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Abstract. Traditional models of decomposition fail to capture litter mass loss patterns in dryland
systems. This shortcoming has stimulated research into alternative drivers of decomposition, including
photodegradation. Here, we use aboveground litter decomposition data for dryland (arid) sites from the
Long-term Intersite Decomposition Experiment Team data set to test hypotheses (models) about the mech-
anisms and impacts of photodegradation. Incorporating photodegradation into a traditional biotic decom-
position model substantially improved model predictions for mass loss at these dryland sites, especially
after four years. The best model accounted for the effects of solar radiation via photodegradation loss from
the intermediate cellulosic and lignin pools and direct inhibition of microbial decomposition. Despite the
concurrent impacts of photodegradation and inhibition on mass loss, the best photodegradation model
increased mass loss by an average of 12% per year compared to the biotic-only decomposition model. The
best model also allowed soil infiltration into litterbags to reduce photodegradation and inhibition of micro-
bial decomposition by shading litter from solar radiation. Our modeling results did not entirely support
the popular hypothesis that initial lignin content increases the effects of photodegradation on litter mass
loss; surprisingly, higher initial lignin content decreased the rate of cellulosic photodegradation. Impor-
tantly, our results suggest that mass loss rates due to photodegradation may be comparable to biotic
decomposition rates: Mass loss due to photodegradation alone resulted in litter mass losses of 6–15% per
year, while mass loss due to biotic decomposition ranged from 20% per year during early-stage decomposi-
tion to 3% per year during late-stage decomposition. Overall, failing to account for the impacts of solar
radiation on litter mass loss under-predicted long-term litter mass loss by approximately 26%. Thus, not
including photodegradation in dryland decomposition models likely results in large underestimations of
carbon loss from dryland systems.
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INTRODUCTION

Traditional decomposition models fail to accu-
rately predict aboveground decomposition in
arid systems, underestimating mass loss and

overestimating nitrogen immobilization (Parton
et al. 2007, Adair et al. 2008). This failure has
stimulated research into novel drivers of decom-
position. Chief among these is photodegradation,
the breakdown of organic matter by shortwave
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visible and ultraviolet solar radiation (280–
550 nm; Brandt et al. 2009, Austin and Ballar�e
2010, Austin et al. 2016).

Research indicates that exposure to shortwave
radiation increases carbon (C) mineralization
from litter and soil organic matter, but the mecha-
nistic details of this process remain uncertain. For
example, debate continues regarding the specific
C compound(s) photodegraded in plant litter
(King et al. 2012). While it has been assumed that
litter lignin is the compound most susceptible to
photodegradation (and therefore mineralized),
there is conflicting evidence supporting this
assumption (Rozema et al. 1997, Brandt et al.
2007, 2010, Day et al. 2007), and in some cases,
mass loss has been observed from litter hemicel-
lulose rather than lignin (Brandt et al. 2010, Baker
and Allison 2015, Lin et al. 2015a). Austin and
Ballar�e (2010) found that photodegradation did
not occur in a pure cellulose (i.e., lignin-free)
substrate, but only occurred when lignin was pre-
sent and increased with lignin concentration.
Although these patterns were consistent with
photodegradation of lignin (Austin and Ballar�e
2010), it has also been suggested that lignin
induces the breakdown of other compounds via
indirect photolysis: The UV (280–400 nm) radia-
tion absorbed by photoreactive lignin may
produce free radicals that break bonds in other
compounds, such as hemicellulose, in the ligno-
cellulose matrix (Schade et al. 1999, Brandt et al.
2010, Baker and Allison 2015).

Furthermore, shortwave radiation may have
complex effects on biotic litter decomposition.
Exposure to shortwave radiation (UV-A and UV-
B) may slow biotic decomposition via negative
impacts on microbes (Mitchell and Karentz 1993,
Johanson et al. 1995, Kielbassa et al. 1997, Cald-
well et al. 1998, Johnson 2003, Kurbanyan et al.
2003, Fern�andez Zenoff et al. 2006, Lin et al.
2015b), but enhance biotic decomposition via the
production of labile photodegraded material
(e.g., Gallo et al. 2006, Foereid et al. 2011, Baker
and Allison 2015, Wang et al. 2015).

Another process that may drive dryland
decomposition is soil–litter mixing, which may
have both positive and negative impacts on mass
loss. Soil–litter mixing may shade litter from sun-
light, thereby reducing photodegradation, but
may also shield decomposers from UV radiation,
enhancing biotic decomposition (Barnes et al.

2012). Mixing may also enhance decomposition
by promoting microbial litter colonization, physi-
cally abrading litter, and buffering litter from
extreme heat and aridity (Throop and Archer
2009, Hewins et al. 2013, Lee et al. 2014).
Although soil–litter mixing could explain some
of the increased mass loss, it fails to account for
the observed lack of litter N immobilization in
dryland systems (Parton et al. 2007).
To tease apart the relative roles of abiotic and

biotic decomposition processes and their under-
lying mechanisms, we used data from the arid (or
dryland) sites in the Long-term Intersite Decom-
position Team (LIDET) data set (LIDET 1995) to
test hypotheses regarding the role of photodegra-
dation and soil–litter mixing in dryland decompo-
sition. To the best of our knowledge, the LIDET
data set contains the only long-term data for
aboveground litter decomposition in arid sys-
tems. Here, litter mass loss followed an atypical
linear mass loss pattern suggestive of photodegra-
dation, which becomes particularly apparent after
four to six years of mass loss (Fig. 1). We used
these data to test a suite of models that examined
the overall hypothesis that litter mass loss at these
sites is governed by both biotic decomposition
and photodegradation and that the balance
between these two processes would be impacted
by soil–litter mixing. Specifically, we hypothe-
sized that (1) litter mass loss associated with pho-
todegradation will be from the cellulosic pool, but
may be enhanced in litter with high lignin content
via indirect photolysis; (2) photodegradation
breaks down complex C into simple C that is
added to labile C pools, thereby enhancing biotic
decomposition; (3) exposure to solar radiation
decreases decomposition of labile carbon via neg-
ative impacts on soil decomposer populations;
and (4) soil infiltration (characterized by ash con-
tent) reduces the exposure of litter to solar radia-
tion, thereby decreasing photodegradation and
negative impacts on soil decomposers.
We developed mechanistic models to test these

hypotheses and compared them using likelihood
methods.

