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ABSTRACT
DYNAMIC DESERTS: THE SYNERGISTIC EFFECTS OF FUNGI, SUNLIGHT, AND
NON-RAINFALL MOISTURE ON PLANT LITTER DECOMPOSITION IN DRYLANDS
By
James Robert Logan V
Drylands cover well over one third of the Earth’s land and are an important part
of the global carbon cycle. Despite this, most models underestimate carbon turnover
in arid and semi-arid systems, limiting our ability to predict how they will respond to
changing climates. This is partly because many models are driven by rainfall, assuming
little to no decay between precipitation events. Unlike in many wetter systems though,
plant litter decomposition in drylands is largely controlled by non-rainfall processes
including photodegradation and biotic decomposition supported by non-rainfall
moisture (fog, dew, and water vapor; “NRM”). Despite their importance however, few
studies have examined how these drivers interact with one another and with fungal
communities to influence carbon turnover.
In this dissertation, I demonstrate how photodegradation, NRM, and fungal
decomposers interact to accelerate carbon turnover in drylands. To do this, I leveraged
a natural gradient of NRM frequency in the Namib Desert that receives intense solar
radiation. In one study, I used a reciprocal transplant design to show that moisture
regime exerts a strong influence on litter-associated fungal communities and show that

the relationship between NRM and litter decay rates depends on the composition of
the decomposer community. In another study, I manipulated solar radiation for three
years and found that photodegradation of the plant cuticle allows litter to absorb more
water during NRM events, accelerating biotic decomposition. By examining litterassociated fungal communities under these same radiation treatments, I also show that
fungi are largely insensitive to radiation stress and that photodegradation mainly
affects decomposition rates in this system through photochemical changes in litter that
increase subsequent biotic decomposition. Finally, to quantify the relationship
between NRM and carbon turnover on multi-year timescales, I measured mass loss for
30 months along a moisture gradient spanning an order of magnitude of NRM
frequency. By coupling these data with continuous meteorological measurements over
the same period, I show that accounting for NRM and temperature sensitivity
substantially improves the performance of a simple exponential litter decay model.
These findings build on previous work demonstrating the importance of solar
radiation and NRM as crucial drivers of litter decomposition and point a way forward
for future studies to examine how these two processes may interact under future
climate scenarios. Drylands are undergoing significant changes from anthropogenic
climate change and understanding the drivers of litter decomposition allows us to
better predict how these ecosystems are responding to global change.
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INTRODUCTION

To the layman a desert is merely a hot, dry area of the earth’s surface where the vegetation is usually
stunted, often bizarre in form and either absent or patchily distributed. This concept could serve us
quite well, but an examination of the some of the contradictions is also justified.
Gideon Louw and Mary Seely
Ecology of Desert Organisms (1982)
In the desert you rediscover, every time you go back, the cleanness that exists in spite of the dust, the
complexity that underlies the apparent openness, and the intricate web of life that stretches over the
apparent barrenness; but above all you rediscover the echoing silence that you had thought you would
never forget.
Colin Fletcher
The Complete Walker IV (2002)

Arid and semi-arid systems cover roughly 45% of Earth’s land surface, making
drylands the most extensive terrestrial biome on the planet (Schimel, 2010). Although
they support lower primary productivity than mesic systems, they nevertheless play a
crucial role in the global carbon cycle. For example, plant productivity and litter
decomposition in drylands are highly sensitive to water availability and as a result,
drylands account for a substantial proportion of inter-annual variability in global
carbon storage (Poulter et al., 2014; Zhang et al., 2016). Despite their importance
however, our understanding of carbon turnover in arid and semi-arid systems lags
behind that of other, more mesic systems. Ecosystem models have long
underestimated litter decay rates in drylands, suggesting that previously unaccounted
for decomposition mechanisms play a role (Whitford et al., 1981; Parton et al., 2007;
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Adair et al., 2008). Without understanding and incorporating these mechanisms into
modeling frameworks, our ability to predict how global carbon storage will change in
the face of changing climates will be limited. Effectively managing dryland systems and
forecasting changes in global carbon stores requires a strong understanding of the
mechanisms and drivers of carbon turnover in water-limited systems.
Historically, decomposition in deserts was viewed as a relatively simple process,
controlled by rainfall and macrodetritivore activity (Noy-Meir, 1974). Early culturebased microbiological studies concluded that deserts did not harbor large or
particularly diverse microbial communities (le Roux, 1970). Litter bag studies found
that, unlike in forested systems where a background level of soil moisture can promote
slow litter decomposition over time, belowground decomposition in deserts is often
restricted to periods following large rain events (Louw and Seely, 1982; Jacobson and
Jacobson, 1998). This led to the development of a pulse-reserve paradigm that viewed
most biological activities and biogeochemical cycles in drylands as restricted to periods
following infrequent rain events, with relatively inactive “reserves” left over in the
intervening periods (Noy-Meir, 1973). While rain pulses are important in arid and
semi-arid systems however, they do not fully describe many of the spatio-temporal
nuances of dryland dynamics and this often results in an underestimation of many
dryland processes (Collins et al., 2014).

2

Fortunately, our understanding of the complexity of carbon turnover in drylands
has grown considerably in the past few decades. Next-generation sequencing
technology and improvements in culturing techniques have shown that a diverse group
of bacteria and fungi occupy deserts (Evans et al., 2019; Logan et al., 2021). Beginning
in the 1980s, researchers studying the effects of ozone depletion discovered that
photodegradation by solar radiation can accelerate litter decay during dry periods and
prime litter to decompose faster once water becomes available (King et al., 2012; Lin
and King, 2014). Also important has been the recognition that biological
decomposition is not as tightly linked to large rainfalls as was previously thought
(Whitford et al., 1981; Austin, 2011). Rain events as little as 1 mm can stimulate
biological activity and carbon fluxes from drylands (Huxman et al., 2004) and nonrainfall moisture (fog, dew, and water vapor; collectively “NRM”) can support
substantial litter decomposition even in the absence of rain (Dirks et al., 2010;
Gliksman et al., 2017; Wang et al., 2017a). In some arid systems, NRM is even
responsible for more annual mass loss than rainfall (Evans et al., 2020). These
discoveries have required us to update our conceptual and predictive models of dryland
systems to better reflect these non-rainfall-based drivers (Collins et al., 2014; Chen et
al., 2016), but more work is needed to understand how these different drivers function
and interact with one another in natural systems.
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In this dissertation, I studied three processes that play important yet underdescribed roles in dryland carbon cycling: (1) photodegradation by solar radiation (2)
NRM-driven microbial litter decomposition and (3) fungal decomposers’ response to
different climatic regimes. By examining how these three processes interact with one
another, my dissertation expands on previous work that has largely (though not
exclusively; see Wang et al., 2015) focused on these processes individually. My work
was based in the Namib Desert in western Namibia. The Namib is a useful natural
laboratory for studying these processes because it receives scant rainfall but abundant
solar radiation and frequent NRM (Eckardt et al., 2013). Litter decay dynamics in the
Namib are not well captured in current coupled carbon-climate models and working in
the range where models break down is an excellent way to evaluate their limits. By
developing a stronger mechanistic understanding of these processes, we can
incorporate them into ecosystem models and expand our understanding of arid and
semi-arid lands.
In Chapter One, I use a reciprocal transplant design to see whether fungal
communities on senesced grass litter differ between NRM-dominated or raindominated regions. Changing rainfall patterns can cause microbial communities to
shift in functionally significant ways (Glassman et al., 2018), but we do not yet know
whether changes in NRM have similar effects. Anthropogenic climate change is
altering both NRM and rainfall patterns in drylands, so if fungal communities under
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these two moisture regimes differ, then current relationships between climate and
litter decay rates may not hold in a warmer world.
In Chapter Two, I use a 36-month manipulation of solar radiation in the field to
test a novel mechanism of photodegradation. Plant cuticles minimize evaporative
water loss when plants are alive but can also prevent litter from absorbing water once
the plant senesces. By examining how physical properties of grass tillers change over
time when exposed to different levels of solar radiation, I describe how
photodegradation interacts with NRM and plant traits to accelerate decomposition in
the early-stages of decay. Understanding how the relationship between these two
decomposition processes is mediated by plant litter properties can help us better
predict how litter decay rates will respond as ecosystems (both their climate and plant
communities) change.
In Chapter Three, I use next-generation sequencing to determine how litterassociated fungal communities respond to radiation stress. While solar radiation often
accelerates decomposition rates by aiding in the breakdown of plant litter constituents,
it can also reduce or alter decomposer communities in ways that slow decay rates,
through a process known as photoinhibition. The net effect of radiation on
decomposition therefore depends in part on how well decomposer communities
tolerate radiation stress. Understanding how fungi in a hyperarid desert respond to the
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physiological stress of solar radiation can help us better understand how the dual
processes of photodegradation and photoinhibition interact to influence litter decay.
Finally, in Chapter Four, I develop and evaluate multiple methods for explicitly
incorporating NRM into litter decay models. I conducted a multi-year litter mass loss
study at six sites spanning an order of magnitude of NRM frequency, creating the
largest multi-site comparison of NRM-driven litter decay rates in a dryland system to
date. By combining mass loss data with continuous meteorological measurements and
explicitly incorporating NRM sensitivity and temperature dependence into a simple
exponential decay model, I demonstrate how current earth system models may improve
their ability to describe carbon cycling in arid and semi-arid systems by accounting for
this currently under-represented driver.
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CHAPTER ONE:
FUNGAL COMMUNITIES ON STANDING LITTER ARE STRUCTURED BY
MOISTURE TYPE AND CONSTRAIN DECOMPOSITION IN A HYPERARID
GRASSLAND

What did you go out into the desert to see? A reed swayed by the wind?

Yes.

Luke 7:24

Robert Logan (2021)

INTRODUCTION
Decomposition of organic matter is a major source of greenhouse gas emissions
in terrestrial systems and plays an essential role in ecosystem carbon and nutrient
cycling (Kravchenko et al., 2017; Cavicchioli et al., 2019). Biotic decomposition rates
are influenced by abiotic factors including moisture and temperature, and because
bacteria and fungi are the actual agents of decomposition, their response to
environmental conditions often mediates the relationship between environmental
drivers and decomposition rates (Bradford et al., 2017). Since microbial decomposers
differ widely both in their responses to environmental conditions and their ability to
decompose plant litter (Treseder and Lennon, 2015), litter decay rates can sometimes
depend on how specific decomposers respond to environmental conditions (Allison et
al., 2013; Glassman et al., 2018). As climate change alters temperature and moisture
regimes, litter decomposition rates and subsequent CO2 efflux may be controlled by
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the size and composition of existing decomposer communities as well as how they
respond to changing abiotic conditions. Understanding when and how microbial
communities are driven by different climate variables and when compositional shifts
have functional consequences will help us better predict how carbon cycling will
change under changing climate conditions.
One of the most important climatic factors determining microbial community
structure and decomposition rates is moisture availability (Adair et al., 2008). While
rainfall is a particularly important driver of litter decomposition rates (Jacobson and
Jacobson, 1998; Allison et al., 2013), surface litter and soil decomposition rates are
often more sensitive to the frequency and timing of precipitation than to the total
amount of rainfall (Yu et al., 2019). Altered drying-rewetting cycles can stress soil
microorganisms, inducing changes in both microbial physiology (Treseder and Lennon,
2015) and community structure (Evans and Wallenstein, 2012; Allison et al., 2013;
Matulich et al., 2015). Community responses to drying-rewetting cycles are important
in water-limited systems, such as in drylands, where organisms already face significant
desiccation stress. In many arid and semi-arid systems, organisms cope with water
limitation by using non-rainfall moisture (fog, dew, and atmospheric water vapor;
hereafter “NRM”) as a supplemental water source (Dirks et al., 2010; Jacobson et al.,
2015; Gliksman et al., 2017; Wang et al., 2017a). In some grasslands, dew can occur as
frequently as 95% of nights (Ritter et al., 2019) and recent work has demonstrated that
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NRM is an important driver of decomposition in both arid and mesic grasslands alike
(Evans et al., 2020). NRM can be a particularly important moisture source for
standing litter (senesced litter that has not fallen to the ground surface yet), where
frequent wetting and subsequent microbial growth can “prime” litter for
decomposition once it reaches the soil surface (Wang et al., 2017a). Since standing
litter can make up the majority of total plant litter in grasslands (Zhou et al., 2009),
NRM is an important driver of carbon cycling across these systems. To date though,
we do not know whether microbial communities respond differently to NRM and rain
or if communities are insensitive to differences between these two moisture types.
Since the frequency and intensity of rainfall and NRM are changing (Johnstone and
Dawson, 2010; Niu et al., 2010; Haensler et al., 2011; Dai, 2013; Akimoto and Kusaka,
2015; Kutty et al., 2019; Hůnová et al., 2020), understanding how microbial
communities respond to these different moisture sources will help us predict how aridand semi-arid systems respond to changing climate regimes.
There are several reasons why microbial communities could differ in NRM- and
rain-dominated environments. First, in many systems fog and dew occur more
regularly than rainfall (Eckardt et al., 2013), so organisms that rely on NRM may not
face such prolonged dry periods as those relying solely on rain, and may therefore be
more sensitive to desiccation (Jacobson et al., 2015). Second, since NRM typically
forms at night and in the early morning when temperatures are low, the ability to

9

remain active at colder temperatures may be more important for organisms relying on
NRM as a primary moisture source than those that are solely rainfall-dependent (Evans
et al., 2020). Finally, fog can transport microbial communities that differ from those
dispersing through rain and clear air (Evans et al., 2019). Distinct airborne
communities in fog-dominated systems could lead to distinct communities on senesced
litter compared to in non-NRM affected systems. Whether or not these factors actually
lead to differences in microbial communities under NRM- versus rain-dominated
conditions is currently unknown, limiting our understanding of microbial community
assembly and our ability to predict how decomposition rates are responding to
changing climates.
We provide the first assessment of how fungal communities are differentially
influenced by NRM and rainfall. Specifically, we addressed the following research
questions:
(1) How does moisture regime (NRM- versus rain-dominated) drive fungal
community composition?
(2) Do changes in fungal community composition driven by moisture regime
influence rates of litter decomposition?
We hypothesized that differences in the air-derived fungal communities (fungi
that colonized pre-sterilized tillers) as well as selection for different moisture regimes
would lead to different fungal communities under the two regimes. We further
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hypothesized that some fungi would specialize in a particular environment. Finally, we
hypothesized that these differences in community structure would affect
decomposition rates, with fungi decomposing litter faster under their native moisture
regime than in non-native conditions.

METHODS
Site descriptions and climatic data collection
We conducted our study in the Namib Sand Sea, a fog-affected coastal dune
system in western Namibia. The Namib is ideal for studying the influence of moisture
regime on microbial function because it is pristine (a sand dune system with no
permanent human settlements) and has two very different moisture regimes in close
proximity to one another: the western region is dominated by fog and dew and receives
scant rainfall while the inland eastern areas receive more rainfall but very little nonrainfall moisture (Figure 1.1A). Work was conducted at the Gobabeb Namib Research
Institute (NRM Site) (23°33.6'S 15°02.46'E) and at the Far East Dune (Rain Site)
(23°47.04'S 15°46.86'E), approximately 75 km apart (Figure 1.1A). To assess
differences in the abiotic environment that fungi experienced, we monitored air
temperature, relative humidity, rainfall, and wetness (presence of liquid water, i.e.
dew/fog) at each site. Leaf wetness sensors allowed us to determine the number of
hours with liquid water on tillers. Meteorological measurements were made at each
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site, from weather stations situated <50 m from where the tillers were deployed.
Weather data for the NRM Site were taken from the Gobabeb Met station, part of the
SASSCAL FogNet array (www.sasscalweathernet.org) maintained by the Gobabeb
Namib Research Institute (www.gobabeb.org). At the Rain Site, we used a HOBO data
logger (H21-002, Onset Computer Corporation, USA) and sensors to record
temperature and relative humidity (S-THB-M002 ), rain (Davis S-RGD M002 ), and
leaf wetness (S-LWA-M003). Measurements were recorded once per minute and
converted into hourly averages. The weather station at the Rain Site failed two months
before the end of the experiment, so we used data from a nearby weather station
(Dieprivier Namib Desert Lodge, also on the SASSCAL weather network, 40 km
south). An analysis comparing weather data from the two eastern stations (Dieprivier
and the Rain Site) for ten months before the failure showed that the two sites had
comparable weather regimes. Since solar radiation can accelerate litter decomposition
by photodegradation (King et al., 2012) and alter litter-associated decomposer
communities (Pancotto et al., 2005), we estimated solar irradiance at the two sites.
Since the weather stations we used did not measure solar irradiance, we used collected
these data from two nearby proxy stations, both part of the SASSCAL weather
network. The Rain Site’s proxy station (Dieprivier) was about 30 km SSE of the Rain
Site and used a Young Model 70092 Solar Radiation sensor (R.M. Young Company,
Traverse City, USA) and the NRM Site’s proxy station (Coastal Met) was 70 km NW of
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that site and used an NR-LITE net radiometer (Kipp & Zonen, The Netherlands). In
both cases the stations are farther into their respective climatic zones, providing an
upper estimate of differences in solar irradiance. Plant diversity data came from
previously published work (Yeaton, 1988).

Figure 1.1. (A) Location of field sites in the Namib Sand Sea, with visible coastal fog in
the west and rain clouds in the east
(https://twitter.com/astroterry/status/590929048596951040), the grey dot shows the
location of the Dieprivier weather station that served as a proxy weather station for the
Rain Site for two months; (B) litter racks to minimize microclimate effects and ensure
that tillers were fully exposed to sunlight and ambient moisture conditions at both
locations; (C) living S. sabulicola hummock in the dunes; (D) standing dead S. sabulicola
tillers will persist for years; (E-G) as tillers decompose, the outer cuticle is degraded
and dark pigmented fungi colonize the surface.
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Reciprocal transplant design
To see whether fungal communities functioned similarly under NRM- versus
rain-dominated conditions, we reciprocally transplanted litter between the two sites
(Reed and Martiny, 2007). Hereafter, we refer to “native” tillers as those deployed at
the location from which they were collected (i.e. not transplanted). At the end of one
year we measured mass loss, a proxy of fungal biomass, and fungal community
composition of transplanted and native litter at both sites. We focused on fungi
because they are considerably more abundant than bacteria on litter in this system and
previous work found that fungi are important surface-litter decomposers here
(Jacobson et al., 2015). We sought to identify differences in litter-associated fungal
communities at the two sites, and determine what caused any differences. Specifically,
we compared the importance of three potential factors that could influence litterassociated fungal communities: the species pool available as air-derived inoculum could
differ between the sites, litter quality (lignin content, C:N ratios, etc.) could differ
between the sites, and each site could be dominated by fungi that are particularly well
suited to the meteorological conditions at that site (i.e. climatic variables could drive
desiccation, thermal, and UV tolerance).
We examined native, transplanted, and autoclaved tillers of Stipagrostis sabulicola
at the two sites. S. sabulicola is the dominant grass in the Namib Sand Sea and grows in
hummocks on unstable dune faces (Figure 1.1C). Hummocks can be several meters
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across and persist for decades though individual tillers will senesce and fall after
several years (Figure 1.1D). We avoided the microclimate effects associated with litter
bags by deploying standing dead tillers (>2 mm diameter) in “litter racks,” wooden
frames designed to hold 9-cm long tiller pieces (mean initial mass 0.77 g ± 0.27 S.D)
while exposing them to ambient moisture and solar radiation (Figure 1.1B). Each rack
had 0.5 cm deep indentations cut into the interior so that the tillers would fit snuggly
between the longest wooden pieces of the frame without having to be glued in place.
Racks were covered with a dewaxed shellac to waterproof them and minimize any
fungal growth on the frames themselves and placed 80–125 cm above the ground
surface to mimic standing grass in a hummock. We collected tillers from various
hummocks at each site covering an area of roughly 1 km2, within 2 km of the weather
stations. Sample sizes are reported in Table S1.1. After one year (June 2015–June
2016), we collected tillers, air dried them, and weighed them on an analytical balance
to determine mass loss before processing them for DNA sequencing.
Despite the fact that this study was conducted in a sand dune system,
sandblasting and aeolian-driven mass loss were not substantial mass loss drivers in this
study. First, we used only coarse tillers, leaving no attached leafy material that would
be shredded or easily removed, even during very high winds (Figure 1.1B). Secondly,
tillers were suspended high enough above the ground (80–125 cm) that they were
removed from prolonged sandblasting they would encounter if they were at the sand
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surface. Finally, visual observations of S. sabulicola tillers suspended in identical racks
in other experiments we have conducted in the Namib Desert showed no signs of
abrasion from sandblasting or aeolian mass loss, even after three years in the field
(data not shown). We confirmed this in the present study by visually examining tillers
for evidence of sand blasting after collection.
We used tillers at two different stages of decay to see whether moisture regime
structured communities differently as tillers decomposed. Early-stage tillers were
harvested from recently senesced stems that still had inflorescences attached (<2
months post-senescence), were yellow, had no visible fungal growth, and had a visibly
intact cuticle. Late-stage tillers were harvested from upright stems that had been
standing for at least one year. These were characterized by coverings of light and darkpigmented fungi and a cracked cuticle that was considerably more permeable to water
(Jacobson et al., 2015)(Figure 1.1E-G). The primary difference between the litter
stages was that late-stage tillers had 72–444x greater fungal biomass than early-stage
tillers. Since our study was confined to standing dead grass litter that had not fallen
over yet, our terminology of “early” and “late” does not reflect the entire
decomposition process but is meant to highlight relative successional differences
between the litter types based on time since senescence and how well developed their
associated fungal communities were.
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To assess how colonization from air-derived fungi affected litter community
assembly, we deployed “bait tillers,” which were autoclaved early-stage tillers collected
from the NRM Site. We included bait tillers from only one site because space
limitations in our litter racks prevented us from including bait tillers from both sites.
Sterilization was confirmed by plating tillers on culture media. Autoclaving is an
imperfect means of sterilization because it can alter associated chemistry but since our
goal was to identify air-derived fungi, this deployment of standardized bait tillers
allowed us to estimate the contribution of air-derived fungal sources (i.e. spores) since
the only fungi present on autoclaved tillers after one year would have been deposited
from the air. Importantly, any confounding effects of autoclaving on litter properties
would have been the same for litter deployed at both sites, allowing us to use a
standardized litter type to compare air-derived fungal communities at the two sites.

