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Abstract
1. Litter decomposition plays a central role in carbon cycling in terrestrial eco-

systems worldwide. In drylands, which cover 40% of the Earth's land surface, 
photodegradation and biotic decomposition driven by non- rainfall moisture are 
important mechanisms of litter decay, though studies have only recently begun 
examining interactions between these two processes. We describe a novel 
priming mechanism in which photodegradation and biotic decay of the cuticle of 
plant litter increase litter absorption of non- rainfall moisture (fog, dew and water 
vapor), supporting greater microbial decomposition.

2. We used several field experiments in a coastal fog desert and a series of in situ 
observations to demonstrate a relationship between solar radiation, cuticle in-
tegrity, water absorption rates and mass loss.

3. Experimentally attenuating solar radiation for 36 months slowed mass loss, 
reduced cuticle degradation and decreased litter moisture uptake relative to 
litter under ambient sunlight controls. In a separate field experiment, remov-
ing the cuticle of recently senesced grass tillers increased mass loss fourfold 
over 6 months relative to controls. Tillers with degraded cuticles also absorbed 
3.8 times more water following an overnight dew event than did those with 
intact cuticles. Finally, fungal growth was consistently greater on the sun- facing 
side of in situ tillers than on the shaded side, coincident with greater cuticle 
degradation.

4. We present a conceptual model where the cuticle of plant litter acts as a water- 
resistant barrier that is first degraded by solar radiation and surficial microbes, 
increasing litter's ability to absorb enough water during non- rainfall moisture 
events to support substantial biotic decomposition inside the tissue. Considering 
how photodegradation and non- rainfall moisture are both substantial drivers of 
litter decomposition in drylands, understanding how they interact under realis-
tic field conditions will help us better predict how these systems are responding 
to changing climate regimes.
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1  |  INTRODUC TION

Plant litter decomposition is a critical component of the car-
bon cycle worldwide. While litter decay processes are fairly 
well understood in mesic systems (Adair et al., 2008), in dry-
lands, litter decomposition involves the interaction of several 
less understood processes including photodegradation (Austin 
& Vivanco, 2006; Smith et al., 2010), biotic degradation by 
non- rainfall moisture (NRM; fog, dew and water vapour; Evans 
et al., 2020; Gliksman et al., 2017) and decomposer responses 
to intense abiotic stressors such as prolonged desiccation 
(Logan et al., 2021). This can lead to complex dynamics that 
do not fit neatly within classic paradigms. For example, while 
plant biomass production is tightly coupled with rainfall in 
drylands (Poulter et al., 2014; Seely & Louw, 1980), the de-
composition of this biomass is rarely correlated with rainfall 
in these systems (Austin, 2011). Since arid and semi- arid lands 
cover 40% of Earth's land surface and can account for half 
of the interannual variability in global carbon storage (Poulter 
et al., 2014), this currently leaves a gap in our ability to de-
scribe terrestrial decomposition processes globally, especially 
as moisture regimes in drylands worldwide change (Dai, 2013; 
Forthun et al., 2006; Haensler et al., 2011; Kutty et al., 2019; 
Niu et al., 2010).

Compared to most mesic systems where rainfall- supported 
biotic activity is the primary driver of litter decomposition, 
in drylands, abiotic processes play a greater role in driving de-
composition (Austin, 2011) and account for the majority of 
total litter decay in some ecosystems (Austin & Vivanco, 2006). 
Photodegradation— the direct or indirect decomposition of litter 
by solar radiation— is particularly important in drylands where 
ground- level solar irradiance is high and precipitation is low and 
erratic, reducing decomposer activity (Austin & Vivanco, 2006). 
Incorporating photodegradation into existing litter decay models 
can substantially improve model predictions (Adair et al., 2017; 
Chen et al., 2016), but more work is needed to understand the 
mechanisms by which photodegradation interacts with other lit-
ter decay processes.

Solar radiation influences litter decomposition through multiple 
mechanisms. Photolysis of organic compounds such as lignin, cellu-
lose and hemicellulose directly accelerates litter mass loss (Brandt 
et al., 2009; Day et al., 2019) and also produces intermediaries 
such as peroxides and reactive oxygen species that can further 
degrade organic components of litter through indirect pathways 
(King et al., 2012; Messenger et al., 2009). By cleaving double 
bonds in recalcitrant compounds like lignin, solar radiation can 
make litter more susceptible to subsequent microbial degradation 

(King et al., 2012; Wang et al., 2017). This process, known as pho-
topriming or photofacilitation, accelerates mass loss more than 
either abiotic photodegradation or microbial decomposition alone 
(Gliksman et al., 2017; Wang et al., 2015). Since photopriming links 
two major decomposition processes in drylands (biotic degrada-
tion and photodegradation), understanding the mechanisms un-
derlying photopriming is essential to accurately describe carbon 
turnover in these systems.

