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Fire disturbance represents a major driver of soil nitrogen (N) distribution in many arid and semiarid grasslands.
The spatial patterns of soil N and & 15 N at microsite scale following fires, however, are rarely studied. Here we
investigated the spatial distribution of soil N and soil 8 15 N before and within three years after a prescribed fire
in a grassland-shrubland ecotone in the northern Chihuahuan Desert. The spatial heterogeneity of soil N
decreased significantly after the fire, with the autocorrelation distance increasing from 1.55 m to over 3 m, and

the spatial dependence index decreasing from 99% to 73%. Soil & 15 N was autocorrelated at 0.44 m after the
fire, a much smaller scale that is similar to recovered grass patches, suggesting grasses tend to control the soil N
cycling rather than shrubs. Different from the overall content of soil N, which merely changed before and after
fire, soil 8 15 N increased substantially after the fire. We argued that high temperature and increased soil
moisture at grass microsites post-fire may lead to an enhanced mineralization rate and 15 N-enriched soil
ammonium at grass microsites, which further stimulates the rapid recovery of grasses after the fire.

1. Introduction

The transition of grassland to shrubland has dramatically altered
land cover patterns in many arid and semiarid systems worldwide,
resulting in substantial soil loss, decreased livestock production, and
exacerbated desertification (Van Auken 2000; Puttock et al., 2014). As
this vegetation transition process may take decades, some management
tools may be used to mitigate or avert the shrub proliferation before it
crosses an ecological threshold (Hoffmann et al., 2012). Recent work has
demonstrated that periodic fire favors the homogenization of soil re-
sources and can provide some form of reversibility for the grass-shrub
transition in some grasslands (Ravi et al., 2009; White 2011; Wang
et al., 2019). However, fire also leads to accelerated wind and water
erosion, which may redistribute and deplete soil nutrients, causing
permanent decline in soil quality (Austin et al., 2004; Ravi et al., 2012).

Soil nitrogen (N) is the most important essential macronutrient in
desert ecosystems and is critical to plant establishment and survival,
therefore its spatial distribution and enrichment affect the competition
between grasses and shrubs substantially (Jarvie et al., 2012). Along
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with the woody shrub encroachment process, nitrogen enriched soil
tends to be eroded from the bare soil and then deposited in areas under
the shrub canopies, resulting in enhanced soil heterogeneity, which
further advances shrubs’ competitive advantages again grasses (Ravi
et al., 2009). It is generally recognized that the shrub proliferation
lowers the availability of N in arid ecosystems and aggravates soil
degradation (Li et al., 2008). Prescribed fire is considered as manage-
ment option for restoring grasslands as well as for retarding the soil
nutrients loss (Wang et al., 2018). Fire can influence soil N cycling
through heating effects on soils, ash deposition of N that is previously
contained in vegetation, relocation of soil water, alteration of soil
microclimate by removal of vegetation/litter, and changes in microbial
N mobilization (Grogan et al., 2000). However, the impact of fire on soil
N cycling at microsite-scale, namely among individual plant sites and
bare interspaces, is not well-documented. Such information is critically
needed before the prescribed fire can be considered as an adaptive
management approach.

Soil 8'°N is a natural tracer of soil N cycling processes, which is often
used to trace soil N cycling changes (Robinson 2001; Wang et al., 2013).
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In dryland ecosystems, soil §!°N compositions are determined by the
isotopic compositions of N inputs, fractionations related to N trans-
formations, and N losses (Wang et al., 2013). Besides the original soil
substrate, vegetation directly affects the soil 8!°N value via litter
decomposition and N assimilation (Lajtha and Schlesinger 1986). Soil
water content also indirectly affects soil 5'°N values because soil
moisture dynamics strongly control soil N transformations (e.g.,
mineralization, nitrification, denitrification, and leaching) in arid en-
vironments (D’Odorico et al., 2003; Austin et al., 2004). Thus, the
investigation of soil 5!°N composition and variation may provide an
alternative way to explore how soil N cycling responds to fires in
grassland-shrubland transition zones without necessarily evaluating in
detail all the processes involved in soil N cycling.