Litter physical and chemical analysis
We measured C:N ratios in litter on a Thermo Finnigan Flash-1112EA
microanalyzer (Thermo Fisher Scientific, Waltham, MA, USA). We used an ANKOM
200 Fiber Analyzer and Daisy Incubator (ANKOM Technology, Macedon, NY, USA) to
measure acid detergent lignin, cellulose, and hemicellulose of live tillers and a subset
of early- and late-stage tillers to determine initial litter chemistry at the start of the
study. To determine whether mass loss was driven solely by differences in leaching

17

from tillers at the two sites, we measured leaching on a subset of recently senesced
tillers collected from the two sites that were identical to those used in our
decomposition study. We sealed the cut ends of each tiller with glue, submerged them
in ultrapure water at 4°C for 24 hours, dried them, and weighed them to quantify mass
loss due to leaching.

Molecular methods
Fungal communities were analyzed using molecular methods. We extracted
DNA from tillers using a MoBio PowerSoil DNA extraction kit supplemented with 10
minutes of sonication prior to mechanical lysis. We sequenced the ITS region (ITS1-F:
CTTGGTCATTTAGAGGAAGTAA; ITS2: GCTGCGTTCTTCATCGATGC) using 250-bp
paired-end sequencing on the MiSeq Illumina (V2) platform at Michigan State
University’s Research Technology Support Facility Genomics Core. We used the same
clustering and filtering pipeline used for Namib fungal (ITS) sequences in described
elsewhere (Evans et al., 2019). All sequences are available on NCBI’s Sequence Read
Archive under BioProject number PRJNA685174.
Fungal contigs were created using default settings in fastq_mergepairs
implemented in the USEARCHv8.1 pipeline (http://drive5.com/usearch/). Merged
sequences were quality filtered to an expected error threshold of 1.0 fastq_filter (Edgar
and Flyvbjerg, 2015). Sequences were then truncated to 380 bp with shorter
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sequences padded to reach the 380 bp because ITS region length is highly variable
(Nilsson et al., 2008). Combined reads were dereplicated and OTUs were picked at the
97% identity level using UPARSE (Edgar, 2013) then chimera checked using reference
based UCHIME2 (Edgar, 2016) against the UNITE 7.1 ITS1 chimera database (Kõljalg
et al., 2013) within the USEARCHv9.1 pipeline.
Reads per sample ranged from 1,805 to 52,926 averaging 22,425. We used
multiple extraction blanks to check for contamination, eventually removing three
OTUs from the dataset. After OTU clustering, we removed any taxa that fit all three of
the following criteria: it had more than 100 reads when summed across three blanks,
had never been found in any previous sequencing datasets from working in the Namib
Desert, and had never been cultured from the Namib in previous studies (e.g. Jacobson
et al. 2015). This left us with two potential contaminants, one of which (an unknown
ascomycete) was only present in a single blank but was also present in several real
samples that had been processed immediately before that blank leading us to believe
this was likely a crossover contaminant from a real sample so kept it in the dataset.
This left only one potential contaminant that we removed from our dataset (OTU258
Trametes versicolor a basidiomycete found in forests). We also removed two OTUs that
were identified as S. sabulicola, the host plant.
Since fungal reference databases have considerable errors in taxonomic
identifications (Hofstetter et al., 2019), anytime we identify a specific taxon by name,
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we first manually verified its identity by using the NCBI’s Basic Local Alignment
Search Tool, using a conservative cutoff of ≥97% similarity and ≥80% coverage (Raja
et al., 2017), using only type species as references (Ko et al., 2011). Whenever
possible, we verified identity by comparing our sequences of the ITS 1-2 region (250300 bp) to those of known fungi that we had isolated from S. sabulicola tillers in
previous studies in the Namib, which had been identified with the longer ITS 1-4
region (~600 bp) (Jacobson et al., 2015).
As a proxy of fungal biomass, we used quantitative PCR to count the number of
ITS gene copies per sample and normalized it to the tiller’s dry biomass (Song et al.,
2014). While this proxy did not allow us to directly quantify fungal biomass, we were
able to compare relative differences among treatment groups. For qPCR, one subset of
DNA that was submitted for sequencing from each sample was diluted ten-fold and
then amplified using ITS1-F/ITS2 primers and SYBR Green Supermix (BIO-RAD, USA)
on the following thermocycle program: 95°C for 15 min, 40 cycles of 95°C for 30 sec
then 50°C for 30 sec then 72°C for 30 sec, and finally 95°C for 15 sec, 60°C for 15 sec,
and ramp from 60–95° for 20 min to obtain a melting curve. We used DNA extracted
from Saccharomyces cerevisiae as a standard to quantify ITS gene copies and normalized
this to the dry mass of litter used for the extraction to produce a proxy of fungal
biomass reported as log10 ITS copies gram-1.
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Statistical Analysis
We analyzed mass loss and fungal biomass data in R (R Core Team, 2020) using
‘t.test’ and ‘lm’ functions and analyzed the reciprocal transplant experiment with Type
III ANOVAs using the ‘Anova’ function in the car package. PERMANOVAs and NMDS
ordinations were generated using Bray-Curtis distances calculated using the distance
function in the phyloseq package (McMurdie and Holmes, 2013). We calculated
PERMANOVAs and ordinations using relative abundance data for each taxon. We
calculated Shannon-Weiner diversity and evenness using the ‘diversity’ function in
vegan (Oksanen et al., 2019). Correlations between taxa abundances were calculated
using the ‘cor.test’ function.
While dominance at a particular site suggests that the taxon is well-suited for
that environment, high abundance could also be driven by stochastic processes or
historical contingencies. To determine whether taxa that were more abundant on litter
at a particular site were also those that were more common in the air at that site, we
used a simple linear regression to see if the magnitude of a taxon’s greater abundance
at one site over the other was correlated with its relative abundance in air-derived
communities on bait tillers. For taxa with non-zero abundances at both sites, we
calculated site preference as:
$
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(Equation 1.1)

where ANRM and ARAIN are average relative abundances in each community based on
sequence reads. A site preference value of zero means that a taxon had the same
abundance at both sites while each unit above or below zero indicates a 10-fold greater
relative abundance at one site. A positive site preference denotes greater abundance at
the NRM Site and negative denotes greater abundance at the Rain Site.

RESULTS
Site and litter characterization
We observed marked meteorological differences between the Rain and NRM
Sites. During the one-year study, the NRM Site had 4.8x more hours of wetness and
10.7x more hours of high humidity (Table 1.1). Although both sites are hyperarid, the
Rain Site received 5.4x more rain (56 vs. 10.3 mm yr-1) and more frequent rain events
than the NRM Site. The average time between wet events (either rain or NRM events)
was 33 hours at the NRM Site and 90 hours at the Rain Site (p = 0.001). Dry periods
lasting for more than 100 hours were not uncommon at the Rain Site (Figure S1.1).
Previous work has shown that wet events are longer at the NRM Site (Evans et al.,
2020); for example, at the NRM Site, only 5% of wet events lasted two hours or less
while at the Rain Site 22% of wet events were this short. Mean temperature during
wet events was only slightly lower at the NRM Site, which had a narrower temperature
range (range 1.6–26.9°C) than did the Rain Site (range -0.7–39.1°C).
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Table 1.1. Site differences during the one-year study period. NRM events and duration
included times when leaf wetness sensors were wet but there was no recorded rain.
Solar irradiance values are estimates based on data from nearby proxy locations. Plant
diversity and biomass values come from Yeaton (1988). The last two months of
weather data for the Rain Site came from a nearby site because of equipment failure.
Value

Units

NRM Zone

Rain Zone

P

Time deployed

days

352

344

—

Rainfall

mm

10.3

56

—

Rain events ≥2 mm

Events

1

5

—

Rain events <2 mm

Events

1

11

—

Rain duration

10

42

—

1495

311

—

Time between wet events

Hours
Hrs of
leaf
wetness
Hours

33

90

0.001

Time >90% rel. humidity

Hours

779

73

—

Temp when wet (range)

°C

13.0 (range 1.6–26.9)

14.8 (range -0.7–39.1)

<0.001

Temp when dry (range)

°C

22.7 (range 3.3–42.3)

23.6 (range 0.2–42.6)

<0.001

Mean daily temp

°C

19.7

23.2

0.008

Mean daily max

°C

29.9

32.3

<0.001

Mean daily min

°C

13.2

14.4

0.004

Time ≥40°C

Hours

4

23

—

Avg Daily Solar Irradiance

MJ m–2

21.7

23.7

<0.001

Perennial Grass richness
Perennial Grass Biomass
(n=14)

Species

1

4

—

g m–2

14.9 (SE 5.8)

448.9 (SE 64.6)

—

NRM duration

Perennial grass biomass and richness are lower at the NRM Site than at the Rain
Site (Table 1.1). Average daily solar radiation (MJ m–2) during the study period was
9% greater in the vicinity of the Rain Site than the NRM Site, though these were based
on estimates from proxy sites and likely overestimate differences between our sites.
Both sites had similar bidirectional NW and E wind regimes with seasonal variation in
wind direction, suggesting similar source regions of air-derived fungi, though the Rain
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Site had a stronger southern component (Figure S1.2). Windspeed was greater at the
NRM Site than at the Rain Site (Figure S1.3), though we saw no evidence of physical
damage (flaking, abrasion marks) that would indicate differences in wind damage
between the two sites. Overall, the Rain Site was characterized by more frequent and
longer dry periods, shorter wet periods, higher temperatures, more variable
temperatures when wet, and slightly greater solar irradiance compared to the NRM
Site.
Litter chemistry varied between sites and litter stages (Table 1.2). In live tillers,
acid detergent lignin was higher and cellulose and hemicellulose concentrations were
lower at the Rain Site than at the NRM Site. In both early and late senescent tillers,
like those we used in the study, we did not observe significant differences in C:N,
lignin:N, or percent N (Table 1.2). In our lab-based leaching test, early-stage tillers
from the NRM Site lost more mass due to leaching than did those from the Rain Site,
likely driven by increased water absorption by senescent tillers from the NRM Site
(Figure S1.4).
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Table 1.2. Fungal biomass, fungal:bacterial ratios, and litter chemistry values for live S. sabulicola tillers and standing
dead litter at both sites. Significant differences (P < 0.05) from t-tests are in bold. ND = Not Determined. Reported
values are means ± S.E.M. N = 5 for each group.
Value

Fungal Biomass
Fungi:Bacteria
Acid Detergent
Lignin
Cellulose
Hemicellulose
Percent N
C:N Ratio
Lignin:N Ratio

Units

Live Tillers

Early-Stage Senesced

Late-Stage Senesced

NRM

Rain

NRM

Rain

NRM

Rain

ND

ND

4.8±0.3

4.0±0.2

7.1±0.1

6.7±0.1

ND

ND

9.5±1.5

0.02±0.01

10.6±2.4

8.2±2.8

% m/m

18.1±0.6

23.3±1.4

21.0±2.3

23.4±5.0

10.6±1.5

19.1±6.5

% m/m
% m/m
% m/m
Ratio m/m
Ratio m/m

44.0±1.0
22.7±5.3
ND
ND
ND

39.6±0.9
19.2±3.6
ND
ND
ND

37.2±2.0
23.7±0.5
0.19±0.06
325 ± 106
151 ± 53

33.6±3.6
20.3±0.9
0.51±0.23
148 ± 37
69 ± 19

45.4±1.1
27.0±0.5
0.29±0.07
191 ± 39
48 ± 16

44.1±5.4
20.7±0.4
0.30±0.08
382 ± 254
331 ± 294

Log10(ITS copies
gram–1)
ITS copies :
16S copies
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Drivers of fungal community composition
Fungal community richness, diversity, and evenness on native early- and latestage litter were not significantly different between the sites, though fungal biomass
was greater at the NRM Site for both litter stages (Table 1.3). Forty-two percent of
taxa were core taxa found on native litter at both sites (Figure S1.5), and these taxa
make up the majority of reads (96.0% of native NRM Site reads and 88.0% of native
Rain Site reads).
Fungal communities on native tillers differed between the sites (Figure 1.2A).
Site explained more variation in community composition on native tillers than did
litter stage (R2site = 0.31, R2stage = 0.06, Figure 1.2A). The most dominant taxa on
native tillers also differed between the two sites (Figure 1.3). For example, at the
NRM Site the three most abundant fungi on early- and late-stage litter
(Neophaeothecoidea species (OTU4), Neostagonospora caricis (OTU8), and Phaeococcomyces
mexicanus (OTU30)) together accounted for more than 53.0% of reads, but less than
1.4% at the Rain Site (Figure 1.3). Likewise, the top three taxa at the Rain Site
(Aureobasidium melanogenum (OTU3), Phaeococcomyces sp. (OTU17), Alternaria alternata
(OTU1)) accounted for 50.8% of Rain Site reads but only 9.2% of NRM Site reads.
Although the sites had statistically different air-derived fungal communities (R2
= 0.23, P = 0.008) (Figure 1.2A), they also shared a group of core taxa (Figure S1.5);
the 73 taxa that were present in the air-derived community at both sites made up
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96.4% of reads at the NRM Site and 83.2% at the Rain Site. Taxa that were more
common on bait tillers at each site also tended to be more common on early-stage and
late-stage native litter at that site (Figure 1.4), suggesting that air is an important
source of inoculum for tillers. Bait tillers at the NRM and Rain Sites had similar total
richness, richness per tiller, and fungal biomass, though Shannon Diversity of the airderived community was greater at the Rain Site, driven by a more even community
structure (Table 1.3; Figure S1.6).

Table 1.3. Comparisons of air-derived and litter-associated fungal communities at each
site. Values are only for native (i.e. non-transplanted) tillers. Values are reported as
means ± 1 S.E. Bolded text denotes significant differences. Sample sizes are reported
in Table S1.1.
Litter
Type
Bait Tillers

Late-Stage

0.51 ± 0.06

4.9 ± 0.8

58.4 ± 13.5

2.68 ± 0.16

0.67 ± 0.03

3.2 ± 0.3

0.97

0.04

0.046

0.15

Richness
Tiller–1

NRM

177

Rain

172

Site

P
Early-Stage

59 ± 11.0

Shannon
Diversity
Tiller–1
2.02 ± 0.22

Total OTU
Richness

Evenness
Tiller–1

Log10 ITS
Copies g–
1

NRM

218

63.6 ± 5.2

1.91 ± 0.16

0.46 ± 0.04

4.8 ± 0.3

Rain
P
NRM
Rain

159

54.6 ± 3.8
0.19
53.5 ± 3.9
61.4 ± 12.9

2.43 ± 0.28
0.16
1.87 ± 0.19
1.82 ± 0.29

0.61 ± 0.07
0.11
0.47 ± 0.05
0.44 ± 0.05

4.0 ± 0.2
0.04
7.1 ± 0.1
6.7 ± 0.1

0.59

0.90

0.67

0.03

P

143
174

The three most abundant air-derived taxa at the Rain Site (Aureobasidium
melanogenum (OTU3), unknown Pleosporales (OTU104), and Alternaria alternata
(OTU1)) made up 31.0% of the Rain Site air-derived reads and 25.8% of the NRM Site
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air-derived reads. The top three air-derived taxa at the NRM Site (Cladosporium
cladosporioides complex (OTU2), Alternaria alternata (OTU1), and Selenophoma linicola
(OTU33)) made up 43.7% of NRM Site air-derived reads and 10.2% of Rain Site airderived reads (Figure 1.3). Some taxa, (e.g. Alternaria alternata (OTU1) and
Aureobasidium melanogenum (OTU3)) were highly abundant on both bait tillers and
native tillers at both sites.

Figure 1.2. NMDS ordinations (Bray-Curtis distance) of fungal communities with
groups connected by convex hulls. (A) Native litter and air-derived fungal communities
at both sites, top table shows the PERMANOVA just for litter communities and
bottom table shows results for just air-derived communities (B) Transplanted earlystage litter with PERMANOVA results (C) Transplanted late-stage litter with
PERMANOVA results.
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Figure 1.3. Identities of taxa that constitute the top 80% of reads across all tillers
(native, transplanted, and bait tillers) and their average read abundance in native and
air-derived (bait tiller) communities. Percentages for “Native” category represent the
average read abundance for that OTU across both early- and late-stage tillers.

When we transplanted early-stage tillers, community composition changed to
resemble native tillers at their new site, while transplanted late-stage tillers retained
their native fungal communities (Figure 1.2B-C; PERMANOVA Porigin*location = 0.019 for
early-stage, Porigin*location = 0.294 for late-stage). Early-stage tillers moved to the NRM
Site had higher fungal biomass than those that remained at the Rain Site (Figure 1.5B).
When late-stage tillers were moved to the Rain Site, fungal biomass was lower than for
those that remained at the NRM Site (Figure 1.5C).
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Figure 1.4. The degree of site preference on bait tillers versus site preference on native
litter for taxa with non-zero abundances at both sites. Note that taxa that are
abundant on native litter at one site (x-axis) are also more abundant on bait tillers
colonized by air-derived fungi at that site (y-axis). This pattern is stronger for latestage than for early-stage tillers. Each point represents one OTU and each unit above
or below zero corresponds to a 10-fold greater relative abundance at a particular site
with positive values indicating a greater relative abundance at the NRM site and
negative values indicating a greater relative abundance at the Rain site. Regression
lines and statistics are for simple linear regression.

Consistent with our hypothesis that fungi were specialized to particular
environments, fungi that were more common on native litter at each site increased
when litter was moved to that site and decreased when litter was moved away from
that site (Figure 1.4), though this pattern was much stronger for early-stage tillers than
for late-stage tillers. We identified 38 taxa that consistently showed greater abundance
at the NRM Site (i.e. they were more abundant on NRM native litter, increased when

30

transplanted to the NRM Site, and decreased when moved away from the NRM Site)
which together made up 61.2% and 77.0% of reads on early- and late-stage native litter
at the NRM Site (Table S1.2). Fifty-five taxa showed similar preferences for the Rain
Site, making up 50.2% and 60.9% of reads on early- and late-stage native litter at the
Rain Site (Table S1.2).

Functional significance of decomposer communities
Fungal biomass of bait tillers tended to be higher at the NRM Site than at the
Rain Site, though not significantly so (P = 0.104; Figure 1.5A) and bait tiller mass loss
was 4.8x greater at the NRM Site (P = 0.065; Figure 1.5D). Fungal biomass at the end
of the study was positively correlated with mass loss on both early- and late-stage
tillers (Figure S1.7). A visual inspection of tillers showed no evidence of sandblasting
on the tillers upon collection. Mass loss showed a significant interaction between litter
origin and deployment location for late-stage litter but not early-stage litter (Figure
1.5E-F). Late-stage NRM Site tillers decomposed 2.7x faster at their home (NRM)
location compared to the Rain Site, but decomposition of late-stage Rain Site tillers
was not significantly different between locations (Figure 1.5F). Early-stage litter did
not decompose differently when deployed at the two sites, though we did see a
marginally significant effect of origin with early-stage litter from the Rain Site moved
to the NRM Site, showing greater mass loss than similarly aged litter from the NRM
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Site (Figure 1.5E). Mass loss patterns for late-stage tillers mirrored those for fungal
biomass in that tillers from the Rain Site did not differ significantly whether they were
transplanted or not, while NRM tillers decomposed considerably less and had
significantly lower fungal biomass when they were moved to the Rain Site (Figure
1.5C,F).

