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Summary

1. Climatic change is altering ecosystem structure and function, especially in the southwestern
United States where trees are near their physiological water stress threshold. In pinon-juniper
(Pinus edulis-Juniperus monosperma; PJ) woodlands, increased drought is causing differential
mortality of pinon resulting in an ecosystem that is becoming juniper dominated.

2. Using a precipitation manipulation, we assessed how both increased and decreased precipi-
tation altered ecosystem function beneath pinon and juniper. We predicted that changes in pre-
cipitation would alter nitrogen (N) availability and mineralization at the site. Further, we
predicted that these responses would differ beneath pinon and juniper crowns due to plant-
level differences in transpiration and N uptake in response to drought.

3. We found minimal interactions between tree species and the precipitation treatments on N
cycling. However, across all years measured, soil nitrate decreased with increasing soil volu-
metric water content; a pattern that is likely due to reduced turnover in dry plots. In contrast,
potential soil net-nitrogen mineralization was reduced in water removal plots relative to water
addition plots indicating that nitrogen cycling rates were slower under drought. Tree type also
influenced nitrogen dynamics in this woodland. Across all 4 years, soil N availability and
potential soil net-mineralization rates were higher in soils beneath pinon relative to juniper
across all treatments. Interestingly, the observed shifts in N cycling were not reflected in the
abundance of N in microbial biomass or in ammonia-oxidizing bacteria, which are responsible
for nitrification. The observed patterns may be due to increased N leaching from the soil dur-
ing periods of increased rainfall or due to decreased microbial activity or plant N uptake when
conditions are dry.

4. The effect of precipitation change on N cycling may have long-term consequences on the
plant community in this semi-arid ecosystem. Nitrogen concentrations are highest in the soil
when water availability is low, thus when N concentrations are high, plants and microbes are
relatively inactive and unable to use this resource.

Key-words: ammonia-oxidizing bacteria, climate change, nitrification, nitrogen availability,
nitrogen mineralization, pinon-juniper woodland, precipitation

Introduction

Climate models predict that the frequency and severity of
drought and extreme weather events will increase globally
over the next century (Seager et al. 2007; Allison et al.
2009). During recent extreme droughts in the southwestern
United States mortality rates of pinon (Pinus edulis)
approached 100% in some areas (Breshears et al. 2005;
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Shaw, Steed & DeBlander 2005). These drought-associated
mortality events resulted in mixed pinon-juniper (PJ)
woodlands becoming increasingly dominated by the more
drought-resistant juniper (Juniperus monosperma; Mueller
et al. 2005; Gitlin et al. 2006; Sthultz, Gehring & Whitham
2009). Changes in precipitation amounts and temporal dis-
tribution, as well as the associated shifts in plant commu-
nity composition, may lead to reductions in plant
productivity and nitrogen (N) cycling in PJ woodlands
(Padien & Lajtha 1992; Klopatek et al. 1998). Further,
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reductions in N cycling may interact with decreased water
availability to reduce plant re-establishment in this ecosys-
tem following mortality events.

Precipitation directly alters N cycling via its impact on
soil water availability, erosion and leaching, and indirectly
alters N cycling by influencing plant N uptake as well as
plant productivity. Increases in precipitation, specifically in
large rain events, might lead to large leaching and run-off
events (Nearing et al. 2005), which could increase N loss
and decrease N retention. For example, nitrate is readily
leached down the soil profile in arid ecosystems, which
could lead to N accumulation beneath the reach of plant
roots (Jobaggy & Jackson 2001; Walvoord et al. 2003).
Changes in the distribution of rainfall can lead to large
rain events (Easterling ez al. 2000). These large events and
their associated run-off can redistribute N among tree
types and from the intercrown space to intercrown vege-
tated areas leading to the loss of N beneath tree canopies
(Wilcox 1994; Reid et al. 1999). In water-limited ecosys-
tems, N uptake from the soil is limited by water availabil-
ity, thus when precipitation and soil water availability
increase, plant N uptake from the soil and overall plant
productivity also increase leading to a decline in soil N
availability (Stark & Firestone 1995; Austin 2002; Knapp
et al. 2008). Similarly, N can accumulate during periods of
drought. When soils are dry, decreased plant transpiration
results in decreased N uptake by roots and increased N
accumulation in soils (Stark & Firestone 1995; Weltzin
et al. 2003). Pinon and juniper contrast dramatically in
their hydraulic behaviour, with pinon closing its stomata
and reducing transpiration rates more quickly and for
longer duration during droughts than juniper (Plaut et al.
2012). A logical hypothesis is that the lower transpiration
rates of pinon may drive increasing available N beneath
pinon crowns relative to beneath juniper crowns.

