezers to remove soil attached to
litter surfaces, weighed, and ground in a ball mill. Subsamples of
ground litter were analyzed for carbon (C) and nitrogen (N) content on
an elemental analyzer (ECS 4010, Costech Analytical; Valencia, CA,
USA). Other subsamples were combusted at 500 °C for 4 h. The ash
remaining following combustion was used to express litter mass re-
maining on an ash-free basis.

2.5. Microclimate

Soil-surface temperatures were monitored hourly using iButton data
loggers (model DS1921G-F50, Dallas Semiconductor Corporation,
Dallas, Texas, USA). Two iButtons for each of the treatment combina-
tions (n=2 vegetation placements x 2 UV-B treatments x 2 re-
plicates= 8 iButtons) were sealed alone (i.e. no litter was present) into
litterbags constructed of each plastic type. In addition, two iButtons
were secured directly to the soil surface with two landscape staples both
under and away from shrubs. The hourly mean for replicate iButtons
within each vegetation placement was calculated; however, occasional
failures resulted in some single iButton values being used. iButtons
were deployed for the initial and warmest four weeks of the study
period (11 July 2011–10 August 2011) encompassing the first 5 sample
collections.

Daily precipitation was recorded at two rain gauges located equi-
distant from the study site (ca. 2 km; SRER #5 and #6 at 31° 48′
54.626″ N, 110° 51′ 5.731″ W and 31° 48′ 49.473″ N, 110° 51′ 15.933″
W, respectively). Data from these gauges was downloaded from the
USDA-ARS Southwest Watershed Research Center website (http://
www.tucson.ars.ag.gov/) and used to calculate daily mean precipita-
tion for each sampling period between collection dates.

Gravimetric soil moisture content (0–5 cm depth) was quantified on
all but the initial (T0) litterbag harvest dates. Five soil samples were
collected on each date from both under and away from shrubs (n=10
samples per collection date) and sealed in plastic bags. The samples
were weighed immediately upon arrival in the lab, dried at 90 °C for a
minimum of 24 h, and then re-weighed to determine gravimetric soil
moisture content (%). Ambient (incoming) solar ultraviolet-B irra-
diance (UV-B; 280–315 nm) was measured continuously at 30-min in-
tervals over the course of the experiment with a UVB-1 sensor (Yankee
Environmental Systems, Inc., Turners Falls, MA USA). Understory in-
coming UV-B and photosynthetically active radiation (PAR,
400–700 nm) were measured beneath three mature mesquite shrubs
during morning (7:30–9:00 MST) and near solar noon (11:30–13:00
MST) periods on three-consecutive clear June days using a Skye UV-B
sensor (model SKU 430; Skye Instruments, Ltd., Powys, UK) and a
quantum sensor (model LI-185, Li-Cor, Inc., Lincoln, NE, USA), re-
spectively. The UV-B and PAR sensors were placed adjacent to one
another on a mobile platform and located mid-way between the trunk
and canopy dripline at 8 locations (N, NE, E, SE, S, SW, W and NW). At
each sampling period, a minimum of 10 UV-B and PAR measurements
were made at each sampling location around the trunk of each shrub,
yielding 80–90 measurements per shrub and time period. Simultaneous
measurements of incoming UV-B and PAR were made with sensors
placed in nearby clearings free of shade from vegetation. In addition,
we measured 7-day integrated UV-B doses in May by placing 3 neutral
density-filtered poly 2,6-dimethyl-1,4-phenylene oxide (PPO) UV dosi-
meters (Parisi et al., 2010) near ground level in the understory of the
shrubs (24 dosimeters/shrub) and 3 dosimeters in an adjacent shade-
free clearing. Incoming UV-B doses were determined as described by
Parisi et al. (2010). The UV-B broadband sensors and dosimeters were
calibrated against a double-monochrometer UV-scanning
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spectroradiometer (Optronics Model 756; Gooch and Housego, Or-
lando, FL, USA) with spectral irradiance weighted according to a gen-
eralized plant action spectrum (Caldwell, 1971 normalized to unity at
300 nm).

