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ABSTRACT

Long-term responses of terrestrial ecosystems to the
combined effects of warming and elevated CO,
(eCO,) will likely be regulated by N availability.
The stock of soil N determines availability for
organisms, but also influences loss to the atmo-
sphere or groundwater. eCO, and warming can
elicit changes in soil N via direct effects on micro-
bial and plant activity, or indirectly, via soil mois-
ture. Detangling the interplay of direct- and
moisture-mediated impacts on soil N and the role
of organisms in controlling soil N will improve
predictions of ecosystem-level responses. We fol-
lowed individual soil N pools over two growing
seasons in a semiarid temperate grassland, at the
Prairie Heating and CO, Enrichment experiment.
We evaluated relationships of N pools with envi-
ronmental factors and explored the role of plants
by assessing plant biomass, plant N, and plant
inputs to soil. We also assessed N forms in plots
with and without vegetation to remove plant-
mediated effects. Our study demonstrated that the
effects of warming and eCO, are highly dependent

on individual N form and on year. In this water-
constrained grassland, eCO,, warming and their
combination appear to impact soil N pools through
a complex combination of direct- and moisture-
mediated effects. eCO, decreased NO3;~ but had
neutral to positive effects on NH," and dissolved
organic N (DON), particularly in a wet year.
Warming increased NO;~ availability due to a
combination of indirect drying and direct temper-
ature-driven effects. Warming also increased DON
only in vegetated plots, suggesting plant mediation.
Our results suggest that impacts of combined eCO,
and warming are not always equivalent for plant
and soil pools; although warming can help offset
the decrease in NO3~ availability for plants under
eCO,, the NO5;™ pool in soil is mainly driven by the
negative effects of eCO,.
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INTRODUCTION

Understanding the combined impacts of elevated
atmospheric CO, (eCO,) and warming on terres-
trial ecosystems remains a major objective of global
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change studies (Pendall and others 2004; Heimann
and Reichstein 2008). Long-term responses of ter-
restrial ecosystems to these global changes will
likely be regulated by the responses of nitrogen (N)
cycling and N availability (Luo and others 2006).
N availability has been demonstrated to control
responses of ecosystem productivity (Reich and
others 2006; Langley and Megonigal 2010; Niu and
others 2010), decomposition (Hu and others 2001),
and carbon (C) sequestration (Rastetter and others
2005; Luo 2007; Hungate and others 2009) to
global change factors.

The soil N stock is an important component of N
availability. It determines the pools available for
uptake by organisms as well as for loss to the atmo-
sphere or groundwater. eCO, and ecosystem
warming can influence soil N pools via multiple
processes. For example, eCO, can decrease mineral
N by increasing microbial immobilization (de Graaff
and others 2006) or plant N uptake (Jin and Evans
2010) but it can also, concomitantly, increase N
mineralization (Ebersberger and others 2003; Phil-
lips and others 2011). Warming tends to enhance N
turnover and availability in soil through direct
impacts on microbial activity and mineralization
(Rustad and others 2001; Melillo and others 2002),
but it can decrease the mineral N pool through
enhanced plant uptake (Larsen and others 2010).
Moreover, soil N stocks and the processes regulating
them are highly sensitive to soil water status which,
in turn, can be strongly altered by both eCO, and
warming. eCO, can modify plant-water relations
and often increases soil water availability (Morgan
and others 2004; Morgan and others 2011), whereas
warming, with its desiccating effects, can have the
opposite impact (Harte and others 1995; Dermody
and others 2007). Understanding the interplay of
direct- and moisture-mediated impacts of eCO, and
warming on N availability in real-world systems will
improve predictive understanding of ecosystem-
level responses.

Very few field experiments have addressed the
combined effects of eCO, and warming on N
dynamics. In a temperate grassland Hovenden and
others (2008) found that eCO, decreased soil N
availability but that warming ameliorated this
effect; although the effect of CO, was attributed to
enhanced soil moisture, the effect of warming was
ascribed to temperature stimulation of miner-
alization. In contrast, Larsen and others (2010)
observed no effects of eCO,, warming or their
combination on leached N in a temperate heath-
land. Combined impacts of eCO, and warming on
N availability are probably highly system-depen-
dent. Nonetheless, it is likely that the effects of

eCO, and warming are more strongly mediated by
soil moisture in systems where water availability
constrains biological activity. For semiarid grass-
lands, models predict strong effects of eCO, and
warming on soil moisture which will likely impact
N availability, in addition to microbial decomposi-
tion and plant productivity (Pepper and others
2005; Parton and others 2007).