Changes in precipitation can induce shifts in the structure
of plant communities (Zak et al. 2003; Breshears et al.
2005; Mueller et al. 2005; McDowell ef al. 2008; Allen
et al. 2010; Kardol et al. 2010) that may also alter ecosys-
tem N cycling (Hobbie 1992; Knapp et al. 2008; Mitchell
et al. 2010). Plant compositional shifts may have a larger
impact on N cycling in areas with low species diversity
where shifts in a single species or phenotypes may cause sig-
nificant shifts in input quantity or quality (Schlesinger et al.
1996; Murphy, Klopatek & Klopatek 1998; Rodriguez
et al. 2011; Classen et al. 2013). In many arid and semi-arid
ecosystems like PJ woodlands, plants form islands of fertil-
ity that result in a patchy distribution of vegetation and a
heterogeneous distribution of soil water and N on the land-
scape (Austin et al. 2004). Large-scale mortality of a domi-
nant species in these ecosystems could alter the distribution
of N on the landscape. For example, during periods of
stress, pinons drop their needles, which increases litter bio-
mass accumulation beneath their crowns (Chapman et al.
2003). This accumulation of litter biomass may result in
increased available N at a time when plants are unable to
take up this limiting resource (Austin & Vitousek 1998).
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Nitrogen cycling is highly dependent on the microbial
community actively decomposing organic matter (Schle-
singer et al. 1996). In dry areas, where water often limits
N cycling (Sala er al. 1988), soil microbial communities
respond to rain pulses by increasing their activity and rap-
idly immobilizing N (Schimel, Balser & Wallenstein 2007;
Xiang et al. 2008). While soil communities may mineralize
N during drought, this may not translate into increases in
plant uptake due, in part, to reduced water uptake by
plants, resulting in increases in soil N availability (Kreu-
zwieser & Gessler 2010). Water availability may regulate
decomposition processes and soil microbial activity in PJ
woodlands to a greater extent than changes in temperature
or litter quality (Murphy, Klopatek & Klopatek 1998;
Classen et al. 2006, 2007a,b) suggesting that even small
changes in precipitation may have a disproportionate
impact on N cycling in these ecosystems over time.

To better understand how precipitation change altered
N dynamics in a PJ woodland and what role microbial
communities played in this response, we measured soil N
availability, soil net-N mineralization, microbial biomass
N and the relative abundance of the bacterial community
involved in nitrification — a rate-limiting step in the N cycle
— in a large-scale precipitation manipulation located at the
Sevilleta Long-Term Ecological Research Site (LTER) in
New Mexico, USA from 2007 to 2011. Plots at this site
had precipitation added or precipitation removed. We pre-
dicted that changes in precipitation would alter N avail-
ability and mineralization such that increases in
precipitation would increase both microbial immobiliza-
tion of N and plant uptake thus reducing available N in
the soil, while decreases in water availability would allow
N to accumulate in the soil due to decreased microbial and
plant activity. Further, we predicted that these responses
would differ beneath pinon and juniper crowns due to
plant-level differences in transpiration and N uptake in
response to drought.