In many drylands, NRM- driven biotic decomposition and 
photodegradation interact with one another through photo-
priming mechanisms. By manipulating nighttime humidity and 
daytime solar irradiance in a Mediterranean shrubland, Gliksman 
et al. (2017) found synergistic effects of NRM- supported mi-
crobial activity and photodegradation on diel time- scales. Lin 
et al. (2018) found that CO2 production and lignin degradation 
were significantly greater when microcosms experienced an al-
ternating cycle of UV radiation during the day and dark wet con-
ditions at night. Since NRM can occur as often as 95% of nights 
in some grasslands (Ritter et al., 2019) and account for the major-
ity of litter mass loss (Evans et al., 2020), interactions between 
NRM- driven biotic decay and photodegradation may be critical to 
dryland litter decay.

While many studies have focused on the classical photopriming 
mechanism by which solar radiation makes lignin more suscepti-
ble to biotic decay (Austin & Ballare, 2010; Austin et al., 2016; 
King et al., 2012), structural lignin is usually located within plant 
tissues where it is not exposed to solar radiation until the outer 
surface is broken or removed. Instead, photodegradation of com-
pounds present in plant cuticles may be more important in the early 
stages of decay (Bruhn et al., 2014). Physical traits such as cuticle 
thickness can slow litter decay by blocking decomposer fungi and 
water (Zukswert & Prescott, 2017) and plant cuticles contain many 
photo- reactive compounds that are susceptible to degradation by 
solar ultraviolet (UV; 290– 400 nm) radiation (Bruhn et al., 2014; 
Day et al., 2019; Messenger et al., 2009). Since cuticles are effec-
tive water barriers in living plants (Shepherd & Griffiths, 2006), 
they may affect how well litter absorbs water during NRM events 
after senescence.

We set out to test a novel mechanism of photopriming by which 
solar radiation degrades the cuticle of plant litter, increasing mois-
ture uptake during NRM events, subsequently enhancing biotic de-
composition. Since litter moisture content controls biotic activity 
during NRM events (Jacobson et al., 2015) and moisture content 
depends in part on cuticle permeability, we hypothesized that as 
solar radiation degrades the cuticle, it becomes more permeable 
to moisture, which enhances microbial decomposition during NRM 
events.

K E Y W O R D S
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2  |  MATERIAL S AND METHODS

2.1  |  Study system

We conducted a series of field experiments and observations 
(Figure 1) at the Gobabeb Namib Research Institute (23°33.6′S 
15°02.5′E) in the Namib Desert, Namibia, a hyperarid, coastal fog 
desert in southwestern Africa. The Namib Desert is an ideal site to 
study the interaction between NRM and photodegradation because 
it receives high solar irradiance (Soares et al., 2019) and supports 
substantial NRM- driven litter decomposition (Evans et al., 2020; 
Jacobson et al., 2015). We studied the decomposition of Stipagrostis 
sabulicola, a large hummock- forming grass that is the most dominant 
grass species in this system (Seely & Louw, 1980) and has widely 
distributed con- generics throughout Africa and Asia (Clayton 
et al., 2006).

Gobabeb's meteorology has been described in detail else-
where (Eckardt et al., 2013; Evans et al., 2020; Logan et al., 2021). 
Briefly, Gobabeb receives 25 mm mean annual rainfall, though it 
is highly variable (Eckardt et al., 2013). The site receives approxi-
mately 15.00 hr of wetness (presence of liquid water) per year 
and 99% of wet hours are attributable to NRM, not rainfall (Evans 
et al., 2020). During our study, the site received a total of 79.4 mm 
of rain, with 49.5 mm falling during three events in April and May 
2018. Mean annual temperature is c. 20°C with mean daily maxi-
mum and minimum temperatures of 30°C and 13°C, respectively 

(Logan et al., 2021). Average daily unweighted ultraviolet- A (UVA; 
315– 400 nm) and ultraviolet- B (UVB; 280– 315 nm) irradiances are 
435.5 and 11.86 W/m, respectively (Figure S1).

2.2  |  Exp 1: Solar radiation manipulation

To determine how solar radiation affected litter mass loss and cuticle 
integrity, we conducted a 36- month field manipulation of solar radi-
ation (July 2016– July 2019). We collected recently senesced, stand-
ing S. sabulicola tillers (n = 240) from Gobabeb and deployed them 
under radiation filters. To eliminate microclimate variations inherent 
in litter bags, we placed tillers in litter racks, which are custom- made 
wooden frames covered with a dewaxed shellac for waterproof-
ing (Figure S2G). Using tillers in litter racks, instead of fine litter in 
mesh bags, allowed us to secure tillers while keeping them exposed 
to ambient solar and moisture conditions (Evans et al., 2020; Logan 
et al., 2021). A subset of tillers was collected at roughly 6- month 
intervals for 36 months (Figure 1).