Figure 1.5. Fungal biomass as indicated by Log10 ITS copies gram–1 (top row) and mass
loss after one year (bottom row) for bait tillers, early-stage tillers, and late-stage tillers.
P-values are for t-tests for bait tillers and two-way ANOVAs for early- and late-stage
tillers; full ANOVA results are reported in Supplementary Tables 1.3, 1.4, 1.5, and 1.6.
Fungal biomass statistics were run on log10 transformed data. Error bars show 95%
CI. Sample sizes are included in Table S1.1.
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DISCUSSION
Understanding how microbial communities mediate the relationship between
environmental drivers and ecosystem functions can help us predict how ecosystems
will respond to changing climates. Many factors influence the composition of litterassociated microbial communities including the availability of inoculum, biotic
interactions among saprotrophs, the environment, and substrate quality. We have
shown that, in the Namib Sand Sea, climatic differences between the NRM and Rain
Sites explain differences in fungal community composition and that decomposition
rates depend in part on the composition of the extant fungal community.
Throughout litter decomposition, decomposer communities typically shift in
predictable ways as rapidly-growing early colonizers give way to slower specialists that
degrade more recalcitrant compounds (Voříšková and Baldrian, 2013; Gołębiewski et
al., 2019). While litter moisture content influences fungal communities (Dix and
Webster, 1995), in grasslands, litter age can be a more important determinant of
decomposer communities than environmental drivers (Matulich et al., 2015). We
found that regional climatic differences influenced community composition far more
than litter stage. While litter-associated communities were only marginally different
between early- and late-stage litter within each site, communities differed substantially
between the sites (Figure 1.2A). Furthermore, tillers from the same site that differed
in their time since senescence by roughly two years had highly variable litter quality
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but had communities that were more similar to each other than same-aged tillers at
different sites. This demonstrates the importance of NRM and rain as climatic drivers
of fungal communities in this system.
Fog alters the microbiology of air and factors like proximity to the ocean can
affect airborne microbial community composition in coastal fog systems (Evans et al.,
2019). In our study, the correlation between air-derived and litter-associated taxa
abundances (Figure 1.4) could be driven by two factors. First, spores that are more
abundant in the air may provide more inoculum for litter, making the litter
communities resemble those in the air. Alternatively, abundant litter-associated fungi
may produce more spores that disperse through the air, making the airborne
communities resemble those on litter. Likely, both of these processes happen
simultaneously, but we suspect the latter may be more important. If the former were
the most important, we would expect early-stage tillers, which have more open niche
space for colonization, to be more similar to air-derived communities than would latestage tillers that are already well established. Instead, air-derived community
abundances were more strongly correlated with late-stage tillers than early-stage tillers
(Figure 1.4), suggesting that this relationship may be mainly driven by the production
and release of airborne spores by abundant litter fungi across the landscape.
Two fungi stand out as abundant and widespread across all litter types at both
sites. Alternaria alternata (OTU1) and Aureobasidium melanogenum (OTU3) each
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represented over 10% of read abundances on native or bait tillers at both sites (Figure
1.3) and are both globally ubiquitous species with high stress tolerances. Alternaria
alternata is saprotrophic and pathogenic to a diverse range of agricultural crops
worldwide (Adachi et al., 1993; Aradhya et al., 2001; Kgatle et al., 2019) and
Aureobasidium is a polyextremophilic genus isolated from environments as wide ranging
as hypersaline water, glacial ice, aviation fuel tanks, and in epiphytic and endophytic
lifestyles worldwide (Gostinčar et al., 2014). Both of these taxa are capable of
producing dark pigments, an important strategy for coping with high solar radiation
and desiccation stress (Cordero and Casadevall, 2019). That these were among the
most abundant taxa isolated from native and bait tillers at both sites is perhaps
unsurprising given their widespread distributions and tolerance of many environmental
stressors including desiccation and UV irradiation.
Other fungi however showed strong discrimination between the sites. Four taxa
were highly abundant on native and bait tillers at the NRM Site but not at the Rain Site
(Figure 1.3): Cladosporium cladosporioides complex (OTU2), Neophaeothecoidea spp. (OTU4),
Phaeococcomyces mexicanus (OTU30), and Selenophoma linicola (OTU33). Despite their low
abundance at the warmer, drier Rain Site, most of these taxa are closely related to
organisms known for their desiccation and thermal tolerance. Neophaeothecoidea is a
monotypic genus first isolated from protea plants in South Africa and, while its ecology
has not yet been described in detail, it’s confamiliars in Teratosphaeriaceae occupy a
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wide range of habitats including highly acidic soils (Hujslová et al., 2013) and rock
surfaces in Antarctic and alpine desert environments, where they grow in highly
melanized forms (Ruibal et al., 2009). Phaeococcomyces mexicanus has been found as an
epiphyte on desert shrubs (Moreno-Rico et al., 2014), a leaf endophyte (Ricks and
Koide, 2019), and in Antarctic snow (de Menezes et al., 2019) and is related the black
yeasts, which are notoriously tolerant of environmental stressors associated with low
water activity (Gostinčar et al., 2010). Cladosporium cladosporioides complex is a
cosmopolitan group found on decaying plant litter in aquatic habitats (Freitas, 2018),
in air samples (Bensch et al., 2010), and associated with leaf litter and living leaves of
dozens of plant species (Freitas, 2018). Despite its widespread distribution,
Cladosporium may be sensitive to prolonged exposure to extreme desiccation and heat;
Cladosporium airborne spore abundance was substantially higher in the cooler, humid
winter months than during the hot, dry summer in Riyadh, Saudi Arabia (Al-Suwaine
et al., 1999), though it is still present in the desert year round. Selenophoma linicola is a
member of the Dothideales, which contain extremotolerant rock-inhabiting fungi
(Ruibal et al., 2009), though most Selenophoma spp. have been isolated from less
extreme environments such as agricultural grasses and plant litter (Vanterpool, 1947;
Brokenshire and Cooke, 1975; Crous et al., 1995; Sutton and Sankaran, 1995).
Two fungi showed much greater abundances at the Rain Site than the NRM Site:
Pseudopithomyces species (OTU15) and Phaeococcomyces species (OTU17). Pseudopithomyces
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is often found on dead plant litter and as a pathogen of some plants (Ariyawansa et al.,
2015) including in nearby Angola (Crous and Groenewald, 2018). The closely related
genus Pithomyces is globally distributed throughout warm climates but is particularly
common in humid coastal regions (Dingley, 1962). Interestingly, the other taxon that
exhibited a strong preference for the Rain Site, Phaeococcomyces species (OTU17), is a
congeneric of a fungus with a strong preference for the NRM Site (Phaeococcomyces
mexicanus OTU30), suggesting that the traits responsible for thriving under the NRMdominated versus rain-dominated environment may not be so clearly delineated along
taxonomic lines.
Overall, we did not find clear differences in desiccation tolerance or general
stress tolerance among the fungi that preferred the NRM Site versus the Rain Site
based on our literature searches. While culture-based follow-up studies may provide
more information about the desiccation and thermal tolerances of these organisms,
biotic interactions may also play a role in determining which taxa dominate at each
site. For instance, while some NRM Site fungi may be fully capable of surviving the
abiotic conditions of the warmer, drier Rain Site, they may simply be outcompeted by
others with even slightly greater drought resistance. Similarly, Rain Site fungi appear
fully capable of utilizing NRM when given the opportunity (Figure 1.5C,F), but over
extended periods, they may be outcompeted by fungi better able to take full advantage
of NRM at the low temperatures associated with that environment. Future studies
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examining how these fungal communities assemble over time may be able to identify
how competitive dynamics and successional changes interact with climatic tolerances
to structure decomposer communities.
The fact that both of these sites harbored diverse fungi associated with such
wide ranging niches was surprising, since we might have expected that only specialized
fungi could tolerate the radiation and desiccation stressors of the hyperarid Namib
Desert. Instead, several of the most abundant taxa were found worldwide in mesic and
arid environments. This could be partially explained by considering the traits that
support wide distributions. In bacteria, some of the traits that permit growth in an
arid, sunny environment (such as pigmentation) correlate with large geographic ranges
(Choudoir et al., 2018), since they aid in dispersal and permit individuals to grow in a
wider range of environments. That many of the dominant fungi in this hyperarid
landscape were globally cosmopolitan species suggests that this may be the case for
some fungi as well.
By using bait tillers, instead of direct air sampling, to assess the air-derived
fungal community, we focused on those fungi that were capable of colonizing senesced
grass tillers. These results show that the airborne and litter-associated fungal
communities appear to interact with one another, representing a shared pool of
dominant fungi. Although we were unable to determine whether air-derived
communities at these two sites differed primarily due to differences in local plant
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diversity at the two sites, long-distance dispersal from wind, or other factors, we did
find that the two sites contained a large pool of shared taxa. Cosmopolitan taxa (those
that were present at both sites) make up the vast majority of reads on bait tillers at
both locations, suggesting that similar air-derived species pools are available to
colonize litter at both sites. Overall, litter-associated communities differed between
the sites much more than air-derived communities did, suggesting that postcolonization processes play a role in structuring fungal communities differently at the
two sites.
Fungal communities on some transplanted tillers changed, as would be expected
if some fungi performed better in one environment than the other. Fungal
communities on early-stage tillers shifted while well-established late-stage tillers
retained their initial communities (Figure 1.2 B-C). That we did not see a similar shift
in community composition for transplanted late-stage tillers is likely because they had
such well-developed communities by the time they were moved that there was little
available space for other fungi to grow. Others have shown that litter decomposition is
influenced by microbial adaptation to historical moisture regimes (Allison et al., 2013;
Frossard et al., 2015; Martiny et al., 2017; Glassman et al., 2018), but these studies
usually only examine responses to rainfall amount. If the decrease in mass loss when
late-stage NRM tillers were moved were driven solely by the reduction in water
availability and not a community-specific response to the new conditions, then these
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tillers would have decomposed at a similar rate as native Rain Site tillers. Instead,
litter decomposition rates depended on the origin of fungi (Figure 1.5C,F),
demonstrating that the existing fungal community influences how litter decomposes
under different moisture regimes.
We found that fungi responded strongly to transplantation between two sites
with radically different moisture regimes. Since our study used only two sites, we
cannot definitively identify moisture type (rain vs. NRM) as the sole driver of fungal
community differences that we observed, though it was likely the dominant factor. We
collected standing dead litter from a sand dune system and suspended it aboveground
so any differences in soil type would not be a factor. NRM duration differed by a factor
of five to ten between the sites while minimum and maximum temperatures were far
more comparable (Table 1.1). The Rain Site also experienced slightly more hours
above 40°C during the study (Table 1.1), which could have altered communities by
differentially stressing certain fungi. Although small changes in mean temperature can
have outsized effects on decomposer activity (Salah and Scholes, 2011), others studies
in the Namib Desert have found that NRM-driven moisture content describes the
majority of variation in biological CO2 respiration (Jacobson et al., 2015) and litter
mass loss (Evans et al., 2020), even without explicitly including temperature in their
models. Furthermore, another study (Jacobson et al., 2015) found that fungi cultured
from litter at the NRM Site were able to grow in the lab under a diel temperature cycle
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that included five hours at 50°C, substantially higher than the maximum temperatures
we observed at either site during our study period (42.3°C at the NRM Site and 42.6°C
at the Rain Site). Finally, disentangling the effects of temperature and moisture type is
complicated by the fact that fog and dew will only form once temperatures drop below
the dew point (Ritter et al., 2019), so we would expect some degree of temperature
difference between the sites, at least during wet conditions. Indeed we found that
while the range of temperatures while dry were very similar at the two sites, maximum
temperatures when wet were considerably lower at the NRM Site (Table 1.1). Future
studies examining fungal responses to NRM across sites could explicitly examine the
role of temperature extremes to understand how fungal communities will respond in
the face of both warming temperatures and altered moisture regimes.
Although we did not attempt to identify specific traits that drove differentiation
in fungal communities at the two sites, our results suggest that the ability to tolerate
the harsher conditions of the warmer, drier rain-dominated environment is an
important driver of fungal differentiation across this gradient. The NRM-to-Rain
transition may be difficult because the Rain Site is warmer, experiences less frequent
wetting, greater solar irradiance, longer dry periods, and shorter NRM events (Evans et
al., 2020) (Table 1.1, Figure S1.1), conditions that may challenge organisms requiring
long wet, cool periods for metabolic activity and growth. Conversely, Rain Site fungi
were able to grow and decompose litter equally effectively at both, suggesting that
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most litter-associated fungi in this system have the capacity to use NRM. Jacobson et
al. (Jacobson et al., 2015) proposed that certain physiological traits may be important
for NRM-adapted fungi including a cool to mesic thermal optima for growth, rapid
activation in response to wetting, and efficient desiccation processes that facilitate
repeated diel on-off cycling. A follow up study (Evans et al., 2020) measuring
respiration from S. sabulicola tillers at these same locations, found that the relationship
between litter gravimetric moisture content and CO2–C flux did not differ between the
two sites, demonstrating that fungi from both sites respire similarly under NRM . Our
results showing that Rain Site fungi moved to the NRM Site decompose litter at the
same rate as native NRM Site fungi would seem to corroborate this. Taken as a whole,
this suggests that optimization for fog and dew by NRM specialists may not reflect any
particular ability to utilize NRM so much as their inability to cope with the harsher
(warmer, drier) conditions associated with the Rain Site.
Microbial biomass strongly regulates decomposition at regional scales and can
predict how decomposition rates respond to changing climatic conditions (Bradford et
al., 2017). Fungal biomass was correlated with mass loss (Figure S1.7) and with
fungal biomass at the end of our experiment, mirroring the pattern we observed for
mass loss (Figure 1.5). While fungal biomass may be a proximate control of litter
decomposition rates, fungal abundance is itself ultimately controlled by how well fungi
are able to tolerate local climatic conditions. Previous work has suggested that
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microbes that must invest more energy in stress tolerance may decompose organic
matter less efficiently as they divert resources away from growth and resource
acquisition (Schimel et al., 2007). Since non-rainfall moisture is a common (Ritter et
al., 2019) and important driver of litter decomposition in water-limited ecosystems
(Evans et al., 2020), saprotroph desiccation tolerance and specialization to use NRM
may be important to terrestrial carbon cycling.
Plant litter decomposition is influenced by many factors, including
photodegradation (Austin et al., 2016), litter quality (Adair et al., 2008), decomposer
communities (Glassman et al., 2018), and moisture availability (Jacobson and
Jacobson, 1998; Evans et al., 2020). We showed that on standing dead litter in a
hyperarid landscape, the relative availability of water from NRM vs. rain structures
microbial communities with important consequences for litter decomposition rates.
Litter communities were affected by succession and dispersal, though most divergence
in community structure was driven by specialization to specific climatic regimes. Even
though most of the dominant taxa were cosmopolitan extremophiles, many fungi
preferred one moisture environment over the other, suggesting that general stress
tolerance traits may not fully predict how microbial communities respond to changing
moisture environments. As rainfall and NRM regimes change worldwide, (Forthun et
al., 2006; Johnstone and Dawson, 2010; Niu et al., 2010; Haensler et al., 2011; Dai,
2013; Akimoto and Kusaka, 2015; Kutty et al., 2019; Hůnová et al., 2020), decomposer
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communities may respond to climatic shifts in unique ways, altering decomposition
rates differently in environments with different predominant moisture regimes.
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Table S1.1. Sample sizes for each treatment group in the study.
Litter Stage/Type

Origin

Location

N

Deployed
“bait” tillers

NRM Site

NRM Site

5

“bait” tillers

NRM Site

Rain Site

5

early-stage

NRM Site

NRM Site

8

early-stage

NRM Site

Rain Site

8

early-stage

Rain Site

NRM Site

5

early-stage

Rain Site

Rain Site

5

late-stage

NRM Site

NRM Site

6

late-stage

NRM Site

Rain Site

7

late-stage

Rain Site

NRM Site

5

late-stage

Rain Site

Rain Site

5
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Table S1.2. Subset of taxa that showed consistent preferences for one site by fitting
three criteria: (1) higher relative abundance on native litter at that site (2) decreased in
abundance when moved away from that site and (3) increased in abundance when
moved to that site. This list is a subset that only includes OTUs that had an average
relative abundance above 0.5% across the six groups (in total, there were 38 OTUs
with consistent NRM Site preferences and 55 with consistent Rain Site preferences).
Site
Preference
NRM
NRM
NRM
NRM
NRM
NRM
NRM
RAIN
RAIN
RAIN
RAIN
RAIN
RAIN
RAIN
RAIN
RAIN

OTU
OTU4
OTU33
OTU40
OTU8
OTU2
OTU88
OTU166
OTU17
OTU1
OTU15
OTU2456
OTU72
OTU201
OTU382
OTU335
OTU238

Early-Stage Litter
NRM
RAIN
23.65%
0.98%
10.33%
0.36%
8.67%
0.45%
6.56%
1.64%
5.21%
1.30%
2.01%
0.00%
0.75%
0.10%
1.73%
16.94%
2.13%
6.86%
0.04%
5.21%
1.61%
3.67%
0.01%
1.17%
<0.01% 0.75%
0.00%
0.58%
<0.01% 0.12%
<0.01% 0.09%
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Late-Stage Litter
NRM
RAIN
28.06%
0.02%
3.13%
0.01%
1.06% <0.01%
25.21%
0.01%
8.75%
0.01%
1.46% <0.01%
4.20%
0.00%
0.05%
11.13%
4.13%
22.36%
<0.01% 1.85%
0.87%
6.33%
<0.01% 6.83%
<0.01% 0.00%
0.00% <0.01%
2.14%
0.00%
0.00%
9.10%

Airborne
NRM
RAIN
10.69%
2.90%
10.97%
0.72%
4.19%
4.48%
7.35%
4.06%
17.84%
2.19%
1.81%
0.01%
1.23%
1.53%
0.16%
5.32%
14.86%
7.26%
0.31%
5.95%
0.47%
1.03%
0.04%
0.20%
0.00%
5.03%
<0.01% 4.40%
<0.01% 0.00%
0.00% <0.01%

Table S1.3. Type III ANOVA table for early-stage tillers in Figure 1.5B. Calculated
using the ‘Anova’ function in car package in R.
Formula: Log10 (ITS copies gram-1) ~ Location * Origin
Intercept
Location
Origin
Location *
Origin
Residuals

SS
548.33
19.08
5.23
2.38

Df
1
1
1
1

9.50

22

F
1269
44.18
12.107
5.516

P
<0.001
<0.001
0.002
0.028

Table S1.4. Type III ANOVA table for late-stage tillers in Figure 1.5C. Calculated using
the ‘Anova’ function in car package in R.
Formula: Log10 (ITS copies gram-1) ~ Location * Origin
Intercept
Location
Origin
Location *
Origin
Residuals

SS
1003.28
1.91
0.25
1.31

Df
1
1
1
1

2.23

19

F
8545
16.24
2.170
11.15

P
<0.001
0.007
0.157
0.003
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Table S1.5. Type III ANOVA table for early-stage tillers in Figure 1.5E. Calculated
using the ‘Anova’ function in car package in R.
Formula: Percent Mass Loss ~ Location * Origin
Intercept
Location
Origin
Location *
Origin
Residuals

SS
270.9
7.307
17.56
4.998

Df
1
1
1
1

86.1

21

F
66.1
1.78
4.28
1.22

P
<0.001
0.196
0.051
0.282

Table S1.6. Type III ANOVA table for late-stage tillers in Figure 1.5F. Calculated using
the ‘Anova’ function in car package in R.
Formula: Percent Mass Loss ~ Location * Origin
Intercept
Location
Origin
Location *
Origin
Residuals

SS
221.8
7.386
0.420
15.10

Df
1
1
1
1

46.4

19

F
90.7
3.02
0.176
6.177

P
<0.001
0.098
0.680
0.022
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Figure S1.1. Frequency of dry periods between wet events at each site. Top two panels
show the length of dry periods between wet events of at least one hour in length.
Bottom two panels show length of dry periods between wet events of at least four
hours in length.
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Figure S1.2. Wind vectors at the two sites during the study period. Length of lines on
border represents the frequency (number of hours) that the wind was coming from
that direction.
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Figure S1.3. Log10 windspeed (m/s) at the two sites during the one year study based on
hourly averages. MeanNRM = 3.35 m/s; MeanRAIN = 2.27 m/s; T = 36.1, P < 0.001. (T
statistics are calculated using non-transformed data.)
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(A)

(B)

25
20
15

y = 0.76 x – 15.4
R2 = 0.77
P < 0.001

10

mg leachate per g litter

20
15
10

NRM Site
Rain Site

0

5

5

mg leachate / g litter

30

25

Leachate from native litter

Rain Site

NRM Site

25

Source

30

35

40

45

50

55

Percent gravimetric moisture

Figure S1.4. (A) Mass loss due to leaching for a subset of early-stage tillers when
submerged for 24 hours in ultrapure water after sealing the ends with glue. (B)
Leachate per g of litter for the same tillers expressed as a function of gravimetric
moisture. The greater mass loss from tillers at the NRM Site seen in (A) appears to be
driven by greater moisture uptake (likely reflecting a more porous cuticle), not
necessarily the presence of more leachable carbon.
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Figure S1.5. Venn Diagram showing overlapping fungal OTUs. For simplicity, earlyand late-stage tillers are combined within each site.
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Relative Abundance Distributions
NRM Site
Rain Site

Figure S1.6. Relative abundance distributions of taxa on tillers at each of the three
litter stages. Early- and late-stage figures show only abundances on native tillers.
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10
6
4
0

2

Mass Loss (%)

8

Early-stage: R2 = 0.25, P = 0.007
Late-stage: R2 = 0.30, P = 0.004

3

4

5
6
Log10(ITS Copies gram 1)

7

Figure S1.7. Mass loss as a function of final fungal biomass (indicated by ITS copies)
for early- and late-stage senesced tillers.