Parton and others (2007) modeled the effects of
eCO, and warming in a semiarid temperate grass-
land in Wyoming, USA, at the Prairie Heating and
CO, Enrichment (PHACE) experiment, where the
present study took place. They predicted that eCO,
would increase net soil N release due to increased
mineralization with greater soil moisture and that
warming could have positive or negative effects on
N mineralization depending on water availability.
In a field study, Dijkstra and others (2010) cor-
roborated the importance of soil moisture on eCO,
effects at PHACE, but in contrast to the predictions,
eCO, was found to decrease the soil inorganic N
pool. Despite its desiccating effects, warming did
not affect microbial N uptake but it increased the
mineral N pool and plant N uptake (Dijkstra and
others 2010). The contrast between predicted and
observed outcomes demonstrates the need for a
closer understanding of the environmental controls
on individual soil N pools in this grassland. Spe-
cifically, strong seasonal fluctuations in moisture
and temperature are likely to influence the impacts
of eCO, and warming on plant and microbial
driven processes responsible for the availability
of different soil N forms (Beier and others 2008;
Sardans and others 2008). However, Dijkstra and
others’ (2010) results were based on one point-in-
time (late spring) and seasonally integrated total
mineral N measurements. Another key unknown is
the relative importance of microbial and plant
responses in determining how soil N pools will
behave in a warmer, CO, enriched atmosphere. For
this, experimentally removing plant-mediated
processes could provide useful insights.

Our goals were to investigate the interplay of
direct- and moisture-mediated impacts of warming
and eCO, on soil N pools, and to explore the roles
of plants and microbes in mediating those impacts.
We examined the seasonal variation in the effects
of free air CO, enrichment, warming (with ceramic
heaters), and their combination on soil N pools in a
semiarid temperate grassland throughout two
growing seasons. We followed individual pools of
extractable nitrate (NOs~), ammonium (NH,"),
and organic N (dissolved organic N, DON) in soil in
intact native prairie and assessed the influence of
soil moisture and temperature on these pools.
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To explore how plants mediated soil N pools, we
assessed plant biomass, plant N, and plant-derived
dissolved organic C (DOC). We monitored all N
forms in plots with vegetation and without vege-
tation so as to remove plant-mediated effects.

METHODS
Study Site

The PHACE experiment is located at the USDA-
ARS High Plains Grassland Research Station
(1930 m.a.s.l.), about 15 km west of Cheyenne,
WY, USA (41°11°N, 104°54’W). The ecosystem is a
northern mixed grass prairie with a plant commu-
nity dominated by the C, grass Bouteloua gracilis
(H.B.K) Lag. and two Cs grasses, Hesperostipa comata
Trin and Rupr. and Pascopyrum smithii (Rydb.).
About 20% of the vegetation is composed of sedges
and forbs. Annual precipitation is 384 mm, with
approximately 60% falling during the growing
season, which extends from late March through
September. Mean air temperatures are 17.5°C in
summer and -—2.5°C in winter, with average
maximum July temperature of 27°C. Soils at the
experimental site are Mollisols (fine-loamy, mesic
Aridic Argiustoll, mixed Ascalon and Altvan series),
with a pH of 7.0. Average organic soil C content is
1.9% (SD = 0.27) at 0-5 cm and 1.5% (SD = 0.25)
at 5-15 cm.