We established four treatments: a shade treatment which uti-
lized plexiglass that was spray painted white to block direct solar 
radiation (‘Shade’), a UV- attenuation treatment (‘UVblock’) using 
Lexan polycarbonate (SABIC Innovative Plastics) which blocks ra-
diation below 400 nm but transmits 90% of radiation >400 nm, a 
‘UVpass’ control made from clear Arkema G- UVT (Loop Acrylics) 
that has >70% transmittance of radiation above 300 nm and >80% 

F I G U R E  1  Study design identifying the four experiments. (Exp1) 36- month solar radiation manipulation; (Exp2) the cuticle removal 
experiment; (Exp3) in situ observations of grass tillers in the field comparing the sun- facing and shaded sides; (Exp4) measuring gravimetric 
moisture content following a dew event in the field. Different tillers were used for each experiment
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above 400 nm, and a ‘No Shelter’ control to ascertain the effects 
of microclimate changes induced by the shelters. Details of shelter 
construction and microclimate measurements are described in the 
supplementary material. By comparing a UV- transparent control and 
a No Shelter control, we were able to determine whether the shel-
ters themselves altered litter decomposition by changing the micro-
climate experienced by litter.

To determine whether mass loss was coincident with cuticle 
degradation, we assessed the integrity of the cuticle of tillers. 
Cuticular permeability to water is not strongly correlated with 
cuticle thickness or wax coverage (Riederer & Schreiber, 2001) 
but is related to physical characteristics like cracking, which 
can make leaf surfaces more porous (Pitcairn et al., 1986); 
hence, we visually assessed cuticles for physical damage to de-
termine whether tillers under the radiation treatments differed 
in their degree of cuticle integrity. At each collection time, we 
photographed the top (sun- facing) and bottom (shaded) side of 
each tiller using a ProScope Micro Mobile microscope (Bodelin 
Technologies) attached to an iPhone 6S. We then created a 
5- point ordinal scoring system to classify the tillers based on 
the degree of physical damage to their outer surface. Example 
photos of each stage as well as a detailed description of the 
scoring system are included in the supplementary material 
(Figure S6).

Finally, to determine whether the cuticle degradation we ob-
served coincided with an increased ability of tillers to absorb at-
mospheric water, we placed tillers in an artificial fog chamber and 
measured gravimetric moisture content of the tiller segments fol-
lowing a simulated fog event. The fog chamber is an acrylic box 
that uses a reptile fogger to generate a spray of fine water droplets 
in a constant temperature and humidity environment (Figure S7). 
Tillers had their ends wrapped in parafilm (so water could only 
enter via the cuticle surface, not exposed vasculature) and were 
placed in the fog chamber for a set time, after which they were 
weighed to determine gravimetric moisture content; details of the 
procedure are described in the supplementary material. To control 
for variation in surface area among tillers with different diameters, 
we report moisture uptake values normalized to surface area (mg 
H2O/mm2).

2.3  |  Exp 2: Direct cuticle removal

Since cuticle degradation in our solar radiation experiment could 
co- occur with photochemical- induced changes in litter quality, we 
sought to verify that the cuticle itself played a role in mass loss by 
physical removing the cuticle from a subset of tillers. We collected 
48 standing, recently senesced S. sabulicola tillers and artificially re-
moved the cuticle of half of them using sterilized, fine 220 grit sand-
paper, leaving cuticles on the other tillers intact as controls (details 
described in supplementary material). We then weighed the tillers 
and deployed them in the field for 6 months underneath the same 
radiation shelters described above.

2.4  |  Exp 3a: In situ assessment of UV- driven 
cuticle degradation

We corroborated results from our experimental manipulations by 
assessing solar radiation- induced degradation of litter cuticles in 
the field using a fluorescence- based measure of cuticle transmit-
tance of UV radiation. We used a UVA- PAM fluorometer (Bilger 
et al., 2014; Kolb et al., 2005), which was originally developed to 
non- invasively measure epidermal UV transmittance of leaves. The 
UVA- PAM measures fluorescence (λ > 650 nm) induced by UV (FUV; 
λmax = 375 nm) and normalizes it to fluorescence induced by blue- 
green light (FBG; λmax = 470 nm) to control for variation in underlying 
chlorophyll concentration (Barnes et al., 2015).