56

CHAPTER TWO:
PHOTODEGRADATION OF PLANT LITTER CUTICLES ENHANCES
MICROBIAL DECOMPOSITION BY INCREASING UPTAKE OF NONRAINFALL MOISTURE

At home we had so often heard the sun glibly called the source of all life; here in the desert it
certainly wasn’t.
Henno Martin describing the Namib Desert
The Sheltering Desert (1957)

INTRODUCTION
Plant litter decomposition is a critical carbon cycling process in terrestrial
ecosystems worldwide and is an important component of coupled climate models. In
many systems however, we still lack a strong understanding of the ways various
mechanisms interact to drive litter decomposition and carbon efflux. This is
particularly true in drylands, which make up 40% of the Earth’s land surface and can
account for half of the interannual variability in global carbon storage (Poulter et al.,
2014), limiting our ability to predict how carbon cycling is affected by climate change.
Improving existing ecosystem and climate models depends on our ability to identify
and describe the processes controlling litter decomposition rates in these moisturelimited systems.
Many litter decay models that perform well in wet and forested areas
underestimate decomposition rates in drylands (Adair et al., 2008), suggesting that
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current models may be missing important mechanisms that dominate in arid and semiarid systems. Compared to most mesic systems where rainfall-supported biotic activity
is the primary driver of litter decomposition, in drylands, abiotic processes play an
outsized role in driving decomposition. The process of photodegradation—the direct
or indirect decomposition of litter by solar radiation—may be particularly important in
drylands due to the paucity of clouds and minimal tree canopy cover in drylands
combined with low and erratic precipitation which reduces the activity of decomposing
microbes (Austin and Vivanco, 2006). Incorporating photodegradation into existing
litter decay models can substantially improve model predictions (Adair et al., 2017).
Solar radiation can influence litter decomposition through multiple
photodegradation mechanisms. Direct photolysis of organic compounds like lignin,
cellulose, and hemicellulose can lead to litter breakdown and the abiotic release of
volatiles including CO2, CH4, and CO from leaf litter (Brandt et al., 2009; Day et al.,
2019). Photodegradation may produce intermediaries such as peroxides and reactive
oxygen species that can further degrade lignin and other organic components of litter
(Messenger et al., 2009; King et al., 2012); this process can increase leaching and
production of volatiles. Solar radiation can also influence litter decomposition by
altering the size or composition of litter-associated microbial communities, which can
in turn reduce litter decay rates (Pieristè et al., 2020). Finally, by cleaving strong
double bonds in recalcitrant compounds like lignin, solar radiation can make litter
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more susceptible to subsequent microbial degradation (King et al., 2012; Wang et al.,
2017b). This last process, known as photopriming or photofacilitation, can lead to
more rapid rates of mass loss than either abiotic photodegradation or microbial
decomposition alone (Wang et al., 2015; Gliksman et al., 2017). Since photopriming
links two major decomposition processes in drylands (biotic degradation and
photodegradation), understanding its mechanisms is essential to accurately describing
carbon turnover in these systems.
While photopriming can occur in arid and mesic systems alike, in drylands, its
importance may be amplified by the frequency of non-rainfall moisture (NRM; fog,
dew, and water vapor), which is a key regulator of microbial respiration (Dirks et al.,
2010; Evans et al., 2020). Several recent studies have shown that NRM and
photodegradation interact with one another through photopriming mechanisms, even
on diurnal timescales. Lin et al. (2018) found that CO2 production and lignin
degradation were significantly greater when microcosms experienced an alternating
cycle of UV radiation during the day and dark wet conditions at night. Similarly, by
manipulating nighttime humidity and daytime solar irradiance in a Mediterranean
shrubland, another study found synergistic effects of NRM-supported microbial activity
and photodegradation on diel timescales (Gliksman et al., 2017). Since NRM can
occur as often as 95% of nights in some grasslands (Ritter et al., 2019) and can account
for the majority of litter mass loss (Evans et al., 2020), understanding how NRM and
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photodegradation interact is critical to improving models that incorporate both of these
important processes in litter decomposition in dry grasslands.
We set out to test a novel mechanism of photopriming by which solar radiation
degrades the water-resistant cuticle of plant litter, increasing moisture uptake during
NRM events and subsequently enhancing biotic decomposition. Plant cuticles act as
waterproof barriers that minimize water loss while plants are alive (Shepherd and
Griffiths, 2006), and we hypothesized this might also constrain how effectively litter
can absorb NRM following senescence. Photodegradation may assist in this
breakdown as plant cuticles contain many photo-reactive compounds that are
susceptible to degradation by solar ultraviolet (UV; 280-400 nm) radiation (Messenger
et al., 2009; Bruhn et al., 2014). One study found that the concentration of surface
waxes in litter strongly predicted CO2 and CH4 emissions; emissions were high initially
and declined as litter decayed (Day et al., 2019). Since litter moisture content strongly
predicts biotic activity during NRM events (Jacobson et al., 2015) and this moisture
content depends in part on the permeability of the cuticle, we hypothesized that as UV
degrades the cuticle, it becomes more permeable to non-rainfall moisture, which then
enhances microbial decomposition during NRM events. We refer to this process as
“physical photopriming” since the primary mechanism is through a change in a
physical property of the litter (water absorption rate) rather than a chemical property
(such as lignin:N ratios) as proposed in the traditional photopriming paradigm.
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To test this hypothesis, we conducted a combination of laboratory tests and field
experiments in the Namib Desert of western Namibia. In one experiment, we
manipulated solar UV and visible (400-700 nm) radiation during a 36-month litter
decomposition study in the field, measuring mass loss, cuticle integrity, and litter’s
moisture uptake potential over time. To account for the confounding effects of
photodegradation-induced changes to litter chemistry, we conducted a second
experiment where we artificially removed the cuticle of grass tillers, measuring mass
loss after six months. Finally, we corroborated these findings with observations of
photodegradation on in situ grass litter in the field. We integrate these findings into a
conceptual model that describes the process of UV-driven cuticle degradation and
subsequent uptake of NRM leading to enhanced decomposition.

METHODS
Study system
We conducted this study in the Namib Desert, Namibia, a hyperarid, grassdominated, coastal fog desert in Southwest Africa. The Namib Desert is an ideal site to
study the interaction between NRM and photodegradation because it receives
extremely high solar irradiance and hosts substantial NRM-driven litter decomposition
(Jacobson et al., 2015; Evans et al., 2020). In addition, absolute decomposition rates
are still rather low, allowing us a wide window of time to study the early stages of
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cuticle degradation with finer precision. We conducted the study at the Gobabeb
Namib Research Institute on the northern edge of the Namib Sand Sea in western
Namibia (23°33.6'S 15°02.5'E), using a series of experimental manipulations and field
observations to test our hypothesis. The site’s meteorology has been described in
detail elsewhere (Eckardt et al., 2013; Evans et al., 2020; Logan et al., 2021). Briefly,
Gobabeb receives 25 mm mean annual rainfall, though that is highly variable from year
to year. The site receives approximately 1500 hours of wetness per year and 99% of
wet hours are attributable to NRM, not rainfall (Evans et al., 2020). Mean annual
temperature is ca. 20 °C with mean daily maximum 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 m2, respectively (Figure S2.1).
We focused our study on Stipagrostis sabulicola, the dominant grass species across
the dune system (Seely and Louw, 1980), with globally distributed con-generics.
Stipagrostis sabulicola is a long-lived perennial grass with a thick waxy cuticle (RothNebelsick et al., 2012). Hummocks of Stipagrostis can be several meters across and
persist for decades though individual tillers will senesce and fall after several years
(Figure S2.2A-B). Coarse standing dead tillers (>2 mm diameter) make up
approximately 42 percent of the total hummock dead plant matter (Figure S2.3). The
cuticle of leaves and stems are non-hydrophobic, facilitating the collection of water
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droplets during fog and dew events that then fall off and are absorbed by a shallow root
network (Ebner et al., 2011; Roth-Nebelsick et al., 2012).
We conducted four experiments or field observations (Figure 2.1): (1) a solar
radiation manipulation where we measured mass loss, cuticle integrity, and litter
moisture uptake potential under different solar radiation regimes, (2) a cuticle removal
experiment, (3) field observations of solar radiation-induced damage and fungal
growth, and (4) measurement of litter moisture uptake during an actual dew event in
the field.
Exp1: Solar Radiation Manipulation

Exp2: Cuticle Removal

Exp3: In situ Observations

Collect grass tillers and place under solar radiation filters

Collect horizontal tillers from senesced plants at
different stages of decay
Collect grass tillers and artificially
remove cuticle with sterilized fine grit
sandpaper

No Shelter UVpass

UVblock

Shade

Cuticle
Intact

Cuticle
Removed

Deploy in field for 36 months
collect subset at 6, 12, 18, 30, and 36 months

Exp3b

Exp3a

Measure UV transmittance
through cuticle of recently
senesced tillers, comparing
the top and bottom sides

Visually compare fungal
growth on top and bottom
of heavily degraded tillers

Exp4: Moisture Uptake During Dew Event

Assess cuticle
integrity using ordinal
scoring system

Measure litter’s
moisture uptake
potential during
simulated fog events

Compare mass loss

Degraded

Measure
mass loss

Collect recently senesced and heavily degraded tillers

Recently
senesced

Deploy in field for 6 months

Place in
field during
dew event

Compare
gravimetric
moisture
content

Figure 2.1. Study design summarizing the four experiments. (Exp1) 36-month solar
radiation manipulation; (Exp2) 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. Individual
tillers were only used for one experiment.
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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 radiation. We collected recently
senesced, standing S. sabulicola tillers from Station Dune at Gobabeb, dried them at 35
°C for 24 hours, cut them to 9 cm lengths, weighed them, 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 waterproofing (Figure S2.2G). This approach has been used before (Evans
et al., 2020; Logan et al., 2021). We established four treatments: a shade treatment
which utilized plexiglass that was spray painted white to block direct solar radiation, a
UV-attenuation (“UVblock”) treatment using Lexan polycarbonate (SABIC Innovative
Plastics, Riyadh, Saudi Arabia) which blocks radiation below 400 nm but transmits
90% of radiation >400nm, a “UVpass” control made from clear Arkema G-UVT (Loop
Acrylics, Chicago, USA) that has >80% transmittance of radiation above 300 nm, and a
“no shelter” control to ascertain the effects of microclimate changes induced by the
shelters. Spectra for the UVpass treatment and the UVblock control are shown in
Figure S2.4 as measured on a UV-2401 PC spectrophotometer (Shimadzu, Kyoto,
Japan). To determine the efficacy of the treatments in the field, we measured UV
radiation under the shelters several times during the summer and winter using a
broadband UV radiation sensor measuring unweighted radiation (250-400 nm) under
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the treatments and normalizing it to clear sky measurements (Apogee UV Sensor
Model SU-100, Apogee Instruments, Logan, UT, USA). We report values as percent of
blocked UV radiation relative to the full exposure control (Figure S2.5).
Shelters were constructed from PVC pipe, with a 70 x 70 cm radiation filter on
top (Figure S2.2F), except for the “no shelter” control. Since we were interested in
studying the role of NRM and UV together, we took particular care to avoid
confounding changes in the microclimate under the filters due to localized warming,
altered dew points, and interception of fog droplets during fog events. Radiation filters
faced north and were sloped on a 45° angle so rising air would be directed away from
samples, even on windless days. The result was that we attenuated direct solar
radiation during the majority of the day but some diffuse radiation spilled in on the
sides and some direct radiation was present when the sun was at very low angles in the
early morning and evening. In total, this resulted in a 62% reduction in total UV
radiation under both of the UVblock and shade treatments. To assess how filters
altered the microclimates beneath them, we placed iButton Hygrochrons (iButtonLink
LLC, United States) to measure temperature and relative humidity) and leaf wetness
sensors (S- LWA-M003, Onset Computer Corporation, United States) underneath two
shelters and compared values relative to those at two spots in the open over several
days.
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We deployed 240 tillers evenly distributed among the four treatments. At five
time points (6, 12, 18, 30, and 36 months), we weighed all remaining tillers and
removed one fifth of them (selected using a stratified random sampling approach) for
subsequent microbial analysis to be described elsewhere. As a result of this sampling
procedure, many tillers were weighed multiple times, so we analyzed the data
statistically with repeated measures ANOVAs using the ‘lmer’ function in R. We used
time, UV treatment, and initial dry mass as predictors of mass loss and compared all
models using corrected Akaike information criterion (AICc), selecting the one with
lowest AICc.
To determine whether mass loss was coincident with cuticle degradation, we
assessed the integrity of the cuticle of tillers from the solar radiation manipulation.
Others have found that cuticular permeability to water is not strongly correlated with
the thickness of the cuticle or wax coverage (Riederer and Schreiber, 2001) but rather,
physical characteristics like cracking can make leaf surfaces more porous (Pitcairn et
al., 1986); hence, we visually assessed cuticles for physical damage to determine
whether tillers under the radiation treatments differed in their degree of cuticle
integrity. At each collection time, we photographed the front (sun-facing) and back
(shaded) side of each tiller using a ProScope Micro Mobile microscope (Bodelin
Technologies, Oregon City, OR, USA) attached to an iPhone 6S, photographing the
same location on tillers each time. We then created a 5-point ordinal scoring system to
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classify the tillers based on the degree of physical damage to their outer surface. The
criteria were based on physical changes to the cuticle surface including the presence
and extent of cracks, waxes flaking, photobleaching, and removal of the cuticle surface.
Tillers with more physical damage were given higher scores: 1 represented the fully
intact cuticle of a recently senesced tiller and 5 represented a tiller with multiple cracks
along the surface, no visible cuticular waxes, complete bleaching, and near ubiquitous
fungal growth along the surface. Example photos of each stage as well as a more
detailed description of the criteria are included in the supplementary material (Figure
S2.6). Scores were determined by single observer, blinded to the treatments and
crossed checked by a second observer. There were 672 photo pairs (one photo of each
side of the tiller) for a total of 1344 photos. Since we used an ordinal score, we used a
Kruskal Wallis test in the base package of R to determine whether scores changed over
time and differed among the radiation treatments, but we used the arithmetic mean for
ease of visualization when plotting figures.
Finally, to determine whether the cuticle degradation we observed coincided
with an increased ability of tillers to absorb atmospheric water, we placed tillers in an
artificial fog chamber and measured gravimetric moisture content of the tiller segments
following 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 S2.7). We used a subset of tillers collected at each
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collection time from the field. Tillers were cut to 5 cm lengths, dried at 55°C for 16
hours, weighed, and had their ends wrapped in parafilm so water could only enter the
tiller via the cuticle surface, not exposed vasculature. We then placed the tillers in the
chamber for a set amount of time (84 minutes at 24°C and 90-95% humidity), after
which time they were removed, gently wiped with a Kimwipe to remove excess liquid
water that had not been absorbed into the tissue, and reweighed. We shifted the
position of the tillers in the chamber every 20 minutes so that fog would be evenly
distributed to each tiller in the chamber. To control for variation in surface area among
tillers with different diameters, we report moisture uptake values normalized to surface
area as mg H2O mm–2 in all analyses.

Exp 2: Direct cuticle removal
Since cuticle degradation in our solar radiation experiment could occur with
photochemical-induced changes in litter quality, we sought to verify that the cuticle
itself played a role in mass loss by conducting a second experiment where we physically
removed the cuticle from a set of tillers and measured mass loss in the field after six
months. We collected 48 standing, recently senesced S. sabulicola tillers from Station
Dune near Gobabeb, air dried them at 40°C for 24 hours, and cut them into 9 cm
lengths. We randomly selected 24 tillers from which we removed the outer surface
using fine 220 grit sandpaper (sterilized with 100% ethanol), ensuring that all sides

68

were sanded equally. On average, 15.7% of the tiller mass was removed by sanding.
Mass loss for tillers with cuticle removed was measured relative to their mass after
removing the cuticle. Half of the tillers were left with the outer surface intact as
controls. We then weighed the tillers, and deployed them in the field for six months to
measure mass loss with the cuticle intact versus removed. Tillers were deployed in
open litter racks in the UV manipulation experiment described above, evenly
distributed among the shade, UVblock, UVpass, and “no shelter” treatments.

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 transmittance of UV radiation. We used a UVA-PAM fluorometer
(Kolb et al., 2005; Bilger et al., 2014), which was originally developed to non-invasively
measure epidermal UV transmittance of leaves. The UVA-PAM measures fluorescence
(! > 650 nm) induced by UV (FUV; !max = 375 nm) and normalizes it to fluorescence
induced by blue-green light (FBG; !max = 470 nm) to control for variation in underlying
chlorophyll concentration (Barnes et al., 2015). According to this technique, we
inferred that higher FUV:FBG values represented greater UV penetration through the
cuticle. By comparing the upper (sun-facing) and lower (shaded) sides of senesced S.
sabulicola tillers in the field, we used FUV:FBG as a measure of UV-induced cuticle
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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.
We collected 24 horizontal stems from the Namib Sand Sea near Gobabeb.
Tillers had to be no more than 20° from horizontal, not touching the ground, recently
senesced, and show no signs of fungal growth on the surface following a visual
assessment. By using stem material that had bent under its own weight instead of
leafy material, we were able to control for morphological differences since each side
should have started with the same level of UV-absorbing pigments and cuticular
structures while the plant was alive. Upon collection, a short notch was cut in the
upper (sun-facing) side of each tiller to identify orientation later. In the lab, we used
the UVA-PAM to take triplicate readings at each of three different points on both sides
for a total of nine readings for the sun-facing side and nine readings for the shaded
side. We averaged these technical replicates to produce one top and one bottom value
for each tiller and used a paired t-test to compare FUV:FBG values on the two sides,
treating the tiller as the unit of replication (n=24).
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Exp 3b: Fungal growth estimates
To determine whether surficial fungi grew more on the sun-facing or shaded
side of tillers, we randomly sampled senesced tillers with pigmented fungal growth
collected on one afternoon. We only collected tillers that were no more than 20° from
horizontal and recorded whether they had visible fungal growth on the top, bottom, or
both. We used a chi-squared test to determine whether fungi were more common on
one side than the other.

Exp 4: Moisture uptake during a dew event
Finally, to verify whether tillers with degraded cuticles absorbed more water
during actual NRM events in the field, we placed five late-stage decomposing tillers
(Figure S2.2E) and five recently senesced tillers (Figure S2.2C) into litter racks in the
field (Far East Dune; 23°47.04'S 15°46.86'E, 25 June 2015) and weighed them to
determine gravimetric moisture content after exposure to an overnight dew event. We
then used a t-test to compare moisture content between the degraded and intact tillers.

RESULTS
Exp 1: Solar Radiation Manipulation
The attenuation of solar UV radiation significantly reduced litter mass loss
relative to both controls, while subsequent shading to reduce visible light had no

71

discernible effect on mass loss (Figure 2.2A). The best model (lowest AICc) for mass
loss in our solar radiation experiment included time as well as significant interactions
between time and treatment and between time and initial mass (Table 2.1).
Decomposition in all treatments proceeded very slowly at first and accelerated over
time, unlike the classical exponential decay model typical of most mass loss curves
(Figure 2.2A). Notably, mass loss in the UVblock and shade treatments did not differ
throughout the study. We saw an effect of the shelters themselves on mass loss since
the No Shelter control had greater mass loss than did the UVpass control (Figure
2.2A). Temperature and leaf wetness status underneath shelters were lower than in
the open in some evenings, though relative humidity did not show a consistent
directional shift (Figure S2.8).
Table 2.1. 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
0.1738
0.6769
Time
477.14
1
372.1289
<0.001
Treatment
4.03
3
1.0483
0.3708
Initial Mass * Time
35.25
1
27.4941
<0.001
Treatment * Time
93.47
3
24.2988
<0.001

Table 2.2. ANOVA table of moisture uptake (mg H2O/mm2) for the solar radiation
manipulation (Exp1).
Source
SS
df
F
P
-9
Treatment
3.77x10
3
1.31
0.276
Time
2.49x10-8 1
26.0
<0.001
Treatment * Time
1.76x10-9 3
0.611
0.609
-7
Residuals
1.08x10
112
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Cuticle integrity decreased overtime in all treatments (Figure 2.2B) and the sunfacing sides had more damage than the shaded sides (Figure S2.9; Pwilcox < 0.001).
Solar radiation treatment was significant only on the sun-facing side of the tillers (P <
0.001), not the shaded side (P = 0.30). On the sun-facing side, the magnitude of
cuticle integrity damage was consistent with the amount of sun exposure, with the
shaded tillers having the most intact cuticles followed by those under the UVblock
treatment, then UVpass control, and finally the no shelter control, which had the most
degraded cuticles (Figure 2.2B).
Water uptake potential was influenced by both time and solar radiation but
there was no significant interaction between the two (Table 2.2). Tillers that had been
decomposing in the field for longer, absorbed more water (Figure 2.2C). Treatment
did not have a significant effect on moisture uptake rates (Table 2.2), but tillers under
the shade treatment tended to have lower moisture uptake than did the three
treatments that received ambient visible light (Figure 2.2C), while none of the three
treatments with ambient light differed from one another (P>0.1, Figure 2.2C). On
average, tillers in the shade treatment absorbed 17.7% less water (mg H2O/mm2) than
did those from the three treatments exposed to visible light.
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Figure 2.2. 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 based on visual assessment of tillers (figure shows only
the sun-facing side of tillers, see Figure S2.8 for the shaded side); (C) moisture uptake
potential for tillers as measured during a simulated fog event. Plotted values are means
±1 S.E.M.

Exp 2: Cuticle Removal Experiment
In our cuticle removal experiment, tillers that had their cuticle artificially
removed had 4.25 times greater mass loss than did control tillers with intact cuticles
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(Figure 2.3). Mass loss after six months did not differ among the UV treatments
(Table 2.3).

2

3

4

P < 0.001
N = 24 per group
t = 9.09

0

1

Mass Loss (%)

5

6

Table 2.3. ANOVA table of mass loss for the cuticle removal experiment (Exp2).
Source
SS
df
F
P
Cuticle
186.40
1
88.072
<0.001
Treatment
UV Treatment
12.75
3
2.009
0.128
Cuticle * UV
6.25
3
0.985
0.410
Residuals
84.66
40

Cuticle Intact Cuticle Removed
Figure 2.3. Results from Exp2 showing mass loss after six months for tillers with intact
cuticles and those with cuticles artificially removed by sanding. Solar radiation
treatment was not significant (P>0.05), so we pooled samples by cuticle treatment
here. Plotted values are means ±1 S.E.M.
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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 downward shaded side (Figure 2.4A;
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 between the upper and lower
portions of the stems (Figure S2.10).
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
2.4B-C; "!! = 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 fungal growth on the
bottom but not the top.

Exp 4: Moisture uptake during a dew event
During an overnight dew event in the field, tillers with heavily degraded cuticles
had a gravimetric moisture content 3.8 times higher than did tillers with intact cuticles
(Figure 2.5) (P = 0.008). In fact, even after a full night of exposure to dew, tillers with
intact cuticles had the same water content as a set of recently senesced tillers collected
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during a dry period, suggesting that tillers with intact cuticles absorbed no detectable
water, even after several hours in a wet environment.