METHODS

LIDET dryland data
Long-term Intersite Decomposition Team was

initiated in 1990 to study the impacts of climate
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and substrate quality on leaf and root litter
decomposition over 10 yr (LIDET 1995, Gholz
et al. 2000). We investigated patterns of above-
ground leaf decomposition from the project’s
three arid, or dryland, sites: Central Plains
Experimental Range in Colorado (CPR) and Jor-
nada Experimental Range (JRN) and Sevilleta
National Wildlife Refuge (SEV) in New Mexico

(Table 1). The sites differ somewhat in mean
annual temperature and precipitation, with SEV
and JRN being somewhat hotter and drier than
CPR (Table 1). Sevilleta receives 60% of its pre-
cipitation as summer monsoon rains (June–
September), with the rest as winter storm fronts
(Brandt et al. 2010). Similarly, JRN receives
approximately 60% of its total precipitation dur-
ing intense, spatially heterogeneous late summer
monsoons (July–September; Hewins et al. 2013).
In contrast, the precipitation pattern at CPR is
not driven by monsoons, but the site receives rel-
atively low precipitation from November to
March and higher precipitation during the grow-
ing season (April–October).
Eight types of leaf litter were decomposed at

these sites, including the six standard litter types
included at all LIDET sites (Table 2). Leaf litter
(10 g) was incubated in 20 9 20 cm litterbags
with a top nylon mesh of 1 or 7 mm and a
bottom mesh of 55-lm DACRON cloth. While
termite-induced mass loss was not specifically
noted in the 1-mm-mesh bags at the three arid
sites, a comparison of small (1 mm) and large
(7 mm) mesh bags during the first two years did
indicate that termites were important at JRN
when they could get into the bags (M. E. Har-
mon, personal communication). We therefore
excluded the 7-mm-mesh bags from this analysis.
At each site, four locations (replicates) were
selected to represent the range of typical
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Fig. 1. Percent mass remaining over time at (a) Cen-
tral Plains Experimental Range (CPR), (b) Jornada
Experimental Range (JRN), and (c) Sevilleta National
Wildlife Refuge (SEV), averaged across litter types.
Black dots are observations �1 SE. Predictions from
the best photodegradation (red lines) and biotic-only
(blue lines) models are shown. Shaded areas are �1 SE
for model predictions. Note: At time 10, there are not
enough data/predictions to calculate SE.

Table 1. Climatic characteristics of the three LIDET
dryland sites: Central Plains Experimental Range
(CPR), Jornada Experimental Range (JRN), and
Sevilleta National Wildlife Refuge (SEV).

SITE CPR JRN SEV

LAT (degrees) 40.82 32.50 34.33
LONG (degrees) 104.77 106.75 106.67
ELEV (m) 1650 1410 1572
MAP (mm) 440 298 255
MAT (°C) 8.60 17.15 13.17
AET (mm) 430 292 252
PET (mm) 1202 1666 1602
CDILT 0.243 0.216 0.136
Total years 10 7 4

Notes: All climatic variables were calculated for the 10 yr
of available data closest to the LIDET study period (1990–
1999). CDILT is the Lloyd and Taylor (1994) climatic decompo-
sition index (CDI). Total years = the number of years leaf
litter was decomposed at each site.
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conditions. Litterbags were placed flat on top of
the existing litter layer and were collected annu-
ally at CPR, JRN, and SEV for 10, 7, and 4 yr,
respectively (see Appendix S1 for site pho-
tographs of bag placements at SEV and JRN).
Bags were installed at CPR in November 1990, at
JRN in November and December 1990, and at
SEV in October 1990. Bags were collected each
year in October, November, February (one time
in 1992), or March (one time in 1997) at CPR, in
November or December at JRN (prior to or at the
beginning of the winter precipitation period),
and in October or November at SEV (for more
details, see LIDET 1995, Harmon et al. 2009).

We also note that traditional mesh bags, such
as the ones used here, effectively shade litter
from exposure to UV radiation (Brandt et al.
2010). Thus, our results may be an underestima-
tion of mass loss due to photodegradation. How-
ever, the 1-mm nylon mesh used in the LIDET
study is reported to block only 10% of incoming
UV-B radiation (280–320 nm), compared to fiber-
glass mesh that blocks 45–50% (Pancotto et al.
2005, Brandt et al. 2007, Uselman et al. 2011).
Additionally, our literature survey of field UV
radiation studies, expanded from the set
included in King et al. (2012), found no signifi-
cant mean differences (P > 0.1) in mass loss rates
among mesh/container types, although mass loss
rates from litter in clear plastic containers tended
to be higher (mesh mass loss rates averaged
1.1–1.8 g/month vs. 2.8 g/month for plastic con-
tainers; Appendix S2).

Initial litter C-to-N ratios (C/N) ranged from 24
to 126, initial lignin contents ranged between 9%
and 27%, and initial cellulose values were 27–73%

(Table 2). Initial litter C and N contents were
determined using a Leco C/N/S-2000 Macro
Analyzer (Leco, St Joseph, Michigan, USA). Initial
litter acid-non-hydrolyzable fraction, traditionally
considered lignin, was determined by hydrolyz-
ing extractive-free material with sulfuric acid and
weighing the residue (Effland 1977, Obst and Kirk
1988). The acid-hydrolyzable fraction was consid-
ered to be cellulose (McClaugherty et al. 1985,
Ryan et al. 1990). Initial litter ash content was
determined by heating a sample of litter in a muf-
fle furnace at 450°C for 8 h. The mass of the
remaining material was divided by the initial
mass to determine the fraction of litterbag con-
tents that was ash (Harmon et al. 2009). For
decomposed litter, ash and N contents were deter-
mined as above on a subsample of collected litter.
All decomposed litter samples were analyzed
using a NIRS 6500 infrared spectrophotometer
(FOSS, Silver Springs, Maryland, USA). Ash and
N contents were correlated with the near infrared
reflectance (NIR) spectra. This correlation was
used to predict ash and N contents for the remain-
ing samples. For more details on the LIDET exper-
imental design and methods, see LIDET (1995).

