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is affected by elevated CO,, soil water content,
and composition of semi-arid grassland species
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Abstract Elevated CO, affects plant productivity, but
also water availability and plant species composition
in semi-arid grasslands, thereby potentially causing
complex effects on CH, consumption and N,O
emission. We studied the effects of atmospheric CO,
concentration (400 vs 780 uL L"), water content (15
vs 20% gravimetric soil moisture), and composition
of semi-arid grassland species (perennial grasses
Bouteloua gracilis, Hesperostipa comata, and Pasco-
pyrum smithii; sub-shrub Artemisia frigida; invasive
forb Linaria dalmatica grown in monoculture and all
five species together) on CH4 consumption and N,O
emission in a full factorial greenhouse experiment.
We used a unique method where we measured
microbial effects on CH, consumption and N,O
emission in isolation from effects of gas diffusivity.
Microbially mediated CH4 consumption was signifi-
cantly higher under elevated CO, (by 20%), but was
not affected by soil water content or plant species
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composition. Microbially mediated N,O emission was
not significantly affected by elevated CO,, but was
significantly higher with high water content (by 67%)
and differed significantly among species. Treatment
effects on CH4 consumption and N,O emission often
could not be explained simply by differences in soil
moisture, suggesting that treatment-induced changes
in other soil and microbial properties played a role in
causing these effects.
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Introduction

Earth’s atmospheric CO, concentration has risen from
~280uL L at the start of the industrial revolution to
greater than 385uL L' today, and is expected to
exceed 700pL L™' by the end of this century
(Intergovernmental Panel on Climate Change 2007).
This rise in atmospheric CO, has strong direct and
indirect effects on ecosystems. Semi-arid grasslands
are considered to be highly responsive to rising CO,.
Biological activity in these grasslands is strongly
modulated by the natural seasonal variation in soil
water availability (Frank and Groffman 1998; Huxman
et al. 2004; Potts et al. 2006). Elevated CO,-induced
increases in plant water use efficiency due to increased
plant stomatal closure (Morgan et al. 2004b) would be
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expected to enhance that biological activity through
increases in soil water content. Indeed, CO,-induced
changes in soil water availability may have played an
important role in the observed increases in plant
productivity, shifts in plant species composition, and
altered C and N cycling in semi-arid grasslands
exposed to enriched CO, concentrations (Dijkstra et
al. 2008; Morgan et al. 2004b, 2007; Pendall et al.
2003).

A major concern of a global increase in atmo-
spheric CO, is how it will affect flux rates of other
greenhouse gases such as methane (CH,4) and nitrous
oxide (N,0O). Methane and N,O have a 25 and 298
times greater relative global warming potential than
CO, over 100 years (Intergovernmental Panel on
Climate Change 2007). Semi-arid grasslands repre-
sent a significant global sink for CH4 and source for
N,O (Galbally et al. 2008; Mosier et al. 1991, 1997).
The long-term effects of elevated CO, on CHy
consumption and N,O emission in these grasslands
are largely unknown (Galbally et al. 2008), in part
because of complicated effects of CO, on soil water,
C and N availability, as well as plant productivity and
species composition.

Changes in atmospheric CO, concentration can
affect CH, consumption and N,O emission in semi-
arid grasslands through changes in soil water avail-
ability. Methane consumption often decreases in
response to elevated CO,, which has been related to
increased soil moisture (Ambus and Robertson 1999;
Ineson et al. 1998; McLain and Ahmann 2008;
McLain et al. 2002), but no change in CH,4 consump-
tion has also been observed (Kang et al. 2001;
Kettunen et al. 2005; Mosier et al. 2002). Although
a certain amount of soil water is required for
methanotrophs to oxidize CHy4, influxes of CH, into
soils may be impeded once soil water content exceeds
threshold values beyond which diffusivity of CHy
becomes more limiting (Del Grosso et al. 2000;
Koschorreck and Conrad 1993). On the other hand,
increases in soil water content have been implicated
in CO,-related increases in N,O emission (Arnone
and Bohlen 1998; Kanerva et al. 2007; Kettunen et al.
2006; Robinson and Conroy 1999). Elevated CO,
may also elicit changes in CH4 and N,O exchange
unrelated to soil moisture. Elevated CO, could
decrease CH,; consumption by transforming the
microbial communities that are responsible for CH,
production and consumption (McLain and Ahmann
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2008; Phillips et al. 2001a), while this decrease in
CH4 consumption may depend on elevated CO,-
induced changes in gross nitrification (Baggs and
Blum 2004). Others have suggested that greater N,O
emissions under elevated CO, are a consequence of
enhanced rhizodeposition, acting as an energy source
for denitrification (Baggs et al. 2003a, b; Ineson et al.
1998; Kammann et al. 2008). But often N,O
emissions do not respond to elevated CO, (Ambus
and Robertson 1999; Billings et al. 2002; Hungate et
al. 1997a; Mosier et al. 2002). Mosier et al. (2002)
suggested that a combination of greater N supply (due
to increased N mineralization with increased soil
moisture) and increased plant N demand under
elevated CO, maintained mineral N pools in the soil
too low to alter rates of N,O emissions in a semi-arid
grassland.

