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Abstract

Recent studies showed that photochemical breakdown (photodegradation) of plant material accounts for a substantial

portion of litter decomposition and subsequent trace gas release in ecosystems under high radiative load and low pre-

cipitation. In the absence of solar radiation, thermal degradation may also cause trace gas release at temperatures

below the ignition point. These observations suggest that the abiotic processes of photodegradation and thermal deg-

radation of plant litter may be important in understanding global trace gas budgets. In a laboratory incubation study,

we performed a simultaneous carbon (C) accounting of CO2, CO, and CH4 produced as a byproduct of photodegra-

dation and thermal degradation of six different plant litter types that varied in chemical composition. The patterns of

trace gas release during photodegradation and thermal degradation differed considerably across the six plant materi-

als, suggesting that chemical composition of litter may influence the rates of abiotic degradation. There was a strong

positive correlation between the rates of trace gas release during photodegradation and temperature. A significant

portion of trace gases were produced during low temperature (< 100 °C) thermal degradation of litter in the absence

of solar radiation, which was also positively correlated to temperature. In addition, both thermal degradation and

photodegradation occurred in the absence of O2. This indicates that the mechanism formerly accepted as photo-oxi-

dation may only be one of several photodegradation processes. We speculate that the direct breakdown of chemical

groups such as carboxyl, carbonyl, and methoxyl groups may result in CO2, CO, and CH4 release. We suggest that

the combined processes of thermal and photodegradation of litter may be a previously under accounted source of C-

based trace gases from terrestrial systems.
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Introduction

Decomposition of plant litter and soil organic matter is

a key biogeochemical process that controls the rates

and pathways of global C and nutrient cycling. There

are nearly 200 Pg C (1 Pg = 1015 g) of plant-derived lit-

ter in the global terrestrial C pool (DeFries & Towns-

hend, 1994; Matthews, 1997). Litter decomposes to

become soil organic matter, which globally accounts for

2000 Pg C in the top 3 m of the soil (Jobbagy & Jackson,

2000). Decomposition of terrestrial litter and soil

organic matter releases approximately 10 times more C

to the atmosphere annually than does fossil fuel burn-

ing (Gholz et al., 2000; IPCC, 2007), illustrating the

potential importance of litter decomposition to climate

change.

Recent studies suggest that photodegradation of

plant litter and organic material can circumvent micro-

bial decomposition in arid and semi-arid ecosystems,

where microbial decomposition is often limited (Austin

& Vivanco, 2006; Rutledge et al., 2010). Photodegrada-

tion has been linked to significant litter mass loss after

litter exposure to manipulated solar radiation and

ultraviolet (UV) radiation (Austin & Vivanco, 2006; Day

et al., 2007; Henry et al., 2008). Several other studies

have identified and quantified a number of C-based

gaseous products during photodegradation of plant

litter and organic matter: CO2 (Brandt et al., 2009;

Rutledge et al., 2010), CO (Tarr et al., 1995; Schade et al.,

1999), and CH4 (Vigano et al., 2008, 2009; Bruhn et al.,

2009). Although evidence to date clearly supports that

photodegradation can play a large role in litter decom-

position in arid and semi-arid ecosystems (Austin,

2011), other studies suggest that abiotic factors can be

more important than photodegradation, even in high

solar radiation environments (Throop & Archer, 2007,

2009; Uselman et al., 2011). Therefore, the overall

importance of photodegradation on litter decomposi-

tion remains unresolved.

Differences in the complexity and structure of chemi-

cal constituents (i.e., sugar, cellulose, protein, lignin,
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etc.) present in plant tissues suggests that tissues may

vary in susceptibility to photodegradation. The chemi-

cal bonds forming these compounds differ in bond dis-

sociation energy (e.g., typically a C–C bond requires

348 kJ mol�1 to break and a C=C bond requires

614 kJ mol�1 to break) and certain C-based chemical

groups have higher radiation absorbance than others,

and hence, the potential to be more susceptible to pho-

todegradation. In particular, the complex molecular

structure of lignin appears to result in greater radiation

absorbance and subsequent photodegradation than less

complex compounds such as cellulose (Pancotto et al.,

2005; Luo et al., 2009; Austin & Ballare, 2010). The abso-

lute and relative rates of trace gas release would not

only depend on energy absorbance of the chemical

bonds, but also on the abundance of these chemical

bonds present within the organic material. This sug-

gests that plant materials may have highly species- and

tissue-specific photodegradation rates depending on

their chemical composition.

Several studies have suggested that the rate of photo-

degradation is correlated to environmental factors (i.e.,

UV radiation intensity, precipitation, and temperature).