2.6. Statistical analysis

Statistical analyses were done in R (ver. 3.3.1). Mixed-effects
models were calculated using the nlme library. Differences in litter
mass, %C, and %N among treatments were assessed over time using
mixed-effects models controlling for temporal autocorrelation.
Litterbag UV type (UV-B blocked and UV-B present), vegetation pla-
cements (under and away from shrubs), and precipitation were in-
cluded as fixed-effects. Precipitation was included as a fixed rather than
random effect because we were explicitly interested in its effect and
because every litter bag was subjected to the same precipitation regime
(Gelman, 2005). Precipitation was included in the models as the total
rainfall received between successive litterbag collection dates because
we expected it would affect decomposition rates independent of our
treatments. Because precipitation was highest at the beginning of the

experiment, which coincided with the onset of summer monsoon rains,
the effect of precipitation was isolated by correcting for temporal au-
tocorrelation with a continuous time covariate (sample day) specified
as continuous first-order autoregressive structure. We used ANOVA
with a Tukey's correction to compare decomposition rates on each
collection day as well as maximum soil surface temperatures. Soil
moisture, as well as ambient, understory PAR and UV-B transmittances
were compared under versus away from shrubs for all sampling dates
using a paired t-test.

We ran mixed-effects models on the entire decomposition data set
(i.e., all time periods) rather than comparing decay constant, k (Eq.
(1)), values to directly assess changes over time and so that error from
the models generating k values did not affect treatment comparisons.
Decay constants were calculated to facilitate comparisons with other
studies. Models were fit for each treatment with single pool exponential
decay models (Olson, 1963):

Mt=M0 e–kt (1)

where Mt is the litter mass at time t, M0 is the initial litter mass, and k is
the decay constant. Double pool exponential models did not

Fig. 2. (A) Ambient daily plant-effective
UV-B irradiances over the course of the
decomposition study and (B) sub-canopy
PAR and UV-B levels for three P. velutina
canopies in June pre-monsoon conditions.
Daily ambient UV-B values (panel A) are
integrated from measurements made at
30 min intervals and are weighted ac-
cording to the generalized plant action
spectrum (see Methods). Understory PAR
and UV-B (panel B) are expressed as percent
of incoming (above canopy) irradiances and
are averaged from 265 instantaneous point
measurements at ground level during
morning (7:00 to 9:30 MST) and noon
(11:30 to 13:00 MST) periods at points
midway between the trunk and canopy
edge. Mean incoming (above-canopy) PAR
and UV-B during these measurements were
1192 and 2063 μmol m-2 s-1, and 86 and
254 mW m-2 for morning and noon periods,
respectively. Percent of incoming UV-B
doses (B; integrated over 7 days) were ob-
tained from 24 UV dosimeters (see Methods)
placed at the understory locations where
sensor readings were taken. The total in-
coming (above-canopy) 7-day UV-B dose
was 61 kJ m-2, as determined by UV dosi-
meters placed in clearings between shrubs.
Data are means ± SE, with differences
between PAR and UV-B within sampling
periods significant at P < 0.001 (***) as
determined by paired Student's t-tests.
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significantly improve fit (based on R2), so single pool exponential
models were used in the interest of simplicity and to facilitate com-
parisons with other studies. Data were not log transformed before fit-
ting exponential decay curves in order to minimize estimation errors
(Adair et al., 2010).

3. Results

3.1. Microclimate

Soil surface temperatures (T) differed significantly under and away
from shrubs (F1, 64= 89.4, p < 0.0001, ANOVA). Mean (± SE) peak
daily T within litterbags during the 4-week monitoring period (13 July
to 10 August) averaged 42 ± 1.2 °C under shrubs and 53 ± 2.1 °C
away from shrubs. Mean peak daily soil surface T outside the litterbags
was 39 ± 0.7 °C under shrubs and 48 ± 1.0 °C away from shrubs. The
Aclar and Mylar films used to construct the litterbags significantly
elevated mean peak daily T within litterbags relative to that of soil
surfaces outside litterbags (F2, 64= 23.7, p < 0.0001). Tukey's com-
parisons of means indicated T within litterbags was significantly higher
(an average of 11 °C) away from shrubs than in the shaded, under-shrub
locations. However, temperatures in the UV-B present and UV-B
blocked litterbags were statistically comparable.