Elevated CO, could also potentially affect CHy
consumption and N,O emission in semi-arid grass-
lands through changes in plant species composition.
Elevated CO, caused greater abundances of the Cs
grass Hesperostipa comata and the sub-shrub Artemi-
sia frigida in a semi-arid grassland in Colorado
(Morgan et al. 2004a, 2007). However, little is known
about how such changes in species composition will
affect CH; and N,O fluxes. Epstein et al. (1998)
reported greater CH4 consumption in patches domi-
nated by C, grasses (mostly Bouteloua gracilis) than
in patches dominated by C; grasses (mostly Pasco-
pyrum smithii) in a semi-arid grassland. Further,
patches mixed with C; and C4 grasses had lower
N,O emissions than either the C4 or C; dominated
patches. Niklaus et al. (2006) also reported lower N,O
emissions with increased diversity of temperate
grassland species. In a sagebrush-steppe Norton et
al. (2008) reported greater N,O emissions under the
exotic grass Bromus tectorum than under the native
grass P smithii. Plant species effects on CH,
consumption and N,O emission have been associated
with plant species effects on microbial community
composition (Menyailo and Hungate 2003; Ullah et
al. 2008), N cycling and soil NO3 concentration
(Crenshaw et al. 2008; Epstein et al. 1998; Norton et
al. 2008), and on soil C:N ratios (Ambus et al. 2006;
Menyailo and Huwe 1999).

Responses of CH,4 consumption and N,O emis-
sion are often complex because microbial and
physical factors (gas diffusivity) controlling these
fluxes operate at different scales in time and space.
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We set up a controlled greenhouse experiment to
better understand microbially mediated CH4 con-
sumption and N,O emission. In particular, we
studied how elevated CO,, soil water content,
species composition of semi-arid grasslands, and
their interactions affected microbially mediated CHy
consumption and N,O emission in isolation from
physical processes (i.e., gas diffusivity). In two
greenhouses we grew five grassland species in
monoculture and all five species in competition
under ambient and elevated CO, (400 vs. 780 pL
L"), and under ‘low’ and ‘high’ soil moisture
conditions (15 vs 20% gravimetric soil moisture).
We used the native perennial grasses Bouteloua
gracilis, Hesperostipa comata, and Pascopyrum
smithii, the sub-shrub Artemisia frigida, and the
invasive forb Linaria dalmatica, all common to the
semi-arid grasslands of Colorado. We used a novel
method to measure CH4 consumption and N,O
emission in which we eliminated potential effects
of gas diffusivity. In this way we were able to test
the direct effects of the treatments on microbially
mediated CH,4 consumption and N,O production. We
addressed the following questions: 1) how do
elevated CO,, soil water content, and species
composition affect microbially mediated CH4 con-
sumption and N,O emission, and 2) to what extent
can these effects be explained by soil moisture?
Besides soil moisture, we also tested if parameters of
plant activity (pot respiration, plant biomass and its
N content) or inorganic soil N could explain the
variation in CH4 consumption and N,O emission
among treatments.

Materials and methods
Experimental design

The soil used in this experiment came from the
USDA-ARS Central Plains Experimental Range in
the shortgrass steppe region of north-castern
Colorado. The soil was a sandy loam of the
Ascalon series (Aridic Argiustolls). The soil
collected to 20-cm depth was carbonate-free, had
a pH of 6.6 and 0.95% total C and 0.09% total N.
The soil was homogenized by sieving (4 mm) and
air-dried before use. We filled each of 96 polyvi-
nyl chloride (PVC) pots (diam. 20 cm, height

40 cm, closed at the bottom except for an air
inlet) with 14 kg of air-dried soil (Fig. 1). Before
filling the pots we placed a nylon bag filled with 3 kg
playground sand at the bottom of each pot to improve air
circulation. Exact weights of soil and filled pots were
recorded. We watered the pots to field capacity (i.e.,
30% gravimetric soil moisture content). In each pot we
put five plants of Artemisia frigida (sub-shrub), Linaria
dalmatica (forb), Bouteloua gracilis (C, grass), Hes-
perostipa comata (C3 grass), or Pascopyrum smithii
(C5 grass), 16 pots for each species. All species are
native to the shortgrass steppe, except for the invasive
weed L. dalmatica. We also planted 16 pots with all
five species combined (one plant of each species per
pot). Plants were raised from seeds in peat pellets (2—5
seeds in each peat pellet). After plant emergence,
plants were thinned to one plant per peat pellet and
transferred to the pots.