Across the wide spectrum of solar radiation

wavelengths reaching the Earth’s surface, UV-B

(280–315 nm) appears to be the most effective in photo-

degradation of plant litter (Rozema et al., 1997; Brandt

et al., 2009; Bruhn et al., 2009). However, both UV-A

(315–400 nm) and visible light (380–750 nm) are also

involved in breakdown of chemical bonds (Austin &

Vivanco, 2006; Austin & Ballare, 2010). In addition, the

effects of UV radiation on the rate of litter photodegra-

dation was greatest in drier regions compared with

wetter regions that receive considerable amount of pre-

cipitation, where photodegradation did not signifi-

cantly influence litter decomposition (Brandt et al.,

2007, 2010). Although the rate of litter photodegrada-

tion and trace gas production may be sensitive to tem-

perature (Austin & Vivanco, 2006; Vigano et al., 2008;

Bruhn et al., 2009), there has been limited study of the

relationship between temperature and litter photode-

gradation in detail. High surface temperatures along

with high incident solar radiation may serve as impor-

tant drivers of abiotic degradation pathways in arid

and semi-arid systems (Austin & Vivanco, 2006; McCal-

ley & Sparks, 2009), where surface temperatures fre-

quently exceed 50 °C in summer months (Rosentreter

& Belnap, 2003). Projected global-scale increases in sur-

face temperature and UV radiation (Cheymol & De

Backer, 2003; Arola & Koskela, 2004) and decreases in

precipitation (IPCC, 2007) suggest that abiotic decom-

position pathways may become more important in the

future (Caldwell et al., 2007). In addition to the direct

influence on abiotic decomposition, these changes are

likely to decrease suitable environmental conditions for

microbial decomposition.

Several studies have observed small, but significant

C-based trace gas release even when the radiation

sources were eliminated (Tarr et al., 1995; Vigano et al.,

2008), with gas production rate being strongly posi-

tively correlated with temperature. Similarly, a study of

nitrogen-based gas fluxes conducted in the Mojave Des-

ert showed that high surface temperatures driven by

intense solar radiation resulted in the release of NO,

NOx, and NH3 from soils (McCalley & Sparks, 2009).

These studies suggest that abiotic decomposition may

occur not only from photodegradation, but also from

thermal degradation of plant litter and soil organic mat-

ter occurring at relatively low temperatures (< 100 °C)
that are well below the ignition point.

Although previous studies have focused on identifi-

cation and quantification of trace gas production dur-

ing photodegradation and thermal degradation, the

mechanisms driving this gas production are still

unclear. In general, photodegradation processes have

been thought to depend on atmospheric O2 (Valentine

& Zepp, 1993; Tarr et al., 1995), and are consequently

often referred to as photo-oxidation. The requirement

for O2 may not be supported; however, as certain stud-

ies have suggested that the direct breakdown of chemi-

cal groups may occur in the absence of O2 when certain

chemical bonds absorb energy. For instance, CO pro-

duction during photodegradation of organic com-

pounds was attributed to the cleavage of carbonyl

groups (Tarr et al., 1995; Schade et al., 1999) and CH4

photoproduction from live and dead plant tissue was

attributed to the loss of methoxyl groups that are abun-

dant in lignin and pectin (Keppler et al., 2008; McLeod

et al., 2008; Vigano et al., 2008). Together, these putative

pathways suggest that dissociation of chemical bonds

may occur in the absence of solar radiation if adequate

thermal energy is present, and also that photodegrada-

tion may occur in the absence of O2. In addition,

increased heat energy may act synergistically in combi-

nation with radiative energy in the breakdown of

chemical bonds, thus the rate of photodegradation

would respond positively to temperature.

In this laboratory incubation study, we report a

simultaneous C accounting of CO2, CO, and CH4 pro-

duced as a byproduct of photodegradation and thermal

degradation of plant litter. Understanding the controls

over the rates of different trace gas release during abi-

otic litter decomposition is critical for predicting the

impacts of this alternative C cycling pathway on atmo-

spheric chemistry, as gas species differ in their climate

forcings (e.g., CH4 has 925 global warming potential

than CO2 on a 100 year time frame; IPCC, 2007). Previ-

ous measurements of C-based gas fluxes during
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photodegradation of organic compounds have focused

on the identification and quantification of individual

gas species, and a simultaneous accounting of CO2, CO,

and CH4 produced during photodegradation of plant

litter has not been reported. In addition, the relative

influence of thermal degradation and photodegradation

on production of the different C-based trace gases has

not been previously documented.