Gravimetric soil moisture on litterbag collection dates ranged from
0.2% (May 29, 2012; day 168 of the experiment) to 8.4% (December
20, 2011; day 108), but there was no significant difference between
under and away from shrub locations (t= 0.0691, df= 8, p= 0.95).
Ambient daily plant-effective UV-B over the period of the experiment
ranged from a high of ca. 7 kJm−2 d−1 in summer to a low of
1 kJm−2 d−1 in winter. During summer, ambient PAR and UV-B ra-
diation levels were reduced 16–57% beneath shrub canopies with ca-
nopy attenuation of solar radiation greater at times of high solar ele-
vations (near solar noon) than periods of low solar angles (morning),
and with UV-B being reduced to a greater degree than PAR (Fig. 2).

3.2. Litter mass loss

Mass loss was most rapid during the first two months in all treat-
ments (Fig. 3). However, mass loss was significantly greater away from
shrubs compared to under shrubs (F1, 175= 14.6, p= 0.0004, mixed-
effects model), a difference that emerged by the first post-deployment
sampling date (day 7 of the experiment). Litter mass loss was not af-
fected by the presence or absence of ambient UV-B radiation in litterbag
treatments when data were analyzed over the entire study (F1,
175= 0.574, p= 0.4495, mixed-effects model) or when data were
compared at each collection date (Table 1).

Precipitation (PPT) occurred on 48 of the 320 days during the study
(15% of study days) and the total amount received between litter col-
lection dates was a significant predictor of mass loss (F1, 175= 85.2,
p < 0.0001, mixed-effects model). No two-way interactions were sig-
nificant. Single exponential k values ranged from 0.71 yr −1–1.1 yr −1

and model R2 values ranged from 0.72 to 0.74 (Table 2).
Ash content increased significantly over time (p < 0.0001), re-

flecting accumulation of soil within the bags (e.g. Throop and Archer,
2007). However, soil accumulation was statistically comparable under
versus away from shrubs (also observed in Hewins et al., 2013 and
Hewins and Throop, 2016). Even though absolute values of incoming
radiation differed under and away from shrubs, there was no effect of
the UV-B litterbag treatment either under or away from shrubs (F1,
196= 0.742, p=0.3903 and F1, 196= 0.3753, p=0.5408, respec-
tively, mixed-effects model). Soil accumulation increased linearly in the
first two months, becoming asymptotic after 150 days (data not shown),
but variation was high (a range of 15–30% ash content).

3.3. Litter carbon and nitrogen

Mixed-effect models of the percent of initial litter C and N remaining
generally mirrored those of mass loss. Both the percent of initial litter C
and N remaining in litter were significantly influenced by precipitation
(C mixed-effect model, F1, 175= 79.2, p < 0.0001; N mixed-effect
model, F1, 175= 42.6, p < 0.0001) and were lower away vs. under
shrubs (C mixed-effect model, F1, 175= 12.12 p=0.0006; N mixed-
effect model, F1, 175= 42.58, p < 0.001). The percent of initial litter N
remaining was significantly lower with exposure to UV-B (F1, 175= 4.7,
p=0.04, mixed-effects model). While the presence/absence of UV-B
radiation was not a significant predictor of the percent of initial litter C
remaining, trends in C loss did mirror trends of N loss (Fig. 4).

There was a strong linear relationship between percent litter mass
remaining and both the percent of initial litter C (Adj. R2 = 0.99, y = –
4.6 + 1.0×) and N (Adj. R2 = 0.94, y = 12.4 + 0.91×) remaining,
with percent litter C remaining below the 1:1 of mass remaining and
percent litter N remaining above. The percent of initial litter N re-
maining increased during the field experiment, peaking at levels
16–21% above T0 values and ending at 13% (away from shrub loca-
tions) to 20% (under shrub locations) higher than those at T0 (Fig. 4a).
In contrast, percent of initial litter C remaining declined steadily to
levels ca. 45% (full sun placements) to 54% (shade placements) below
those at T0 (Fig. 4b). The C:N ratio declined ca. 20% during the first 52
days of decomposition from its initial value of 17, stabilizing at ca. 14
after 150 days (Fig. 4c).