We grew the plants in two greenhouses at the USDA-
ARS Crops Research Laboratory in Fort Collins,
Colorado. In one greenhouse we raised the atmospheric
CO, concentration to a constant level of 780+50 pL
L' (average + standard deviation) by adding pure
CO,, while in the other greenhouse the atmospheric
CO, concentration was kept near ambient level (~400+
40 uL L', note that this concentration is slightly
higher than the average global CO, concentration
because our greenhouses were in an urban setting).
The CO, concentration was continuously monitored
and the CO, supply was computer-controlled (Argus
Control Systems Ltd, White Rock, BCI). The added
CO, entered the greenhouse through a ventilation
system ensuring uniform distribution of the CO,
concentration inside the greenhouse. Air temperature
in both greenhouses was kept between 27 and 29°C
during the day and between 16 and 18°C during the
night. Temperature was regulated by computer-
controlled air conditioners and heaters (York Interna-
tional, York, PA). Both greenhouses were equipped
with 600 W lights (P.L. Light Systems, Beamsville,
ON) that were on during the day for 12 hrs. The light
intensity in each greenhouse was ~200 Wm > during
the day. The relative humidity in each greenhouse was
24+5% during the day and 30+5% during the night.

! Trade and company names are given for the reader’s benefit
and do not imply endorsement or preferential treatment of any
product by the USDA.
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Fig. 1 Setup of'the pots during CH4 and N,O flux measurements

Half of the pots (8 pots for each species and 8§ pots with
all species combined) were placed in the greenhouse
under elevated CO, (total of 48 pots) and the other half
of the pots were placed in the greenhouse under
ambient CO, (total of 48 pots). Once every week, the
pots were swapped between the two greenhouses and
the CO, concentration switched accordingly. In this
way we tried to minimize greenhouse effects and
pseudoreplication at the CO, level (Goverde and
Erhardt 2003; Heijmans et al. 2002).

The pots were watered frequently (see below) to
restore gravimetric soil moisture content to 15% (low
water) to half of the pots, and to 20% (high water) to the
other half of the pots (4 pots/replicates for each CO, and
species composition treatment), or 50 and 67% of field
capacity respectively. During the first week, all pots
were maintained at 30% soil moisture content, after
which pots were allowed to dry down to their soil
moisture target contents (15 and 20%). Once target soil
moisture contents were reached (26 days after trans-
planting), pots were watered three times a week. Pots
were weighed once every week and watered up to their
target weights. The amount of water added during the
other two times of the week was calculated based on
previous water loss from each pot. In each greenhouse,
pots were placed in four blocks, where one replicate of
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each of the species composition and water treatments
were randomly placed in each block (each block
consisting of 12 pots).

Measurements and analyses

We measured CH, consumption and N,O emission
48, 69, and 83 days after transplanting, using a
modified method developed for respiration in pots in
the presence of plants (Cheng 1996). We also
measured respiration at the same time, and used
respiration as a covariate to explain variation in CHy
consumption and N,O emission among treatments
(see below). On each measurement day we placed
chambers (diam. 20 cm, height 45 cm) fitted with a
septum and air outlet on top of the pots (Fig. 1). We
circulated air inside the pot/chamber by inserting an
aquarium pump (Apollo AM-3, Apollo Enterprises,
Ventura, CA, flow rate 2.8 Lmin_l) in-line between
the air inlet at the bottom of the pot and the air outlet
at the top of the chamber. All pots/chambers were air-
circulated for two hours to completely mix the air
inside the chamber and pot. During this time CO,
inside the pot/chamber was removed by an in-line
CO, scrubber (PVC tube, diam. 3.5 cm, height 36 cm,
filled with sodalime). We then removed the scrubber
and pulled a 30 ml gas sample from each chamber
(time 0) and another 30 ml gas sample two hours later
while air still circulated inside the pot/chamber.
Chambers and pumps were removed after the second
gas sample was taken. Gas samples were analyzed for
CHy, N»O, and CO, on a gas chromatograph (Varian
3800, Palo Alto, CA). All species remained in a
vegetative stage until the end of the experiment,
except for B. gracilis and L. dalmatica that started to
flower during the last measurement. Under field
conditions, flowering of the perennials B. gracilis
and L. dalmatica occurs throughout the growing
season that does not stop their growth (indeterminate
growth). Also in our experiment, B gracilis and L.
dalmatica kept growing after flowering.