Biotic decomposition model
Models were based on a biotic decomposition

model that was previously developed using the
entire LIDET data set (27 sites, 29 leaf and root
litter types; Adair et al. 2008). This three-pool
exponential model served as a null hypothesis
of biotic decomposition only (the biotic-only
model), with a fast pool representing labile car-
bon decomposition, an intermediate pool repre-
senting cellulose (including cellulose encrusted

Table 2. Initial values of litter quality indices for species in the Long-term Intersite Decomposition Team study.

Species
Litter
type Abbreviations

Cellulose
(%)

Lignin
(%)

C
(%)

N
(%) C/N

Ls =
L/(L + Cell)

Sugar maple† (Acer saccharum) Broadleaf ACSA 27.33 15.87 49.77 0.81 61.83 0.367
Drypetes† (Drypetes glauca) Broadleaf DRGL 39.82 10.91 47.79 1.97 24.25 0.215
Tulip poplar (Liriodendron
tulipifera)

Broadleaf LITU 31.27 8.70 46.36 0.72 65.06 0.218

Red pine† (Pinus resinosa) Conifer PIRE 44.58 19.18 53.41 0.59 92.72 0.301
Chestnut oak† (Quercus prinus) Broadleaf QUPR 39.38 23.51 51.48 1.03 50.55 0.374
Pacific rhododendron
(Rhododendron macrophyllum)

Broadleaf RHMA 36.90 16.95 50.80 0.42 126.28 0.315

Western redcedar† (Thuja plicata) Conifer THPL 35.92 26.67 51.13 0.62 83.12 0.426
Wheat† (Triticum aestivum) Grass TRAE 73.15 16.21 47.32 0.38 133.32 0.181

Notes: L, lignin; N, nitrogen; C, carbon. Each dryland site had six standard aboveground litter types.
† One of the six “standard” species decomposed at each site.
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or protected by lignin) decomposition, and a
slow pool representing lignin decomposition.
The initial size of the slow pool (M3) is equal to
initial lignin (L) content of each litter. Initial sizes
of the labile and intermediate pools are deter-
mined by the initial litter lignin-to-nitrogen ratio
(L/N) such that the size of the labile pool (M1)
decreases (and the size of the intermediate pool,
M2, increases) exponentially with increasing L/N
to a minimum labile pool size at L/N = 60:

M1 ¼
b1eð�b2 LNÞ if L

N � 60

b1eð�b260Þ if L
N [ 60

8<
:

9=
; (1)

where b1 and b2 are fitted parameters. Each pool
loses mass exponentially at a decomposition rate,
which is modified by litter quality and climate:

MðtÞ ¼M1ð0Þe�k1CDILTt

þ M2ð0Þe�k2CDILTeð�bLsÞt

þ M3ð0Þe�k3CDILTt

(2)

where M(t) is the percent of initial litter mass
remaining at time, t; Mi(0) is the initial size of the
labile (i = 1), intermediate (i = 2), or slow (i = 3)
pool; ki is the decomposition rate of each pool;
and CDILT is a climatic decomposition index
(CDI) that is a multiplicative function of a water
stress function (based on monthly precipitation
and potential evapotranspiration) and the Lloyd
and Taylor (LT; 1994) variable Q10 temperature
function (Adair et al. 2008). The decomposition
rate of the intermediate pool (k2) is modified by
the initial litter lignin fraction such that k2 decre-
ases with increasing lignin fraction, Ls: eð�b� LsÞ,
where b is a fitted parameter and Ls = L/(L +
cellulose). This accounts for protection or “encrus-
tation” of cellulose by lignin, which ultimately
limits the decomposition of cellulose in the
lignin–carbohydrate matrix of plant cell walls
(Berg et al. 1982, 1984, McClaugherty and Berg
1987, Aber et al. 1990, Chesson 1997). This
“biotic-only” model and model development are
described in detail in Adair et al. (2008).

We modified the biotic-only model to test
hypotheses regarding the effects of shortwave
radiation on decomposition. To maintain consis-
tency with our previous investigation of biotic
decomposition, the biotic-only model was not

re-parameterized for this model comparison. We
used parameters derived from the entire LIDET
data set (k1 = 3.5454, k2 = 0.7471, k3 = 0.0270,
b = 1.3243, b1 = 57.1669, b2 = 0.0301; Adair et al.
2008).

Hypothesis 1: photodegradation of cellulose
vs. lignin
In a laboratory setting, Brandt et al. (2009)

found that, unlike biotic decomposition, produc-
tion of CO2 from photodegradation was depen-
dent not on litter mass, but on surface area and
that CO2 was produced at a constant (linear) rate.
Based on these results, we added photodegrada-
tion fluxes to the biotic-only model as constant or
zero-order flows from cellulosic and/or lignin
pools (i.e., rates are not dependent on the size of
the pool):

dM2

dt
¼ �k2M2ðtÞCDILTe�bLS � p2Sin (3)

dM3

dt
¼ �k3M3ðtÞCDILT � p3Sin; (4)