4. Discussion

Leaf litter lost ca. 40% of its mass during the first 50 days of our
trial, while only an additional 10% was lost during the remaining 320
days. Shrub cover muted rates of surface litter decomposition relative to
locations away from shrubs. However, the litterbag UV-B radiation
treatment had no detectable influence either under or away from shrub
canopies (Table 1). This may be due, at least in part, to the shielding
effect of soil that accumulated to the same degree in the litter bags
under and away from shrubs. The effects of UV-B on litter mass loss in
field settings may therefore be trumped by the rate and extent of soil-
litter mixing which, in turn, may be determined by the pattern and
extent of ground cover (see Barnes et al., 2015 for review).

Greatest mass losses coincided with pulses of precipitation received
during the first two weeks of litterbag deployment. This was im-
mediately followed by another large stage of mass loss subsequent to
precipitation received during weeks three and four. Mass loss after
week four slowed dramatically despite the substantial passage of time
and the receipt of additional precipitation. Percent C loss largely mir-
rored mass loss, with slightly greater proportional C losses potentially
the result of leaching of labile C with early precipitation events. The
importance of precipitation as a driver is often observed in arid systems
(e.g., Brandt et al., 2007; Hewins and Throop, 2016) and drier condi-
tions have been shown to result in both overall lower decomposition
rates and enhanced UV effects (Almagro et al., 2015). Thus, the strong
precipitation effect in conjunction with the observed soil-litter mixing
in this study may have combined to limit or obscure the effects of UV-B.

Decay constants observed in this study were similar to those re-
ported in some arid ecosystems (Hewins et al., 2013), but were greater
(k=0.71–1.1 yr −1) than those measured for Prosopis spp. on the same
site in a 2004/05 study (k=0.55–0.73 yr −1) (Throop and Archer,
2007) and those reported for the Chihuahuan Desert (k=0.45–0.52 yr
−1; Hewins and Throop, 2016). This may reflect (i) lack of precipitation
at the outset of the two contrasting studies; or (ii) elevated litterbag
temperatures in this study which used plastic films to manipulate UV-B.
The elevated temperatures within these plastic litter bags may have
increased the contribution of thermal degradation of litter.
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4.1. Photodegradation and UV-B effects on mass loss

The litterbag UV-B blocked/present treatment had no detectable
effect on leaf litter decomposition in either setting. Our results contrast
studies reporting large UV-driven mass losses (e.g., Austin and Vivanco,
2006), but are consistent with no or minimal UV-B effects reported by
others (e.g., Kirschbaum et al., 2011; Uselman et al., 2011; Yanni et al.,
2015). Our study manipulated only UV-B, but other wavelengths (e.g.,
UV-A, 315–400 nm, and short-wave PAR, 400–500 nm) have been
shown to play a significant role in driving photodegradation (Austin
and Ballaré, 2010; Austin and Vivanco, 2006) either singly, or in
combination. Thus, by excluding only UV-B we likely underestimated
the total effect of solar radiation on photodegradation, which may have
been a strong driver of the differences observed under and away from
shrubs. In addition, our field experiment was initiated during the
monsoon season when atmospheric attenuation of incoming UV-B ra-
diation would be relatively high. Had the experiment been initiated pre-
monsoon, when lower humidity and cloud cover conditions prevail, UV-
B effects may have been more pronounced.

The higher levels of solar radiation away from shrubs could also
enhance subsequent microbial decomposition of litter (Baker and
Allison, 2015; Wang et al., 2015). Both UV and PAR can directly de-
grade lignin structures (Austin and Ballaré, 2010; Lin et al., 2015) and
indirectly alter other cellular constituents, such as cellulose and hemi-
cellulose (Lin et al., 2015). These potential photodegradation facil-
itative effects were likely most significant during the early stages of
decomposition when precipitation pulses were frequent and there was,
as yet, minimal soil shielding of litter.