The objective of this study is to quantify the fine-scale spatial dis-
tribution and variations of soil N and 5!°N as well as the subsequent
ecosystem recovery after a prescribed fire at a grassland to shrubland
transition system. Given the fact that fire has been frequently used as a
management tool and N is the limiting nutrient in many arid and
semiarid lands, the interactions between fire and soil N may provide
implications for future land management under projected change in
climate and fire regime.

2. Methods
2.1. Site description

The study site is located at the Sevilleta National Wildlife Refuge
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(SNWR) in the northern Chihuahuan Desert, New Mexico, United States
(Fig. 1a). The SNWR is the primary study site of the Sevilleta Long Term
Ecological Research (LTER) project. At the SNWR, the northward inva-
sion of woody shrubs, such as creosotebush (L. tridentata) and mesquite
(Prosopis glandulosa Torr.) into perennial grasslands has been well
documented, primarily due to cattle grazing, climatic changes and fire
suppression (Bdez and Collins 2008; Van Auken 2009; Sankey et al.,
2012; Puttock et al., 2014). This site is dominated by black grama
(Bouteloua eriopoda) and the encroachment of woody shrubs is at the
moderate level (Sankey et al., 2012; Cunliffe et al., 2016). The soil
texture is primarily sandy loam (Cunliffe et al., 2016).

The land surface comprises 60% grass coverage, 5-10% shrub
coverage, and 30%-35% bare soil (Fig. 1b, Dukes et al., 2018). The
vegetation connectivity is sufficient for fires to spread under strong
winds (ideally 5 m/s or higher) (Ravi et al., 2009). The windy season is
from March to May and the predominant wind is from the southwest.
Annual precipitation is 250 mm and most precipitation occurs from June
to September (Baez and Collins 2008). The landscape is composed of
three types of microsite, namely grass microsite, shrub microsite, and
bare interspace microsite, representing areas with grass cover, under
shrub canopies, and with bare soil, respectively. The diameter of a single
microsite patch is usually < 1 m for grass microsites, and 1 m~2 m for
shrub microsites. Bare interspaces are the unvegetated areas between
vegetated patches with varied size (Fig. 1e).
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Fig. 1. (a) Location of the study area in the Sevilleta National Wildlife Refuge (SNWR) in the northern Chihuahuan Desert, New Mexico, USA; (b) The surface
condition of the study area in Mar. 2016 before the prescribed fire; (c) Jun. 2016 after one windy season; (d) Jun. 2017 after two windy seasons; (e) Jun. 2018 after
three windy seasons; and (f) Experimental setup and sampling in the field, which consists of three replicate plots (30 x 10 m) each containing a sampling zone (5 x 5
m). The brown, green and red circles show the land surface characteristics of bare, grass, and shrub microsites, respectively.
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2.2. Field experiments

In March 2016, a 100 m x 100 m monitoring area was established in
the study area (Fig. 1f). A prescribed fire was set to burn the monitoring
area on March 10, 2016, before the beginning of the spring windy sea-
son. The fire was ignited using hydrocarbons on the windward edge of
the area and was confined within the monitoring area. The vegetation
cover provided enough connectivity among plant patches for the fire to
propagate. Partially burnt shrubs were subsequently torched to ensure
the complete removal of aboveground vegetation. The monitoring area
consists of three 30 m x 10 m replicated plots. The plots are oriented
with the short-axis perpendicular to the predominant wind direction to
minimize interactions. In the middle of each 30 m x 10 m plot,a5m x 5
m sampling area was established for soil samples collection. The loca-
tions for each corner of these rectangle plots and sampling areas were
labeled by a hand-held differential GPS receiver for reference.

Within each (5 m x 5 m) sampling plot, 50 randomly distributed soil
samples were collected with a spade from surface soil (top 3 cm) one day
before the prescribed fire and after every year’s spring windy season
during the following three years. The coordinates of the sampling lo-
cations were randomly generated in R software (R Core Team, 2017),
and a different set of sampling locations was used for each sampling
period. During the process of soil sampling, locations of the soil samples
were carefully determined using a centimeter-scale coordinate system
based on the 5 m x 5 m sampling area (Fig. 1f). The microsite type of
every sampling point was also manually recorded.

Vegetation foliar samples, including every visible species in the study
area, were randomly collected from the monitoring area and the nearby
unburned area in September 2017. Species name, locations (from
burned, unburned areas), and vegetation types of the foliar samples
were recorded. Plant cover and community composition of the treated
area were monitored by four 50-m line intercept transects (parallel and
perpendicular to wind direction) a day before the fire and in every June
from 2016 to 2018. The plant canopy height and width, as well as the
bare interspace width were measured along transects.