We hypothesized that (1) the rates and ratios of the

three C-based gases released during photodegradation

would differ with litter chemical composition; (2) low

temperature thermal degradation would result in mea-

surable trace gas release in the absence of solar radia-

tion and would be positively related to temperature; (3)

the rate of trace gas production during photodegrada-

tion and thermal degradation would be enhanced by

O2, but there would be detectable gas production in the

absence of O2 due to direct breakdown of chemical

compounds and (4) that these pathways and processes

will have activation energies that fit the Arrhenius form

and should be expected to behave in an exponential

manner. Lastly, we extended the results from our

experimental study to generate rudimentary estimates

of the global annual C-based trace gas release from abi-

otic decomposition of plant litter.

For the purposes of this work, we differentiate two

mechanisms that lead to abiotic degradation: thermal

degradation and photodegradation of plant material.

We define gases produced at various temperatures in

the absence of solar radiation as a result of low tempera-

ture thermal degradation (hereafter ‘thermal degrada-

tion’, < 100 °C) of plant litter. Trace gases produced in

the presence of solar radiation includes both thermal

degradation and photodegradation. Gas production

due to photodegradation (i.e., reactions that involve the

direct participation of incident solar radiation), there-

fore, is the difference between the total gas production

when exposed to solar radiation and that produced due

to thermal degradation. In this study, we define com-

bined effects of thermal degradation and photodegra-

dation as abiotic degradation of plant material.

Materials and methods

Experimental design

In a series of controlled laboratory experiments, we exposed

six different plant materials to a factorial manipulation of

simulated solar radiation (+rad: radiation present, �rad:

radiation absent) and temperature (15, 25, 35, 45, and 55 °C)
to quantify the patterns of trace gas release during abiotic

degradation of plant litter. During these manipulations, we

simultaneously quantified the steady state production rates

of CO2, CO, and CH4. We subsequently used the plant mate-

rial that exhibited the highest rate of trace gas production

(wood sheets from basswood) to quantify the rates of trace

gas production in the presence and absence of O2 in combi-

nation with solar radiation (+rad and �rad) and temperature

(15, 35, and 55 °C).
Experiments were conducted in a quartz chamber that was

transparent to over 85% of the radiation generated from the

solar radiation simulator across all wavebands. The area of

solar radiation exposure was defined by a Viton-core O-ring

(53.5 cm2 and 10.5 mL), which was clamped airtight in

between the top and bottom halves of the quartz chamber.

The area within the O-ring was completely filled with a mono-

layer of litter material. We standardized the data by surface

area of exposure among different litter types instead of mass

to maximize the area of exposure and because gas production

was sensitive to area of solar radiation exposure rather than

mass (e.g., exposing multiple layers of filter paper did not

influence the rate of gas production during photodegradation;

data not shown). The exposed litter material was exchanged

after one full set of temperature and radiation manipulations

(temperature increase from 15 to 55 °C and ± rad), although

reusing the material did not change the rate of gas production

(data not shown; one set of measurements is equivalent to one

afternoon exposure of solar radiation). The chamber tempera-

ture was controlled using a water bath integrated into the bot-

tom of the chamber and connected to a chiller/heater

(ThermoCube 200/300/400, Solid State Cooling Systems,

Wappingers Falls, NY, USA). The chamber temperature was

continuously monitored with a thermocouple (error range

± 0.5 °C) and radiation influences on chamber temperature

(approximately 2 °C) were controlled with the water bath.

Solar radiation was simulated with a 300 W xenon lamp

(Model 6258, Oriel Instruments, Newport Corp., Irvine, CA,

USA) attached to a lamp housing (Model 66353, Simplicity

Arc Source, Oriel Instruments, Newport Corp., Irvine, CA,

USA). The xenon lamp, which generated a range of radiation

wavelengths (0–2400 nm), was fitted with an atmospheric

attenuation filter (Model 81017, Oriel Instruments, Newport

Corp., Irvine, CA, USA) to mimic the solar radiation wave-

lengths that naturally reach the Earth’s surface. The filter elim-

inated short (< 290 nm) and long wavelengths (> 1600 nm)

that are naturally filtered out in the atmosphere. As the atmo-

spheric attenuation filter eliminated UV-C (100–280 nm) and

the residence time of gases in the chamber was shorter than

10 s, we expect that the effects of O3 generated from the xenon

lamp on our results were minimal. However, we did consider

the effects of reactive oxidized species (ROS) in our study and

discussed the effects of ROS on photodegradation (refer to

‘Discussion’). The intensity of radiation varied among wave-

lengths; UV-B (50 lW cm�2) was generated at a similar inten-

sity as solar radiation, but UV-A was appreciably lower

(1 mW cm�2) than natural incident solar radiation (e.g., mea-

sured UV radiation intensity at solar noon during early

August on a cloud-free day in northern New Mexico was

approximately 55 lW cm�2 for UV-B and 5 mW cm�2 for

UV-A). For �rad measurements, the chamber was covered

with aluminum foil to eliminate any radiation from entering

the chamber.
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Characteristics of plant materials