In addition to their effects on solar radiation, shrub canopies also
modify soil moisture and temperature regimes. Temperatures averaged
ca. 10 °C higher on soil surfaces occurring in the areas between shrubs
relative to under shrubs. The higher temperatures away from shrubs
could accelerate decomposition rates via its combined, positive effects
on microbial metabolic activity, photo-oxidation, and thermal

Fig. 3. Prosopis velutina leaf litter mass loss (mean ± SE) for contrasting UV-B (present, blocked) and sun exposure (under vs. away from shrub canopies) treatments
(lines, %) and daily precipitation (bars, mm) in a Sonoran Desert grassland invaded by P. velutina. Inset shows details of the first six weeks of the study when litter
mass loss was greatest and strongly coupled with precipitation.

Table 1
Mean (± SE) percent ash corrected dry mass remaining at each collection
period. Mean comparisons within each collection date with the same letters
were not significantly different based on ANOVA tests with Tukey's compar-
isons among treatments.

Collection Day Ash-Corrected Dry Mass Remaining (%) by Treatment

Sub-canopy
UV-B blocked

Sub-canopy
UV-B present

Inter-canopy
UV-B blocked

Inter-canopy
UV-B present

7 98.4 ± 0.4a 97.1 ± 0.5a 94.4 ± 0.6b 93.7 ± 0.4b
14 80.1 ± 1.3a 79.3 ± 1.1a 74.3 ± 0.6b 72.8 ± 0.8b
21 80.8 ± 1.9a 78.8 ± 1.3a 73.1 ± 1.2b 71.8 ± 0.6b
28 76.4 ± 3.2ab 79.4 ± 1.1b 71.1 ± 0.6a 70.2 ± 0.3a
52 61.0 ± 0.8a 59.8 ± 1.7a 52.0 ± 2.5b 58.8 ± 0.9ab
160 57.2 ± 0.9a 52.4 ± 1.4ab 47.6 ± 1.9bc 41.1 ± 2.4c
266 54.7 ± 1.3a 52.0 ± 2.0a 45.8 ± 1.0ab 38.8 ± 3.9b
320 50.8 ± 0.8a 50.6 ± 1.5a 43.1 ± 1.6b 40.2 ± 1.8b

Table 2
Prosopis velutina leaf litter decay constants (k; Eq. (1)) and R2 values from
single exponential models fit for UV-B treatments (present, blocked) and lit-
terbag placements (under shrub canopies vs. bare ground patches away from
shrub canopies). Values are means of each treatment combination and standard
errors (S.E.). Decay constants were significantly lower in sub-canopy place-
ments, but there was no significant difference between presence/absence of UV-
B.

Treatment Placement k (yr−1) S.E. R2

UV-B blocked Away from shrubs 0.985 0.121 0.72
Under shrubs 0.711 0.072 0.74

UV-B present Away from shrubs 1.110 0.109 0.72
Under shrubs 0.751 0.074 0.72
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Fig. 4. Mean (± SE) percent P. velutina leaf litter nitrogen and carbon mass remaining relative to initial (T0) measurements (panels A, B) and litter C:N ratios (panel
C) for UV-B treatments (present, blocked) and vegetation placements over a 320 day period in a shrub-invaded Sonoran Desert grassland.
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degradation. However, we found that soil moisture was comparable
under and away from shrubs, suggesting that shrub canopy interception
of precipitation were perhaps compensated for by cooler soil tem-
peratures and reduced evaporative losses beneath shrubs.

4.2. Photodegradation and UV-B effects on carbon (C) and nitrogen (N)

Similar to mass loss, the percent of initial C remaining in the litter
was lower away from shrubs than under shrubs and unaffected by UV-B
exposure. The percent of initial litter C also declined concurrently with
overall litter mass loss. However, N immobilization was observed in all
treatment combinations (UV-B blocked and present; both under and
away from shrubs) and was highest under shrub canopies. The percent
initial C mass remaining falls below the 1:1 line with mass loss sug-
gesting the rate of C loss was greater than the rate of mass loss.
Similarly, the 1:1 line between percent initial litter N and mass loss
shows percent litter N remaining higher than mass loss, suggesting that
litter N was not being utilized by microbes. These patterns may be due
to the high precipitation at the beginning of our study resulting in
greater leaching of labile material than is typically observed in arid
systems, resulting in N immobilization. Nitrogen immobilization was
also observed in mesquite litter by Throop and Archer (2007) on the
same study site and while they observed lower N immobilization their
study was initiated during the dry season.