A

B
Up
Fungal growth

0.7

Degraded cuticle
FUV:FBG

0.6
0.5

Down

0.4

C

0.3
Downward

Upward
Side

Intact cuticle

Presence of pigmented fungi
Top
Bottom Frequency
–
+
1
+
–
40
+
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Figure 2.4. 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 ttest 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 ("!!
= 49.1, P < 0.001).

77

10 12 14
8
6
4
2
0

Gravimetric Moisture (%)

P = 0.006
N = 5 per group
t = 5.22

Recently
Heavily
Senesced
Degraded
Litter Stage

Figure 2.5. 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 S.E.M.

DISCUSSION
Photopriming is an important component of litter decomposition in arid and
mesic systems (King et al., 2012). To date, most photopriming studies have focused
on how solar radiation alters litter chemistry (e.g. degrading lignin in plant cell walls),
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 classic chemical photopriming mechanism and a novel physical photopriming
mechanism we describe in this study (Figure 2.6). According to the classical “chemical
photopriming” pathway (Figure 2.6, bottom and middle box), solar radiation degrades
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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 and Ballare, 2010; Austin et al., 2016).
However, lignin is not typically a component of plant cuticles (Riederer, 2006), so in
the early stages of decomposition, the bulk of structural lignin is shielded from solar
radiation, protecting it from photodegradation until the exterior portion of the litter is
degraded. This may limit the ability of the classic lignin-degradation-based
photopriming pathway until other processes can expose internal structural lignin to
solar radiation. Here, we present evidence of another mechanism (a “physical
photopriming” pathway), whereby solar radiation degrades photoreactive compounds
in the cuticle of litter early in the decay process, increasing water absorption during
wet events and subsequent biological decomposition (Figure 2.6, top and middle box).
Results from our study are consistent with other studies that show an
interaction between photodegradation and NRM-supported microbial decomposition.
Several studies have found that thermal and photochemical breakdown during the day
can enhance NRM-driven microbial activity at night (Wang et al., 2015; Gliksman et
al., 2017; Lin et al., 2018). In these previous studies, as with ours, solar radiation’s
primary contribution to mass loss was not thought to involve the production of
volatiles or leachates through direct photochemical oxidation, but rather through a
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photopriming mechanism that enhanced biotic degradation. While some previous
work has shown that solar radiation and biotic activity interact on diurnal scales (e.g.
at night, microbial decomposers consume the photochemical breakdown products from
the prior day), we found a mechanism through which solar radiation and biotic activity
would interact over much longer timescales. In our study, photodegradation played an
important role in cuticle degradation for months prior to development of significant
fungal decomposer communities. In this sense, the physical photopriming mechanism
we describe here is more important early in the litter decay process and may decrease
in importance over time, as biotic decomposition 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 three-year study (Figure 2.2A). This could be explained in part by
very low absolute rates of litter decomposition in the Namib Desert. Even after three
years, tillers under our highest treatment (the “No Shelter” control) had an average
mass loss of only 13.1% (Figure 2.2A). The accelerating mass loss likely reflects 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 decomposition proceeds more rapidly. While we cannot know for certain,
we may have seen a typical exponential decay curve had the experiment continued for
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several more years. The changes in cuticle integrity and moisture uptake potential we
observed prior to the start of exponential decay, highlight the importance of cuticle
degradation early in the decomposition process.

PHYSICAL PHOTOPRIMING

Cuticle Components
(e.g. cutin, suberin
cuticular waxes)

(increased litter moisture content during
wet events due to cuticle degradation)

YEASTS & FILAMENTOUS FUNGI
(e.g. cutinases, cellulolytic
enzymes, oxidative enzymes)

Structural Compounds
(e.g. lignin, cellulose,
hemicellulose)

Final Products
(e.g. volatile organics,
CO2, LMW leachates)

CHEMICAL PHOTOPRIMING
Breakdown Products
(e.g. lignin components, cellulose
monomers, LMW compounds)
Reactive Intermediaries
(e.g. H2O2, •OH, 1O2)

Figure 2.6. Conceptual model showing litter photopriming mechanisms and how they
interact with biological degradation by fungi. Classic photopriming where solar
radiation degrades recalcitrant compounds like lignin, is described as chemical
photopriming since the primary mechanism of action is through a chemical change in
litter degradability (grey box). This process can occur through direct and indirect
pathways. Concurrently, physical photopriming (gold box) changes litter’s ability to
absorb non-rainfall moisture (a physical process) through cuticle degradation. Yeasts
and filamentous fungi directly degrade both the cuticle and interior structural
components of plant litter as well as the breakdown products of photodegradation
(green box). This model does not preclude other processes like 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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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 potentially increased
stress caused by direct exposure to solar radiation (Figure 2.4B-C). In other studies,
UV radiation has been found to inhibit fungal growth (Fourtouni et al., 1998) though
this is not always the case as UV-A radiation can stimulate sporulation in some fungi
(Manning and 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, especially when a more
shaded portion of the exact same substrate was available only millimeters away on the
shaded side of the tillers.
By using both a No Shelter control and our UVpass control (a filter with ~90%
transmittance of UV radiation), we were able to examine the effect that altered
microclimates under our radiation filters had on litter decomposition. Mass loss was
significantly greater under our No Shelter control than under our UVpass control
(Figure 2.2A), showing a shelter-effect. Relative humidity was not strongly altered by
the shelters, but leaf wetness sensors detected less liquid water condensation
underneath a subset of shelters during some nights (Figure S2.8). This was probably
due to the shelter’s interception of laterally transported fog droplets and the likely
cause of decreased mass loss rates under the filters. Nevertheless, the clear effect of
UV exclusion on mass loss and litter physical properties among tillers, after controlling
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for the effect of microclimate differences (i.e. by comparison to the UVpass control),
demonstrates that solar radiation plays an important part in cuticle decay and overall
litter decomposition, independent of confounding microclimate variations.
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-driven mass loss. The clearest effect of solar radiation we saw in any
treatment was the clustering by UV radiation treatment in our mass loss experiment
(Figure 2.2A). 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 responsible for cuticle
degradation via this mechanism and how this may differ among plant species.
While our study focused on the role of solar radiation in early-stage cuticle
degradation, other drivers can also degrade litter cuticles, increasing litter’s ability to
absorb moisture. Many fungi and bacteria produce cutinases (Chen et al., 2008) and
the non-lignin-bound cutin and suberin found in plant cuticles are often microbially
degraded during the early stages of litter decomposition (Angst et al., 2016). Indeed,
20% of randomly sampled, in situ horizontal stems with fungal colonization in the
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Namib had substantial visible fungal growth on both the sun-exposed and the shaded
sides (Figure 2.4C) and even the underside of tillers in our most shaded treatment
showed evidence of increasing cuticle degradation over time, although they received no
direct sunlight (Figure S2.9B). Surficial fungi may even interact with solar radiation on
diurnal timescales. By exposing grass litter to an alternating cycle of darkness and UV
radiation, Lin et al. (2018) found that photopriming can occur on a timescale of days.
In the Namib, fog droplets can coalesce on the top of leaning grass tillers where solar
radiation is more direct. This could lead to a diurnal interaction between surficial
fungi and photodegradation that could accelerate cuticle breakdown. While results of
our radiation manipulation clearly implicate the role of UV radiation in cuticle
degradation, we could not directly quantify the extent of biotic cuticle degradation.
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.
The physical photopriming process which we describe here likely goes hand-inhand with classical chemical photopriming (Figure 2.6), but the relative 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 the most important mechanism of photodegradation (Austin et
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al., 2016). Alternatively, in arid systems which are dominated by relatively labile
grasses, photodegradation of the cuticle that we describe here may take on a more
important role. Teasing out which of these mechanisms dominates in different
systems will require studies that track how both physical and chemical properties of
litter change during decomposition among species and across systems.
By demonstrating the role of the cuticle in litter decomposition, our study links
existing literature on plant litter traits in decomposition models with studies of NRM
and photodegradation. Physical traits like cuticle thickness and specific leaf area can
predict litter mass loss rates as well as or even better than chemical traits (Zukswert
and Prescott, 2017; Erdenebileg et al., 2020). Future studies may build on this work
by incorporating interactions between plant traits, NRM, and photodegradation into
existing litter decay models. For example, plant species vary in how long cuticles
persist following senescence and this may affect their susceptibility to
photodegradation (Throop and 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 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 networks (https://www.esrl.noaa.gov/gmd/grad/surfrad/netlinks.html)
may provide the opportunity to study interactions between these different drivers using
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existing datasets and may improve predictions of carbon loss in dryland systems where
litter decay is notoriously underestimated by existing models (Adair et al., 2008).
We showed that NRM and solar radiation interact through a novel mechanism
to accelerate decomposition during the early, standing phase of litter decay in a dryland
grass. Arid and semi-arid lands make up 40% of Earth’s land surface and, in many of
these systems, standing dead grass litter can make up more than half of total plant
material (Seely and Louw, 1980; Zhou et al., 2009). This standing dead phase is a
critical and sometimes years-long phase during which litter can be “primed” for
subsequent accelerated decomposition once it falls to the surface (Wang et al., 2017a).
Moisture regimes are changing in drylands worldwide, especially in NRM-dominated
systems (Forthun et al., 2006; Niu et al., 2010; Haensler et al., 2011; Dai, 2013; Kutty
et al., 2019), so understanding how NRM and photodegradation interact to drive litter
decomposition can play a crucial role in predicting how drylands respond to
environmental change, enhancing our ability to manage these globally important
ecosystems.
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Figure S2.1. UVA and UVB radiation measured by Kipp and Zonen UV pyranometers
at Gobabeb. Data from the Baseline Surface Radiation Network courtesy of Dr. Roland
Vogt (https://mcr.unibas.ch/dolueg2/index.php?project=gobabeb&var=d).
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Figure S2.2. (A) Live Stipagrostis sabulicola in the Namib Sand Sea forming hummocks.
(B) Dead S. sabulicola stems will remain standing and intact for years following leaf
senescence. (C-E) close-up photographs of S. sabulicola tillers showing cracks and
fissures becoming more common as litter progresses from recently senesced (E) to
heavily degraded (G). (F) Solar radiation filters with litter rack underneath. (G) An
example litter rack. The “rungs” of the “ladders” are S. sabulicola stems ~ 0.5 cm in
diameter and 9 cm long.
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Figure S2.3. Coarse (>2 mm diameter) and fine (<2 mm diameter) fractions of S.
sabulicola tillers (N = 5). Photo is a representative example.
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Figure S2.4. UV transmission spectra of UVblock (solid) and UVpass (dashed) filter
materials, measured on a UV-2401 PC spectrophotometer (Shimadzu, Kyoto, Japan) .
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Figure S2.5. Broadband UV-A + UV-B irradiation under each treatment over the
course of a day. Values are expressed as percentages relative to unobstructed sun light.
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Figure S2.6. Example microscope photographs of tillers at five different stages of
cuticle degradation, corresponding to physical damage to the cuticle surface. The sunfacing and shaded side of tillers from the solar radiation manipulation (Exp1) were
photographed and each assigned an ordinal score from 1-5 based on physical changes
to cuticle surface including the presence and extent of cracks, waxes flaking, bleaching,
and removal of the cuticle surface.
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Figure S2.7. (A) Artificial fog chamber used for measuring tillers’ potential to absorb
water during NRM events. The chamber has been running for several minutes in this
photograph and is filled with a steady stream of fog droplets. (B) Tray of dry tillers
before being placed into fog chamber (ends are sealed with parafilm to prevent water
from being absorbed by the vasculature. (C) Tray of tillers after exposure to simulated
fog event (notice liquid water beaded up on tillers).
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Figure S2.8. Temperature (top), Relative Humidity (middle), and leaf wetness
percentage (bottom). For each plot, measurements made under two replicate shelters
are plotted relative to the average of two “no shelter” controls at the same time. The
plots show some effect of microclimates
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Figure S2.9. Cuticle damage scores for both the sun-facing (A) and shaded (B) side of
tillers from Exp1 (1 = intact cuticles; 5 = heavily degraded cuticles). Data are plotted
with “jitter” to show individual data points. Lines are mean values.
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Figure S2.10. From Exp3a, variation in FUV:FBG as a function of FUV (left) and FBG (right)
shows that the FUV:FBG varies primarily due to differences in transmittance of UV
through the cuticle rather than difference in the underlying chlorophyll concentration
of tillers.
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CHAPTER THREE:
PHOTODEGRADATION ACCELERATES LITTER DECAY BUT DOES NOT
ALTER FUNGAL COMMUNITY COMPOSITION IN A HYPERARID DESERT

Living and dead matter were so obviously at variance here, and the living matter so obviously
triumphant in its adaptability over the dead elements and their rigid laws that the barren wilderness
seemed to us more essentially alive than green trees rustling in the wind.
Henno Martin describing the Namib Desert
The Sheltering Desert (1957)

INTRODUCTION
Solar radiation is an important driver of litter decomposition. By
photochemically breaking down plant litter constituents (a process known as
photodegradation), solar radiation can accelerate litter decay rates, leading to
substantially greater carbon turnover than would occur from biotic decay alone.
Photodegradation is well documented in arid and mesic systems alike (King et al.,
2012) and models that ignore the contribution of photodegradation can drastically
underestimate litter decay rates and carbon fluxes (Chen et al., 2016; Adair et al.,
2017). However, solar radiation, particularly ultraviolet-B (UV-B) radiation, is also a
strong physiological stressor and can reduce the size of or alter the composition of
decomposer communities, slowing litter decay (Pancotto et al., 2005; Pieristè et al.,
2020). The net effect of solar radiation on litter decomposition is therefore a product
of both the stimulatory effects of photodegradation and negative effects of
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photoinhibition. Understanding how these two processes interact with one another
under different conditions will enhance our understanding of carbon turnover.
Photodegradation can accelerate plant litter decay through a variety of direct and
indirect pathways. Some plant structural components, including lignin, have highly
irregular structures and multiple double bonds making them resistant to enzymatic
attack but susceptible to oxidative damage by photodegradation. Solar radiation can
break these bonds either through direct photolysis, in which UV triggers the release of
CO2, CH4, and CO from leaf litter (Brandt et al., 2009; Day et al., 2019), or indirect
photolysis in which solar radiation produces reactive intermediaries such as peroxides
and reactive oxygen species that can further degrade lignin and other organic
components of litter (Messenger et al., 2009; King et al., 2012). By degrading
recalcitrant compounds in litter, solar radiation can increase the availability of
biodegradable litter components, increasing decomposer growth (Baker and Allison,
2015; Austin et al., 2016). By degrading the litter cuticle, UV radiation can even
change litter’s physical properties such that it absorbs more water during fog and dew
events, increasing decomposer growth (Logan et al. in review). These processes by
which solar radiation increases litter’s susceptibility to subsequent biotic decay (known
as photopriming or photofacilitation), are a primary way it can accelerate litter decay,
but radiation’s contribution to early litter decay can vary widely depending on plant
traits, climate, and solar irradiance levels.
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UV radiation is a strong mutagen and physiological stressor, so it has the
potential to inhibit biotic decomposition, but fungi have a suite of adaptations to
ameliorate the damaging effects of solar radiation. By embedding pigments such as
melanin in their cell walls, fungi can shield themselves from some of the harmful
effects of both desiccation and radiation stress (Cantrell 2017). Within the cytoplasm,
small water-soluble molecules called mycosporines act as sunscreens by absorbing UVB radiation while also serving as antioxidants, scavenging for reactive oxygen species
that can be produced by UV interacting with cellular components (Oren & GundeCimerman 2007). These stress-reduction strategies however are energetically costly
and investing in radiation tolerance can slow growth (Lustenhouwer et al., 2020). This
is why even when total microbial biomass is not affected by solar radiation, exposure to
UV radiation can cause shifts in the makeup of the decomposer community in ways
that affect how efficiently the community can degrade litter (Pieristè et al., 2020).
Importantly, many of the traits that help organisms cope with high radiation
also mitigate the effects of desiccation stress. This includes melanization (Cordero and
Casadevall, 2019), production of antioxidants that scavenge for reactive oxygen species
(Oren and Gunde-Cimerman, 2007), and upregulation of DNA repair mechanisms
(Mattimore and Battista, 1996). Since arid environments are characterized by both
intense thermal, radiation, and desiccation stress, fungi in these environments may be
less susceptible to the effects of solar radiation than are their counterparts in more
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mesic systems. As a result, photoinhibition may be less important in environments
that experience greater aridity. This could partially explain why some studies do not
find inhibitory effects of solar radiation on fungal communities in deserts (Gallo et al.,
2009). Studying how solar radiation affects litter-associated decomposer communities
at the extreme end of the aridity spectrum can help illuminate the mechanisms of
photoinhibition, allowing us to see how decomposers respond to the dual stressors of
radiation and desiccation.
We studied how solar radiation affects litter-associated fungal communities in a
hyperarid grassland with high radiation stress. We artificially reduced solar radiation,
measuring mass loss and fungal community composition. To determine whether UV
radiation had different effects than visible light, we had included both UV-attenuation
and fully shaded treatments. We hypothesized that the ubiquity of stress-tolerant
fungi in this system (Jacobson et al., 2015; Logan et al., 2021) would mean litterassociated fungi would be relatively insensitive to solar radiation. We also conducted a
second experiment in which we sterilized a subset of litter, removing the existing
microbial community prior to deploying it, to see whether solar radiation affected litter
decomposition rates as new fungi colonized litter. Understanding how decomposers
respond to solar radiation stress in extremely water limited systems can help us
understand how photodegradation and photoinhibition interact with aridity to control
litter decomposition rates in dryland systems.
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METHODS
We conducted two experiments to assess how solar radiation affected litter
decomposition rates and the composition of fungal communities. First, we constructed
filters to selectively attenuate solar radiation and deployed them in the field for a 36month litter decomposition experiment with fungal communities intact. At the end of
the experiment, we used next generation sequencing to determine the composition of
the litter-associated fungal communities under each treatment. Next, to determine
how solar radiation contributed to litter decomposition when the fungal load was
reduced, we performed a second mass loss experiment, this time autoclaving a subset
of litter to remove existing decomposers at the start of the experiment.

Study System
We conducted our study at the Gobabeb Namib Research Institute in the Namib
Desert, Namibia. Gobabeb is situated at the northern end of the Namib Sand Sea, a 3
million ha dune system devoid of permanent human settlements. Mean annual rainfall
at Gobabeb is 27 mm, though this shows high year-to-year variability (Eckardt et al.,
2013). Non-rainfall moisture (fog, dew, and water vapor) is much more frequent than
rain (Jacobson et al., 2015) and supports the majority of litter decomposition (Evans et
al., 2020). We studied decomposition of Stipagrostis sabulicola, the dominant grass in
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the Namib Sand Sea with globally distributed con-generics (Seely and Louw, 1980). S.
sabulicola’s litter chemistry is described by Logan et al. (2021).

Exp1: The effect of solar radiation on litter decay rates
To assess the contribution of solar radiation to litter decomposition, we
constructed a series of radiation filters to selectively block different wavelengths of the
solar spectrum. The results of this mass loss experiment are also reported in part
elsewhere (Logan et al. in review). We used four treatments: a shade treatment which
utilized plexiglass that was spray painted white to block direct solar radiation, a UVattenuation (“UVblock”) treatment using Lexan polycarbonate (SABIC Innovative
Plastics, Riyadh, Saudi Arabia) which blocks radiation below 400 nm but transmits
90% of radiation >400nm, a “UVpass” control made from clear Arkema G-UVT (Loop
Acrylics, Chicago, USA) that has >80% transmittance of radiation above 300 nm, and a
“no shelter” control to ascertain the effects of microclimate changes induced by the
shelters themselves. Spectra for the UVpass treatment and the UVblock control are
shown in Figure S3.1 as measured on a UV-2401 PC spectrophotometer (Shimadzu,
Kyoto, Japan). To determine the efficacy of the treatments in the field, we measured
UV radiation several times throughout the year using a broadband UV radiation sensor
measuring unweighted radiation (250-400 nm) under the treatments and normalizing
it to clear sky measurements (Apogee UV Sensor Model SU-100, Apogee Instruments,
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Logan, UT, USA). We report values as percent of blocked UV radiation relative to the
full exposure control (Figure S3.2).
Shelters were constructed from PVC pipe, with a 70 x 70 cm radiation filter on
top (Figure S3.3), except for the “no shelter” control. Radiation filters faced north and
were sloped on a 45° angle so rising air would be directed away from samples, even on
windless days, to minimize localized greenhouse warming. The result was that we
attenuated direct solar radiation during the majority of the day but some diffuse
radiation entered on the sides and some direct radiation was present when the sun was
at very low angles in the early morning and evening. In total, this resulted in a 62%
reduction in total UV radiation under both of the UVblock and shade treatments. To
assess how filters altered the microclimates beneath them, we placed iButton
Hygrochrons (iButtonLink LLC, United States) to measure temperature and relative
humidity) and leaf wetness sensors (S- LWA-M003, Onset Computer Corporation,
United States) underneath two shelters and compared values relative to those at two
spots in the open over several days. Microclimate effects of shelters are reported in
Figure S3.4.
We collected recently senesced, standing S. sabulicola tillers from Station Dune at
Gobabeb, dried them at 35 °C for 24 hours, cut them to 9 cm lengths, weighed them,
and deployed them under the radiation filters. To avoid shading and other
microclimate effects of litter bags, we placed tillers in litter racks, which were specially
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built wooden frames covered with a dewaxed shellac for waterproofing (Figure S3.3).
This approach has been used previously (Logan et al., 2021; Evans et al., 2020). We
deployed 240 tillers, evenly distributed among the four treatments. The experiment
ran for 1092 days and at five time points (roughly 6, 12, 18, 30, and 36 months), we
weighed all remaining tillers and removed one fifth of them (selected using a stratified
random sampling approach) for amplicon-based analysis of the fungal community. To
determine the effect of radiation treatment on decomposition, we used the ‘lmer’
function in the lme4 package (Bates et al., 2015) to conduct repeated measures
ANOVAs in R, using time, radiation treatment, and initial mass as predictors of mass
loss.