We used six different plant-derived materials that varied in

chemical and structural composition: four species of plant lit-

ter collected from their native habitats in the southwestern

US, dried leaflets of velvet mesquite (Prosopis velutina), culms

and leaves of Indian ricegrass (Oryzopsis hymenoides, C4 grass)

and little bluestem grass (Schizachyrium scoparium, C3 grass),

and piñon pine needles (Pinus edulis), and two proxies for cel-

lulose and lignin end members, cellulosic filter paper (92%

pure cellulose, Whatman 42, GE Healthcare Inc., Piscataway,

NJ, USA), and 1/16 inch thick sheets of wood from basswood

(Tilia sp., high lignin content, National Balsa, Ware, MA,

USA). These materials are idealized and may behave differ-

ently than what might be found in the field; however, they

are good representation of the end members in litter chemis-

try.

All materials were air dried at 35 °C overnight before use.

Filter paper and basswood sheets were precut to fill the entire

chamber area, whereas grass material and piñon pine needles

were cut to 1 cm lengths to facilitate nonoverlapping arrange-

ment in the chamber. Mesquite leaflets were used without cut-

ting. Due to differences in litter material density, the mass of

materials used to fill in the experimental surface varied (e.g.,

typical mass to fill in the chamber area was approximately 1 g

cellulosic filter paper, 5 g basswood sheet, 3 g piñon pine nee-

dles, 2 g mesquite and grasses).We did not pretreat the litter

materials to eliminate microbial activity, but experiments took

place under conditions where materials were completely dry

and were exposed to intense solar radiation, thus minimizing

microbial activity (Johnson, 2003).

We analyzed the initial chemical composition characteristics

of the litter materials using a solid state 13C-NMR CPMAS

(13C nuclear magnetic resonance spectroscopy with cross-

polarization and magic-angle spinning) with 1H decoupling

(Hatcher, 1987; Preston et al., 1997). The NMR spectra were

obtained using Bruker spectrometer (Bruker Instruments Inc.,

Karlsruhe, Germany) operating at 100 MHz for 13C. The sam-

ples were spun at 7.5 kHz. Prior to NMR analysis, litter was

finely ground using a Cyclone Mill (UDY Corp., Fort Collins,

CO, USA).

Measurements

The rates of C-based trace gas production were quantified

using a high resolution Wavelength-Scanned Cavity Ring-

down Spectroscopy CO2-CH4-H2O analyzer (Model G2301,

Picarro Inc., Santa Clara, CA, USA) and a reduced com-

pound photometer CO-H2 gas chromatograph (Peak Per-

former 1 RCP, Peak Laboratories LLC, Mountain View, CA,

USA). A controlled flow of headspace gas (zero air or UHP

grade N2 at 50–70 mL min�1) flowed through the chamber

and the outlet was routed to the two analytical systems in

sequence.

For the measurements of trace gas production in the pres-

ence of O2, we used laboratory grade zero air. This

provided sufficient amount of O2 (~ 20% by volume) for

photo-oxidation reactions. The zero air contained close to

zero CO2, but still contained atmospheric concentrations of

other trace gases (e.g., 40 ppb CO and 2.88 ppm CH4). The

zero air was scrubbed of CO2 and H2O prior to entering the

chamber by passing it through a NaOH and Mg(ClO4)2
trap; measured CO2 and H2O for the scrubbed air were not

different from zero when measured using a CO2-CH4-H2O

analyzer.

We conducted replicate measurement sets on the factorial

combinations of chamber temperatures in the presence and

the absence of simulated solar radiation. We consecutively

increased the temperature by 10 °C from 15 °C to 55 °C with

the chiller/heater for each set of measurements, cycling from

+rad and �rad measurements at each temperature by cover-

ing the chamber with aluminum foil. Gas production

responses to increased temperature and solar radiation expo-

sure were instantaneous, but we waited approximately

30 min until gas concentrations stabilized. We then took

sequential measurements over a 15 min poststabilization

period (every 30 s for CO2 and CH4 and every 5 min for

CO) and used the mean value of these measurements to

establish the steady state production rate. Each measurement

set was replicated four times for each litter type; means and

standard errors were calculated from these replicates. For

each measurement, trace gas concentrations were corrected

with blank values obtained from exposing the empty cham-

ber to the factorial combination of radiation and tempera-

tures. In all cases, the blank values were below 5% of the

values measured containing plant litter. The rate of trace gas

production from thermal degradation of litter was estimated

by quantifying the rate of gas production in the absence of

solar radiation at a given temperature and subtracting gas

production measured at 15 °C, when the gas production

rates were near zero. To estimate the rate of trace gas pro-

duction from photodegradation, we subtracted the rate of

thermal degradation from the rate of total trace gas

production in the presence of solar radiation at a given

temperature.