where Mi(t) is the size of the intermediate pool
(i = 2) or slow pool (i = 3), at time, t; ki is the
biotic decomposition rate for pool 2 or 3; piSin is
mass loss from pool 2 or 3 due to photodegrada-
tion (p); and Sin is mean annual solar radiation
in W/m2 (1990–1999; North American Regional
Reanalysis [NCEP] 2004). Note that if Mi minus
the photodegradation flux was < 0, then Mi was
set equal to zero (i.e., pool sizes were not allowed
to be negative). We used annual solar insolation
instead of specific radiation wavelength bands in
order to make the model as accessible and
generalizable as possible. Availability of wave-
length-specific data is limited, as are data on the
action spectra of photodegradation vs. microbial
inhibition.
To test our first hypothesis, we tested model

versions with photodegradation fluxes from only
the intermediate pool (M2), only the slow pool
(M3), or both pools. To test the hypothesis that
initial litter lignin content or lignin fraction
enhances photodegradation of the cellulosic or
intermediate pool (e.g., by producing free radi-
cals), we created models that allowed mass loss
from the intermediate pool to increase/decrease
with the initial lignin fraction (Ls) or lignin
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content (Table 2). This relationship is not well
understood, but Austin and Ballar�e (2010) found
that mass loss increased linearly with increasing
lignin concentration. Thus, we constrained our
model development to investigate only a linear
relationship, allowing increasing amounts of
lignin or lignin fractions to increase photodegra-
dation from a theoretical minimum at a lignin
content or lignin fraction of zero (note, however,
that we did not constrain l1 to positive values, as
Chen et al. (2016) found that photodegradation
decreased with increasing initial lignin content):

dM2

dt
¼ � k2M2ðtÞCDILTe�bLS

� p2Sinð1 þ l1LigÞ
(5)

dM3

dt
¼ �k3M3ðtÞCDILT � p3Sinð1 þ l1LigÞ; (6)

where Lig is either initial lignin fraction, Ls, or
initial lignin content as a fraction of initial mass
(M3/100) and l1 is a fitted parameter. We also
tested model versions that fit an intercept term
(i.e., l2 + l1Lig), but attempts to fit this model
often failed or never produced a better model
than the above version with the intercept set equal
to one.

Hypothesis 2: facilitation of decomposition via
photodegradation products

We created models that allowed a fraction of
the photodegradation flux (pi) from the inter-
mediate and/or slow pools to enter the labile
pool (M1) as labile carbon:

dM1

dt
¼ �k1M1ðtÞCDILT þ f ðpiSinÞ; (7)

where piSin is the photodegradation flux from M2

or M3, and f is the fraction of piSin added to the
fast or labile pool, M1. If both pools contained a
photodegradation flux, for model simplicity (to
maintain a reasonable number of estimated
parameters), the same fraction of each flux was
added to M1:

dM1

dt
¼ �k1M1ðtÞCDILT þ f ðp2SinÞ þ f ðp3SinÞ (8)

Photodegradation flows to M1 from only
the intermediate pool, only the slow pool, or
from both pools were added to the appropriate
model(s) from Hypothesis 1 (Table 3).

Hypothesis 3: inhibition of biotic decomposition by
exposure to shortwave radiation
Each of the models from Hypotheses 1 and 2

was compared against a version that reduced the
microbial decomposition rates of all pools (k1, k2,
and k3) as a linear function of Sin. For example:

dM1

dt
¼ð1� rSinÞð�k1M1ðtÞCDILTÞ
þ f ðp2SinÞ þ f ðp3SinÞ

(9)

dM2

dt
¼ð1� rSinÞð�k2M2ðtÞCDILTe�bLsÞ
� p2Sin

(10)

dM3

dt
¼ ð1� rSinÞð�k3M3ðtÞCDILTÞ � p3Sin; (11)

Table 3. Best models selected by AICc from the model set (59 models) with the biotic-only null model (Model 1)
for comparison.

Model p2 (SE) p3 (SE) f (SE) r (SE) l2 (SE) a (SE) K dAICc R2
Model
rank

1 . . . . . . . . . . . . . . . . . . 1 103.8 0.7249 55
42 0.033 (0.002) 0.003 (0.0013) . . . 0.002 (0.0001) �2.38 (0.154) 0.301 (0.202) 6 0 0.8502 1
54 0.029 (0.001) . . . . . . 0.002 (0.0001) �1.954 (0.144) 0.251 (0.048) 5 7.5 0.8419 2
34 0.008 (0.001) 0.005 (0.0003) . . . 0.001 (0.0001) . . . 0.001 (0.002) 5 925.3 0.8216 14
41 0.008 (0.000) 0.005 (0.0002) 0.371 (0.096) 0.001 (0) �0.018 (0.017) 0.005 (0.000) 7 931.2 0.8195 17
13 0.003 (0.001) 0.005 (0.0003) . . . 0.001 (0.0001) 4.189 (0) . . . 5 934.2 0.8114 19
39 0.001 (0.001) 0.004 (0.0003) . . . . . . 0.003 (0) 0.01 (0.008) 5 958.8 0.7896 46

Note: The best model had a dAICc = 0 (Model 42). pi = the rate of photodegradation from pool i (either M2 or M3); f = frac-
tion of flow from photodegradation that is returned to M1 (the fast pool; 1 � f = the amount mineralized); r = constant for
reduction in the fast decomposition rate (k1); a = constant for reduction in photodegradation due to shading from infiltrated
sediment; SE = standard error as calculated by mle2.
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where r is the biotic decomposition reduction
parameter, which has a value between 0 and 1
that fractionally reduces k1, k2, and k3 as a func-
tion of mean annual solar radiation, Sin (if r = 0,
there is no reduction in biotic decomposition;
Table 3).

Hypothesis 4: reduction in photodegradation
effects by soil infiltration

In litterbag studies, soil–litter mixing manifests
as soil infiltration, which can be examined, at
least in part, using the ash content of collected
litterbags (e.g., Throop and Archer 2007). Ash
content includes both litter ash and mineral soil
infiltration. Assuming that litter ash remains rel-
atively constant over time, we use variation in
ash content to examine how litter decomposition
changes with varying degrees of soil infiltration.