For this experiment, we collected an additional 24 horizontal S. 
sabulicola tillers and used the UVA- PAM to measure epidermal UV 
transmittance on both the upper (sun- facing) and lower (shaded) 
sides of the tillers. According to this technique, we inferred that 
higher FUV:FBG values represented greater UV penetration through 
the cuticle. Since all sides of the tillers were similar at the start of 
the experiment (because we collected identically looking, vertically 
oriented tillers), changes in their UV- absorption properties were in-
ferred to be from a degradation of UV- absorbing compounds during 
decomposition. By comparing the upper and lower sides, we used 
FUV:FBG as a measure of UV- induced cuticle degradation, with higher 
values indicating greater UV damage. Since we did not calibrate our 
optical measurements against physical measurements of cuticle 
thickness or density, we use FUV:FBG only as a relative index of cuticle 
degradation by UV radiation.

2.5  |  Exp 3b: Location of fungi on litter

To determine whether surficial fungi were more present on the sun- 
facing or shaded side of tillers, we collected a random sample of se-
nesced tillers with pigmented fungal growth. We collected 51 tillers 
in January 2017 that showed anywhere from minor levels of dark- 
pigmented fungi to heavy colonization across their entire surface. 
We only collected tillers that were no more than 20° from horizontal 
and recorded whether they had visible fungal growth only on the top 
or bottom or both sides.

2.6  |  Exp 4: Moisture uptake during a dew event

To verify whether tillers with degraded cuticles absorbed more 
water during actual NRM events in the field, we placed five late- 
stage decomposing tillers and five recently senesced tillers into lit-
ter racks in the field (Far East Dune; 23°47.0′S 15°46.9′E, 25 June 
2015). Recently senesced tillers had intact cuticles, no visible signs 
of fungal growth and attached inflorescences (Figure S2C) while 
late- stage tillers were characterized by extensive dark- pigmented 
fungal growth and substantial cuticle degradation (Figure S2E), in-
dicative of senescence having occurred over a year prior (Jacobson 
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et al., 2015; personal observation). We then weighed them to deter-
mine gravimetric moisture content after exposure to an overnight 
dew event.

2.7  |  Statistical analysis

Since some tillers were measured multiple times over the course 
of our solar radiation manipulation (Exp1), we analysed the mass 
loss data using repeated measures ANOVAs using the ‘lmer’ func-
tion in the lme4 package in r (Bates et al., 2015; R Core Team, 2020), 
using time, treatment and initial mass as predictors of mass loss. 
Since we used an ordinal score to assess cuticle integrity, we used 
a Kruskal– Wallis test in the base package of r to determine whether 
scores changed over time and differed among the radiation treat-
ments (though we used the arithmetic mean for ease of visualization 
when plotting figures). We conducted post- hoc pairwise compari-
sons among the treatments using a Wilcoxan rank- sum test with 
Bonferroni adjustments. We compared moisture uptake potential 
among the tillers using the ‘ANOVA’ function in the car package in r 
(Fox & Weisberg, 2019; R Core Team, 2020). We used a chi- squared 
test to determine whether fungi were more common on one side 
than the other in Exp3 and we used t- tests to compare mass loss 
in the cuticle removal experiment (Exp2) and to compare moisture 
content in the degraded and intact tillers (Exp4).

3  |  RESULTS

3.1  |  Exp 1: Solar radiation manipulation

The attenuation of solar UV radiation significantly reduced litter 
mass loss relative to both controls while subsequent shading to re-
duce visible light had no discernible effect on mass loss (Figure 2a). 
Decomposition in all treatments proceeded very slowly at first, 
accelerating over time, unlike the classical exponential decay typi-
cal of most mass loss curves (Figure 2a; Table 1). Mass loss under 
the UVblock and Shade treatments were 28.5% and 26.4% lower 
than in the No Shelter control receiving full spectrum solar radia-
tion. Despite receiving similar levels of solar radiation, the UVpass 
control and the No Shelter control had different mass loss rates, 
suggesting that the shelters themselves induced at least some ef-
fect on mass loss (Figure 2a). Temperature and leaf wetness status 
underneath shelters tended to be slightly lower than in the open on 
some evenings, though microclimate measurements were limited to 
a few days due to equipment failure. Relative humidity did not show 
a clear difference beneath the shelters and controls, though we were 
only able to obtain data over a few nights (Figure S8).