For estimates of trace gas production from thermal degra-

dation and photodegradation of basswood sheets in the

absence of O2, we followed the same procedure for measure-

ments in the presence of O2, except the measurements were

taken at 15, 35, and 55 °C instead of every 10 °C. Ultra high

purity N2 was used for this experiment to eliminate O2.

Estimation of trace gas production from abiotic
degradation of global plant litter

To demonstrate the applicability of our data, we combined

our measurements with data from the literature to construct a

rough estimate of global CO, CO2, and CH4 production rates

from photodegradation of plant litter. An intensive extrapola-

tion from laboratory CO production measurements suggests

that 30–90 Tg CO yr�1 is produced during photodegradation

of plant litter globally (Schade & Crutzen, 1999; Schade et al.,

1999). We combined this estimated global flux with the ratios

of CO2, CO, and CH4 quantified in our laboratory observa-

tions to estimate global production of CO2 and CH4 during

abiotic decomposition of plant litter.

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1185–1195

1188 H. LEE et al.



Results

13C-NMR analysis of plant material

The 13C-NMR spectra and peak positions for the plant

litter showed that the chemical compositions of the six

plant materials used in our study were vastly different

(Fig. 1; Table 1). Compared with the rest of the plant

litter used, filter paper showed the simplest chemical

composition; all the peak positions shown for filter

paper represents O-alkyl group (45–110 ppm). In con-

trast, the other plant litter types exhibited peaks repre-

senting alkyl (0–45 ppm) and aromatic (110–165 ppm)

groups as well as O-alkyl groups.

Trace gas production during abiotic degradation of plant
litter

We observed strong positive effects of temperature and

solar radiation on the production of CO2 and CO from

all plant materials used (Fig. 2a–d). The CO2 produc-

tion rates were generally greater than CO, although the

two gases were typically within an order of magnitude

of each other at a given temperature (2.5–67.0 lmol

CO2 m�2 hr�1 and 1.8–34.1 lmol CO m�2 hr�1). Both

CO2 and CO production were highest in basswood

sheet and lowest in filter paper. The CH4 production

rates (0.03–0.49 lmol CH4 m�2 hr�1) responded posi-

tively to increased temperatures during thermal degra-

dation of all materials (Fig. 2e), but only basswood

clearly exhibited a temperature response in CH4

production during photodegradation of plant litter

(Fig. 2f).

The trace gas production during thermal degradation
relative to photodegradation of plant litter

The molar ratio between thermal degradation and pho-

todegradation compares the relative importance of the

two pathways within abiotic litter degradation. We

found that the ratio of thermal degradation to photode-

gradation varied by gas species (Table 2). The thermal

degradation to photodegradation ratio increased with

temperature for all three gas species. The ratios of CO2

Fig. 1 Solid state 13C-NMR CPMAS spectra of initial plant materials used in this study. The division and description of peaks is sum-

marized in Table 1.

Table 1 NMR peak positions for plant material and proximate-analysis fractions

Plant material Peak position (ppm)

Filter paper 19 58 69 87 105

Mesquite 16 28 37 55 68 81 101 105 117 132 150

C4 grass 14 22 31 41 58 69 86 105 115 134 152 174

C3 grass 23 33 56 70 86 105 118 135 149 172

Piñon needles 16 24 32 40 50 67 84 101 105 113 133 150 170

Basswood 15 23 31 55 69 86 105 116 136 152 173

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1185–1195
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production during thermal degradation to photodegra-

dation ranged from 0.13 of total CO2 produced at 25 °C
to 0.59 at 55 °C (Table 2), which increased with temper-

ature. Among the three gas species observed, CO

showed the lowest thermal degradation to photodegra-

dation ratio. The gases produced during photodegrada-

tion were greater than those produced during thermal

degradation with the exception of CH4 production at

the highest temperature (thermal degradation to photo-

degradation ratio of 1.47 for CH4 at 55 °C).