It has been suggested that soil–litter mixing
has a uniquely positive effect on decomposition
in dryland systems (e.g., Throop and Archer
2007, Lee et al. 2014). However, in the LIDET
data set, we found evidence of a positive effect of
soil–litter mixing on mass loss in both arid and
mesic grasslands and the impact of soil–litter
mixing on mass loss appeared to be greater in
mesic than in arid grasslands (Appendix S3:
Figs. S1, S2). Across arid grassland sites and litter
types, litter mass remaining declined with
increasing ash content at three of ten time points:
years 2, 4, and 6. At these time points, variation
in ash content explained approximately 20, 30,
and 40% of the variation in mass remaining,
respectively (Appendix S3: Fig. S1). In humid
grasslands, negative relationships between per-
cent ash and mass remaining had stronger rela-
tionships in more years: years 2, 3, 7, 8, and 10.
At these time points, variation in ash content
explained 30–80% of the variation in mass
remaining (Appendix S3: Fig. S2). These results
suggest that the positive impact of soil infiltra-
tion on mass loss may not be a mechanism
unique to arid lands and is likely already
accounted for in our biotic-only null model
(although not explicitly). Thus, we confined our
investigation of soil–litter mixing impacts to
shading effects by allowing percent ash to reduce
the exposure of litter to solar radiation. We cre-
ated models that allowed soil–litter mixing to
reduce mass loss via photodegradation (pi) and
reduce the inhibition of decomposers (r) via UV

and shortwave radiation exposure as in the fol-
lowing example equations for a model where
photodegradation losses are only from the inter-
mediate pool:

dM1

dt
¼ð1� rðSine�aASHÞÞð�k1M1ðtÞCDILTÞ
þ f ðp2ðSine�aASHÞÞ

(12)

dM2

dt
¼ð1� rðSine�aASHÞÞð�k2M2ðtÞCDILTe�bLSÞ
� p2ðSine�aASHÞ ð13Þ

dM3

dt
¼ ð1� rðSine�aASHÞÞð�k3M3ðtÞCDILTÞ; (14)

where ASH is the fraction of the litter sample that
is ash and a is a fitted parameter that determines
the rate of decrease for p2, p3, or r toward zero.
We also investigated a model that linearly decre-
ased photodegradation (by reducing exposed
litter surface area; e.g., p2 (1 � aASH)), but
parameterization of this equation nearly always
yielded unrealistic mass addition processes (e.g.,
negative values of p2, which added mass to M2).
We therefore used the above exponential equa-
tion, which can only reduce the terms p2, p3, or r
toward zero. This resulted in a total of 59 models,
including the biotic-only null model, which we
compared using the LIDET dryland data (model
list and results in Appendix S4).

Statistical analysis
To test the above hypotheses, we used the set of

59 above-described models, which were devel-
oped based on our well-tested biotic-only null
model (Adair et al. 2008) and our current under-
standing of photodegradation mechanisms. Each
of these models was fit and parameterized using
the LIDET dryland data set. We then used
Akaike’s Information Criterion modified for small
sample sizes (AICc) to choose among these mod-
els. The model with the lowest AICc value has the
most support in the data (Burnham and Ander-
son 2002). Differences between the AICc value of
the best model and the values of models ranked
below it (dAICc = AICc of each model—AICc
best model) provide information to evaluate
whether models in the set are close competitors to
the best model: The dAICc of the best model is
zero; models with a dAICc ≤ 3 have substantial
support in the data; models with dAICc > 7 have
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essentially no support in the data relative to the
best models (Burnham and Anderson 2002). This
methodology also provides information on
model selection uncertainty via Akaike weights,
which are the probability that the model would
be selected as best, given the same models and a
new similar but independent data set (Burnham
and Anderson 2002). In evaluating model selec-
tion results, we also took into account the ecolog-
ical and practical significance of each parameter:
whether the effect size was large (ecologically rel-
evant) or near zero and whether the parameter
estimate could be considered different from zero
based on its standard error (SE; i.e., whether the t
statistic—parameter estimate/parameter SE—for
the parameter was greater than 2 and whether
the parameter estimate �1 SE included zero). All
statistical analyses were performed in R 3.3.2
(R Core Team 2016). All models were fit using
mle in the bbmle package (Bolker and the
R Development Core Team 2016).

RESULTS

The best model dramatically improved predic-
tion of mass loss in arid systems and all other
models had a dAICc > 7, indicating very strong
support for this model compared to all other
models in the model set (Fig. 1, Table 3;
Appendix S4). Only one other model had a
dAICc < 10 (dAICc = 7.5; Table 3; Appendix S4).
All other models had dAICc values > 10, indicat-
ing essentially no support in the data relative to
the best model (Appendix S4).

The best model (1) had photodegradation losses
from the intermediate cellulosic and lignin pools,
(2) did not enhance biotic decomposition indi-
rectly by breaking down cellulosic or lignin C into
labile C, (3) inhibited microbial decomposition by
reducing biotic decomposition rates, and (4)
allowed soil infiltration (characterized by ash con-
tent) to reduce UV radiation impacts on mass loss
and inhibition of biotic decomposition (Table 3).
The second best model contained these same
characteristics, but did not include photodegrada-
tion from the lignin pool (dAICc = 7.5, but note
that a dAICc > 7 indicates essentially no support
in the data relative to the best model(s); Table 3).