Cuticle damage increased overtime in all treatments (Figure 2b) 
and the sun- facing sides had more damage than the shaded sides 
(Figure S9; pwilcox < 0.001). Solar radiation treatment was signifi-
cant only on the sun- facing side of the tillers (p < 0.001), not the 
downward- facing side (p = 0.30). Tillers in the Shade treatment had 

significantly lower cuticle damage scores than did those in the No 
Shelter control (p < 0.001) and the UVpass control (p = 0.007) but 
did not differ from the UVblock treatment (p = 0.25).

Tillers that had been decomposing in the field for longer, absorbed 
more water in simulated fog events and tillers under the Shade treat-
ment tended to have lower moisture uptake than did the three treat-
ments that received ambient visible light (Figure 2c; Table 2; Tukey's 
HSD test: pshade vs no shelter = 0.09; pshade vs UVpass = 0.08). None of the 
three treatments with ambient light had significantly different mois-
ture uptake rates from one another (p > 0.1, Figure 2c). On average, 
tillers in the Shade treatment absorbed 17.7% less water (mg H2O/
mm2) than did those from the three treatments receiving visible light.

Cuticle damage, moisture uptake potential and mass loss were all 
positively correlated with one another across all treatments. Tillers 
with more damaged cuticles absorbed more water under simulated 
NRM conditions (Figure 2d) and tillers with greater moisture uptake 
potential lost more mass by the end of the experiment (Figure 2e).

3.2  |  Exp 2: Cuticle removal experiment

Tillers that had their cuticle artificially removed had 4.25 times 
greater mass loss than did control tillers with intact cuticles 
(Figure 3a), though mass loss did not differ among the UV treat-
ments (Table 3). Tillers with removed cuticles absorbed 2.6 times 
more water during a simulated NRM event than did those with intact 
cuticles (Figure 3b).

3.3  |  Exp 3: In situ observations of tillers

UV transmittance (FUV:FBG) across the cuticle of recently senesced 
tillers was higher on the upward sun- facing side than the down-
ward shaded side (Figure 4a; Tpaired = 4.59, p < 0.001). This signal 
was driven by variation in FUV, not FBG, indicating that this variation 
was due to differences in cuticle transmittance of UV radiation, not 
differences in the underlying chlorophyll concentration (Figure S10).

On older tillers, we observed in the field, pigmented fungi were 
consistently more likely to be found on the sun- facing side of stems 
than on the shaded side (Figure 4b,c; �2

2
 = 49.1, p < 0.001). Of 51 

randomly sampled horizontal tillers that had visible fungal growth 
anywhere on them, 40 (78%) showed evidence of fungal growth only 
on the upward- facing side while only one tiller (2%) had visible fun-
gal growth on the bottom but not the top.

3.4  |  Exp 4: Moisture uptake during a dew event

During an overnight dew event in the field, tillers with heavily de-
graded cuticles had gravimetric moisture content 3.8 times higher 
than did tillers with intact cuticles (Figure 5a; p = 0.008). In fact, 
even after a full night of exposure to dew, tillers with intact cuticles 
had an average water content (2.6% m/m) similar to that from a set 
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of recently senesced tillers collected during a dry period (2.2% m/m), 
both of which were considerably drier than tillers with degraded cu-
ticles after the dew (10.1% m/m; Figure 5a), suggesting that tillers 
with intact cuticles absorbed almost no detectable water, even after 
several hours in a wet environment.

Finally, when we visually assessed tillers under wet conditions, 
intact cuticles prevented, or at least slowed, the absorption of liq-
uid water. When we pipetted water onto recently- senesced tillers 
with intact cuticles, the water beaded up on the exterior and did 

not enter (Figure 5b) while tillers with heavily degraded cuticles ab-
sorbed water within 5 s of application (Figure 5c).

4  |  DISCUSSION

Photodegradation and NRM- supported biotic decomposition are 
important components of litter decay in many dryland systems. We 
demonstrate a novel litter priming pathway where the cuticle of 
recently senesced grass tillers acts as a waterproof barrier, limiting 

F I G U R E  2  Results from the solar radiation manipulation (Exp1), showing changes in tiller properties over time. The three panels show 
progression of the same tillers. (a) mass loss; (b) cuticle damage (higher score denotes greater cuticle degradation; figure shows only the 
sun- facing side of tillers, see Figure S8 for the shaded side); (c) moisture uptake potential for tillers as measured during a simulated fog event. 
Plotted values are means ± 1 SEM. and significant differences are denoted by letters next to the legends; (d) moisture uptake potential as a 
function of cuticle damage score; (e) percent mass remaining as a function of moisture uptake potential. Panels d and e use the same data as 
shown in panels a– c
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TA B L E  1  ANOVA table for the mass loss model from the solar 
radiation manipulation (Exp1) with lowest AICc