Materials and methods

SITE DESCRIPTION

To assess how precipitation change altered N inputs and
cycling, we manipulated precipitation at the Sevilleta National
Wildlife Refuge in central New Mexico, where the Sevilleta
LTER programme is located (32°20' N, 106°50' W). The precipi-
tation manipulation was implemented at 1911 m elevation in the
Los Pinos Mountains. Climate records from the Sevilleta LTER
meteorological station (Cerro Montoso #42; http://sev.lternet.
edu/) indicated a mean annual air temperature of 13 °C and
mean annual precipitation of 368 mm. On average the greatest
period of precipitation on the refuge occurs during the monsoon
months of July, August and September. The monsoon precipita-
tion accounts for over half of all annual precipitation inputs;
but the high evapotranspiration rates in PJ woodlands prevent
summer moisture from recharging soil moisture to depth
(Greenland, Goodin & Smith 2003). The study area is
dominated by extensive stands of intermixed pinon and juniper
with an understory dominated by the C4 grass black grama
(Bouteloua eriopoda).
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We established 12 experimental plots (each 1600 m?) during the
summer of 2007 that included a decreased precipitation treatment
(c. 45% reduction), a precipitation-removal control treatment
(cover control), an increased precipitation treatment and an ambi-
ent plot (n = 3 plots per treatment). Precipitation was reduced in
our decreased precipitation treatment using a throughfall displace-
ment design (Sala et al. 2000; Pangle et al. 2012). Troughs were
constructed of clear UV-damage resistant acrylic sheets and
installed in each drought plot at a height of ¢. 1 m. The cover con-
trol treatments were constructed by inverting the troughs and were
instituted to control for possible unintended impacts of the
troughs. The elevated precipitation treatments were created using
above-canopy irrigation sprinklers. The sprinklers were tested in
October 2007 and 2 mm supplemental water was added. In 2008,
57 mm of precipitation was added to each of the treatment plots
(3-19 mm rain events), 69-5 mm was added in 2009 (3-19 mm
rain events and 1-12-5 mm rain event), 112 mm was added in
2010 (5-19 mm rain events and 1-17 mm rain event) and 107 mm
was added in 2011 (4-19 mm rain events, 1-17 mm rain event and
1-14 mm rain event; see Appendix SI in Supporting Information
for dates precipitation was added). The ambient treatments were
un-manipulated plots located within the experimental plot matrix.
These plots serve as ambient reference plots for the study.

Campbell scientific dataloggers continuously monitored and
recorded abiotic conditions across the site. Abiotic conditions
were measured at three locations under both pinon and juniper.
These measurements included soil temperature at —5 cm depth
and soil volumetric water content at —5 cm depth using EC-20
ECH,O probes. Transpiration was measured as stem sap flow (Js)
using Granier heat dissipation sap-flow sensors. All target trees
had two 10-mm Granier sap-flow sensors installed in the outer-
most sapwood. Each sensor used the two probe heated and
unheated reference design (Pangle ez al. 2012).

SOIL COLLECTION

To explore how changes in precipitation altered the N cycle, in
June 2008, we randomly collected three soil cores (5 cm diameter,
0-10 cm depth) beneath the drip line of five pinon and five juniper
crowns within each treatment plot using a hammer core. Three
cores were collected to get a more accurate assessment of N
dynamics and the soil community since the environment beneath
the tree canopy can be heterogeneous (Throop & Archer 2008).
After compositing the cores, a subsample from each individual
tree was immediately flash-frozen in liquid N for subsequent
molecular analyses. The remaining collected soil was bulked
within plant species for each plot (so each plot had a pinon sample
and a juniper sample), and homogenized. The soil was kept cool
until it was returned to the laboratory, sieved to 2 mm and analy-
sed as described below.

NITROGEN AVAILABILITY

Changes in precipitation can differentially alter components of the
N cycle, thus we measured changes in N availability, potential
net-N mineralization and net-N mineralization beneath pinon and
juniper in each of our treatments. During the growing season of
2008, 2009 and 2011, we assessed N availability (nitrate and
ammonium) using plant root simulator (PRS) probes (Western Ag
Innovations, Inc., Saskatoon, SK, Canada). PRS probes were
employed due to their ability to measure plant available N over
time, their ease of use and their cost effectiveness (Qian & Schoe-
nau 2002). Because we thought season might play a role in the
data we were collecting, the first and last year of availability data
assessed ammonium and nitrate availability across the peak of the
growing season, while the 2009 data enabled us to look at
seasonal changes (pre-monsoon, monsoon, and post-monsoon) in