The best model better predicted mass loss
(R2 = 85%) than the biotic-only decomposition
model (R2 = 72%; Table 3) and captured the

patterns of mass loss observed across all three
sites, particularly after years 4 and 5 (Fig. 1). For
short decomposition periods (i.e., < 4 yr), the bio-
tic-only and best photodegradation models both
captured the general pattern of aboveground litter
decomposition, but observed data and the best
photodegradation model predictions increasingly
diverged from biotic-only model predictions as
the decomposition period lengthened (Fig. 1).
Across all 10 yr, the best photodegradation

model increased mass loss by 12% per year com-
pared to the biotic-only model (averaged across
sites and litter types). Initially, the biotic model
lost mass more quickly than the photodegrada-
tion model (3–5% more in years 1–2), but this
trend reversed in year 3 with the net effect of
exposure to solar radiation being to increase
mass loss from 2% in year 3 to 26% in year 10 (in
comparison with the biotic model; averaged
across sites and litter types).

Hypothesis 1: photodegradation of cellulose
vs. lignin
The best model enhanced litter mass loss by

including a photodegradation flux from both the
intermediate cellulosic and slow lignin pools.
However, in contrast to our expectations of a
positive impact of lignin on photodegradation,
the best model also included a term that decreased
photodegradation of the intermediate cellulosic
pool as initial lignin content increased (Table 3).
In the best model, photodegradation alone

increased mass loss from the intermediate cellu-
losic pool at a maximum rate of 13.6% per year at
JRN, 13.4% per year at SEV, and 11.9% per year
at CPR (averaged across litter types). However,
because the rate varied not only as a function of
average annual solar radiation, but also with ash
content and initial lignin content, minimum rates
were 4.9% per year at JRN, 4.8% per year at SEV,
and 4.3% per year at CPR (due to high ash and
initial lignin contents). Depending on ash con-
tent, photodegradation of the lignin pool ranged
from 1.2% to 1.5% per year at JRN and SEV and
1.1% to 1.4% at CPR (averaged across litter types;
photodegradation decreased with ash content).
In comparison, biotic mass loss from the cellu-

losic pool ranged between 0.4% and 1.3% per
year during early-stage decomposition (defined
as near 100% of initial cellulose remaining) at
low to high ash contents, respectively, and
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0.08–0.3% per year during late-stage decomposi-
tion (defined as 20% of initial cellulose remaining)
at low to high ash contents (averaged across spe-
cies and sites). Averaged across sites and species,
annual lignin mass loss due to biotic decomposi-
tion ranged from 0.005% to 0.01% per year during
early-stage decomposition and from 0.002% to
0.006% per year during late-stage decomposition,
again increasing with ash content.

On average, across sites and litter types, total
mass loss due to biotic decomposition (i.e., in the
biotic-only model) ranged from 20% per year
during early-stage decomposition to 3% per year
during late-stage decomposition. In contrast, the
best photodegradation model predicted slightly
slower early-stage decomposition at 15% per
year, but faster late-stage decomposition at 6.5%
per year (declines were due to increasing ash
content). Overall, our results indicate that pho-
todegradation is an important mechanism for
aboveground litter mass loss, comparable in size
to biotically driven mass loss rates.

In the best photodegradation model, we also
found that litter C fractions declined with strik-
ingly different mass loss patterns compared to
the biotic-only model (Fig. 2). At all time points,
mass loss from the intermediate cellulosic and
lignin pools was faster in the photodegradation

model than in biotic-only model, although more
conspicuously so for the intermediate pool
(Fig. 2). These faster mass loss rates resulted in
the best photodegradation model predicting, on
average, nearly 20% less cellulose remaining and
10% less lignin remaining by the end of the 10-yr
decomposition period than were predicted by
the biotic-only model.
Across litter types, mass loss declined with

increasing lignin content over the entire sampling
period, and mass remaining at 10 yr was largely
dependent on the initial lignin content of each lit-
ter type (i.e., the majority of mass remaining at
year 10 was in the lignin pool; Figs. 2, 3). We fur-
ther examined the relationship between mass loss
and initial lignin content by regressing percent of
initial mass remaining at each time point vs. ini-
tial lignin content (Appendix S3: Fig. S3). At all
but three time points, mass remaining increased
with initial lignin content (P < 0.1 at time = 4 yr;
P < 0.05 at time = 1, 2, 3, 5, 6, and 8 yr; App-
endix S3: Fig. S3). Non-significant relationships at
remaining time points may be related to an insuf-
ficient number of data points. There were no sig-
nificant relationships between mass remaining
and cellulose content at any time point.
The negative relationship between initial lignin

content and rates of mass loss was formalized in
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Fig. 2. Predicted percent mass remaining over time for total litter and each pool averaged across dryland sites
(Central Plains Experimental Range, Jornada Experimental Range, and Sevilleta National Wildlife Refuge) and
litter type for (a) the best photodegradation model and (b) the biotic-only model. Shaded areas are �1 SE of aver-
aged model predictions. Lines without error shading after time = 0 are a single prediction (i.e., t = 10).
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the best model by a term that reduced photode-
composition of the intermediate cellulosic pool
based on initial lignin content. Our results, which
were in contrast to our hypothesis that initial
lignin content would increase the photodegrada-
tion of this pool, indicated that initial lignin
decreased photodegradation by 5–7.3% (depend-
ing on site and litterbag ash content).

Hypothesis 2: facilitation of decomposition via
photodegradation products

In contrast to our hypothesis, the best model
did not enhance biotic decomposition by break-
ing down intermediate (cellulose) or lignin C and
adding it to the fast pool as labile C. In fact, the
models that included this term (f ) all had a
dAICc > 13, and the version of the best model
that included transfers from cellulosic and lignin
pools had a dAICc of 931 (Table 3; Appendix S4).