Source SS df F p

Initial mass 0.22 1 0.174 0.677

Time 477 1 372 <0.001

Treatment 4.03 3 1.05 0.371

Initial mass × time 35.3 1 27.5 <0.001

Treatment × time 93.5 3 24.3 <0.001

TA B L E  2  ANOVA table of moisture uptake (mg H2O/mm2) for 
the solar radiation manipulation (Exp1)

Source SS df F p

Treatment 3.77 × 10−9 3 1.31 0.276

Time 2.49 × 10−8 1 26.0 <0.001

Treatment × time 1.76 × 10−9 3 0.611 0.609

Residuals 1.08 × 10−7 112
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NRM- driven decomposition until it is degraded. Both photodegrada-
tion and NRM- driven biotic decay appeared to play significant roles 
in the early stages of litter decomposition by removing the cuticle, 
allowing greater moisture uptake by litter during subsequent NRM 
events.

Physical traits play important roles in controlling litter decay 
rates. Cuticle thickness and specific leaf area can predict litter mass 
loss rates as well as or better than chemical traits (Erdenebileg 
et al., 2020; Zukswert & Prescott, 2017). Here, we demonstrate an 
important mechanism of this process by showing that artificially 
removing the cuticle substantially increased both litter moisture 
uptake and mass loss and finding that tillers with degraded cuticles 
absorbed considerably more water during NRM events. Early-  and 
late- stage decomposing S. sabulicola have differences in certain 
structural compounds, like lignin concentration (Logan et al., 2021), 
but these difference in gross chemistry cannot explain increases in 
moisture uptake as litter decays since they primarily describe the 
interior chemistry of litter, not the surface. More importantly, water 
pipetted onto tillers was only absorbed when cuticles were de-
graded and was repelled where cuticles were intact (Figure 5b,c). By 
demonstrating how the cuticle blocks moisture uptake and slows lit-
ter decay in an NRM- dominated system, we present a link between 
existing literature on plant traits in decomposition models and stud-
ies of photodegradation and NRM- driven litter decay.

Results from our study are consistent with others showing an in-
teraction between photodegradation and NRM- supported microbial 
decomposition. Several studies have found that thermal and photo-
chemical breakdown during the day can enhance NRM- driven mi-
crobial activity at night (Gliksman et al., 2017; Lin et al., 2018; Wang 
et al., 2015). In these previous studies, as with ours, solar radiation's 
primary contribution to mass loss was not thought to be from the 

production of volatiles or leachates through direct photochemical 
oxidation, but rather through a photopriming mechanism that en-
hanced biotic degradation. In our study, photodegradation played an 
important role in cuticle degradation for months prior to develop-
ment of significant fungal decomposer communities. In this sense, 
the cuticular photopriming mechanism we describe here is more im-
portant early in the litter decay process and may decrease in impor-
tance over time, as biotic decomposition of inner tissues becomes 
less limited by litter moisture content.

One of the most striking patterns we observed in our field study 
was the peculiar shape of our mass loss curve, showing accelerating 
rather than decelerating mass loss over the 3- year study (Figure 2a). 
This could be explained in part by very low absolute rates of litter 
decomposition in the Namib Desert. Even after 3 years, tillers under 
our highest treatment (the No Shelter control) had an average mass 
loss of only 13.1% (Figure 2a). The accelerating mass loss likely re-
flects this being a snapshot of the initial phase of decomposition, 
highlighting a pattern that is not often seen in other studies that lack 
the temporal resolution necessary to see this shape when decom-
position proceeds more rapidly. While we cannot know for certain, 
we may have seen a typical exponential decay curve had the experi-
ment continued for several more years. The changes in cuticle integ-
rity and moisture uptake potential we observed prior to the start of 
exponential decay highlight the importance of cuticle degradation 
early in the decomposition process.

While solar radiation was not the only cause of cuticle degrada-
tion, it played an important role in cuticle breakdown. Cuticle dam-
age was greater for tillers exposed to ambient solar radiation than 
those receiving reduced UV radiation or visible light. Importantly, 
on in situ tillers in the field, fungi were more likely to be found on 
the sun- facing side than the shaded side of tillers, despite the poten-
tially increased stress caused by direct exposure to solar radiation 
(Figure 4b,c). In other studies, UV radiation has been found to in-
hibit fungal growth or decomposition (Fourtouni et al., 1998; Pieristè 
et al., 2020) though this is not always the case as UV- A radiation can 
stimulate sporulation in many fungi (Manning & Tiedemann, 1995). 
It is unlikely that the stark contrast in fungal growth we observed 
between the upper and lower sides of tillers was a result of direct 
stimulation of fungal growth in response to UV radiation, espe-
cially when a more shaded portion of the exact same substrate was 