Experimental Setting and Environmental
Monitoring

The experiment exposes plots to a full factorial
combination of CO, and temperature (ambient CO,
and ambient temperature: ct; ambient CO, and
elevated temperature: cT; elevated CO, and ambi-
ent temperature: Ct; elevated CO, and elevated
temperature: CT) with five replications. It uses Free
Air CO, Enrichment technology (Miglietta and
others 2001) installed in 3.4 m diameter rings to
produce an atmosphere with a CO, concentration
of 600 £+ 40 ppmv in the elevated CO, treatments
during the growing season. Infrared heaters (Kim-
ball and others 2008) attached to a frame 1.5 m
above the ground increase canopy temperature by
1.5°C during daytime and 3°C at night all year
round. CO, enrichment began at the start of the
growing season (early April) in 2006 and heating
began at the start of the growing season in 2007. To
permanently remove plant effects, an approxi-
mately 0.4 m 2 area in each plot was sprayed with
a broad spectrum systemic herbicide (glyphosate).

Although glyphosate contains N, very small quan-
tities were used, and previous research suggests
that it does not increase N availability (Damin and
others 2010). Prior to the first application, the
selected area was isolated from the rest of the plot
by burying metallic sheets down to 30 cm. Spray-
ing took place in the first week of June 2008 and
localized, minor applications were done occasion-
ally over the rest of the growing season to kill any
new or sprouting plants. Dead standing vegetation
was left intact to avoid disturbance associated with
hand pulling. During the following growing season
(2009) there was minimal standing plant material
and little plant emergence. Any new seedlings were
carefully hand-pulled weekly to fortnightly.

In the intact portion of each experimental
plot (referred to as native prairie) soil volumetric
water content (5-15 cm depth) was monitored
hourly with an Envirosmart sensor (Sentek Sensor
Technologies, Stepney, Australia) during the
entire year in 2008 and 2009 and with a 10 HS
soil moisture sensor (0-15 c¢m) and associated
Em50 data logger (Decagon Devices Inc., Pullman,
WA, USA) starting in August of 2008. Soil water
content was monitored independently in the
portion treated with herbicide (referred to as
plant-free plots) using a 10 HS sensor only. To
obtain comparable measures of soil moisture
content in both plant-free and native prairie plots
for both growing seasons, we used the linear
relationship (R* = 0.82; P < 0.0001) between
measurements of the Sentek sensor and the 10 HS
sensor in the native plot collected over a period of
450 days to convert the measurements of the
10 HS sensor in the plant-free plots. Soil temper-
ature was measured hourly at 3 cm using ther-
mocouples only in native plots.

Soil Sampling and Processing

Soils were sampled five times during each of the
two growing seasons. Soil samples were obtained
by collecting and compositing two 0-5 cm deep,
1.5 cm diameter cores from each of the native and
plant-free plots. Collection in the native prairie
plots started in the second week of April in 2008
and in the last week of June in plant-free
plots—3 weeks after the first herbicide application,
when all plants had died. The final collection in
2008 and 2009 occurred in the first week of Octo-
ber, when most of the vegetation had senesced. Soil
samples were kept refrigerated and processed
within 24 h. Soils were passed through a 2-mm
sieve and further picked by hand to remove visible
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plant material and then shaken in 0.05 M K,SO4
(1:2 soil to solution ratio) for 1 h. Extracts were
filtered through Whatman No. 1 paper and frozen
until analysis. Subsamples were taken to determine
gravimetric moisture content. Extracts were ana-
lyzed for NOs~ and NH," on a flow injection ana-
lyzer (QuickChem FIA,; Lachat Instruments,
Milwaukee, WI, USA) and for total N on a Total
Organic Carbon analyzer with an N measuring unit
(Shimadzu TOC-V¢py; Shimadzu Scientific Instru-
ments, Wood Dale, IL, USA). Concentrations of N
in extracts were converted to g m~? using bulk
density values previously obtained for each plot.
DON was determined by subtracting total mineral
N (NO;~ and NH,") from total N (Melillo and
others 2002).