availability. For all years, we placed probes randomly beneath the
crowns of five pinon and five juniper in each of the treatment plots
(n = 3). Each tree had eight PRS probes located randomly (0—
10 cm depth) beneath the drip line of the tree to again account for
expected heterogeneity in N availability (Throop & Archer 2008).
Four probes assessed ammonium (NH,") and four assessed
nitrate (NO;37) availability. In 2008, the PRS probes were
deployed on June 23rd and collected after 6 weeks of incubation.
In 2009, we deployed PRS probes again for 6-week incubations,
but this time we assessed changes in availability pre-monsoon
(June 5-July 22), monsoon (July 22—September 15) and post-mon-
soon (September 15-October 27). In July 2011, PRS probes were
deployed and incubated for 7 weeks in the field. Upon collection,
PRS probes were washed with DI water and returned to Western
Ag Innovations, Inc. where they were analysed for NH, * using a
reaction of ammonia, sodium salicylate, sodium nitroprusside and
sodium hypochlorite in a buffered alkaline medium at pH 12-13
to produce a measurable green colour, and NO; ™ using a colori-
metric reaction with a copper cadmium column reactor. The four
replicate probes per tree and ammonium and nitrate values for
each replicate tree were summed and averaged across each plot
prior to statistical analysis yielding one value for pinon and juni-
per in each treatment plot. Because N supply rates are not linear
over time, all data are shown as available NH,™ or NO;™ in pg
per membrane area over the incubation period.

NET-NITROGEN TRANSFORMATIONS

Unlike N availability where plant uptake can be important, net-N
mineralization assesses the accumulation, in the absence of plant
uptake, of N in the soil over a given time. Thus, we were inter-
ested in exploring how shifts in precipitation altered net rates of N
transformations. Net-mineralization rates were measured in an in
situ field soil incubation using the resin-core method over the
growing season (May—October) in 2009. Paired soil cores (0—
15 cm) were randomly taken beneath the crowns of pinon and
juniper. One core of each pair was returned to the laboratory for
gravimetric water content and inorganic N analyses. The other
core was incubated in a PVC pipe with an ion exchange resin bag
placed at the bottom to collect inorganic N leached from the core
during rain events (Binkley 1989; Robertson ez al. 1999). Atmo-
spheric N inputs to these ecosystems are very low (Klopatek 1987)
and the ecosystem is very dry, thus we did not put a resin on the
top of our cores. Additionally, because we were interested in how
changes in precipitation may be influencing mineralization, we
chose the open resin-core technique and not the closed core tech-
nique (Adams & Attiwill 1986). Upon removal from the field, soils
were homogenized and sieved to 2 mm. Collected soils and resins
were extracted with 2 M KCl and analysed for NH, " and NO5~
on a Lachat Flow Injection Analyzer (Lachat Instruments, Love-
land, CO, USA). The difference in inorganic N pools in the incu-
bated soil core and inorganic N collected on the resin bag minus
initial soil pools was used to estimate the rates of soil net-N min-
eralization over the incubation period (Binkley 1989; Hart et al.
1994). These data are shown on an oven dry mass basis.

POTENTIAL NET-NITROGEN MINERALIZATION

Changes in precipitation can alter N cycling by changing inputs to
the soil or by changing the microclimate, for example water
availability. To tease this apart we measured potential net-N min-
eralization, which removes the influence of environmental temper-
ature and precipitation by incubating the soils under standard
temperature and moisture in the laboratory. To assess potential
net-mineralization rates, a 60-day laboratory incubation was
established. Soils were brought up to field capacity and
subsamples (c. 20 g) were incubated in mason jars at laboratory
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temperatures (c. 22 °C) over 60 days (Robertson et al. 1999).
Each jar contained two subsamples (one removed after 30 days,
one removed after 60 days) and each jar contained a standard
amount of DI water in its bottom to maintain humidity. Samples
were removed and jars were flushed with air every 7 days over the
course of the incubation to reduce CO, build-up from microbial
activity. Subsamples were extracted with 2 M KCl immediately
and then after 30 and 60 days of incubation. Ammonium and
nitrate concentrations were analysed using a Lachat Flow Injec-
tion Analyzer (Lachat Instruments). The difference in inorganic N
pools in the incubated soil minus initial soil pools was used to esti-
mate the rates of potential net-N transformations over the incuba-
tion period (Robertson ez al. 1999). Data are shown on an oven
dry mass basis.