Exp 2: Photodegradation with reduced fungal community
In addition to examining fungal communities’ response to solar radiation, we
wanted to know the effect of photodegradation on mass loss when the decomposer
community was reduced. To do this, we autoclaved a subset of S. sabulicola tillers and
placed them beneath the radiation filters. We placed two autoclaved and four nonautoclaved tillers under each filter. This experiment was started after the first so we
were only able to measure mass loss out to 18 months after deployment. Autoclaving
was performed in the field using a homestyle pressure cooker for 2 hours and
effectiveness was confirmed by plating tillers onto Malt Extract Agar. Although we
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eliminated fungi that were present at senescence, tillers could still be colonized by
wind-dispersed fungi during the course of the experiment (Evans et al., 2019). As a
result, tillers in our sterilized treatment had reduced, but not absent, decomposer
communities present throughout the experiment.

Molecular Methods
To determine whether litter-associated fungal communities differed by radiation
treatment, we collected a subset of tillers at each sampling time in the primary mass
loss experiment and extracted DNA for amplicon sequencing. Despite multiple
extraction and PCR methods, fungal biomass was too low to get extractable DNA from
tillers at the early collection points so we confined our analysis to tillers collected at 30
months and 36 months (N = 90). We extracted DNA from litter using a MoBio
MagAttract PowerSoil DNA kit (QIAGEN, Maryland, USA) on a Kingfisher Flex system
(ThermoFisher Scientific, Massachusetts, USA). We sequenced the ITS region with
Earth Microbiome Project primers (ITS1-F: CTTGGTCATTTAGAGGAAGTAA; ITS2:
GCTGCGTTCTTCATCGATGC) (www.earthmicrobiome.org/protocols-andstandards/its/) (Gilbert et al., 2014), using 250-bp paired-end sequencing on the
MiSeq Illumina (V2) platform at Michigan State University’s Research Technology
Support Facility Genomics Core. Fungal contigs were created in USEARCH version
11.0 using fastq_mergepairs and quality checked with fastq_eestats2. Sequences were
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cut to a minimum length of 250 bp and quality filtered to a maximum expected error
score of 1 using fastq_filter. To avoid the downsides associated with both referencebased and de novo OTU clustering, we identified Amplicon Sequence Variants (ASVs)
(Callahan et al., 2017). ASVs were de novo chimera checked and filtered to remove low
abundance ASVs (fewer than 8 reads) using unoise3.
After quality filtering, we had a total of 249,310 reads. We eliminated samples
with fewer than 1000 reads and then rarefied to 1069 reads. Previous culture-based
and amplicon-based studies have shown that fungal communities on S. sabulicola in the
Namib Desert consist of relatively few fungi, with fewer than ~25 dominant taxa
constituting the majority of sequences (Logan et al., 2021) so this sampling depth
should allow us to capture the most abundant taxa while still retaining enough
samples for robust statistical analysis. We performed statistical analysis of ASVs in R.
We did not use a phylogenetic distance measure (i.e. UniFrac) because phylogenetic
relationships among many of the fungi in our samples are in flux and the relatively
short ITS region we sequenced does not allow us to confidently measure phylogenetic
distance for several taxa without including additional information from other gene
regions (Raja et al., 2017). Instead, PERMANOVAs and NMDS ordinations were
generated using Bray-Curtis distance, which accounts for both presence and abundance
of taxa. Distances were calculated using the ‘distance’ function in the phyloseq package
(McMurdie and Holmes, 2013). To compare relative abundances of specific taxa
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among the different solar radiation levels, we used the DESeq function in the ‘DESeq2’
package (Love et al., 2014). Because DESeq does not allow zero abundances, we
transformed data by adding one to each ASV abundance per sample beforehand. Since
fungal reference databases have considerable errors in taxonomic identifications
(Hofstetter et al., 2019), anytime we identify an ASV by name, it means we have
manually verified its identity by using the NCBI’s Basic Local Alignment Search Tool,
using a conservative cutoff of ≥ 97% similarity and ≥ 80% coverage (Raja et al., 2017),
using only type species as references (Ko et al., 2011).

RESULTS
Mass loss from tillers with intact fungal communities
In our 36-month solar radiation manipulation using litter with intact fungal
communities, mass loss was greater under ambient UV controls compared to the
UVblock and Shade treatments (Figure 3.1) (Table 3.1). While mass loss was slower
when we filtered UV radiation, subsequent filtering of visible light did not affect the
decomposition rate (i.e. the UVblock and Shade treatments did not differ). Unlike the
exponential decay relationship typically seen in litter decomposition studies, rates of
mass loss accelerated over the 1092-day experiment.
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Figure 3.1. Mass loss in the primary solar radiation manipulation with intact fungal
communities. Lines are means ± 1 S.E.M. N = 240 tillers at the start of the
experiment, but 48 were removed at each collection time.

Table 3.1. ANOVA table of mass loss in the 36-month solar radiation experiment using
native fungal communities. N = 240 tillers.
Source
SS
df
F
P
Initial Mass
0.22
1
0.1738
0.6769
Time
477.14 1
372.1289
<0.001
Treatment
4.03
3
1.0483
0.3708
Initial Mass * Time
35.25 1
27.4941
<0.001
Treatment * Time
93.47 3
24.2988
<0.001
In our second mass loss experiment, in which we reduced the initial size of
decomposer communities, we found that reduced solar radiation decreased mass loss
rates. This held true for both sterilized and non-sterilized litter (Figure 3.2), but the
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effect of radiation depended on autoclave treatment (p=0.01 Radiation*Autoclave;
Table 3.2), with autoclaving affecting how mass loss responded to visible light.
Specifically, the Shade and UVblock treatments had similar mass loss rates for tillers
with full fungal communities but on sterilized tillers, decomposition differed between
four all treatments, with greater mass loss under greater radiation exposure (Figure
3.2).

Figure 3.2. Mass loss from tillers with reduced fungal communities that were
autoclaved prior to deployment (left) and tillers with intact fungal communities
(right). Lines are means ± 1 S.E.M. N = 143.
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Table 3.2. ANOVA table of mass loss in the reduced fungi (autoclaved) solar radiation
experiment. N = 143.
Source
df
SS
F
P
Radiation Trt
3
0.0173
33.0
<0.001
Autoclave Trt
1
0.00350
20.0
<0.001
Time
1
0.183
1043
<0.001
Radiation*Autoclave
3
0.00204
3.87
0.010
Radiation*Time
3
0.000656
1.25
0.292
Autoclave*Time
1
0.000067
0.384
0.536
Radiation*Autoclave*Time 3
0.000054
0.104
0.958
Residuals
270
0.0473

Solar radiation’s effect on fungal communities
We identified a total of 144 fungal ASVs in S. sabulicola tillers, with Ascomycota
making up the vast majority of sequence reads. When we aggregated the treatments by
UV level (No Shelter and UVpass controls = Ambient UV; UVblock and Shade =
Reduced UV), mean richness was 11.8 ASVs tiller-1 in the two ambient UV treatments
and 14.1 ASVs tiller-1 in the reduced UV treatments (t = 2.48; P < 0.015) though total
richness was comparable (94 ASVs in ambient UV treatments and 106 ASVs in
reduced UV treatments). This is consistent with other studies that have found
relatively few fungal taxa in this system compared to communities in mesic systems
(Jacobson et al., 2015; Evans et al., 2020; Logan et al., 2021). A core group of 56 ASVs
were present under both the ambient and reduced UV treatments and these
represented an average of 98.9% of reads per sample (Figure 3.3). The other 88 ASVs
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(those found only on either ambient or reduced UV treatments) represented only 1.1%
and 1.0% of reads on tillers in those treatments respectively.

Table 3.3. Identities and relative abundance of the eight ASVs with mean read
abundances >1% per sample. Relative abundance is reported as the proportion of total
reads on each sample attributable to that ASV, averaged across all four treatments.
Relative
ASV
Division
Species
Abundance
ASV_6 Ascomycota
Alternaria sp.
3.4%
ASV_2 Ascomycota
Aureobasidium pullulans complex
25.5%
ASV_4 Ascomycota
Aureobasidium pullulans complex
7.3%
ASV_8 Basidiomycota
Cryptococcus/Filobasidium sp.
1.7%
ASV_1 Ascomycota
Neophaeothecoidea proteae
40.9%
ASV_3 Ascomycota
Neophaeothecoidea proteae
6.5%
ASV_5 Ascomycota
Phaeococcomyces mexicanus
4.6%
ASV_7 Ascomycota
Phaeococcomyces mexicanus
2.5%

Table 3.4. Results of PERMANOVA test of differences in fungal community
composition (Bray-Curtis distance) across the four radiation treatment levels and days
in the field. Only samples at 30 months and 36 months had extractable DNA, so Time
denotes only the difference between those two time points, not the full length of the
experiment. N = 90 samples.
Source
df
SS
F
P
Treatment
3
0.632
1.18
0.292
Time
1
0.117
0.653
0.601
Treatment*Time 3
0.552
1.03
0.394
Residuals
82
14.7
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Figure 3.3. (left) NMDS (Bray-Curtis distance) of fungal community composition at 30
months and 36 months (both time points are combined since there was no significant
difference in fungal communities at the two times). Shapes are convex hulls for each
treatment. (right) Venn diagram of Amplicon Sequence Variants found in only the
Ambient UV treatments (i.e., No Shelter and UVpass controls), only the Reduced UV
treatments (i.e., UVblock and Shade treatments), and those found at both UV levels.
The percentages in parentheses show mean relative abundance of those ASVs per
sample averaged across all samples. Percentages do not sum to 1 due to rounding.

Across all treatments, the fungal community was dominated by a small group of
highly abundant taxa. Eight ASVs belonging to five taxa had mean relative abundance
>1% reads per tiller and collectively, these made up an average of 92.4% of reads per
sample (Figure 3.4) (Table 3.3). Two ASVs that were identified as Neophaeothecoidea
proteaei constituted 47.4% of total reads and another two ASVs identified as
Aureobasidium pullulans complex constituted 32.8% of total reads.
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Fungal community structure was not significantly different among the radiation
treatments (Figure 3.3) (Table 3.4). This was the case whether we treated the four
treatments separately or aggregated by UV level (Table S3.1). Community
composition did not differ between the 30-month and 36-month collection points, so
we combined the time points for subsequent analysis (Table 3.4). When we looked at
the relative abundances of individual taxa using DESeq, four of the 144 ASVs had
significantly different abundances (P < 0.05) under the ambient UV treatments versus
the reduced UV treatments. All four were more abundant in the reduced UV
treatments, compared to the ambient (Table 3.5). However, these taxa were not
abundant overall, collectively constituting 0.59% of total reads under ambient UV
conditions and 1.5% of reads under the reduced UV treatments.

Table 3.5. Identities and relative abundance of the four taxa that had significantly
different abundances under ambient compared to reduced UV treatments. Relative
abundance percentages are based on average read abundance per tiller. Adjusted pvalues are from DESeq comparison of abundances among the two UV levels.
ASV

Species

ASV_14
ASV_15
ASV_16
ASV_34

Symmetrospora sp.
Unknown Teratosphaeriaceae
Aureobasidium pullulans complex
Symmetrospora sp.

Rel. Abundance
(Ambient UV)

Rel. Abundance
(Reduced UV)

Adjusted
P-value

0.18%
0.26%
0.15%
0.0042%

0.45%
0.36%
0.52%
0.11%

0.025
0.012
0.01
0.011
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Figure 3.4. Mean relative abundance of reads from the eight ASVs with mean relative
abundances >1% per tiller. Collectively the eight ASVs sum to a mean relative
abundance of 92.4% of reads per tiller. Repeat names occur because, sometimes,
multiple ASVs were identified as belonging to the same taxon, at least to the level we
were able to confidently identify.

DISCUSSION
We show that solar radiation accelerates litter decomposition in a hyperarid
desert, but the composition of litter-associated fungal communities is largely
insensitive to our experimental mainuplations of solar radiation. While some rare taxa
increased in abundance when radiation was reduced, the dominant fungi on litter
appeared unaffected by radiation at levels observed in the field. That we did not
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observe a strong effect of solar radiation on fungal communities may be because the
species pool available to colonize litter (either from endophytes or via airborne
dispersal following plant senescence) is pre-filtered to select for taxa that are highly
resistant to radiation stress. Fungi that decompose litter in the Namib must tolerate
the prolonged dry periods as well as the intense solar radiation, and the combined
effect of these two selection pressures may be a highly UV-tolerant fungal community.
Many of the dominant fungi we identified on litter in this hyperarid desert are
well-known polyextremophiles with wide geographic and niche ranges. Phaeococcomyces
mexicanus has been found as an epiphyte on desert shrubs (Moreno-Rico et al., 2014), a
leaf endophyte (Ricks and Koide, 2019), and in Antarctic snow (de Menezes et al.,
2019) and is related to the black yeasts, which are notoriously tolerant of
environmental stressors associated with both low water activity and radiation
(Gostinčar et al., 2010). Members of the basidiomycetous yeast genus
Cryptococcus/Filobasidium have been primarily isolated from soils and plant florets but
have also been found in alcoholic drinks and the intestines of lab mice and pigeons
(Kwon-Chung, 2011) as well as in Antarctic soils, suggesting high a tolerance of cold
and desiccation, at least among some strains (Arenz et al., 2006). Members of the
Aureobasidium pullulans complex (which represent the second and third most abundant
ASVs) are well known polyextremophiles found in hypersaline water, glacial ice,
aviation fuel tanks, and in epiphytic and endophytic lifestyles worldwide (Gostinčar et
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al., 2014). That these taxa were relatively insensitive to solar radiation was
unsurprising. In fact, at least two other photodegradation studies have reported no
change in Aureobasidium spp. abundances after manipulating UV radiation in the field
(Newsham et al., 1997; Gallo et al., 2009) (we could not find any studies that reported
radiation tolerances of our most abundant fungus, Neophaeothecoidea proteae, partially
because the genus was first described in 2014).
In general, the dominant litter-associated fungi under all radiation levels are
highly stress-tolerant taxa with fairly wide geographic and niche ranges. This
corroborates previous work we have done which found that both litter-associated and
airborne/fog-dispersed fungal communities in the Namib contain many stress-tolerant
and extremophilic taxa (Jacobson et al., 2015; Evans et al., 2019; Logan et al., 2021).
This also supports the hypothesis that the fungal community is relatively insensitive to
changes in solar radiation because the available species pool consists largely of robust,
stress-tolerant taxa, and would explain why even after 36 months, the dominant fungi
on shaded tillers were the same as those that thrived in direct sunlight.
To our knowledge, this study is the first to report litter-associated fungi’s
responses to UV radiation in an extremely hyperarid system (MAP <50 mm). In this
setting, we did not find evidence of photoinhibition of fungal decomposition that has
been described at other sites. Reducing UV-B radiation altered litter-associated fungal
and bacterial communities in a sub-Antarctic shrub community (Pancotto et al., 2003)
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and a deciduous forest (Pieristè et al., 2020), since some taxa were more susceptible to
UV radiation stress than others. Increasing UV-B radiation also altered the dominant
fungi on litter in a subarctic heath system (Gehrke et al., 1995). Each of these three
studies was conducted in systems that, while not all considered mesic, were wetter
than ours (MAP = 499, 852, and 310 mm respectively). A study conducted along an
arid riparian zone (MAP = 250 mm) found that reducing solar radiation had no
detectable effect on fungal community composition (Gallo et al., 2009). In this study,
litter was colonized by similar extremophilic taxa to those we found, including
Aureobasidium spp. and Alternaria spp. While we cannot draw definitive conclusions
from these few studies, these findings support the hypothesis that under more arid
conditions, litter-associated fungi are more tolerant of radiation stress and therefore
experience less photoinhibition. Whether this is due to trait correlations between
radiation and desiccation response mechanisms, pre-filtering of the available species
pool, or other drivers, is an area for future research.
Four ASVs had greater relative abundances when UV radiation was reduced
(Table 3.5), though a literature search yielded no clear explanation based on their
known ecology. One ASV belongs to Teratosphaeriaceae, a family whose members are
found in highly acidic soils and alpine and Antarctic desert rock surfaces, several of
which are highly melanized (Ruibal et al., 2009; Hujslová et al., 2013). Symmetrospora
sp. is a recently described yeast typically found on leaf surfaces though also isolated
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from decaying wood, beetle guts, and elsewhere (Haelewaters et al., 2020). Finally,
one ASV was identified as Aureobasidium pullulans complex, the polyextremophilic
fungus discussed above that is known for its hardiness. Collectively these results do
not suggest that these fungi would be particularly susceptible to radiation stress.
Logan et al. (2021) found a similarly surprising pattern where some fungi that showed
preference for a hotter, more arid site in the Namib had congenerics who appeared
more abundant at a cooler, wetter site. This could be due to strain-level variation in
stress responses among taxa, though this is unlikely since traits relevant to stress
tolerance are often conserved at much higher taxonomic levels (Treseder and Lennon,
2015). More likely, this represents a limitation in our ability to confidently delineate
biologically meaningful differences in abundance among rare taxa with relatively few
reads. That the most abundant taxa showed no difference in abundance among
radiation treatments and those that did show significant differences were relatively rare
and had no clear pattern of greater susceptibility to radiation stress suggests that, on
the whole, litter-associated fungal communities in this system have a high tolerance for
radiation stress.
Tillers with their initial fungal communities removed by autoclaving showed
strong differences in mass loss rates under the different radiation treatments. These
results must be interpreted carefully because, while we removed the endophyte
community present at the time of deployment, air-dispersed fungi likely still colonized
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them after deployment (Wenndt et al. in press). In addition, autoclaving can alter
litter chemistry and physical properties, which can affect subsequent decomposition
(Howard and Frankland, 1974; Berns et al., 2008). Since we did not measure the size
of the fungal community on these tillers upon collection, we can only say that the size
of the microbial communities in the early stages was smaller than on the non-sterile
controls (we could not destructively sample these tillers because they are part of
another ongoing, long-term study and so were redeployed to the field after being
weighed). While this limits our ability to compare between the sterilized and nonsterilized litter, the strong effects of solar radiation (including both visible and UV
radiation), even when fungal loads are reduced, lends support for the conclusion that
abiotic photodegradation plays an important role early in the litter decay process.
Given our finding that the dominant fungi were equally abundant under different
radiation levels, and tillers with reduced fungal loads had strong differences among the
radiation treatments, we suggest that alteration of fungal communities by solar
radiation (and subsequent slowing of mass loss) may be relatively unimportant in
hyperarid systems compared to direct photochemical changes to the litter.
While we did not observe large changes in the community of dominant taxa
under our treatments, this does not mean they were completely insensitive to solar
radiation. Exposure to UV and near-UV radiation can induce significant changes in
fungal physiology (Manning and Tiedemann, 1995). For example, many fungi increase
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pigment production when exposed to radiation stress (Palacio-Barrera et al., 2019) and
several of the most abundant fungi in our study are known to produce dark, melaninbased pigments including Aureobasidium pullulans complex (Gostinčar et al., 2014),
Alternaria alternata (Häggblom and Unestam, 1979), and Phaeococcomyces sp. (Butler,
1987). Stress-tolerant fungi tend to grow slower and have lower decomposition rates
in the field, because energy that could have otherwise been devoted to growth is spent
on stress protection mechanisms (Lustenhouwer et al., 2020). Had the fungi in our
study had strong physiological responses to radiation exposure, it would likely have
decreased their decomposition ability and may have reduced overall fungal biomass by
slowing growth rates (Pieristè et al., 2020), both of which would have slowed
decomposition. Instead, we saw the opposite pattern. That decomposition was greater
under high radiation treatments does not preclude the possibility that these
physiological stress responses occurred, but it does mean that any inhibitory effects
radiation might have had on fungi’s decomposition ability were overshadowed by the
strong stimulatory effects of increased photodegradation. This is consistent with
previous work demonstrating the importance of direct photochemical changes to litter
in hyperarid systems (Logan et al. in review).
The proliferation of trait-based approaches in microbial ecology has made it
easier to answer questions linking community composition with biogeochemical cycles
(Lustenhouwer et al., 2020; Põlme et al., 2021). Since litter-associated fungal
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communities in the Namib are small (fewer than 20 dominant taxa) compared to those
in mesic soils (Tedersoo et al., 2014; Logan et al., 2021), these systems may be
particularly amenable to using culture-based assays of fungal traits to examine
community-level responses to environmental stressors (Wenndt in press; Jacobson et
al., 2015). Combining these approaches with metabolomics and other trait-based tools
to examine how individual taxa respond to radiation stress (as well as correlations with
desiccation and thermal stress tolerances) can expand our understanding of how the
biotic and abiotic effects of solar radiation interact with one another to drive litter
decomposition.
Photodegradation and photoinhibition act in concert to determine the net effect
of solar radiation on litter decomposition. Recent modeling efforts have shown that
incorporating photodegradation and photoinhibition into the litter decay components
of earth system models can improve model performance in drylands (Chen et al., 2016;
Adair et al., 2017). We show that in particularly arid systems, the stimulatory effects
of photodegradation may be more important than the inhibitory effects of
photoinhibition because of fungal decomposers’ high tolerance of radiation stress. If
indeed fungal communities under extreme aridity are more resilient to radiation stress,
as our study suggests, then increasing aridity in some regions as a result of climate
change may influence how resilient decomposer communities are to radiation stress
and potentially modifying the influence of solar radiation on carbon turnover.
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APPENDIX
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Table S3.1. Results of PERMANOVA test of differences in fungal community
composition (Bray Curtis distance) across UV treatment and days in the field. This
table differs from Table 3.4 in that this combines the No Shelter and UVpass controls
into one treatment and the UVblock and Shade treatments into another, giving only
two treatment levels based on UV radiation exposure. Only samples at 30 months and
36 months had extractable DNA, so Days denotes only the difference between those
two time points, not the full length of the experiment. N = 90 samples.
Source
UV level
Days
UV level*Days
Residuals

df
1
1
1
86

SS
0.164
0.114
0.270
15.4

F
0.913
0.637
1.15

P
0.404
0.622
0.179

Figure S3.1. UV transmission spectra of UVblock (solid) and UVpass (dashed) filter
materials, measured on a UV-2401 PC spectrophotometer (Shimadzu, Kyoto, Japan).
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Figure S3.2. Broadband UV-A + UV-B irradiation under each treatment over the
course of a day. Values are expressed as percentages relative to unobstructed sun light.
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Radiation filter

Rack containing grass tillers
Figure S3.3. (Left) Solar radiation filters with litter rack underneath. (Right) An
example litter rack. The “rungs” of the “ladders” are S. sabulicola stems ~ 0.5 cm in
diameter and 9 cm long.