F I G U R E  3  Results from the cuticle 
manipulation experiment (Exp2). (a) Mass 
loss after 6 months for tillers with intact 
cuticles and those with cuticles artificially 
removed by sanding. (b) Moisture uptake 
during a simulated fog event for tillers 
with intact cuticles and those with cuticles 
removed. Solar radiation treatment was 
not significant (p > 0.05), so we pooled 
samples by cuticle treatment for both 
plots. Plotted values are means ± 1 SEM

(a) (b)

TA B L E  3  ANOVA table of mass loss for the cuticle removal 
experiment (Exp2)

Source SS df F p

Cuticle treatment 186 1 88.1 <0.001

UV treatment 12.8 3 2.01 0.128

Cuticle × UV 6.25 3 0.985 0.410

Residuals 84.7 40
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available only millimetres away on the shaded side of the tillers. Of 
course, increased dew and fog deposition can sometimes occur on 
the upper side of tillers, which may also have contributed to the in-
creased fungal growth there. Nevertheless, the degradation of UV- 
absorbing compounds in the sun- facing side of tillers (even in the 
absence of fungal growth in the early stages following senescence), 
and the observation that cuticle damage was greater when tillers 
received more solar radiation, demonstrate that UV radiation and 
biotic decomposition likely both played a role in cuticle breakdown 
in these early stages.

While both UV radiation and visible light affected litter cuticle 
integrity, UV appeared to be the most important component of solar 
radiation responsible for cuticle degradation and mass loss. Once we 
attenuated UV radiation, the subsequent reduction of visible light 
did not have any noticeable effect on mass loss (Figure 2a). This 

is consistent with other studies that have shown that, while short 
wavelength visible light can accelerate litter decomposition (Pieristè 
et al., 2019), UV radiation is often a stronger driver (King et al., 2012). 
Our measurements of the optical properties of in situ tillers also 
implicate UV in cuticle degradation since our fluorescence- based 
measure found clear differences in UV transmittance through the 
cuticle. Future studies may examine the specific wavelengths re-
sponsible for cuticle degradation via this mechanism and how this 
may differ among plant species.

Mass loss and cuticle degradation occurred in all treatments, 
even under our shaded treatment, suggesting that photodegradation 
was not the only driver of cuticle degradation. By using two types of 
controls (a No Shelter control and our UVpass control that trans-
mitted ~90% UV radiation), we were able to examine how changes 
in the microclimate and NRM frequency, induced by our shelters, 

F I G U R E  4  Results for Exp3 showing (a) transmission of UV radiation through the cuticle for both the upward facing (sun- exposed) and 
downward (shaded) side of recently senesced horizontal stems that had no visual sign of fungal growth (paired t- test p < 0.001). Higher 
values reflect greater UV penetration into the tissue, consistent with greater UV- driven photodegradation. (b) Example of a late- stage tiller 
showing extensive fungal growth on the sun- facing side but not in the shade. Note photobleaching and cracking of the cuticle on the side. (c) 
Presence of pigmented fungi on randomly sampled horizontal tillers in the field, showing fungal growth is much more common on the upper 
side than on the lower side of horizontal tillers (�2

2
 = 49.1, p < 0.001)

(a)

(b)

(c)

F I G U R E  5  (a) Results from Exp4 showing gravimetric moisture content of recently senesced tillers (with intact cuticles) and older tillers 
(with heavily degraded cuticles) following a night of heavy dew deposition. Plotted values are means ± 1 SEM. (b) Photo of a recently 
senesced tiller with an intact cuticle, 5 s after water was pipetted onto it, showing water beading up on the surface. (c) Photo of a heavily 
degraded tiller with a degraded cuticle, 5 s after water was pipetted onto it, showing water is almost immediately absorbed into the tissue

(a) (b)

(c)
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altered cuticle integrity and mass loss. The reduction in mass loss 
under the UVpass control relative to the No Shelter control was 
probably due to the shelter's interception of laterally transported 
fog droplets (since relative humidity was not as strongly altered by 
the shelters, but leaf wetness sensors detected less liquid water un-
derneath a subset of shelters on some nights; Figure S8). Since we 
did not measure leachates, we are unable to attribute this effect to 
reduced leaching of soluble compounds early in the decay process 
or slowed biological decomposition due to moisture limitation under 
the shelters. While this limits our ability to precisely determine the 
relative contribution of leaching, biotic decay and photodegradation 
in our experiment, the fact that we saw consistent effects of solar 
radiation on mass loss and cuticle integrity while also observing sig-
nificant decay even when solar radiation was substantially reduced, 
suggests that, both photodegradation and biotic decay contributed 
to cuticle breakdown.