Soil extracts from native plots were analyzed for
DOC with a Total Organic Carbon analyzer (see
above) after treating with 1 M H;PO, (1 pl per
10 ml of extract) to remove carbonates. Extracts
from samples collected at the biomass peak (late
July in each year) in the eCO, plots were further
processed to determine their isotopic composition.
As recent plant C, since the start of the eCO,
treatment, is depleted in '>C because of fumiga-
tion of the plots with fuel-derived CO,, it is pos-
sible to estimate the fraction of DOC derived from
recent plant inputs in the eCO, plots via a mass
balance as:

% DOCp = (6"°CDOC — 6'°Cy) /(67 Cp — 6°Cy)

where %DOC, is the fraction of DOC derived from
recent plant inputs; 6'>C DOC is the 6'°C of the
K,SO, extract; 0'°Cq is the 6'°C of bulk soil and
6'°C, is the 6'°C of the plant biomass. 5'>C DOC
was measured on a dried aliquot of the extract
(60°C) from each plot. §'°C, was obtained from
bulk soil after carbonate removal as described in
Carrillo and others (2011). 6'°C, was obtained
from aboveground plant biomass samples (see
below). 6'>C of the aboveground plant biomass was
chosen as the end-member for plant inputs over
the root biomass, because roots in this system have
an average turnover time of about 6 years (Milch-
unas and others 2005). The §'°C,, represents the C
that has been fixed and translocated to the roots
over the 2007, 2008, and 2009 growing seasons
(thus termed recent plant inputs). All measure-
ments of '°C were done using an elemental ana-
lyzer connected to a mass spectrometer (20-20
Stable Isotope Analyzer; Europa Scientific, Chesh-
ire, UK). The calculated fraction of recent plant-
derived C was applied to the total pool of DOC at
the respective collection time.

Plant Biomass and Plant N Content

In late July of each year, near the time of peak
aboveground biomass in this system, and at the
time of the third soil collection in the native prairie
plots, standing aboveground plant biomass and fine
root biomass were assessed. Aboveground biomass
was obtained by clipping an area of 0.75 m? in each
plot. Biomass was dried at 60°C, weighed and
ground to be analyzed for C, 6"°C, and N using an
elemental analyzer interfaced to mass spectrometer
(Europa Scientific, Cheshire, UK). Fine roots
(<1 mm) were handpicked from soil samples
derived from three composited soil cores (15 cm
depth; 3 cm diameter) and weighed.

Statistical Analyses

Repeated measures two-factor ANOVA was used to
determine the effect of eCO,, warming and time on
soil moisture and temperature. To assess treatment
effects on the concentrations of N forms in each
year, we used repeated measures split-plot two-
factor ANOVA, with eCO, and warming as whole
plot factors, vegetation presence/absence as the
split-plot and sampling time as the repeated mea-
sure. We subsequently performed analyses for
plant-free and native plots separately. DOC in
native plots was analyzed in each year with two-
factor repeated measures ANOVA with eCO, and
warming as factors and time as the repeated mea-
sure. ANOVAs were performed with JMP (version
7.0; SAS Institute, Cary, N.C. USA) except for the
split-plot repeated measures ANOVA which was
carried out using PROC MIXED with heteroge-
neous autoregressive covariance structure in SAS
(version 9.2; SAS Institute, Cary, N.C. USA). We
evaluated relationships between N pools and
moisture, temperature and plant biomass by
selecting the function that best matched the
behavior of the plotted data, and which explained
the greatest variation (R*> values) and was also
statistically significant (P < 0.05) using the linear
and nonlinear regressions tools in SigmaPlot (ver-
sion 10.0 Systat Software Inc., San Jose, CA, USA).
We evaluated these relationships using soil mois-
ture and temperature means for 5, 10, 15, 20, and
30 days prior to soil collection. Although the dif-
ferent intervals led to qualitatively similar results,
the 15-day (2 weeks) period provided the strongest
relationships, indicating its relevance for the stud-
ied variables, and thus we present the values and
relationships for this period. We used two-way
ANOVA to evaluate treatment effects on above-
ground biomass N pool. Significant effects and
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relationships are reported at P < 0.05 unless
otherwise stated.