MICROBIAL BIOMASS NITROGEN

In June 2009, we randomly collected soil cores (15 cm depth, 5 cm
diameter) beneath three juniper and three pinon crowns in each of
the treatments. Samples were sieved to 2 mm and assessed for
microbial biomass N using the fumigation-extraction method
(Haubensak, Hart & Stark 2002). Approximately, 15 g of soil was
extracted with 75 mL of 0-5mM K,SO, on a shaker for 1 h.
Extracts were filtered through Whatman number 1 filter paper
previously leached with DI water. A second subsample was fumi-
gated in a vacuum desiccator with CHCl; for 5 days. After fumi-
gation, the sample was extracted and filtered as above. A 20-mL
aliquot of each extract was digested using a micro-Kjeldahl diges-
tion. Samples were analysed for total N using a SmartChem chem-
istry discrete analyzer (Westco Scientific Instruments, Inc.,
Brookfield, CT, USA). Microbial biomass N was determined by
subtracting the initial sample N from the fumigated sample N. A
Kgn correction factor of 0-2 was used to estimate biomass N from
chloroform labile N (Davidson ef al. 1989).

AMMONIA OXIDATION GENE ABUNDANCE

Because changes in microbial community function could result in
shifts in the N cycle, we assessed the response of microbial com-
munity function to our treatments by measuring the relative abun-
dance of the bacterial ammonia oxidation (amoA) gene. AmoA is
a key gene involved in amoA and codes for key enzymes in nitrifi-
cation. Although changes in DNA abundance do not necessarily
result in a change in function, it does allow us to assess how the
abundance of the microbes capable of this function respond to
fluctuations in precipitation as well as the plant species present.
To assay this community, we extracted DNA from ¢. 0-75 g of soil
following the standard protocol using the UltraClean Soil DNA
Isolation kit (MoBio Laboratories, Carlsbad, CA, USA) collected
beneath one pinon and one juniper across all experimental plots
(n = 3) in the pre-monsoon season of 2008. DNA concentration
and purity were evaluated using a microplate reader (Biotek
Instruments, Winooski, VT, USA). To assess the community
capable of amoA, we ran quantitative polymerase chain reaction
(qPCR) using primers for ammonia monooxygenase (forward pri-
mer - GGGGTTTCTACTGGTGGT, reverse primer —
CCCCTCKGSAAAGCCTTCTTC; Rotthauwe, Witzel & Liesack
1997). PCR mixtures contained 12-5 pL of SYBR green master
mix (Life Technologies, Grand Island, NY, USA), 0-4 umol of
each primer (Eurofins mwg operon, Huntsville, AL, USA) and
1 pL of sample DNA diluted 1:10 in sterile water. All reactions
were brought up to a final volume of 25 pL with sterile water.
Amplification protocol consisted of an initial denaturing cycle of
95 °C for 15 min. This cycle was followed by 45 cycles of 94 °C
for 30 s, 54 °C for 45 s and 72 °C for 30 s (Wallenstein & Vilgalys
2005). After completion of the cycle, a melting curve analysis was
conducted to ensure purity of the amplification product. PCR
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amplification was performed on a 96-well Chromo4 thermocycler
(Bio-Rad Laboratories, Hercules, CA, USA).

STATISTICAL ANALYSIS

To test for seasonal effects on N availability, we used a univari-
ate repeated measures analysis of variance (ANova) with a split
plot design. We tested the main effect of season and the random
variable tree nested within treatment on N availability in the
pre-monsoon, monsoon and post-monsoon season of 2009. Two-
way ANovAs with a split plot design were used to test for the
main effects of tree type, precipitation and their interactive
effects on ammonium and nitrate availability, net-N mineraliza-
tion, microbial biomass N and amoA abundance for each year
separately. A Tukey HSD test was used to differentiate between
treatment means when more than two levels were present (i.e.
precipitation treatment differences). Because the amount of water
added vs. excluded varied, we followed these analyses using soil
moisture as a continuous factor. We performed an ANcovAa with
the factor tree and the covariates soil temperature, soil moisture
and transpiration averaged over the corresponding incubation
period on N availability across all years measured. Because we
did not have transpiration data on all plots before late 2009, we
performed ANcovas using tree as a factor and the covariates soil
temperature and soil moisture averaged over the corresponding
incubation period on net-N mineralization, microbial biomass N
and amoA abundance. All data were analysed using JMP 8§
(Cary Institute, Cary, NC, USA). When data were not distrib-
uted normally, log and square root transformations were used
prior to running all analyses. Additionally, a Brown—Forsythe’s
test was employed to test for homogeneity of variance (Brown
and Forsythe 1974). Variances were equal across significant
response variables.