Photodegradation and biotic decay may degrade cuticles in con-
cert with one another. Many fungi and bacteria degrade cutin and 
suberin found in plant cuticles (Angst et al., 2016; Chen et al., 2008) 
and litter decomposition can proceed faster when photodegradation 
and microbial activity occur on diurnal scales rather than one follow-
ing the other (Lin et al., 2018, though they looked at overall decom-
position, not specifically plant cuticles). In the Namib, fog droplets 
can coalesce on the top of leaning grass tillers where solar radiation 
is more direct, potentially leading to a diurnal interaction between 
surficial fungi and photodegradation that could accelerate cuticle 
breakdown. Future studies can examine how the activity of yeasts 
and other fungi on the litter surface interact with solar radiation to 
degrade cuticles in the early stages of litter decomposition.

To date, most photopriming studies have focused on how solar 
radiation alters litter chemistry, making litter more easily degraded 

by microbial decomposers (Austin et al., 2016). We expand on this 
work by introducing a conceptual model that differentiates between 
this classical photopriming mechanism and the novel priming mech-
anism we describe in this study (Figure 6). According to the classi-
cal photopriming pathway (Figure 6, bottom half), solar radiation 
degrades recalcitrant structural components such as lignin through 
both direct photolysis and reactive intermediaries (King et al., 2012). 
These processes then accelerate decomposition by alleviating the 
lignin bottleneck and making litter components more available for 
biotic decomposition (Austin & Ballare, 2010; Austin et al., 2016). 
We present evidence of a simultaneous cuticular photopriming path-
way, whereby solar radiation, along with biotic decay, degrades com-
pounds in the cuticle of litter, increasing water absorption during 
wet events (Figure 6, top half).

While the cuticular photopriming process which we describe 
here likely goes hand- in- hand with classical photopriming, the rel-
ative importance of each mechanism likely varies among systems. 
For example, in mesic systems where water is less limiting and plant 
litter consists primarily of lignin- rich tissue (i.e. wood), microbial 
decomposition may be more limited by litter recalcitrance making 
alleviation of the lignin bottleneck a more important mechanism of 
photodegradation (Austin et al., 2016). Alternatively, in drylands, 
which are dominated by relatively labile grasses, photodegradation 
of the cuticle that we describe here may take on a more important 
role. Our study focused on one grass species; teasing out which of 
these mechanisms dominates in different systems will require stud-
ies that track how both physical and chemical properties of litter 
change during decomposition among species and across systems.

Future studies may build on this work by incorporating inter-
actions between plant traits, NRM and photodegradation into 
existing litter decay models. For example, plant species vary in 

F I G U R E  6  Conceptual model showing different priming mechanisms and how they enhance biotic decomposition. Classical photopriming 
is when solar radiation degrades recalcitrant compounds like lignin, producing more labile carbon sources that are more easily degraded 
(grey box). In our model, photodegradation (gold box) and biotic degradation of the cuticle (green box) also enhance microbial decomposition 
by increasing moisture uptake during NRM events. Yeasts, filamentous fungi and bacteria directly degrade both the cuticle and interior 
structural components of plant litter as well as the breakdown products of photodegradation. This simplified model does not preclude other 
processes such as thermal degradation, sand abrasion and insect herbivory that can also alter cuticle integrity and accelerate mass loss. 
LWM, low molecular weight
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how long cuticles persist following senescence and this may affect 
their susceptibility to photodegradation (Throop & Archer, 2009). 
Attempts to incorporate photodegradation (Adair et al., 2017), 
NRM (Evans et al., 2020) and plant traits (Cornwell et al., 2008) 
into litter decay models have improved carbon loss estimates, but 
so far, these efforts have typically focused on only one of these 
drivers at a time. Combining data from plant trait databases such 
as the TRY Database (Kattge et al., 2020) and solar radiation net-
works (NOAA Global Monitoring Laboratory, 2021) may provide 
the opportunity to study interactions between these different 
drivers using existing datasets, improving our understanding of 
carbon loss in dryland systems.

We demonstrate a novel priming mechanism that links an im-
portant plant litter physical property with two increasingly well 
understood litter decay mechanisms: photodegradation and NRM- 
driven biotic decay. As climate regimes change in dryland systems 
worldwide, carbon cycling is likely to be altered by shifts in plant 
communities as well as microbial communities' response to altered 
temperature and moisture conditions. Understanding how NRM- 
driven litter decomposition is constrained by leaf litter properties, 
and how abiotic drivers can alleviate these constraints, will allow us 
to better understand how drylands are responding to global change, 
enabling us to better manage these globally important ecosystems.
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