Hypothesis 3: inhibition of biotic decomposition by
exposure to shortwave radiation

In addition to increasing mass loss via abiotic
photodegradation, solar radiation also reduced
biotic decomposition of all pools in the best model
(1 � r; Table 3). Indeed, all models with a
dAICc < 13 included this term (Appendix S4). On

average across all sites, this function reduced the
biotic decomposition rate of all pools by 70–90%,
depending on litterbag ash content (less inhibition
with increasing ash content). On average, biotic
decomposition in the best model accounted for
2.5–7.8% per year during early-stage decomposi-
tion and 0.5–1.5% per year during late-stage
decomposition, depending on ash content.
Although mass losses from the cellulose and
lignin pools were larger in the photodegradation
model than in the biotic-only model (due to pho-
todegradation fluxes that were larger than concur-
rent reductions in biotic decomposition), mass
loss from the labile pool in the photodegradation
model was substantially slower than in the biotic-
only model due to the inhibition of biotic decom-
position (Fig. 2). In the biotic-only model, the
labile pool reached <1% of initial mass remaining
by year 5, but in the best photodegradation
model, 2% still remained at year 10 (on average).
Reducing biotic decomposition of labile carbon

also provided a mechanism for a pattern found
in the data: Compared to areas where biotic
decomposition dominates, litter N content had a
small or negligible impact on initial decomposi-
tion rates at these sites (Fig. 4). Litter types with
dramatically different initial N decomposed at
very similar rates during early-stage decomposi-
tion, a pattern captured by the best photodegra-
dation model (Fig. 4a). This is in contrast to the
biotic-only model predictions, where initial N
content had a much larger impact on early-stage
decomposition (Fig. 4b). Furthermore, there
were no significant relationships between mass
remaining and initial N at any time point (data
not shown).

Hypothesis 4: reduction in photodegradation
effects by soil infiltration
The best model contained a term that allowed

soil infiltration to reduce photodegradation and
reduce the inhibition of microbial decomposition
by solar radiation (characterized as percent ash/
100; Table 3, Model 42). For the slow (lignin)
pool, ash content decreased annual mass loss
due to photodegradation by 0.02% at low ash
contents to 0.35% at high ash contents (on aver-
age across sites). For the slow cellulosic pool, ash
content reduced annual photodegradation mass
loss by a minimum of 0.09% at low ash and high
initial lignin contents and by a maximum of 3.1%
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Fig. 3. Percent mass remaining over time averaged
across sites for three litter types of differing initial lignin
content: Drypetes glauca (DRGL), Pinus resinosa (PIRE),
and Thuja plicata (THPL; Table 2). Lines are model pre-
dictions. Shaded areas are �1 SE of averaged model
predictions. Points are observed data �1 SE. Points or
lines without error bars or shading are a single mea-
surement or prediction, respectively.
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at high ash and low initial lignin contents. Dur-
ing early- and late-stage decomposition, shading
by soil increased biotic decomposition by 5.3%
and 1% per year, respectively.

DISCUSSION

Using a mass loss model that attempts to
account for photodegradation in arid systems dra-
matically improved predictions of litter mass and
N remaining, particularly over long timescales
(>4 yr). This result is consistent with the work of
Day et al. (2015), who found that the impact of
photodegradation on mass loss increased with
exposure to solar radiation (although over much
shorter timescales). On average, the biotic-only
and photodegradation models both over- and
underestimated mass loss in years 1–4 by 5% or
less, but failing to account for mass loss due to
photodegradation—despite concurrent reductions
in biotic decomposition—underestimated mass
loss by 26% by year 10. In comparison, the best
photodegradation model only under-predicted
mass loss by 6% in year 10. Our results are consis-
tent with a recent meta-analysis by King et al.
(2012) that found mass loss in litter exposed to
ambient solar radiation was 23% faster than in
litter exposed to reduced solar radiation. Thus,
models that do not account for photodegradation
in arid systems may be dramatically under-pre-
dicting C loss, especially over longer time periods.

Furthermore, our results suggest that pho-
todegradation alters litter C pool dynamics from

those found in humid environments dominated
by biotic decomposition by increasing mass loss
from recalcitrant C pools. In the best model, the
sources of mass loss due to photodegradation
were both cellulosic and lignin C pools, although
the majority of the mass lost in our model came
from the cellulosic pool (Hypothesis 1). Of the
total mass lost due to photodegradation each year,
only 10–20% was from the lignin pool. The
remaining 80–90% came from the cellulosic pool.
Our results are consistent with research that has
found photodegradation to increase mass loss
from lignin (Day et al. 2007, Henry 2008, Austin
and Ballar�e 2010, Austin et al. 2016) and from cel-
lulose (Lin and King 2014) and/or hemicellulose
(Rozema et al. 1997, Brandt et al. 2010, King et al.
2012, Lin and King 2014, Lin et al. 2015a). How-
ever, our findings contrast with studies that have
not found photodegradation to increase lignin
mass loss (Gehrke et al. 1995, Brandt et al. 2007,
2010, King et al. 2012, Lin and King 2014, Baker
and Allison 2015). Yet, our results indicate that
rates of lignin photodegradation are relatively low
(1.1–1.5% per year). Such low rates may not be
detectable over the relatively short study periods
(e.g., <1 year) of most photodegradation research.
Thus, future studies may wish to focus on losses
from these pools over the long term (>4–5 yr).
Based on previous short-term experiments (e.g.,

Austin and Ballar�e 2010), we expected that higher
litter lignin content would increase mass loss, not
only through direct but also through indirect pho-
tolysis. Surprisingly, we found essentially no
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Fig. 4. Percent mass remaining over time averaged across sites for two litter types (Triticum aestivum, TRAE, and
Drypetes glauca, DRGL) of different N contents (Table 2) with predictions from the (a) best photodegradation and
(b) biotic-only models. Shaded areas and error bars are �1 SE of averaged model predictions and observed data.
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evidence to suggest that lignin increased pho-
todegradation of cellulosic material. In fact, mass
loss decreased with increasing lignin content at
most time points, and the best photodegradation
model included a term that reduced photodegra-
dation as a function of initial lignin content. On
average, increasing initial lignin content reduced
photodegradation from the cellulosic pool by half
(from 14% to 7% per year; averaged across ash
contents). Thus, our results are not supportive of
lignin-induced increases in mass loss from cellu-
losic carbon pools (i.e., via indirect photolysis)
and even suggest a lignin protection of cellulose
from photodegradation. One explanation for our
contrasting results may be the long duration of
the LIDET study relative to the short-term nature
of most photodegradation studies. Another
potential explanation may be the different lignin
assays used across studies. Here, we used the
acid-non-hydrolyzable fraction as lignin. Other
lignin assays, like the acetyl bromide method,
may measure different compounds as lignin and
may provide data to support the argument that
lignin is vulnerable to UV radiation (Henry 2008).
Still, the reasons for these contrasting results are
not clear and suggest the need for continuing
mechanistic experiments and combining long-
term field experiments with more detailed exami-
nation of C pool dynamics over time.