Results

SOIL NITROGEN CYCLING

Across all 4 years, soil N (ammonium and nitrate com-
bined) availability was highest in our water removal treat-
ments (Fig. 1) and in pinon relative to juniper soils. Soil
nitrate decreased with increasing soil volumetric water
across all years measured (Fig. 2; R*> =075, F = 14-11,
P < 0-01). Soil nitrate was highest in water removal treat-
ment soils relative to the water addition soils in 2009
(Fig. 1; 2008, F= 1.9, P = 0-20; monsoon 2009, F = 5-1,
P =0-03; 2011, F=2-6, P=10-12). In 2011, ammonium
availability was higher across both tree types in the water
removal plots relative to other treatments (see Appen-
dix S4; F = 2.8, P = 0-07). In addition, there was a precipi-
tation treatment by tree type interaction in 2011 where
ammonium availability was 6x greater in soils beneath
juniper found in the water removal plots relative to soils
beneath either tree across the other treatments (see Appen-
dix S4; F =772, P=0-01). Season was important in
determining the response of soil N availability to canopy
and experimental precipitation. During the monsoon sea-
son of 2009, nitrate availability was 1-8x greater in the
water removal soils compared with water addition soils
(F =51, P=10-03). Soil ammonium availability was high-
est during the monsoon season, and lowest following the
monsoon in 2009 (F = 16-67, P < 0-01).
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Fig. 1. Mean ammonium and nitrate availability (&1 standard error) in 2008, monsoon season 2009 and 2011 across treatments, — water
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Fig. 2. Across all years measured with plant root simulator resin
probes, there was no effect of soil volumetric water on ammonium
availability, but nitrate availability decreased with increasing soil
volumetric water content (R> = 0-75, F = 14-11, P < 0-01). Black
dots denote nitrogen availability beneath juniper, while white dots
denote nitrogen availability beneath pinon.

We found minimal effect of our precipitation treatments
on net-N mineralization. In general, ammonium was
immobilized and nitrate was released in soils across all
treatments. However, there were changes in potential
net-N mineralization. Potential net-N mineralization was
highest in the control and water addition plots (see
Appendix S4; F = 445, P = 0-04). Potential net-N miner-
alization rates, which measure N accumulation under ideal
conditions, were, as suspected, higher than net-N minerali-
zation rates.

Across all years measured, we found increased available
N and increased rates of potential net-nitrification and
mineralization in soils beneath pinon relative to juniper.
Specifically, ammonium availability was 2x higher in soils
beneath pinon relative to soils beneath juniper in the 2009
pre-monsoon  season (see Appendix S4; F = 14.0,
P = 0-01). Nitrate availability was ¢. 35% higher in soils
beneath pinon relative to juniper during the 2009 monsoon
and post-monsoon seasons (Fig. 3; Monsoon: F = 29-87,
P <0-01; see Appendix S4; Post-monsoon: F=12.5,
P =0-01). Again in 2011, nitrate availability was higher
beneath pinon relative (Fig. 3; F=32,
P =0-11).

Across both plant species, during the laboratory incuba-
tion, ammonium was immobilized in soils and nitrate was
released (Fig. 4). When measured in the field, ammonium
was immobilized beneath juniper, but not beneath pinon
(F =722, P=0-03). There were no differences in net-nitri-
fication or net-N mineralization rates in soils incubated in

to juniper

the field; however, pinon had 1.9x higher potential
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net-nitrification rates than did juniper after 30 days of
incubation in the laboratory (Fig. 4; F = 10-33, P = 0-01).
Potential net-nitrification after 60 days of laboratory incu-
bation remained higher beneath pinon relative to juniper
(see Appendix S4; F = 6-14, P = 0-04). In addition, poten-
tial net-mineralization rates were greater beneath pinon
relative to juniper after 30 (F = 12-50, P = 0-01) and 60
(F =757, P=0-03) days of incubation.