The relative production of CO2, CO, and CH4 during
abiotic degradation of plant litter

The molar ratios of CO to CO2 (hereafter ‘CO: CO2’)

were always below 0.6 and declined with increasing

temperature (Fig. 3). This decline occurred for both

thermal degradation and photodegradation (range

= 0.35–1.00 at 15 °C and 0.25–0.52 at 55 °C, respec-

tively) and for all materials used. The CH4:CO2 ratio

also generally declined with temperature. Across the

six materials used, the CH4:CO2 ratio was relatively

low (0.005–0.013) compared with the CO:CO2 ratio; this

was driven by low production rate of CH4. In contrast

to the CO:CO2 ratio, the CH4:CO2 ratio from thermal

degradation was greater than that from photodegrada-

tion (Fig. 3).

On average, CO2 was the dominant gas species pro-

duced by both thermal degradation and photodegrada-

tion (Table 3); CO2 contributed 62–80% of the total gas

production during thermal degradation on a molar

basis and approximately 70% during photodegradation.

Changes in gas species contribution with temperature

were more variable for thermal degradation than pho-

todegradation (i.e., CO2 contribution ranged from 63 to

80% from thermal degradation, but 67–72% from photo-

degradation of plant material).

Trace gas production during abiotic degradation of plant
litter in the absence of O2

We observed surprisingly high rate of trace gas

production during both thermal degradation and

photodegradation of plant litter in the absence of O2

Fig. 2 The rate of CO2 (a and b), CO (c and d), and CH4 (e and f) production from thermal degradation (a, c, and e) and photodegrada-

tion (b, d, and f) among the six plant litter types under changes in chamber temperature. Thermal degradation is the rate of gas produc-

tion in the absence of solar radiation and photodegradation is the rate of gas production in the presence of solar radiation (total gas

production) minus thermal degradation. Error bars indicate standard errors (n = 4).

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1185–1195
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(Fig. 4). This pattern included even the oxidized gas

forms, CO and CO2. Under the same temperature and

radiative conditions, CO2 production in the absence of

O2 was 40–70% of that produced in the presence of O2

(Fig. 4a and b). This pattern was similar in the case of

CO (Fig. 4c and d), although relatively little CO was

produced from thermal degradation in the absence of

O2. Interestingly, thermal production of CH4 was even

greater in the absence of O2 compared with that in the

presence of O2 (Fig. 4e and f).

Estimated global CO2, CO, and CH4 production from
abiotic degradation

Combining our gas production ratio results at 25 °C
(CO:CO2 0.56 and CO:CH4 70.19) with the estimated

global CO production of 30–90 Tg CO yr�1 during

photodegradation of plant litter (Schade & Crutzen,

1999), we estimate global production of trace gases

during photodegradation of plant litter to be 84–
253 Tg CO2 yr�1 and 0.24–0.73 Tg CH4 yr�1. In

addition, CO2, CO, and CH4 produced during thermal

degradation would be 11–33 Tg CO2 yr�1, 2–
6 Tg CO yr�1, and 0.06–0.17 Tg CH4 yr�1, when using

the gas production ratio of thermal degradation to pho-

todegradation at 25 °C (CO2 was 0.13, CO was 0.07,

CH4 was 0.23). Combining these values, the global abi-

otic production of gases from plant litter would be

roughly 95–286 Tg CO2 yr�1, 32–96 Tg CO yr�1, and

0.30–0.90 Tg CH4 yr�1.

Discussion

Several studies in recent years have suggested that UV

radiation plays an important role in degradation of

plant litter and subsequent release of trace gases in arid

ecosystems (Moorhead & Callaghan, 1994; Austin & Vi-

vanco, 2006; Rutledge et al., 2010). However, previous

work on C-based trace gas production has been limited

to single gas species and none has investigated the

simultaneous production rates of the three major C-

based trace gases (CO2, CO, and CH4) or their relative

responses to temperature and solar radiation. Simulta-

neous measurements of these three gas species in the

presence and absence of solar radiation (Fig. 2) and O2

(Fig. 4) across a range of temperatures provided both

important information about their relative contributions

Table 2 The mean molar ratios between thermal degradation

to photodegradation of CO2, CO, and CH4 across the six plant

materials with increasing chamber temperatures (T)

T (ºC)

Thermal degradation/Photodegradation

CO2 CO CH4

25 0.13 0.07 0.23

35 0.23 0.12 0.56

45 0.36 0.18 0.90

55 0.59 0.28 1.47

Fig. 3 The CO to CO2 (a) and CH4 to CO2 (b) molar ratio from

thermal degradation (open symbol) and photodegradation

(closed symbol) of six plant materials under increasing chamber

temperatures. Error bars indicate standard errors (n = 6 plant

material).