The purpose of circulating air through the pot/
chamber was to establish well-mixed and uniform
concentrations of CH4 and N,O inside the pot/chamber
thereby eliminating effects of gas diffusivity on CHy
consumption and N,O emission. Thus, the rate of CH,
consumption and N,O emission that we measured
indicates the activity of the microbial community. The
CH, consumption (ug C pot 'hr '), N,O emission
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(ug N pot 'hr'™"), and respiration (mg C pot 'hr ')
were calculated based on the difference between the
concentrations of the two samples and the air volume
of the pot/chamber system. We assumed that the
decrease in CH,4 concentration and increase in N,O
and CO, concentration with time did not affect their
respective consumption and production rates. For N,O
and CO, production, this is a reasonable assumption,
since N,O and CO, concentrations in the soil tend to
be much higher than in the atmosphere. However, for
CH,4 consumption, this may not be true. The decrease
in CH4 concentration inside the pot/chamber may have
reduced the rate of CH4 consumption. However, the
average CH, concentrations at 2 and 4 hrs after
chambers were placed on the pots were 1.52 and
1.09 pul L™ respectively. When we assume a CH,
concentration at the time when chambers were placed
on the pots of ~1.9 ul L' (i.e., ambient CH,
concentration measured in the greenhouse after termi-
nation of the experiment), then our assumption of a
linear decrease in CH,4 concentration with time inside
the pot/chamber is reasonable. We also calculated a
first order rate constant £ to describe the rate of CHy
consumption (—kt = In (CH4,[1 / CHMO), Hiitsch et al.
1994), and treatment effects on k& were very similar to
treatment effects on CH, consumption calculated with
the linear approach (data not shown). We feel confident
that treatment effects on our gas flux would not change if
we added more data points in time. It would be more
accurate to refer to net CH4 consumption and net N,O
production, because of simultaneous CH4 production
(by methanogens) and consumption (by methanotrophs)
and N,O production (through nitrification and denitrifi-
cation) and consumption (complete denitrification).
However, because of the relatively low soil moisture
content and high oxygen supply during our measure-
ments we assumed CH, production and complete
denitrification to N, to be negligible. We did not attempt
to characterize the different microbial groups responsible
for CH4 and N,O consumption and production. We are
aware that our artificial way of measuring CH, and N,O
fluxes in a greenhouse pot study does not allow us to
extrapolate our results quantitatively to field situations.
However, we want to emphasize that the purpose of this
study was to better understand microbially mediated
CH,4 consumption and N,O emission that are not
confounded by gas diffusivity effects.

We harvested all plants after the final CH, consump-
tion and N,O emission measurement (85 days after

transplanting). Plants were separated into aboveground
biomass, crowns, and roots. Plant biomass was dried
(60°C) and weighed. Plant biomass was analyzed for N
concentration on a mass spectrometer (2020 Stable
Isotope Analyzer, Europa Scientific, Chesire, UK). The
soil from each pot was thoroughly homogenized before
taking a sub-sample for analysis. We added 60 ml of
2 M KCl to 25 g moist soil. Samples were shaken for
1 h and filtered through pre-leached (with 2 M KCl)
Whatman No. 1 filter paper. Extracts were frozen until
analyses for NH;" and NO; on a flow injection
analyzer (QuickChem FIA + , Lachat Instruments,
Milwaukee, WI). The NH," and NO;~ concentrations
were expressed on oven-dry soil weight (105°C) basis.