Figure S3.4. Temperature (top), Relative Humidity (middle), and leaf wetness
percentage (bottom). For each plot, measurements made under two replicate shelters
are plotted relative to the average of two “no shelter” controls at the same time. The
plots show a small shelter effect of microclimates on some nights.
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CHAPTER FOUR:
ACCOUNTING FOR NON-RAINFALL MOISTURE AND TEMPERATURE
IMPROVES LITTER DECAY MODEL PERFORMANCE IN A FOG-DOMINATED
DRYLAND SYSTEM
If indeed deserts are ‘simple systems’ we should now… be able to understand their workings quite
well and to apply this understanding in models of predictive value.
Immanuel Noy-Meir (1981)

INTRODUCTION
Drylands play an important part in the global carbon cycle, but we still lack a
strong understanding of carbon cycling in these systems. Historically, ecosystem
models have underestimated dryland litter decomposition rates (Parton et al., 2007;
Adair et al., 2008). This is partly because the models are driven by rainfall, assuming
little to no decay between precipitation events. While rainfall pulses play a large role
in dryland systems (Noy-Meir, 1973; Seely and Louw, 1980), considering rain alone
does not fully capture litter decomposition in these systems. This may be partially
because much decomposition occurs at and above the soil surface, and aboveground
litter decomposition is less sensitive to large rain pulses than is belowground decay
(Jacobson and Jacobson, 1998; Austin, 2011). Abiotic processes including
photodegradation, aeolian erosion, and thermal degradation that drive aboveground
litter decomposition can degrade litter regardless of moisture conditions (Austin,
2011) and rain events as little as 1 mm can facilitate microbial activity (Collins et al.,
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2008). Finally, non-rainfall moisture (fog, dew, and water vapor: NRM) can support
substantial biotic decomposition of plant litter, even in the absence of rain (Dirks et al.,
2010; Jacobson et al., 2015; Wang et al., 2017a). These findings demonstrate that
carbon and nutrient cycling in drylands are not restricted to precipitation pulses and
that NRM is an crucial driver of dryland biogeochemical cycles. As our understanding
of the importance of NRM in arid and semi-arid ecosystems evolves, we need to update
our conceptual and predictive models to incorporate these important drivers of
ecosystem processes.
Despite growing recognition of NRM’s importance, current litter decay models
do not explicitly account for its ability to support decomposition. This is partly
because field-based studies of NRM-driven decomposition are scarce and so far, have
mostly focused on documenting single cases and understanding mechanisms. Recent
studies have shown that the rate of NRM-driven decomposition depends on many
factors including the frequency of humid conditions (Evans et al., 2020), the
composition of decomposer communities (Logan et al., 2021), and interactions with
other processes like photodegradation (Logan et al. in review; Wang et al., 2015;
Gliksman et al., 2017). These insights have been very helpful in demonstrating that
NRM-driven decomposition occurs and identifying its various mechanisms. However,
before we can incorporate NRM into mechanistic earth system models we need multiyear studies that quantify the relationship between NRM and mass loss across a range
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of environmental conditions (Bonan et al., 2013), something that has not been done to
date.
One recent attempt to model NRM-driven decomposition has shed light on this
challenge. Evans et al. (2020) developed a model that treated decomposition as a pulse
process that could be triggered by either rain or NRM when conditions met a given
criterion (i.e., when relative humidity was above a given threshold or when dew was
present as determined by a leaf wetness sensor). They found that accounting for NRM
produced mass loss estimates that were considerably higher than those from a rainonly model and that these new estimates were within the range observed in the field.
This approach showed that NRM can improve mass loss estimates, but it included
several simplifying assumptions that need to be tested before NRM can be incorporated
into models more generally. First, they modeled annual mass loss by measuring
instantaneous respiration rates and scaling them up to annual timescales. This showed
that the NRM-driven biotic activity on the scale of individual events can be used to
estimate long-term mass loss rates over several months, albeit with wide error
estimates. A better approach would be to validate model predictions by formally
integrating rates of mass loss at multiple sites and in multi-year field studies (Bonan et
al., 2013). Studies where meteorology and decomposition are both measured and
quantifiably linked to one another are currently lacking.
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Second, their model treated decomposition as essentially a pulse process that
could be triggered by either rainfall or NRM, but responded similarly to both (in other
words, as long as the threshold condition was met, decomposition was considered to
be “on”). While rainfall and NRM may induce similar decomposition rates for a
similar moisture level, this approach does not allow the possibility of continuous
responses. For example, litter moisture content varies with relative humidity
(Tschinkel, 1973; Dirks et al., 2010) so a sensitivity function that allows instantaneous
decay rates to vary depending on the magnitude of the NRM event may be more
appropriate than a simple threshold trigger. Finally, their model did not include
temperature dependence, despite decomposition being highly sensitive to temperature
in almost all terrestrial systems (Sierra, 2012; Sierra et al., 2015). Relative humidity is
closely linked to air temperature, and average temperature during NRM events is often
considerably lower than during rain events (Logan et al., 2021). Developing more
powerful NRM-driven litter decay models may therefore require incorporating
continuous moisture responses and temperature sensitivities to accurately capture
decomposition dynamics, though to date these remain untested.
We set out to determine whether incorporating NRM into a simple litter decay
model improved model performance in an NRM-dominated system. We tested
multiple potential relationships between meteorological variables and litter decay rates
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in an attempt to parameterize a model of NRM-driven decomposition. We had two
main objectives:
1. Use a novel dataset to evaluate multiple methods of modeling litter
decomposition as a function of NRM.
2. Determine how important temperature sensitivity is in NRM-driven litter
decomposition models.
We drew upon literature on soil organic matter decomposition and rainfalldriven litter decomposition to identify potential moisture and temperature sensitivity
functions (Sierra et al., 2015). To evaluate models, we conducted a 30-month, multisite litter decomposition study that spanned a ten-fold magnitude of NRM frequency.
By placing litter across this gradient and making continuous meteorological
measurements alongside mass loss, we were able to quantify the relationship between
NRM and litter decay on a multi-year timescale for the first time. Finally, we used a
Bayesian model-data integration approach to parameterize mass loss models using
several temperature and moisture sensitivity functions and used model selection
criteria to identify the best models.
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METHODS
Empirical Measurements
We conducted our study in the central Namib Desert in western Namibia. The
Namib Desert is a coastal fog desert, with a steep NRM gradient across a narrow
geographic range (Eckardt et al., 2013). Rain is scarce in the Namib and NRM is
expected to be responsible for the vast majority of litter decomposition (Evans et al.,
2020). We leveraged the FogNet weather array, a network of meteorological stations
throughout the central Namib Desert that is part of the Southern African Science
Service Centre for Climate Change and Adaptive Land Management (SASSCAL;
www.sasscalweathernet.org) and maintained by the Gobabeb Namib Research Institute
(www.gobabeb.org) (Figure S4.1). Each station measures air temperature, relative
humidity, wind speed and direction, soil temperature, leaf wetness state, rainfall, and
fog precipitation on a Juvik fog screen. The sites are all located within 70 km of one
another but span an order of magnitude in NRM frequency: wet conditions (fog or
dew) occurs for 3.1% of the year (quantified by hours wet) at the driest site and 25.3%
at the wettest, but a full characterization of meteorology across these sites was part of
this study. Weather data were recorded once per minute and converted to hourly
averages for analysis.
At six sites, we deployed senesced tillers of Stipagrostis sabulicola to monitor mass
loss. S. sabulicola is the dominant grass in the Namib Sand Sea with globally distributed
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congenerics (Roth-Nebelsick et al., 2012). Since litter-associated fungal communities
can respond differently to NRM based on their history of exposure to different
moisture regimes (Logan et al., 2021), we collected all tillers from the same site
(Gobabeb) so the initial fungal community would be the same. To avoid potential
microclimate effects of traditional litter bags (Xie, 2020), we measured mass loss by
placing tillers in litter racks, custom-made wooden frames designed to hold grass tillers
while keeping them completely exposed to ambient solar radiation and moisture
conditions (Figure S4.2). Every six months for 30 months, we collected a subset of ten
tillers at each site and weighed them. Tillers were destructively harvested at each time
point, so in our final dataset, each tiller was weighed prior to deployment and once
again when it was collected.
To assess the effects of NRM on litter decomposition throughout the decay
process, we deployed litter at two stages of decay. Categories were based on previous
observations of S. sabulicola decay in situ in the Namib (Logan et al., 2021). Early-stage
tillers were tillers that had senesced in the preceding two months, had no visible fungal
growth, and had visibly intact cuticles (Figure S4.2). Late-stage tillers were harvested
from upright plants that have likely been standing for at least one year post-senescence
and were characterized by coverings of light and dark-pigmented fungi and a cracked
cuticle that was considerably more permeable to water. Previous work found similar
measures of gross litter quality (including C:N ratios, total lignin, and lignin:N
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content) between litter at these two stages, and found that the primary difference
between the two is the level of fungal colonization and state of cuticle degradation,
with late-stage tillers harboring much larger fungal communities (Logan et al., 2021).
Since we only collected standing grass litter that had not fallen over yet, our
terminology of “early” and “late” does not reflect the entire decomposition process but
is meant to highlight relative successional differences between the litter stages based
on time since senescence and saprophytic community size.

Model Description
To model the effect of NRM on litter decomposition, we began by modeling
decay rates using a simple exponential model of the form:
#(%) = #" ) #$!"" &

(Equation 4.1)

Where M(t) is mass at time t, M0 is initial mass, and keff is the effective litter decay
constant. This approach captures typical litter decay dynamics, with a rapid initial
decay phase followed by slower mass loss over time. We determined an effective decay
rate for each site and litter stage, plotting this as a function of the total NRM time and
accumulated rainfall at that site.
This approach, whereby we fit a separate effective decay rate for sites with
different climates, is a common approach to describe how litter decomposition varies
under different climatic conditions (Zhang et al., 2008). However, because it treats
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mass loss as solely dependent on the decay rate and time, this approach achieves no
generality about the underlying relationship between decomposer activity and climate
or litter characteristics. Instead, each estimated effective decay rate is only valid under
the specific set of environmental conditions from which it was derived. Thus, while
this approach allows one to compare decay rates among sites with different climates, it
does not permit testing of specific hypotheses about the nature of the climate-decay
rate relationship, independent of sites. To allow better comparability to other studies,
we first used this approach to estimate site-specific effective decay rates. We then
added moisture and temperature dependence as described below to determine how this
improved model performance.
We incorporated NRM and temperature dependence by allowing them to
modify an intrinsic litter decay (kint) term, which represents the rate of litter decay
under ideal, non-limiting conditions according to:
'((&)
'&

= −++,& ,(%) ℎ(%) #(%)

(Equation 4.2)

Or equivalently,
#(%) = #" ) #$#$% & -(&) .(&)

(Equation 4.3)

Where h(t) and g(t) are sensitivity functions for NRM and temperature respectively.
Unlike the simple model described by Equation 4.1, in this model, the litter decay rate
(kint) is the maximum rate under ideal temperature and moisture conditions, which is
then modified downward by the sensitivity functions (with the exception of Q10
135

temperature sensitivity function that allows increasing decomposition above a
reference temperature). This allowed us to test specific hypothesized relationships
between moisture and litter decay rates, both within and between sites depending on
how we choose to fit the parameters (i.e. separate fits for each site or global parameter
estimates). Using a one-pool model allowed us to simplify the intrinsic decay
component of the model and focus on the effect of different temperature and moisture
sensitivities. We discretized the model using hourly meteorological data, calculating
the instantaneous rate of mass loss for each hour as:
($&'
($

= 1 − Δ%, ++,& ,(%, ) ℎ(%, )

(Equation 4.4)

Operationally, mass loss was calculated as the cumulative product of the instantaneous
decay rate at each hour.

Sensitivity functions
Since litter decomposition can occur in response to both liquid water in the form
of dew and fog (Jacobson et al., 2015) or from water vapor under humid conditions
even in the absence of liquid water (Dirks et al., 2010), we tested separate sensitivity
functions based on either relative humidity levels, or based on a measurement of the
presence of liquid water. Sensitivity functions are presented in Table 4.1 and shown in
Figure 4.1. The threshold model is binary, allowing decomposition to happen at the
intrinsic litter decay rate if and only if relative humidity is above a specified threshold
136

(RT). This simple approach has yielded mass loss estimates similar to those measured
in the field previously (Evans et al., 2020). To account for possible saturation at high
relative humidities, we also evaluated a logistic sensitivity model that allows the rate of
decomposition potential to slow as relative humidity nears 100%. The exponential
moisture model allows decomposition rates to increase exponentially with relative
humidity, reflecting the relationship between litter moisture content and relative
humidity that is often seen in both controlled (Tschinkel, 1973) and field conditions
(Dirks et al., 2010). Each sensitivity function was normalized to 1 when relative
humidity was 100%. Finally, we tested a fourth function based on the presence or
absence of liquid water as measured by a leaf wetness sensor during which
decomposition occurred at the intrinsic decay rate when conditions were wet and not
at all when conditions were dry. Previous work showed that relative humidity can
accurately predict leaf wetness state (Sentelhas et al., 2008; Evans et al., 2020), so we
expected this model to perform similarly to the threshold model.
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Figure 4.1. Temperature and NRM sensitivity functions included in the models. Each
curve shows one parameter combination chosen by randomly sampling around a
specified set of priors as identified in Table 4.2. The wetness moisture function has no
parameter and is simply the proportion of time during each hour that the leaf wetness
sensor detected the presence of liquid water.
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Table 4.1. Moisture and temperature sensitivity functions. The first three moisture
functions are based on relative humidity and the fourth is based on leaf wetness state.
Moisture functions are normalized to 1 at 100% relative humidity and temperature
sensitivity functions are normalized to 1 at Tref and Topt.
Class
Moisture

Name
Threshold

Moisture

Exponential

Moisture

Logistic

Moisture
Temp.

Wetness
Q10 Model

Temp.

Gaussian

Model
ℎ(#$) = '((#$ > #! )
"##$%&

ℎ(#$) = 2%!.# $"##
ℎ(#$) =

1 + . ( (%!.# $"##)
1 + . ( (%!.# $%&)

ℎ(/01) = /.2(0.34.551323.
(!$ !$%& )/"#

6(7) = 8"#
6(7) =

!$ !'() *
$#.-.
4
/0123
.

Parameters
RT = relative humidity
threshold
R0.5 = RH value at half
saturation point
r = logistic growth rate
R0.5 = RH value at half
saturation point
None
Q10 = Q10 coefficient
Tref = Reference temperature
stDev = standard deviation
Topt = Optimal temperature

To model temperature dependence, we tested two common temperature
sensitivity functions: a Q10 model and a Gaussian distribution. Q10 sensitivity is a
monotonically increasing function that is used to model many biological process
including litter decomposition (Sierra et al., 2015). Each increase of 10°C above a
reference temperature (Tref, often the site’s mean temperature), results in an
acceleration of the process in question by given amount, called the Q10 coefficient. To
account for possible negative temperature dependence above an optimum temperature
(Topt), we also tested a Gaussian temperature sensitivity function. A Gaussian function
is often particularly well suited for describing aggregated responses of entire
communities (Low-Décarie et al., 2017), as is the case for the fungal communities on
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our tillers (Logan et al., 2021). Temperature sensitivity was normalized to 1 at Topt in
the Gaussian model and Tref in the Q10 model. We tested each combination of moisture
and temperature functions (as well as moisture-only and temperature-only versions)
for a total of 15 different litter decay models.
To understand the nature of the different models and compare them across a
range of conditions, we performed two model runs. First, we explored a large
parameter space to determine how parameters interact with one another across a wide
range of hypothetical conditions. This included parameter values outside of realistic
ranges (for example, relative humidity thresholds from 5-99% and an intrinsic litter
turnover time from 0.1-100 years). This allowed us to see how parameters interacted
with each other within the different models and explore general properties of each
model. Next, to assess which models performed best under realistic conditions, we
constrained the parameter space to more accurately reflect real world parameter values.
For this model run, we determined optimal values for each parameter based on lab and
field incubations and then randomly varied parameter combinations around these
values (see below). Parameter definitions as well as constrained values used in the
second model run are reported in Table 4.2. Figure 4.1 shows the range of
temperature and moisture sensitivities we used in the constrained model run.
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Table 4.2. Parameter definitions and values used to constrain the second model run to
realistic conditions. Means ± standard deviation are shown. For Q10, Topt, and stDev,
models were actually run with two standard deviations (i.e. twice the value shown
below).
Parameter
Log10
Turnover
Time
(1/k)
Tref

Definition
Intrinsic turnover time
(i.e. turnover time
under ideal temp &
moisture conditions)
Reference temp for
Q10 function

Model (type)
All

Value
1 ± 1 year

Q10 (temp)

12.3°C

Q10

Q10 sensitivity

Q10 (temp)

2.38 ± 0.292 °C

Temperature
incubations (Figure 4.2)

Topt

Optimum temperature
for Gaussian
distribution
SD around Topt for
Gaussian distribution

Gaussian (temp)

29.7 ± 2.37 °C

Temperature
incubations (Figure 4.2)

Gaussian (temp)

6.59 ± 3.02°C

Temperature
incubations (Figure 4.2)

R0.5

RH value where
moisture sensitivity is
50% of maximum

Exponential
(NRM)
Logistic (NRM)

90 ± 10%

RT

RH value above which
decomp is “on”

Simple threshold
(NRM)

90 ± 10%

r

Rate of logistic growth

Logistic (NRM)

1±1

Range of humidity
conditions during which
NRM typically occurs
(Evans et al. 2020)
Range of humidity
conditions during which
NRM typically occurs
(Evans et al. 2020)
Smaller values
approximated a straight
line; higher values
resembled the simple
threshold model

stDev

Justification
Estimated from
maximum respiration
rate from previous
studies
Mean temp when wet

We used the Akaike information criterion (AIC) to compare the constrained
models to one another to determine which was the best fit to the data. AIC is a model
selection criterion that rewards goodness of fit based on a log likelihood function while
penalizing models with greater parameters to reduce overfitting biases (Aho et al.,
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2014). We report AIC values for all combinations of models from the constrained
parameter run to compare model performance under realistic scenarios.