MICROBIAL BIOMASS

We found no effect of the precipitation treatments on
microbial biomass N, but we did see a trend for increasing
microbial biomass as soil volumetric water increased
(Table 1; F = 3-51, P = 0-08). Surprisingly, we found that
soil temperature was correlated with lower microbial bio-
mass N. As soil temperatures increased, microbial biomass
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Fig. 5. Microbial biomass N decreased with increasing soil tem-
perature (R*> = 0-40, F = 4.80, P = 0-04). Black dots denote micro-
bial biomass beneath juniper, while white dots denote microbial
biomass beneath pinon.

N decreased (Fig. 5; R*> =040, F =480, P=0-04). We
did not find an effect of tree type on microbial biomass N
(see Appendix S4).

AMOA ABUNDANCE

We found no difference among our treatments in amoA
abundance, despite its importance in nitrification and a 2x
greater potential net-nitrification rate under pinon. In the
pre-monsoon season of 2008, we found an average of 2792
gene copies per ng DNA of amoA across all treatments
(see Appendix S4). This abundance is within the range of
previously published results across managed and forested
ecosystems (Wallenstein & Vilgalys 2005; Adair &
Schwartz 2008; Hayden et al. 2010).

Although we found significant differences in N cycling
between pinon and juniper soils, these changes were not
driven by changes in the abundance of amoA gene copy
numbers. There were on average 2891 (£1278 SE) gene
copies per ng DNA of amoA in juniper soils and 2692
(£750 SE) gene copies per ng DNA in pinon soils. We did
not find a significant effect of tree type on amoA abun-
dance (see Appendix S4; F = 0-02, P = 0-90).

Discussion

Changes in precipitation can shape landscapes by altering
the function of the plant and soil community. Here, we
used a large-scale precipitation manipulation in a PJ
woodland to explore how changes in precipitation altered
soil N availability and N mineralization, and if these
changes were a result of changes in microbial biomass N
or the abundance of bacteria involved in nitrification.
Further, we examined if the precipitation-driven changes
in ecosystem function would be greater beneath the
crowns of pinon, which are more sensitive to changing
water availability than juniper (Breshears et al. 2009).
Interestingly we found that soil N availability decreased
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with increasing soil volumetric water content, but N tied
up in the biomass of microbes was correlated with soil
temperature, not moisture. Additionally, we found that N
availability was greater beneath pinon relative to juniper,
but saw no differences in microbial biomass N or the
abundance of amoA between tree types. These results
suggest that precipitation change will have both direct
and indirect effects on N cycling in this semi-arid wood-
land.

Consistent with other studies, we found increased levels
of soil inorganic N in association with decreased water
availability in this semi-arid ecosystem (Jackson et al.
1988; Whitford, Martinez-Turanzas & Martinez-Meza
1995; Reynolds ef al. 1999; Augustine & McNaughton
2004; Yahdjian, Sala & Austin 2006; Evans and Burke
2013), but minimal effect of the precipitation treatments
on nitrogen mineralization. Because nitrogen mineraliza-
tion rates did not change with changing precipitation,
increases in N availability during drought may be a result
of decreased plant and/or microbial N uptake. This accu-
mulation of N results in an asynchrony between N supply
and microbial and plant demand where nitrogen is readily
available at higher concentrations during the time plants
and microbes are relatively inactive (Austin et al. 2004).
Because N availability often regulates plant productivity
in arid ecosystems, immediately following dry periods
there may be large increases in plant productivity and
bursts of microbial activity when water is no longer limit-
ing (Evans and Burke 2013) resulting in lower soil N
available. We aimed to assess microbial community
changes that influence N cycling, however, our data indi-
cate that multiple mechanisms, such as changes in plant
and microbial uptake and leaching, may all be key drivers
of N cycling.