REsuLTs
Soil Moisture and Temperature

Average daily soil temperatures (3 cm depth) in the
growing seasons were about 2.5°C in early April
and reached an average maximum of 26°C in mid
to late July (Figure 1A, B). By the end of the
growing season temperatures declined to an aver-
age of 9°C. Warming increased soil temperature in
native plots by 2.7°C on average in 2008 and by
1.8°C in 2009 (P < 0.0001 and P = 0.006, respec-
tively). Temperature was not measured separately
in plant-free plots during this study period. How-
ever, during the growing season of 2011 continu-
ous measurements at 3 cm in a subset of plots
indicated that native plots averaged 1°C warmer
than plant-free plots in ambient and eCO, treat-
ments, and were 0.9°C cooler than plant-free plots
in the warmed treatment (data not shown). In
2008, three periods of increasing soil moisture
alternated with periods of decrease, including a
protracted dry period in the middle of the growing
season. In 2009 soil moisture was relatively high
and stable until early July, after which it declined
and remained low. Soil water content (5-15 cm
depth) was more variable in native than plant-free
plots mainly due to the accentuation of drying in
vegetated plots, likely due to transpirational losses
(Figure 1C, D). In native plots warming reduced
soil water content by 2% v/v on average (P = 0.015
in 2008, P = 0.012 in 2009). The decrease in soil
moisture with warming was smaller in plant-free
plots. In 2008 water content decreased by 1.2%
v/v.In 2009 warming decreased water content in the
first half of the season (by 1% v/v on average) when
water content was high, but the effect disappeared
around mid-July, when soil moisture started
decreasing (Warming x Time, P = 0.03). A greater
decrease in water content with warming in native
plots suggests that soil drying with warming was
partly due to enhanced plant water uptake and/or
transpiration. Soil water content was higher in na-
tive plots under eCO, in both years. In 2008, water
content was 2.3% v/v greater on average (P =
0.005) in eCO, plots. In 2009, the magnitude of the
increase was dependent on time (CO, x Time, P =
0.03). As expected, there were no effects of elevated
CO, on soil moisture in plant-free plots (Figure 1E, F).
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Figure 1. Soil temperature at 3 cm in soil under native
prairie vegetation (A, B) and soil moisture at 5-15 cm
in native prairie (C, D) and plant-free soil (E, F) in the
2008 and 2009 growing seasons. c¢t ambient CO,, un-
warmed; ¢T ambient CO,, warmed; Ct elevated CO,,
unwarmed; CT elevated CO,, warmed plot. Dotted lines
indicate times when soil samples were collected for N
analysis. Each data point represents a weekly average of
hourly logged data for five replicate plots. Error bars
indicate SE.
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Extractable Inorganic and Organic Soil N
Pools

The concentrations of NH,*, NO5;~, and DON were
highly dependent on the presence/absence of veg-
etation and on time (Figures 2, 3, 4; Table 1).
Notably, the pool of NO5;~ in plant-free plots was
on average sixfold greater than that measured in
native plots, a condition likely resulting from the
absence of plant N uptake, but to which an after-
effect of the method of vegetation removal could
have contributed. eCO, had significant effects on
all N forms. In 2009 eCO, consistently increased
NH," in native plots (Figure 2). Although, no
effects of eCO, were expected in plant-free plots,
we observed higher NH," on some sampling dates,
which we interpret as a result of legacy effects of
the plant residue following the herbicide applica-
tion in 2008. eCO, had a negative effect on NO3™ in
native plots but not in plant-free plots (Figure 3;
Table 1), and it increased DON in native plots in
2009 but did not have consistent effects in 2008 or
in plant-free plots (Figure 4; Table 1). Warming did
not have any clear effects on NH,", but it increased
NO;~ in plant-free plots in both years (signifi-
cant Warming x Vegetation interactions, Table 1;
Figure 3), and it increased DON in 2008 in native
plots (Table 1; Figure 4).

In plant-free plots, regardless of CO, and warm-
ing treatments and across sampling times, the
concentration of NO3;~ was negatively related to
soil water content and positively related to soil
temperature (Figure 5A). The NH," pool was con-
siderably less variable than NO5;~ and showed a
negative exponential relationship with moisture
but no relationship with temperature (Figure 5B).
DON was highest at intermediate soil water content
but showed no relationship with temperature
(Figure 5C). In native plots none of the three pools
were related to temperature or moisture (data not
shown). Plant biomass (assessed as the sum of
aboveground and fine root biomass at the time of
peak biomass in native plots) did not show a rela-
tionship with NO3;™ in soil at the time of plant
harvest in any of the years studied (data not
shown). Both NH," and DON were positively cor-
related with plant biomass in 2009 (Figure 6),
whereas no significant relationship was observed in
2008 (data not shown).