Table 3 The molar % proportion of each gas from total C-

based gas production during thermal degradation and photo-

degradation of plant material under increasing chamber tem-

peratures (T) Values in parentheses are standard errors (n = 6

plant materials)

Abiotic process T (ºC) CO2 CO CH4

Thermal

degradation

25 62.7 (13.4) 34.7 (11.7) 2.6 (1.8)

35 67.2 (13.4) 29.5 (11.0) 3.3 (2.4)

45 76.1 (7.6) 22.3 (7.0) 1.6 (0.6)

55 80.3 (5.0) 18.3 (4.5) 1.4 (0.5)

Photodegradation 15 67.5 (4.1) 31.5 (4.0) 1.0 (0.2)

25 67.4 (3.3) 32.1 (3.3) 0.6 (0.1)

35 67.5 (2.9) 32.0 (2.9) 0.5 (0.1)

45 69.5 (3.0) 30.0 (3.0) 0.4 (0.1)

55 71.9 (2.9) 27.8 (2.9) 0.3 (0.0)
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to trace gas fluxes and also mechanistic insight into abi-

otic degradation of plant litter.

The variability in the rates and patterns of C-based

trace gas release (Fig. 2) among the six plant materials

used in our study suggests that the chemical composi-

tion of organic matter may be an important factor dur-

ing abiotic litter decomposition. Several studies have

reported significant chemical alteration of organic mat-

ter, in particular lignin, following solar or UV radiation

exposure (Austin & Ballare, 2010; Feng et al., 2011;

Frouz et al., 2011). Supporting this idea, basswood

sheets showed the highest gas production rates for all

three C-based gases (Fig. 2), whereas cellulosic filter

paper, with simplest chemical structure (Fig. 1) showed

the least (Fig. 2). The results did not change even when

we exposed a thicker layer of cellulosic filter paper

under solar radiation (data not shown), confirming that

the rate of photodegradation was correlated to the area

of exposure instead of mass as we expected (refer to

‘Materials and methods’). The molecular composition

of lignin provides numerous UV radiation absorption

sites. When these sites absorb UV radiation, the chemi-

cal bonds excite to reactive levels and alter the chemical

composition of lignin (Muller et al., 2003; Luo et al.,

2009; Austin & Ballare, 2010). Although our data sug-

gest that woody litter may produce substantial trace

gases from abiotic litter degradation, additional studies

with different wood types would help constrain the

bounds of trace gas production estimates from lignin-

dominated woody litter.

Measurable gas production from plant materials in

the absence of solar radiation (Fig. 2) suggests that

plant litter degrades via low temperature thermal

degradation (< 100 °C) in the absence of microbially

mediated decomposition processes. In contrast, soil

microbial processes are known to consume CO and

CH4 under aerobic conditions (Conrad, 1996). In addi-

tion, substantial increases in both the CO2 and CO pro-

duction rates with temperatures above 35 °C provides

additional evidence that the observed gas production

was not microbially mediated, as the optimum temper-

ature for typical microbial activity is reported as ~ 35 °C
(Kirschbaum, 2010). A decrease in the CO:CO2 ratio

with temperature (Fig. 3) indicates that the CO2 pro-

duction may be more sensitive to temperature than CO,

suggesting that the oxidative potential of this physico-

chemical process increases with temperature. Produc-

tion of trace gases such as CO and CH4 from plant

Fig. 4 Production of CO2 (a and b), CO (c and d), and CH4 (e and f) from thermal degradation (darker) and photodegradation (lighter)

of plant litter measured from basswood in the absence (a, c, and e) and presence of O2 (b, d, and f).
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material in the absence of solar radiation has been

reported previously (Conrad & Seiler, 1985; Tarr et al.,

1995; McLeod et al., 2008), although the mechanism

remains unknown. However, we speculate that trace

gas release from plant materials in the absence of solar

radiation may be due to thermal excitation of organic

functional groups by lowering the barrier to reactivity

with ROS or simple thermal decomposition. The ther-

mal degradation process may be similar to photodegra-

dation in the sense that chemical bonds forming

organic matter may be excited to a reactive state, but

differs in the specificity of bonds and potential reactive

gas species involved. As incident solar radiative energy

has greater potential energy than the thermal energy

available at these temperatures, the rate of gas release

per unit area of litter exposure would be expected to be

lower for thermal degradation than photodegradation.

Significant, but slower rates of gas release during

photodegradation of plant material in the absence of O2

(Fig. 4) suggest that photo-oxidation utilizing atmo-

spheric O2 (Gao & Zepp, 1998) may be only one of sev-

eral mechanisms driving photodegradation of plant

litter as a whole. Release of CO during thermal degra-

dation and photodegradation of litter in the absence of

O2 was reported previously (Tarr et al., 1995); however,

production of CO2 (Fig. 4a and b), the most oxidized of

the three species, was particularly notable in our study.