We used repeated measures ANOVA to test for main
effects of CO, (two levels: ambient and elevated),
water (two levels: low and high water), species
composition (six levels: five species grown in mono-
culture and all five species grown in competition), and
their interactions on CH4 consumption and N,O
emission. We also used repeated measures ANOVA
to test for main effects of CO,, water, and species
number (two levels: 1 and 5 species), and their
interactions on CH4 consumption and N,O emission.
The repeated measures ANOVA included random
effects of date (48, 69, and 83 days after transplanting)
and block. We also used ANOVA to test for main
effects of CO,, water, species composition, and their
interactions (or for main effects of CO,, water, species
number, and their interactions) on CH, consumption
and N,O emission at each date. We then tested for the
same effects after adjusting for effects caused by soil
moisture (covariate) using ANCOVA. Treatment
effects on CH, consumption and N,O emission could
be mediated by treatment effects on plant growth,
inorganic N uptake, soil NH," and NO;~, and
rhizodeposition. We therefore also used plant biomass,
plant biomass N content (an integrated measure of
plant N uptake), soil NH," and NO;  measured at the
end of the experiment, and respiration (which includes
rhizodeposition) as a covariate. We realize that soil
NH," and NO; measured at the end of the experiment
may not reflect dynamics of their availability during
the experiment. Also, respiration may be a poor
indicator of rhizodeposition. Unfortunately, we have
no direct measurements of soil NH," and NO;~ and
rhizodeposition during the experiment. Plant biomass,
plant biomass N content, and soil NH," and NO;~
were only used as a covariate for the analyses of the
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last date of CH; and N,O measurements. We used
linear regressions to relate CH, consumption and N,O
emission to soil moisture, respiration, plant biomass,
plant biomass N content, or NH," and NO; . When
necessary, data were log transformed to reduce hetero-
scedasticity. All statistical analyses were done with
JMP (version 4.0.4; SAS Institute, Cary, North
Carolina, USA).

Results

Between watering events pots under ambient CO, dried
out faster than pots under elevated CO, (Fig. 2a). Soil
moisture contents also diverged among pots with

different species composition after each watering event
(pots with L. dalmatica drying out fastest and pots with
H. comata slowest, Fig. 2b). Because of differences in
soil moisture among CO, and species composition
treatments, we used soil moisture content as a covariate
to test if treatment effects on CH4 consumption and
N,O emission still existed after adjusting for soil
moisture effects. We should note that the soil moisture
content measured at the time of CH; and N,O flux
measurements may not reflect effects caused by
differences in the drying-rewetting cycles that occurred
throughout the experiment.

We observed CH4 consumption in all pots at all
three dates. Repeated measures ANOVA on all three
dates showed that elevated CO, significantly in-

Fig. 2 Gravimetric soil mois- 35
ture concentration during the
experiment for a the CO, ——o—— aCO,, low water
(aCO,: ambient CO,, eCOy: 30 1 ~-@ aCO,, high water
elevated CO,) and water ——-a——— eCO,, low water
treatments (low water: 15% 25 — —a.—..  eCO,, high water
soil moisture, high water: =
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creased the CH,4 consumption (on average by 20%),
while there were no significant water and species
composition effects (Table 1, Fig. 3). There were
also no significant treatment interactions on CHy
consumption. The increase in CH, consumption
under elevated CO, was not significant during the
first date when plants were still small, but became
significant during the last two dates of measurement
(ANOVA, Table 1, Fig. 3). After adjusting for soil
moisture effects, CH, consumption was still higher
under elevated CO, during the last two dates of
measurement (ANCOVA, Table 1). Surprisingly, we
observed no significant relationship between the
CH, consumption and soil moisture content for each
date or when all three dates were combined (P>0.1,
Fig. 4a). Methane consumption 83 days after trans-
planting was not significantly related to plant
biomass, plant biomass N, or NH,;" and NO;
concentrations in the soil (P>0.1) and adjusting for
plant biomass, plant biomass N, or NH;" and NO5~
concentrations in the soil did not change treatment
effects (data not shown). Methane consumption was
significantly positively related to pot respiration,
although the variability explained was small (P<

0.0001, R*=0.18). When respiration was used as a
covariate in the ANCOVA it did not change
treatment effects (data not shown).

The emission of N,O at all three dates was not
significantly affected by elevated CO,, but was
significantly higher in the high water treatment (on
average by 67%) and differed significantly among the
six levels of the species composition treatment (repeat-
ed measures ANOVA, Table 1, Fig. 5). The N,O
emission was highest under H. comata, particularly in
the high water treatment (significant water*species
composition interaction). The ANOVA results for each
date show that water treatment effects became less
significant by the end of the experiment, but that
species composition effects remained significant
throughout the experiment (mostly due to H. comata).
When we used soil moisture content as a covariate, the
water treatment effect disappeared 48 and 83 days after
transplanting and was only marginally significant
69 days after transplanting. However, species compo-
sition effects remained significant for all dates and the
water*species composition interaction remained the
same after correcting for soil moisture effects
(ANCOVA, Table 1). Not surprisingly, the N,O

Table 1 Summary of statistic test results with CO,, Water, and Species composition as main factors®