Plant N Pools

N pool sizes in 2008 were previously reported in
Dijkstra and others (2010) and we present the 2009
data here (Table 2). Aboveground biomass N
increased with warming in 2008 but not in 2009.
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Figure 4. Pools of
dissolved organic N in
native prairie and plant-
free plots over the 2008
and 2009 growing
seasons. ¢t ambient CO,,
unwarmed; ¢T ambient
CO,, warmed; Ct elevated
CO,, unwarmed; CT
elevated CO,, warmed
plot. Data represent
averages of five replicates.
Error bars indicate SE.
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eCO, did not significantly impact the aboveground
N pool in any of the years studied. N pools were
overall greater in 2009 due to high productivity
in this greater-than-average precipitation year
(Morgan and others 2011).

Dissolved Organic C

DOC was lowest early in the growing seasons and
tended to increase as the season progressed (Fig-
ure 7A, B). eCO, increased the pools of DOC in
2009 whereas warming increased them in 2008
(Figure 7A, B). Based on isotopic partitioning of
DOC at the biomass peak sampling date (late July)
in the eCO, plots, on average, approximately 30%
of DOC was derived from recent plant C inputs. In

2008, there was a significant positive effect of
warming on total DOC and recent plant-derived C
(t test, P < 0.05) so that recent plant inputs
amounted to 45% of the DOC (Figure 7A).

DiscussioN

Our study demonstrated strong effects of both
warming and eCO, on N pools, but no interactions
between these global changes. Warming and CO,
effects were highly dependent on the individual N
form studied. The responses of soil N pools to eCO,,
warming and their combination resulted from a
combination of direct (microbial and plant-medi-
ated) and indirect (moisture-mediated) effects.
These results suggest that although biomass
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Figure 6. Relationships between plant biomass and the
pool of NH,* and dissolved organic N in 0-5 cm soil in
native prairie plots in late July, near the peak of plant
biomass in 2009. ¢t ambient CO,, unwarmed; ¢T ambient
CO,, warmed; Ct elevated CO,, unwarmed; CT elevated
CO,, warmed plots. Data points represent individual
plots.

Table 2. Aboveground Plant Biomass N Pools in
Native Prairie Plots in the 2009 Growing Season
and ANOVA Results

ct cT Ct CT

Mean (g N m~2) 2.00 2.04 1.68 2.07
SE 0.11 0.28 0.25 0.26
ANOVA

Source of variation F Prob > F
CO, 0.39 0.54
Warming 0.86 0.37

CO, x Warming 0.56 0.47

ct: ambient CO,, unwarmed; cT: ambient CO,, warmed; Ct: elevated CO,,
unwarmed; CT: elevated CO,, warmed plot.

responses in this water-constrained ecosystem
are primarily mediated by moisture availability
(Morgan and others 2011), biogeochemical re-
sponses are more complex.