Our results suggest that there may be multiple mecha-

nisms involved in the release of C-based trace gases

during abiotic litter degradation: those that require O2

and those that operate in the absence of O2 (Fig. 5). We

speculate that solar radiative energy breaks the chemi-

cal bonds of carboxyl (R-COO-) or carbonyl (R-CO-)

groups (Fig. 5a) and directly produces CO2 and CO

without an oxidizing process. Alternatively, we specu-

late that O2 present within plant cell and carbon com-

pounds may have been used (Crestini & Dauria, 1996)

during photodegradation of litter in the absence of

atmospheric O2. Simultaneously, reactive functional

groups can be oxidized by O2 or other ROS in the atmo-

sphere and produce CO2 and CO (Fig. 5b). This process

is widely known as photo-oxidation because the photo-

chemical reaction is mediated by free oxidized species

in the atmosphere. Similarly, the higher rate of CH4

released in the absence of O2 suggests that in the

presence of O2, a portion of CH4 released may instanta-

neously be oxidized to become CO2 or CO via photo-

oxidation processes.

Current global change projections suggest that the

importance of abiotic decomposition processes to the

global C cycle may increase in the future. The positive

relationship between trace gas production and temper-

ature (Fig. 2) suggests that abiotic degradation of plant

litter will increase in accordance with projected

increases in global atmospheric temperature. Although

we hypothesized that thermal and photodegradation

should obey a normal exponential increase with respect

to temperature, we recognize that these are processes

that may have additional dependencies related to mate-

rial properties (e.g., activated functional groups).

Increases in aridity in certain regions (IPCC, 2007) may

also further enhance the relative importance of abiotic

decomposition by decreasing the rates of microbially

mediated decomposition. Although this study did not

address the effects of radiation intensity on photode-

gradation, other studies have suggested that future

increases in the intensity of UV radiation reaching the

Earth’s surface (Cheymol & De Backer, 2003) may stim-

ulate the rate of litter photodegradation and trace gas

release (Schade et al., 1999; McLeod et al., 2008; Rutl-

edge et al., 2010). An increase in the proportion of

woody litter into arid and semi-arid ecosystems due to

woody encroachment (Archer et al., 2001) may result in

greater trace gas release as a result of abiotic degrada-

tion, as we observed basswood had the highest rates of

trace gas production and was the most sensitive to

increasing temperatures. Ecologically, enhanced abiotic

litter decomposition may also accelerate microbial

decomposition as chemical composition of stable com-

pounds such as lignin can be significantly altered to

facilitate microbial attack (Gallo et al., 2009; Foereid

et al., 2010), further shifting the importance of abiotic

and biotic decomposition processes under a changing

climate.

We suggest that (1) the abiotic degradation rate of

plant litter varies with different chemical compounds

present in plant litter, (2) the rate of abiotic litter

decomposition is positively correlated with tempera-

ture, (3) low temperature thermal degradation of plant

litter occurs via physico-chemical breakdown of chemi-

cal bonds and this process increases with temperature

even in the absence of solar radiation, and (4) photo-

oxidation process occurs with solar radiation exposure,

but photo-oxidation is only a part of photochemical

Fig. 5 Two potential mechanisms of CO2 and CO release dur-

ing photodegradation of plant litter: a) physical breakdown of

carboxyl (R-COO-) and carbonyl (R-CO-) group by solar radia-

tion energy and b) photochemically mediated oxidation (photo-

oxidation). The ‘hv’ represents incident solar radiation.
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breakdown of plant litter. Our rough estimation of glo-

bal abiotic production of CO2, CO, and CH4 suggests

that approximately 40–105 Tg C yr�1 (26–78 Tg CO2-

C yr�1, 14–26 Tg CO-C yr�1, and 0.2–0.7 Tg CH4-

C yr�1) may be released from abiotic degradation of

plant litter. In the context of global C cycling, our esti-

mation of C release during abiotic decomposition of

plant litter is small (e.g., global flux of C from soil respi-

ration is approximately 75 Pg C yr�1, fossil fuel burn-

ing is 5 Pg C yr�1, land use change is 1–2 Pg C yr�1,

and gross primary production is 100 Pg C yr�1 (Cana-

dell et al., 2007; Raich & Potter, 1995; Schlesinger &

Andrews, 2000). However, our study supports the con-

cept that abiotic decomposition of organic material may

contribute to global C fluxes as a noticeable and cur-

rently is under accounted, for source of C.
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