Soil communities mineralize inorganic N from soil
organic matter, thus precipitation impacts on the N cycle
should be evident within the soil community. Surprisingly,
we did not find a significant relationship with soil water
availability and microbial biomass N or the abundance of
organisms involved in nitrification. We measured these
two factors during the dry, pre-monsoon season before
water was added to the precipitation addition plots, thus
low water availability may have limited microbial activity
across all of the treatments. Interestingly, during this extre-
mely dry season, we found that microbial biomass N
decreased with increasing soil temperatures leading us to
conclude that both soil moisture and temperature may
limit microbial activity in this ecosystem. Other studies
found that increased soil temperatures can decrease micro-
bial biomass N and microbial activity measured as micro-
bial respiration (Zhang et al. 2013). Because microbial
biomass or the abundance of amoA genes did not change,
differences in N cycling across the treatments may have
been mediated by broad shifts in microbial community
composition (Cregger et al. 2012). Alternatively, both bac-
teria and archaea contain amoA genes and this study only
assessed bacterial amoA gene abundance. Because we did
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not find differences in bacterial amoA gene abundance, we
infer that nitrifying archaea may play a larger role than
bacteria in this ecosystem. Adair & Schwartz (2008) found
that ammonia-oxidizing archaea had increased abundance
relative to ammonia-oxidizing bacteria across a range of
arid ecosystems including PJ woodlands.

Our results suggest that plant uptake of N, leaching of
N when soil water increases, as is evident during the mon-
soon season, or shifts in the amount of N in microbial bio-
mass as temperatures increase could be driving the changes
we observed in the N cycle. Similar to other studies in arid
and semi-arid ecosystems (Yahdjian, Sala & Austin 2006),
we found almost 2x more available nitrate over 4 years in
the drought plots compared with water addition plots.
Decreased photosynthesis and transpiration during
drought are well documented (Boyer 1982; Flexas & Medr-
ano 2002; Chaves, Maroco & Pereira 2003; Griffin, Ran-
ney & Pharr 2004), as is increased N uptake in association
with irrigation (Nilsson & Wiklund 1994). Decreased water
uptake by plants, as well as reduced leaching during
drought periods, could allow an accumulation of soil N
(Stark & Firestone 1995; Austin et al. 2004). Consistent
with other studies, transpiration of pinon and juniper was
significantly lower in drought plots and higher in irrigation
plots, relative to the controls in this experiment (Pangle
et al. 2012; Plaut et al. 2012). Lowered N uptake during
drought could lead to the observed increase in N availabil-
ity in the water removal treatments.

We found significantly more N beneath pinon relative to
juniper across all treatments. Unlike pinon, juniper trees
continued water uptake during extreme drought (Pangle
et al. 2012; Plaut et al. 2012; also see West et al. 2008 for
another example) suggesting they took up more N than
pinon thus reducing N availability in the soil beneath their
crowns. Because no other vegetation inhabits the crown
area, nitrate can accumulate beneath pinon in the soil over
time. Additionally, based on a previous study at this site
(Cregger et al. 2012), we know that microbial community
richness and abundance are significantly different between
these two trees, which may explain the large differences in
N cycling.

Conclusion

Globally, climate-induced tree mortality is becoming
increasingly prevalent and widespread (Allen et al. 2010).
These alterations in plant community composition may
have large consequences on associated biotic communities
and on ecosystem processes. Our data indicate that drier
conditions shift the N cycle via changes in availability.
Further, the two dominant tree species in the ecosystem,
which have differential mortality rates with drought, cycle
or uptake N differently. Thus, differential mortality of
piion may have large implications for landscape-level
nitrogen cycling. As this ecosystem transitions to becoming
juniper dominated, nitrogen availability across the land-
scape may decrease.
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Additional Supporting information may be found in the online
version of this article:

Appendix S1. Date and amount of water added to the water addi-
tion plots from 2008 to 2011.

Appendix S2. Mean volumetric water content beneath juniper and
pinon crowns across treatments in June, July and August 2009
(published in Pangle er al. 2012).

Appendix S3. F statistics and P values (in parentheses) for the
interactive effect of precipitation x plant species and the main
effects of precipitation and plant species on N availability, poten-
tial net-N mineralization, net-N mineralization, microbial biomass
N and amoA abundance.

Appendix S4. Mean (+1 SE) for N availability, potential net-N
mineralization, net-N mineralization, microbial biomass N and
amoA abundance divided by treatment beneath juniper and
pinon.
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