Test Covariate  P-values
CO, Water  Sp. comp. CO,* Water CO,* Sp. comp. Water* Sp. comp. Covariate
CHy4
Rep. meas. ANOVA — <0.0001 ns ns ns ns ns —
48 DAT ANOVA — ns ns ns ns ns ns —
69 DAT ANOVA — <0.0001 ns ns ns ns ns —
ANCOVA Soil moist. <0.0001 ns ns ns ns ns 0.02
83 DAT ANOVA — <0.0001 ns ns ns ns ns —
ANCOVA Soil moist. <0.0001 ns ns ns ns ns ns
N,O
Rep. meas. ANOVA — ns <0.0001 <0.0001 ns ns <0.0001 —
48 DAT ANOVA — ns <0.0001 <0.0001 ns ns 0.07 —
ANCOVA Soil moist. ns ns <0.0001 ns ns 0.07 0.04
69 DAT ANOVA — ns 0.03 <0.0001 ns ns 0.006 —
ANCOVA Soil moist. ns 0.09 <0.0001  ns ns 0.006 0.09
83 DAT ANOVA — ns 0.09 <0.0001 ns ns 0.06 —
ANCOVA Soil moist. ns ns <0.0001 ns ns 0.06 ns
NO; ns ns 0.01 ns ns 0.06 0.03

 Date effects in repeated measures ANOVA were always significant (P<0.0001). Block effects are not reported but were sometimes

significant (P<0.05)
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emission was significantly related to soil moisture
content, although the variability explained by soil
moisture was small (P<0.0001, R*=0.15 Fig. 4b).
The N,O emission was not significantly related to
pot respiration, and using pot respiration as a
covariate in the ANCOVA did not change any of
the treatment effects (data not shown). The N,O
emission 83 days after transplanting was not related
to plant biomass, or plant biomass N, but was
significantly related to NO5; concentrations in the
soil (P<0.0001, data not shown). The main water
effect disappeared, and the species composition
effect was less significant after adjusting for NO5~
concentrations in the soil (Table 1).
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We observed no significant species number (1 vs. 5
species) effects on CH4 consumption (P=0.12, repeated
measures ANOVA, data not shown). We did observe a
significant reduction in N,O emission with 5 species
compared to 1 species (P=0.04, repeated measures
ANOVA), particularly under high water (species
number*water interaction, P=0.05). However, the
species number effect and species number*water
interaction disappeared during the last measurement,
when plants were largest.

Discussion

Methane consumption significantly increased with
elevated CO,, but was not affected by soil water
content or species composition, while N,O emission
was not affected by elevated CO,, but significantly
increased with increased water content and showed a
significant species composition effect. The CO, effect
on CH,4 consumption and the species composition
effect on N,O emission could not be explained by
CO, or species composition effects on soil moisture.

We utilized a new method to measure microbially
mediated CH4 consumption and N,O emission by
eliminating effects of gas diffusivity. For CHy, gas
diffusivity may impede the influx of CH, into the soil
when soil water content reaches a certain threshold
(Del Grosso et al. 2000; Koschorreck and Conrad
1993). Mosier et al. (2008) reported that this threshold
was around 10-20% water-filled pore space, or around
6.2—12% gravimetric soil moisture content (using a soil
bulk density of 1 gem > and a solid soil density of
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Fig. 4 a Methane consumption and b N,O emission 48, 69, and 83 days after transplanting as a function of soil moisture
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2.65 gem ), for the USDA-ARS Central Plains
Experimental Range where we collected our soil for
this experiment. This threshold is at the lower end of
soil moisture contents we maintained in our experi-
ment. Thus gas diffusivity most likely limited CHy4
consumption in our pots during much of the time we
did not circulate air through the pots, although
diffusivity may have been higher in our pots than in
the field due to gas exchange between the pot wall and
the soil. Although we may not have completely
eliminated gas diffusivity, we are confident that, during
our measurements when we circulated air through the
pots, we increased this threshold so that gas diffusivity
was not the limiting factor for CH4 consumption (and
N,O emission) anymore. If gas diffusivity played a
significant role in CH,; consumption during our
measurements, we would have expected lower CHy
consumption in the wetter soils under elevated CO,,
but we observed the opposite. We also did not observe
a negative relationship between CH4 consumption and
soil moisture.