High rates of N immobilization are not typically observed when
litter N concentrations are high (Parton et al., 2007), as was the case
with mesquite leaves in this study (initial C:N of 17). However, pulses of
N immobilization often occur in response to rainfall in arid ecosystems
and our study coincided with a period of high precipitation. Parton
et al. (2007) found arid grasslands were an exception to the relationship
between initial litter N and net litter N loss, potentially due to photo-
degradation. Our observation that UV-B exposure decreases N im-
mobilization supports this hypothesis and suggests that UV-B is facil-
itating microbial access to litter N.

4.3. Novel perspectives from early, high frequency sampling

In contrast to typical litterbag sampling schemes at monthly or
longer intervals, the high-frequency sampling at the beginning of our
study, which roughly coincided with the advent of the summer mon-
soon rains, allowed us to better characterize early decomposition dy-
namics when rapid mass loss typically occurs. The high-frequency re-
vealed significant and substantial changes in litter mass, C, and N
remaining during the first 7 and 14 days and reinforced Harmon and
Lajtha's (1999) recommendation for early and frequent sampling in
decomposition studies. A similar pattern of rapid initial mass loss co-
inciding with summer rains was also observed by Martínez-Yrízar et al.
(2007).

Precipitation during the early sampling periods was a significant
driver of litter mass loss and changes in its C and N remaining both
under and away from shrub canopies. Precipitation stimulates micro-
bial activity in arid systems, but microbial processes are often max-
imized when rapid wet-dry cycles occur (Austin et al., 2004; Huxman
et al., 2004). This study documented significant variation in decom-
position rates during periods of high temperature punctuated by fre-
quent, discrete rainfall events. This combination likely led to rapid and
repeated wetting and drying of litter. Studies reporting no relationship
between decomposition and precipitation (e.g. Vanderbilt et al., 2008)
may have sampled too infrequently to capture the effects of intermittent
wetting-drying events and lack of technology to measure litter moisture
relevant to decomposers limits our understanding of decomposition
responses to these events (Wang et al., 2015).

4.4. Functional consequences for shifts in lifeform abundance

Shrub encroachment is occurring in semi-arid grasslands worldwide

and its effects on biogeochemical cycling are poorly understood. Our
leaf litter study suggests landscape-scale decomposition rates would
decline with increases in shrub cover, ostensibly owing to changes in
microclimate (temperature and total solar radiation) caused by shrub
canopies. This dampening of the decomposition process, in conjunction
with higher inputs of lower quality litter (e.g., lignified twigs, stems and
branches), possible changes in microbial communities (Aanderud et al.,
2008), and accumulation of wind- and water-transported litter and
eroded surface soil beneath shrub canopies (Hewins et al., 2013) helps
explain increases in soil organic carbon pools that have often been
observed to accompany shrub proliferation in arid and semi-arid
grasslands.

In contrast to other studies advocating UV exposure as an important
driver of surface litter decomposition in arid systems, we found that
potential UV-B exposure effects are nullified when multiple factors are
allowed to interact under field conditions. However, our observation
that UV-B exposure decreases N immobilization suggests that litter
nutrient dynamics may be sensitive to UV-B. As mesquite proliferation
in arid grasslands will result in litter inputs with much higher N con-
centrations than that contributed by grasses, landscape-scale changes in
N dynamics will likely ensue.

Whether these generalizations, based on leaves of a deciduous, N2-
fixing shrub (P. velutina), will robustly apply to evergreen, non-N2-
fixing or more xerophytic or mesophytic shrub growth forms is yet to be
determined. Our results highlight the pulse-press nature of biogeo-
chemical processes (e.g. Schwinning et al., 2004) and the inherent
challenges of scaling from small patches to landscapes and extra-
polating over broad time periods.
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