The mass loss dynamics of C fractions in the
photodegradation model were also different
from those in the biotic-only model. Photodegra-
dation increased mass loss from the cellulosic C
pool abiotically while simultaneously suppressing
biotic decomposition of the labile pool. The com-
bination of these factors resulted in the “fast” or
labile pool losing mass relatively slowly, while
the slow cellulosic pool lost mass relatively
quickly. This pattern directly contrasts predic-
tions from biotic decomposition models, where
labile pools (by definition) lose mass very
quickly, usually disappearing by years 4–5. Lin
et al. (2015a) found evidence of such atypical C
dynamics in a field study: Exposure to UV
caused declines in hemicellulose but increases in
cell solubles (labile C).

In contrast to our second hypothesis, our model
did not directly support facilitation of biotic
decomposition via the incorporation of photode-
graded lignin and cellulosic carbon into the labile
C pool. Yet, recent work has found that exposing

litter to solar radiation enhances biotic decompo-
sition: Respiration or leaching increases during
subsequent precipitation events in exposed rela-
tive to unexposed litter (Gallo et al. 2006, Feng
et al. 2011, Foereid et al. 2011, Ma et al. 2012, Lin
and King 2014, Baker and Allison 2015, Austin
et al. 2016), and exposure to light has, in one case,
been found to enhance the enzymatic breakdown
of plant C compounds (Cannella et al. 2016).
However, these studies have been, in the short
term, focused on within-year time steps. It may be
that these dynamics—the production of labile C
from cellulosic or lignin C—cannot be captured
using the yearlong time steps of the LIDET data;
photodegraded products may be produced and
lost from litterbags via biotic decomposition and/
or leaching within a yearly time step (e.g., during
dry and wet seasons).
In addition to enhancing litter mass loss, solar

radiation can have direct negative impacts on
microbial decomposition (Hypothesis 3; e.g.,
Johanson et al. 1995, Johnson 2003, Smith et al.
2010). Our results suggest that the exposure of
litter to solar radiation reduces decomposition
rates via negative impacts on soil decomposer
populations (Hypothesis 3). The LIDET data and
model results also suggest that litter N availabil-
ity plays a much smaller role in dryland vs.
humid systems, as N content had little impact on
early mass loss rates. This limited role of N in
early decomposition may be due to the reduced
role of biotic decomposition that results from
exposure to solar radiation. However, as men-
tioned above, the smallest time step in these data
was approximately 1 year. It is possible that litter
N plays a larger role at shorter timescales, for
example, during wet periods when microbes are
very active.
As hypothesized, we found that soil infiltra-

tion reduced both photodegradation and UV-
induced inhibition of biotic decomposition (as
represented by litter sample ash content;
Hypothesis 4; Throop and Archer 2007). In the
best model, increasing ash content reduced pho-
todegradation by between 7% and 14% (depend-
ing on initial lignin content). Because the LIDET
experiment was not specifically designed to test
the effects of soil infiltration or soil shading on
photodegradation, other studies may be able to
reveal more significant soil shading impacts on
biotic decomposers and abiotic decomposition.
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Mixing may have other impacts that promote
decomposition (e.g., physical abrasion and
buffering from heat and aridity; Hewins et al.
2013, Lee et al. 2014), but litterbag studies, such
as LIDET, are not well suited to investigate these
impacts. Nevertheless, our results suggest that
soil shading protects both litter and decomposers
from the impacts of exposure to solar radiation,
in agreement with recent work on the impacts of
soil–litter mixing (Throop and Archer 2009, Bar-
nes et al. 2012, 2015).

CONCLUSIONS

Overall, we found that incorporating pho-
todegradation into our decomposition model
increased the accuracy of long-term litter mass
loss predictions in dryland systems, especially
after four years. Our results also indicate that
photodegradation may be a substantial mass loss
vector: Photodegradation increased mass loss by
6–15% per year compared to biotic decomposi-
tion rates that ranged from 3% to 20% per year.
Because much remains to be discovered about
the mechanisms driving the impacts of litter
exposure to solar radiation, the best model is not
a comprehensively mechanistic representation of
photodegradation and other solar radiation
impacts. Despite this, our results suggest that
even our relatively simplistic representation is a
substantial improvement over an approach that
disregards these impacts; failing to account for
photodegradation under-predicted long-term
litter mass by 26%. Furthermore, photodegrada-
tion resulted in C fraction dynamics that were
different from traditional biotic decomposition
models, suggesting that photodegradation slows
losses from labile pools and accelerates losses
from cellulosic and lignin pools.

As the climate continues to change, dryland
systems are projected to expand globally, perhaps
occupying 50% or more of the total land surface
by the end of the century (Feng and Fu 2013,
Huang et al. 2016). In such a setting, photodegra-
dation will likely play a large role in control-
ling global and regional C cycling. Additionally,
drylands are expected to become drier
(Stocker et al. 2013), suggesting that there may
be a shift in the balance between biotic and
abiotic processes toward abiotic processes. Fail-
ing to account for the myriad impacts of

photodegradation—accelerated mass loss, altered
C transformations, and impacts on biotic decom-
position—in C cycling models will therefore pro-
duce growing inaccuracies in our representations
of C cycling that may result in large underestima-
tions of C losses from these dryland systems.
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