eCO, Effects

We observed that eCO, decreased soil NO3™
throughout the growing season—although it had
neutral to positive effects on NH," (see below). eCO,
could have decreased soil NO3™ via increased plant
N uptake (Jin and Evans 2010; Larsen and others
2010). Community aggregated plant-shoot N pools
measured at the time of peak biomass are a good
proxy for ecosystem level plant N uptake in this
system as peak biomass represents the great major-
ity of net annual primary productivity (Morgan and
others 2011). Plant-shoot N pools in 2008 (Dijkstra
and others 2010) and in 2009 (this study, Table 2)
did not increase with eCO,, suggesting that greater
plant N uptake was not the sole factor driving de-
creased soil NO5; ™~ and that microbially driven pro-
cesses may have played a role in this response. We
found consistently smaller NO3™ pools under wetter
conditions (Figure 5A), suggesting that increased
soil moisture with eCO5 could have contributed to
lower NO5~ concentrations. Increased microbial N
immobilization under eCO, (Barnard and others
2006a; Lagomarsino and others 2008; Bloor and
others 2009) could have resulted from increased soil
water content with eCO, enhancing microbial
activity and N demand. Consistent with this, in a
one point-in-time '°N assay at PHACE, eCO, in-
creased microbial NO;~ immobilization (Dijkstra
and others 2010). Another factor that could have
contributed to the decrease in the NO5;~ pool with
greater water content under eCO, is a decrease in
nitrification due to less aerobic conditions with
greater water content, which has been found in
several studies (Niklaus and others 2001; Barnard
and others 2006b; Lagomarsino and others 2008;
Rutting and others 2010). Although higher water
availability with eCO, can also increase leaching
and denitrification (Korner and Arnone 1992; Baggs
and others 2003), the magnitude of those processes
in this type of grassland is probably small relative to
the observed decrease in NO3~ (Mosier and others
2008; Xu and others 2008). N,O emissions were less
than 2 mg N m~2 during the growing season at the
PHACE experiment (Dijkstra and others, unpub-
lished), suggesting that the N cycle in general is
rather tight at this site with little loss to the atmo-
sphere.

In 2009 eCO, consistently increased both DON
and NH," concentrations in native plots. Although
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we did not measure NH,* production directly, an
increase in NH," is consistent with an increase in
gross N mineralization observed in other grasslands
(Hungate and others 1997; Ebersberger and others
2003; Rutting and others 2010). The fact that DON,
partly a product of decomposition of SOM and a
source of NH,* (Schimel and Bennett 2004)
increased concomitantly with NH," is also in accord
with the possibility that eCO, increased production
of NH,". Increased gross N mineralization with
eCO; has been attributed to increased soil moisture
(Hungate and others 1997; Ebersberger and others
2003; Dijkstra and others 2008), which we
observed under eCO,. Greater plant C inputs to soil
under eCO, increasing the mining of SOM for N by
microbes have also been associated with increased
gross N mineralization (de Graaff and others 2009;
Rutting and others 2010). In 2009 eCO, increased
DOC (composed of ca. 30% recent plant inputs,
Figure 7B) and there were positive relationships of
both NH,* and DON with plant biomass, which is a
proxy for C input to soil in this system (Carrillo and
others 2011). Thus, either enhanced moisture or
increased plant C inputs or a combination of both
may be responsible for the increases in NH;* and
DON with eCO,,

Parton and others (2007) predicted that eCO,
would increase net release of N in soil at PHACE.
Our study suggests that the effects of eCO, on N in
soil were highly dependent on the N form studied
and on the year. In both years, and in contrast to

predictions, eCO, had a negative effect on the
NO;~ pool. However, eCO, increased NH,* and, as
consequence, total mineral soil N in 2009, accord-
ing to predictions. Yet, the increase in NH,"
occurred only in the year with substantially higher
than average precipitation (453 mm in 2009;
375 mm in 2008; 384 mm historic average (NOAA
1994)), suggesting that the predicted increase in N
may only occur in wet years. This poses the
important question of how dependent the effect of
eCO, on N pools will be on precipitation regimes.

Warming Effects

Warming commonly increases accumulation of soil
mineral N (Rustad and others 2001). However,
despite the positive and consistent effects of
warming on NOs~ in plant-free plots, in native
plots NO3™ only increased with warming in one of
the ten sampling times. However, aboveground
N pools were greater in warmed plots in 2008
(Dijkstra and others 2010) and greater under
warming + eCO, compared to eCO, plots in 2009
(Table 2) which suggests that the extra soil NO5; ™
generated by warming was not present in the soil in
native plots because it was taken up by plants. We
hypothesize that if the vegetation in this grassland
is able to take up the extra NO5;~ produced under
warming across most of the growing season, as our
results suggest, increased NO5 ™~ losses to leaching or
denitrification associated with warming (Ineson
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and others 1998; Schmidt and others 2004; Patil
and others 2010), may not be important. The
consistent increase in NO3~ in both years observed
in the absence of plants could have resulted, at least
in part, from the drying effect of warming reducing
microbial NO5;~ immobilization (Allison and Tre-
seder 2008). The strong negative relationship
between NO5™~ and soil water content in plant-free
plots (Figure 5A), supports this hypothesis. The
overall positive relationship we found between
NO;~ and soil temperature suggests that a direct
effect of warming on soil temperature (Figure 5B)
may also have contributed to NO5™~ increase. Sev-
eral studies have attributed higher NO;~ concen-
trations to temperature-driven increases in
nitrification (Wang and others 2006; Sardans and
others 2008; Malchair and others 2010).