The activity of methanotrophs to oxidize CHy is
limited by soil moisture content (Del Grosso et al.
2000; Stein and Hettiaratchi 2001). The increase in
soil moisture under elevated CO, may have contrib-
uted to greater CH, consumption in pots under
elevated CO, compared to pots with the same water
treatment under ambient CO, (Fig. 2). However, the
microbially mediated CH4 consumption was not
solely affected by soil moisture content, since CHy
consumption under elevated CO, remained signifi-
cantly higher after correcting for soil moisture. We
also observed no relationship between CH,4 consump-
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tion and soil moisture. These results suggest that the
sensitivity of methanotroph activity to water content
is not straightforward and that factors other than soil
moisture contributed to the greater methanotroph
activity under elevated CO,.

High concentrations of NH," and NO;~ in the soil
often inhibit methanotroph activity (Bédard and
Knowles 1989), although increased CH,; oxidation
with NH," fertilization in rice paddies has also been
observed (Bodelier et al. 2000). Elevated CO, did not
affect soil NO5 ™ concentration (ANOVA, P=0.95) but
increased the NH," concentration by 25% (ANOVA,
P=0.02; on average NH," concentrations were 0.32
and 0.40 mg N kg™ soil for ambient and elevated CO,
respectively). Although the increase in NH, " concen-
tration under elevated CO, could potentially have
reduced N limitation of methanotroph activity
(Bodelier et al. 2000), the NH," (or NO;") concentra-
tion in the soil was not related to CH, consumption.

It is possible that increased labile substrates under
elevated CO, may have stimulated methanotrophs to
consume CHy. It is well known that elevated CO, can
increase the input of labile C substrates into the soil
(Cheng and Johnson 1998; Dijkstra et al. 2005;
Hungate et al. 1997b). Evidence that methanotrophs
are limited by C substrates is less clear. Conrad (1984)
suggested that methanotrophs are able to use organic
matter as a carbon source, and indeed several studies
have suggested increased CH4 consumption with
greater availability of labile C substrates (Benstead et
al. 1998; Goldman et al. 1995; Jacinthe and Lal 2005).
However, elevated CO, reduced CH4 consumption in a
loblolly pine plantation that could not be explained by
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potential increases in labile C substrates (Phillips et al.
2001b). We did not measure availability of labile C
substrates in our experiment, but found a significant
positive relationship between CH,; consumption and
respiration. Nevertheless, respiration could not explain
the CO, treatment effect on CH4; consumption,
possibly because our respiration measurements may
not have been a strong indicator of labile C substrates
into the soil. A potentially greater availability of labile
C substrates (as well as a greater soil moisture content)
under elevated CO, may also have increased metha-
nogen activity (i.e., production of CH,). Although
methanogen activity can occur in aerobic conditions
(Khalil and Baggs 2005), soil moisture content in our
experiment was most likely too small to cause a
significant effect on CH4 production (Von Fischer and
Hedin 2007), and increased methanogen activity would
have countered the CO, treatment effect on net CH,
consumption.

In field studies a decrease in CH4 consumption in
response to elevated CO, has been associated with
greater soil moisture content (Ambus and Robertson
1999; Ineson et al. 1998; McLain et al. 2002; McLain
and Ahmann 2008). Rather than affecting methano-
troph activity, it was suggested in these studies that soil
moisture reduced CH, diffusivity into the soil thereby
limiting CH,4 consumption or that soil moisture
increased CH, production by methanogens. However,
by eliminating the effects of CH, diffusivity on CHy4
consumption we were able to observe a significant
increase in methanotroph activity under elevated CO,,
possibly due to an increase in soil moisture, and
perhaps due to other mechanisms that are unclear. Our
results indicate that elevated CO, effects on micro-
bially mediated CH4 consumption may be particularly
important for ecosystems that are dry during much of
the year and where CH, consumption is not generally
constrained by gas diffusivity (Del Grosso et al. 2000).
Indeed, CH4 consumption in a semi-arid grassland in
Colorado tended to be greater under elevated CO, than
under ambient CO,, despite an increase in soil
moisture (Mosier et al. 2002). Field measurements
from a free air CO, enrichment experiment in a semi-
arid grassland in Wyoming showed greater CHy
consumption under elevated CO, at times when soils
were dry (i.e., during much of the growing season,
Dijkstra et al., unpublished results).