Constraining Parameter Space
To constrain temperature parameters, we performed a lab incubation of S.
sabulicola tillers. We varied the temperature from 10-35°C at 5°C steps, allowing litter
to equilibrate for 60 minutes before measuring respiration. We sprayed seven tillers
with sterile deionized water until they were saturated to stimulate fungal activity and
placed them in 55 ml acrylic tubes connected to a LI-8100A gas analyzer (LI-COR
Biosciences, Lincoln, Nebraska, USA), measuring mean flux during 3 minute
incubations. To measure the response of the specific fungal communities associated
with litter used in the field study, all tillers used in the lab incubation were collected at
Gobabeb, the same site where litter in the mass loss experiment was collected.
To calculate Q10, we excluded the measurements at 35°C (when response
becomes negative) and then used the ‘Q10’ function in the respirometry package in R to
calculate a separate Q10 value for each tiller (Birk, 2021). For the reference
temperature, we used the mean temperature when leaf wetness sensors were “wet”
across all sites (12.3°C). This value was fairly constant among sites, varying by less
than 0.9°C (Figure S4.3). For the Gaussian moisture sensitivity parameters, we used
the ‘optim’ function in R to find the temperature optimum (Topt) and standard
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deviation (stDev) around the optimum after normalizing flux rates to the maximum
rate measured for each tiller (R Core Team, 2020).
The turnover time represents the litter’s intrinsic decay rate under ideal
temperature and moisture conditions and is equivalent to the inverse of kint, the
exponential parameter in the decay function. To place a lower boundary on this value,
we examined previous studies that measured respiration from Stipagrostis sabulicola
under wet conditions and extrapolated to estimate a minimum turnover time (in years)
under ideal, non-limiting conditions. Jacobson et al. (2015) reported respiration rates
from wet S. sabulicola tillers as high as 1.5 μg CO2-C g-1 litter hr-1, corresponding to an
intrinsic turnover time of ~0.63 years, assuming 50% of plant litter mass is carbon.
This is within the range of intrinsic turnover rates reported for other grasses (Zhang et
al., 2008). We therefore used a turnover time with a mean of 1 year around a lognormal distribution.
We varied the logistic growth parameter (r) of the logistic moisture sensitivity
function from around 1, because at much lower values, it began to resemble a straight
line and at higher values, it converged on the simple threshold model. Since we were
interested primarily in how to model NRM’s effect on litter decomposition, and since
we had constrained temperature parameters based on our litter incubation experiment,
we plotted parameter space combinations for moisture variables, averaged across the
range of temperature parameters.
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RESULTS
Meteorological Conditions and Temperature Incubations
Moisture conditions varied substantially among the sites. Hours of wetness
during the 30-month study ranged from 284 hours year-1 (3.1% of total hours) at the
driest site (Garnet Koppie) to 2333 hours year-1 (25.3% of total hours) at the wettest
site (Kleinberg). Drier sites tended to be warmer, though mean temperature spanned a
range of only 0.9°C among the sites (Table 4.3). Temperatures during NRM events
were lower and less variable than temperatures during dry periods (Table 4.3). Wet
conditions almost never occurred when temperature were above 20°C at any site
(Figure S4.3). Average relative humidity differed among the sites and was correlated
with hours of wetness. Rainfall occurred at all sites during the study period, ranging
from 26.4–64.2 mm, but did not correlate with NRM frequency. The optimum
temperature for respiration in the incubations was 30°C, showing a peak at 30°C with
flux rate dropping at 35°C (Figure 4.2).
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Figure 4.2. Temperature sensitivity of respiration from S. sabulicola tillers in a lab
incubation, used to constrain temperature parameters (mean ± 1 S.E.M., n = 8). Flux
rate is normalized to the rate at 30°C. Tillers were sprayed with deionized water until
saturated and respiration was measured at 5°C intervals.
Table 4.3. Summary of meteorological conditions at each site during the study showing
mean temperature when wet, mean temperature when dry, the proportion of total time
when conditions were wet (as determined by a leaf wetness sensor), accumulated
rainfall during the study period, and mean relative humidity throughout the year.
Temperature ranges in parentheses report the middle 95% of data.
Site
GK
GB
S8
VF
MK
KB

Tempdry (°C)
22.4 (12.67 - 32.34)
22.2 (11.35 - 33.42)
21.4 (10.92 - 32.49)
21.7 (11.75 - 32.37)
22 (12.73 - 32.09)
20.1 (11.01 - 30.91)

Tempwet (°C)
12.2 (6.88 - 19.17)
12.4 (6.24 - 17.91)
11.7 (5.66 - 17.4)
12 (6.34 - 16.38)
12.6 (8.00 - 16.59)
12.4 (6.69 - 17.07)

Wet
Hours
284
666
788
920
1456
2333

Prop.
Time Wet
0.03
0.07
0.09
0.10
0.13
0.25

Rain
(mm)
61.8
64.2
26.4
33.7
44.5
56.6

Mean Rel.
Humidity (%)
37.5
44.8
46.9
50.2
53.6
67.7

Litter Mass Loss
In general, mass loss was greater at sites with more NRM and lower at sites
with less NRM (Figure 4.3). There was a significant three-way interaction between
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litter stage, site, and time (Table S4.1). Within each site, early-stage and late-stage
litter decomposed at comparable rates for the first 18 months, but diverged after that
depending on the site. After 24 months at the two driest sites, early-stage litter lost
more mass than did late-stage litter. At the four wettest sites however, late-stage litter
experienced the greater mass loss (Figure 4.3).

3% wet

7% wet

9% wet

10% wet

13% wet

25% wet

Figure 4.3. Mass loss for early-stage (yellow) and late-stage (grey) tillers at each site
(mean ± 1 S.E.M.). Percentage values in the bottom of each panel show the average
proportion of time throughout the year that the site has liquid water condensation, as
determined by a leaf wetness sensor. Apparent increases in mass therefore reflect
variation among the tillers, not actual increases in tiller mass, since a subset of tillers
was destructively harvested at each collection time.
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When we used a simple exponential decay model without temperature and
moisture sensitivity (Equation 4.1), the effective decay rate at each site was correlated
with NRM duration but not accumulated rainfall (Figure 4.4). Late-stage litter (i.e.,
tillers with more well-established fungal communities) responded more strongly to
NRM than did early-stage litter; for every additional 1000 hours of wetness at a site,
effective decay rate increased 0.0043 for early-stage litter and 0.014 for late-stage litter
(Figure 4.4).

Figure 4.4. Effective decay rate calculated without temperature or NRM sensitivity
(Equation 4.1) relative to NRM frequency and accumulated rainfall during the study
period. Among sites, decay rate constant was strongly correlated with the proportion
of time that a site experienced NRM conditions (Early-Stage: R2 = 0.87, P = 0.007,
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Figure 4.4 (cont’d). slope = 4.311*10-6; Late-Stage: R2 = 0.80, P = 0.02, slope =
1.421*10-5) but was uncorrelated with total rainfall (Early-Stage: R2 = 0.01, P = 0.87;
Late-Stage: R2 = 0.14, P = 0.46).

Model Parameter Space Exploration
For the three NRM sensitivity functions based on relative humidity, parameter
values showed a tradeoff between turnover time and RH thresholds (Figure 4.5).
Parameter combinations with the lowest AIC scores featured either slow turnover
times and a low RH threshold (bottom right of plots) or faster turnover times and high
RH thresholds (upper middle of plots). When we fit parameters separately for each
site instead of globally, AIC values improved, but the actual values of the best
parameter combinations did not change (Figure S4.4). Similarly, fitting parameters
separately to early- and late-stage tillers did not produce different optimal parameters
(Figure S4.5).
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Moisture Function

Leaf Wetness Model

Temperature Function

Figure 4.5. Parameter fits for the first model run showing parameter combinations
across a wide range of hypothetical conditions. (Left) The three humidity-based NRM
functions showing the relationship between turnover time (1/kint) and relative
humidity threshold (RT or R0.5). Colors represent log10AIC scores with purple denoting
lower values and yellow denoting higher values. (Right) Parameter estimation for the
leaf wetness-based moisture function showing log10AIC as a function of turnover time
(1/kint). Plots have different numbers of points because of different numbers of
temperature parameters that were tested (the Gaussian temperature function has two,
the Q10 function has one, and the bottom plot has no temperature parameters).

Models that included Q10 temperature sensitivity converged on slower intrinsic
decay rates (i.e., longer turnover times) than did those using a Gaussian temperature
sensitivity or temperature-independent models (Figure 4.5). The wetness sensitivity
function yielded an optimal litter turnover time of 2.5 years under a moisture-only and
Q10 temperature sensitivity model (Figure 4.5). Using a Gaussian temperature
sensitivity yielded a faster intrinsic decay with an optimal turnover time from 0.5-1.5
years.
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Model Performance Comparison
Models that included NRM sensitivity had better fits than did the simple litter
decay model, but the best models included both NRM and temperature sensitivity
(Figure 4.6). While model fit improved (AIC scores were lower) whenever NRM
sensitivity was included, the degree to which NRM sensitivity improved fits depended
on which temperature sensitivity function was included in the model. In particular,
models with Gaussian temperature sensitivity performed better than did those with Q10
sensitivity or no temperature sensitivity. Surprisingly, after controlling for temperature
response, each of the four moisture functions had similar AIC scores, with no single
moisture model performing noticeably better than the others (Figure 4.6).
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Figure 4.6. Model performance (log10AIC scores) for each model combination of
temperature and moisture sensitivities. Each observation represents one parameter
combination after constraining them as described in Table 4.2. Lower scores denote
better fits. This only shows models constrained using realistic parameter estimates.

Including temperature sensitivity alone (without NRM) did not improve model
fit as well as modeling only NRM sensitivity (without temperature). All of the NRMonly models (Figure 4.6, bottom row) had better fits than did temperature-only models
(Figure 4.6, right column), though each showed a wide range depending on the specific
parameter combinations. In fact, an unconstrained model with Q10 temperature
sensitivity but no moisture sensitivity converged on an optimal Q10 value <1,
indicating a negative temperature dependence of litter decomposition (Figure S4.6),
the opposite of what we observed in the temperature incubations.
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When we compared one of the best models with temperature and NRM
sensitivity (a Gaussian temperature function and an exponential moisture function) to
a simple decay model that had no temperature or NRM sensitivity but varied effective
decay rate among sites (Equation 4.1), we found that the temperature and NRM model
performed better (Figure 4.7). The Gaussian-exponential model had lower AIC scores
and the slope of the observed vs. predicted values was closer to 1, yielding more
realistic mass loss predictions (0.85 for Gaussian-exponential model, 0.71 for simple
decay model).

R2 = 0.609
Slope = 0.85

R2 = 0.599
Slope = 0.71

Figure 4.7. (Left panel) Fit of the model based on Gaussian temperature sensitivity and
exponential moisture sensitivity versus a simple exponential decay model (without
temperature or NRM sensitivity) in which Keff is allowed to vary independently for each
site. The simple decay model depicted here differs from the one in Figure 4.6 because
this one uses Keff and is not constrained to the same set of parameters from there.
(Right two panels) Model predictions for the best version of the Gaussian-Exponential
model versus the simple decay model with site-specific Keff values. Solid lines are the
best fit lines and dotted lines are the ideal 1:1 line.

152

DISCUSSION
Decomposition is a crucial component of earth system models and NRM is an
important moisture source in arid and mesic grasslands worldwide. In a first attempt
at modeling NRM-driven decomposition, Evans et al. (2020) showed that decay rates
are faster when NRM is more frequent, but there has yet to be a scalable quantification
of the relationship between NRM and litter decay rates across a range of conditions.
Doing so is an important step to improving earth system models, which must be
validated with field measurements made under realistic conditions (Bonan et al.,
2013). Using a 30-month, multi-site experiment, we showed that explicitly accounting
for both temperature and NRM sensitivity improved a litter decay model in an NRMaffected system and examined how multiple sensitivity functions performed relative to
one another.
While incorporating either NRM sensitivity or temperature dependence
improved model performance, it was the inclusion of both that led to the largest
improvement. Decomposition’s temperature sensitivity often depends on moisture
conditions (Petraglia et al., 2019). For example, in soils, temperature typically
increases decay rates when moisture is abundant, but higher temperatures can dry out
soils, slowing decomposition (Bear et al., 2014). Similarly, in our system, NRM wets
litter, but tends to form at cooler temperatures, when decomposition is slower. Once
temperatures get high enough (in this case, above 20°C; Figure S4.3), wet conditions
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cease, making the positive effects of temperature moot. We find that this nuance
about NRM gives rise to unrealistic predictions when models include only one type of
sensitivity but not the other. For example, in our unconstrained model run, a model
with only temperature dependence, but no NRM sensitivity, converged on a Q10
temperature sensitivity <1, indicating negative temperature dependence (Figure S4.6),
even though incubation data clearly show a positive relationship across the range of
conditions tillers experience in the field (Figure 4.2). This shows that both
temperature and NRM sensitivity were needed to realistically capture litter decay
dynamics under NRM conditions, lest one mask the effects of the other with unrealistic
consequences.
The choice of temperature sensitivity function is often very important in
modeling biological processes and can lead to quite different predictions (Low-Décarie
et al., 2017). We found that model performance was better using a Gaussian rather
than a Q10 temperature sensitivity function. Surprisingly, we found that the different
NRM sensitivity functions, including both continuous and threshold functions,
described litter decay dynamics equally well. While the threshold, logistic, and
wetness moisture sensitivity functions share a general form in which decomposition
rates increase substantially above a specific relative humidity value, the exponential
function simulates gradually increasing decay rates at different relative humidity
values. In this sense, the exponential function more accurately mimics the moisture
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absorption curves seen in field and lab studies (Tschinkel, 1973; Dirks et al., 2010;
Evans et al., 2020). Despite these differences, however, each of these functions had
similar fits. This suggests that, while explicitly including sensitivity to NRM is
important, the specific manner in which NRM is represented in the model may be less
important. This means that NRM-explicit litter decay models in the future may be able
to represent NRM with fewer parameters by adopting a simple threshold approach,
eliminating the need to parameterize multiple moisture components. Since relative
humidity is a standard meteorological measure (unlike leaf wetness), future models
should able to use existing data sources to incorporate NRM, eliminating the need to
collect additional data with specialized instrumentation.
The humidity threshold at which litter moisture content can support biological
decomposition depends on several factors including the permeability of the litter to
water, the amount of time it spends in humid conditions, and the decomposer
community’s sensitivity to moisture (Logan et al., 2021; Tschinkel, 1973). In the
absence of rain, litter moisture content rarely reaches biologically significant levels
until relative humidity reaches at least 70-80%, often higher (Tschinkel, 1973; Dirks et
al., 2010; Evans et al., 2020). That early- and late-stage litter had similar relative
humidity thresholds for decomposition is surprising, given their apparent differences in
moisture absorption during fog events (Logan et al. in review), and previous
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hypotheses that NRM-driven decomposition rates may partially be a function of the
material’s ability to absorb moisture (Evans et al., 2020).
Despite converging on the same parameter values, model fits were much better
for late-stage litter than for early-stage litter (Figure S4.5). This could reflect the fact
that the larger fungal communities on late-stage tillers enable them to respond to
moisture more strongly than early-stage tillers, which do not have a large enough
decomposer community to have a strong biological response to NRM. This is
consistent with the results from our simple decay model (without explicit temperature
and moisture sensitivity), which showed that effective litter decay rates for late-stage
tillers were 3.3 times more sensitive to changes in NRM frequency than were earlystage tillers (Figure 4.4). Since the major differences between the early- and late-stage
tillers we used in this study are their degree of prior fungal colonization and their
ability to absorb water, this reinforces the importance of fungal communities as
mediators of decomposition’s response to NRM (Logan et al., 2021) and suggests that
plant litter properties related to moisture absorption may influence NRM-sensitivity
(Logan et al. in review). Examining whether these properties have the same influence
on NRM-driven decay of other plant species may increase the generalizability of the
response functions we present here.
Developing models that realistically predict carbon turnover is a multi-step
process that requires determining a model structure, parameterizing, and accounting
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for external forcings (Luo et al., 2015). Our goal was to compare several potential
structures for modeling NRM-driven litter decomposition, but fully incorporating NRM
sensitivity into existing earth system models will require additional work. This
includes identifying the appropriate temporal resolution at which to model NRM
events. The timesteps used by earth system models have shortened considerably over
the last two decades, to the point where processes that were once represented monthly
are now modeled on hourly timescales or less (Bolker et al., 1998; Bonan et al., 2013;
Sokolov et al., 2018). We used hourly averages of minute data to describe
decomposition rates, but do not yet know what temporal resolution is necessary to
fully capture NRM events. Future studies can compare estimates using minute data
(that have the benefit of capturing the wetting and drying dynamics of litter at the start
and end of NRM events) to daily timescales, that may estimate NRM-driven
decomposition from daily mean relative humidity. In the case of longer (daily)
timescales, temperature dependence would likely be best determined using the
minimum daily temperature instead of mean temperature, since minimum
temperatures are likely to occur at night when NRM is most common. Of course,
these methods will require additional testing at multiple sites, but since our models
were relatively insensitive to the specific nuances of how NRM was modeled, any of
several approaches may be appropriate depending on the structure of the
decomposition sub-model in question.
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Incorporating NRM into the model structure of existing earth system models
may also require integrating relative humidity with the moisture parameters typically
included in other decomposition models. Relative humidity per se is often represented
in the atmospheric component of models, but may not be directly incorporated into
carbon sub-models, many of which treat soil water content (which regulates soil
decomposition) as related to the ratio of rain to evapotranspiration (Necpálová et al.,
2015). If NRM-driven decomposition can be captured by proxies constructed from
evaporation, minimum temperature, and other values already included in carbon submodels, it may be easier to incorporate this novel process into existing modeling
approaches than if relative humidity must be explicitly incorporated, as that may
require increasing linkages between atmospheric and carbon sub-models. Since
relative humidity is an important driver of litter decay in many grasslands (Dirks et al.,
2010; Evans et al., 2020) and is changing as a result of climate warming (Byrne and
Gorman, 2018) (typically declining), incorporating it into earth system models as an
explicit water source may be necessary to accurately predict litter turnover in
grasslands, especially in NRM-affected systems. Fortunately, relative humidity is
measured at meteorological stations worldwide and extensive data are available. Even
in regions with data gaps, methods exist to estimate relative humidity from
temperature datasets (Gunawardhana et al., 2017) and these can be incorporated into
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earth system models to include NRM sensitivity without the need to collect additional
data.
While our study focused exclusively on aboveground litter decay, NRM could
affect belowground decomposition processes by decreasing litter inputs into the soil via
standing litter decay as well as seeding a large diverse microbial community in the
litter phase that could affect soil microbial communities. For example, even though
solar radiation does not reach belowground, photodegradation can decrease
belowground carbon stores in models, driven in part by increased carbon loss through
CO2 while litter is exposed to solar radiation (Chen et al., 2016). NRM-driven
decomposition similarly removes carbon from the system before it reaches the soil
surface, potentially decreasing inputs to belowground pools. Additionally, by
promoting the development of larger (and specialized) microbial communities early in
the decay process (Jacobson et al., 2015; Logan et al., 2021), NRM may accelerate
belowground decomposition rates once litter is incorporated into the soil. Such soillitter mixing can increase litter decomposition in dryland systems (Barnes et al., 2012,
2015; Hewins et al., 2013). Future studies can test the role of NRM-driven
decomposition on both aboveground and belowground litter to identify how NRM
affects linkages between these two pools.
Since our goal was to present a first attempt at incorporating NRM into litter
decay models in an NRM-dominated landscape, we had to make several simplifications
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that likely underestimated litter decay rates. First, we only looked at coarse tillers, not
leafy material. Evans et al. (2020) showed that gravimetric moisture content of S.
sabulicola tillers (like those we used) could reach 0.35 g H2O g litter-1 while leafy
material could absorb as much as 1.45 g H2O g litter-1 during NRM events, resulting in
considerably higher respiration rates for leaves. Similarly, windblown detritus (litter
that has become physically disconnected from the plant) makes up a considerable
proportion of total litter mass in the Namib (Seely and Louw, 1980) and can absorb
substantial water under humid conditions (Tschinkel, 1973). While there have been
no direct measurements of respiration from this windblown detritus that we know of,
we have no reason to believe that it would not also decompose under NRM conditions.
As a result, actual rates of NRM-driven decomposition across the whole ecosystem are
likely higher than what we report here.
Secondly, we focused only on the meteorological drivers of litter decomposition,
though others factors play important roles as well. Photodegradation (Austin and
Vivanco, 2006; King et al., 2012), macrodetritivore activity (Louw and Seely, 1982),
and soil-litter mixing (Hewins et al., 2013; Lee et al., 2014) are all important drivers of
litter decomposition in drylands. Since our goal was the quantify the relationship
between NRM and litter turnover, we focused solely on NRM, but future studies can
build on this work by combining our approach with existing models. For instance,
photodegradation can interact with NRM to accelerate carbon turnover, especially of
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standing litter (Logan et al.; Wang et al., 2017a), and accounting for photodegradation
can improve litter decay models (Chen et al., 2016; Adair et al., 2017). Combining
these other mechanisms with the relative humidity-based litter decay model we present
here may reveal additional interactions that can be validated by field studies. The fact
that we were able to describe a large degree of litter decomposition by using a simple
relative humidity-based and temperature-based model, however, demonstrates that
NRM plays an important role in the litter decay process across a wide range of
environmental conditions.
We show that NRM frequency is a major predictor of litter decomposition, and
for the first time used data from a multi-site field study to develop temperature and
NRM sensitivity functions for a litter decay model, improving predictions of litter
decomposition in an NRM-affected system. Temperature and moisture regimes are
changing as a result of anthropogenic climate change and our ability to predict how
ecosystems respond depends, in part, on how well we can link biogeochemical cycles to
their environmental drivers. NRM and rainfall are often controlled by different climatic
drivers and may therefore respond differently under future climate change (Forthun et
al., 2006; Haensler et al., 2011; Dai, 2013). By modeling the contribution of NRM to
decomposition, in addition to that of rainfall, we can better predict how drylands will
respond to changing moisture regimes, increasing our ability to manage these globally
important systems.
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APPENDIX
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Kleinberg

Marble Koppie
Garnet Koppie

Vogelfederberg
Station 8

Gobabeb

Figure S4.1. Location of the six FogNet sites used in this study. All samples were
collected from dunes of the Namib Sand Sea at Gobabeb.
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(A)

(B)

(D)

(C)

(E)

Figure S4.2. (A) Example of a litter rack used instead of litter bag. The “rungs” of the
“ladders” are Stipagrostis sabulicola stems ~ 0.5 cm in diameter and 9 cm long; (B)
Living S. sabulicola hummock growing in the dunes; (C) Dead S. sabulicola tillers like
those used in this study; (D) Close up image of a recently senesced (early-stage) tiller
with inact cuticles and little fungal growth; (E) Close up image of a late-stage tiller
with cracked cuticle surface and substantial colonization by dark pigmented fungi.
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Figure S4.3. Frequency distributions of temperature when wet (blue) and dry (red) at
the six sites during the study.
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(A)

(B)

Parameter Estimation w/ Global Parameters

Parameter Estimation w/ Site-Specific Parameters

Figure S4.4. Parameter fits for the humidity-based moisture models using (A) global
parameters that were fitted across sites, and (B) site-specific parameters. Colors
represent AIC scores with purple denoting lower values and yellow denoting higher
values. The left panel is identical to Figure 4.3 in the main text.

166

(A)

(B)

Figure S4.5. (A) Parameter fits for the humidity-based models for (left) late-stage litter
and (right) early-stage litter. Colors represent AIC scores with purple denoting lower
values and yellow denoting higher values. (B) Model fits for the wetness-based models,
color-coded by litter stage (this is identical to the right panel of Figure 4.5, but color
coded to show differences in litter stage).
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(A)

(B)

Figure S4.6. (A) Parameter estimation plot of Q10 coefficient for an Q10-only model run
(i.e. with no NRM sensitivity) showing model fit is best for Q10 values below 1. (B)
Estimated Q10 sensitivity curves based on optimal value determined from panel A.
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