Our results suggest that in this semiarid grassland,
warming-induced drying is more important than
direct effects of temperature in determining
responses of NH," to warming. Gross N mineraliza-
tion tends to increase with temperature (Peterjohn
and others 1994; Rustad and others 2001) and thus
NH," would also be expected to increase with
warming. However, NH," did not show a consistent
response to the warming treatment or an overall
relationship with temperature in either plant-free or
native plots, suggesting no direct temperature ef-
fects. This is consistent with observations by Ho-
venden and others (2008) in a Tasmanian grassland.
Rather, the exponential decrease of NH," with soil
moisture (Figure 5B), suggests that the NH,* pool
can increase with soil drying during periods of low
moisture content (for example, July 2008, Fig-
ures 1C and 2).

Notably, warming had a strong positive effect on
DON concentrations in 2008, but only in vegetated
plots, thus suggesting plant mediation of this
response. It is unclear if the increase in DON was
due to an increase in SOM decomposition or to
greater root inputs and/or turnover. However, DOC
concentrations also increased with warming in
2008 and this was due to a greater amount of
recent plant-derived C being incorporated into
DOC (Figure 7A). This indicates that greater plant
inputs and/or turnover with warming (Fitter and
others 1999; Wan and others 2005) could have
contributed to increased DON pools.

Combined Effects of eCO, and Warming

When warming and eCO, treatments were com-
bined (CT treatment), the effects observed on both
NH," and DON were consistent with their effects as
single factors (cT and Ct, respectively). However, for

NO;5~, the combination of eCO, and warming in
native prairie plots produced soil concentrations that
were not different from those under eCO, alone,
which were lower than under ambient conditions.
Yet, we determined that warming consistently
increased NO3~ concentrations in plant-free plots.
Together, these observations suggest that in the
native plots the positive effect of warming under
eCO, was not manifested in the soil pool because the
extra NO5;~ generated was utilized by plants. Plant N
pools are consistent with this interpretation, as un-
dereCO, + warming shoot N poolsin 2008 and 2009
were equivalent to those under the control treat-
ment, even though they were lower under eCO,
alone. Hence, our results suggest that impacts of
combined eCO, and warming are not always
equivalent for plant and soil pools, as even though
warming can offset the decrease in NO5 ™~ availability
for plants grown under eCO,, the response of NO5~
concentrations in soil can still be dominated by the
negative effect of eCO,.

In summary, despite the high variability in mois-
ture status across the growing season, we found that
in this grassland the effects of eCO, on the pools of
extractable N forms were mostly consistent over
time. We found that the responses of soil pools to
eCO, were highly contrasting for different N forms.
eCO, had neutral to positive effects on DON and
NH,". The latter occurred only in a wetter than
average year and were likely due to a combination of
greater soil moisture and greater plant inputs under
eCO,. In contrast, eCO, consistently decreased NO5 ™
possibly due to moisture-mediated effects on
microbial activity. We conclude that the effect of
eCO, on the total pool of soil mineral N is dependent
on the balance between the contrasting responses of
NO5~ and NH,*; under average precipitation con-
ditions the eCO, effect will tend to be dominated by a
negative effect on NO5~, but in wet conditions by
positive effects on NH,". Warming increased DON
and our results suggested that plants mediated this
response. We found that warming increased NO3™
likely due to a combination of indirect drying
impacts and direct temperature-driven effects. Fi-
nally, our results suggest that impacts of combined
eCO, and warming are not always equivalent for
plant and soil pools; whereas warming can help
offset the decrease in NO3~ availability for plants
under eCO,, the NO5 ™~ pool in soil is mainly driven
by the negative effects of eCO,.
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