Not surprisingly, soil moisture explained much of
the higher N,O emission in the high water treatment

@ Springer

(i.e., the water treatment effect disappeared or was
strongly reduced when soil moisture was used as a
covariate in the ANCOVA, Table 1). On the other
hand, pots under elevated CO, had greater soil
moisture contents during most of the experiment,
but elevated CO, did not increase N,O emission.
Possibly, because of our frequent watering, the CO,-
induced soil moisture increase may not have been
large enough to cause significant increases in N,O
emission that were observed in other studies (Arnone
and Bohlen 1998; Kanerva et al. 2007; Kettunen et al.
2006; Robinson and Conroy 1999). It was suggested
that a greater plant and microbial N demand under
elevated CO, prevented an increase in N,O emission
(Hungate et al. 1997a; Mosier et al. 2002), or even
reduced N,O emission (Kettunen et al. 2007; Pleijel et
al. 1998). However, total plant biomass N content at
the end of the experiment was not significantly
affected by the CO, treatment (P>0.1, ANOVA, data
not shown), while we do not have information about
microbial N immobilization. Elevated CO, could also
increase N,O emission because of increased labile C
input into the soil fueling the denitrifying community
(Baggs et al. 2003a, b; Ineson et al. 1998; Kammann
et al. 2008). However, nitrifiers that are an important
contributor of N,O emission in semi-arid systems
(Mosier et al. 2008), do not require labile C as an
energy source. Nitrification may have dominated the
production of N,O in our study, and thus N,O
emission may not have increased under elevated
CO, despite potentially greater inputs of labile C
substrates. Others have suggested that the lack of
response of N,O emission to elevated CO, was due to
limited potential for denitrification (Ambus and
Robertson 1999; Billings et al. 2002). The large
variability in N,O emission in response to elevated
CO, among studies indicates a complex number of
factors and interactions involved, which requires
further investigation.

It is unclear what caused the large effect of species
composition on N,O emission. These effects could
not be explained simply by species composition
effects on soil moisture. When soil NO3~ concentra-
tion was used as a covariate then species composition
effects on N,O emission were smaller, but remained
significant (Table 1). The N,O emission was largest
under H. comata. This species also had the highest
NO;  concentration in the soil at the end of the
experiment (1.10 mg N kg~ ' compared to 0.67, 0.43,
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0.74, 0.77, and 0.62 mg N kg ' for A. frigida, L.
dalmatica, B. gracilis, P. smithii, and all species
combined respectively). These results suggest that
besides variation in soil moisture, variation in NO5z
concentrations in the soil may have contributed to the
variation in N,O emission. However, other factors,
such as root exudates and other root-derived available
soil C (Baggs et al. 2003a, b; Ineson et al. 1998),
differences in root morphology affecting root-
microbial interactions (Brown et al. 1997), or differ-
ences in the composition of the nitrifying and
denitrifying microbial community (Patra et al. 2006;
Priha et al. 1999) may also have caused species
composition effects on N,O loss.

Increasing the plant species number from 1 to 5 did
not affect CH, consumption and only reduced N,O
emission early in the experiment. Virtually nothing is
known about plant species number or plant diversity
effects on CH, fluxes and very little on N,O fluxes.
Reduced N,O emission with increased plant species
or plant functional diversity has been associated with
more efficient plant N uptake (Epstein et al. 1998;
Niklaus et al. 2006). More efficient N uptake early on
in our experiment may also have contributed to the
reduced N,O emission in the mixed pots, which
included species of diverse root morphologies.

Conclusion

Semi-arid grasslands have been shown to be very
responsive to elevated CO, with large shifts in species
composition and changes in C and N cycling (Dijkstra
et al. 2008; Morgan et al. 2007; Pendall et al. 2003).
Changes in species composition and in C and N
cycling in response to elevated CO, likely also affect
exchange of the greenhouse gases CH, and N,O.
However, the mechanisms involved in the
microbially-mediated exchanges of CH; and N,O
between soils and the surrounding atmosphere have
been obscured in previous experiments due to con-
founding effects of soil water content on microbial
activity and diffusivity of gas through the soil matrix.
We used a unique method that reduces soil matrix gas
diffusional resistance to evaluate how elevated CO,,
soil water content, and plant species composition
directly affect microbially mediated consumption of
CH,4 and emission of N,O. Elevated CO, significantly
increased CH,; consumption, while N,O emission

significantly differed among plant species and signif-
icantly increased with greater soil moisture content.
Although soil moisture is a key factor controlling
biological processes in semi-arid grasslands, treatment
effects on CH4 consumption and N,O emission often
remained significant after correcting for treatment
effects on soil moisture. This suggests that treatment-
induced changes in soil and microbial properties such
as availability of plant-derived labile C substrates,
inorganic N, and microbial community composition
are also important. More research is needed to better
understand the interactions of environmental factors
and different microbial groups contributing to CHy
and N,O exchange between the soil and atmosphere.
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