In the laboratory, each soil sample was passed through a 2-mm sieve
to remove roots, coarse surface litter, and rock fragments (pebbles,
gravels, cobbles). Plant debris was also carefully removed by hand from
the soil samples. Soil samples were then air-dried and ground to fine
powder by a ball mill (PBM-04 Planetary Ball Mill, RETSCH, Germany).
Vegetation samples were first rinsed with deionized water to remove the
attached dust and ashes, and then oven-dried at 60 °C for 48 h. The
vegetation samples were then ground into small pieces using a mortar
and pestle. The soil samples were then removed to 5 x 9 mm tin cap-
sules. 3'°N and TN in soil and vegetation samples were measured via
flash combustion and reduction using a Thermo Finnigan Flash HT EA
(high temperature elemental analyzer) coupled to a Thermo Finnigan
Conflo IV and Thermo Finnigan Delta V Advantage isotope ratio mass
spectrometer (IRMS).

Nitrogen stable isotope compositions are reported in the conven-
tional form:

5N ) = [(N/N) | (N/N) = 1] 5 1000

where (15N/14N)samp1e and (15N/14N)AIR are the isotopic ratios of the
sample and international reference for atmospheric Ny (AIR), respec-
tively. Precision of triplicate measurements for sample 8'°N is 0.1%o.
Reproducibility and calibration of TN and &!°N measurements are
determined during each batch of samples by replicate measurements of
two internal standards (acetanilide and sulfanilamide), plus the national
standard USGS 40 (L-glutamic acid). Precision for standards is < 0.1%o.

2.3. Data analysis

For each sampling period, we calculated the mean values of 5!°N and
TN for the entire sampling area as well as samples from different
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microsites. The coefficient of variations of 8'°N and TN were also
calculated to evaluate the overall variations among samples. The dis-
tribution of TN and §'°N were tested for normality by Shapiro-Wilk
normality test in R (R Core Team, 2017). The variance for TN and
55N along different periods were tested by Levene’s Test through car
package in R (Fox and Weisberg, 2019). For all values not passing the
normality test, we used a natural logarithmic transformation prior to
analysis. One-way ANOVA was conducted to compare the mean values
of 8'°N and TN in different sampling periods. The significance of dif-
ference for the coefficient of variation (CV) of TN and soil 5'°N among
different sampling periods was tested by Feltz and Miller’s asymptotic
test (1996) and cross-validated with Krishnamoorthy and Lee’s modified
signed-likelihood ratio test (2014). Two-way ANOVA was conducted to
identify the difference of 5!°N and TN among different microsites (factor
1), and among different sampling periods (factor 2). Significance of
differences between two specific means were assessed with a post hoc
Tukey HSD test. For the three most common plants in the study area, the
foliar TN and 5'°N contents of samples from burned and unburned areas
were compared using t-Test. Unless otherwise indicated, we set P < 0.05
for significance. The above data analyses were performed using R soft-
ware (R Development Core Team, 2017; Marwick and Krishnamoorthy,
2019).

The characteristics of the spatial distribution of soil 8'°N and TN
were quantified using geostatistical analyses. Semivariograms, which
depict the average variance found in comparisons of samples taken at
increasing distance from one another (Schlesinger et al., 1996), were
performed for soil 8'°N and TN of each sampling period. A semivario-
gram was created using the lag interval of 0.2 m in each 5 m x 5 m
sampling plot. When comparing the isotropic and corresponding
anisotropic semivariograms at 0°, 45°, 90° and 135°, no significant
directional patterns was found. Therefore, isotropic semivariograms
were used in all analyses in this study. The spherical model was used to
fit the empirical soil 5!°N and TN distribution (Schlesinger et al., 1996;
Li et al., 2008), and three important parameters were obtained, namely,
Ap (range), Cp (nugget variance), and C (structural variance). The for-
mula of the spherical model is:

1 {3}1 n

m=Co+-Cl2- | hea
1) =Cot3 AJAJ] 0

y(R)=Co+C h> A,

where h is the lag interval, Ay is the range, Cy is the nugget variance, and
C is the structural variance. Range (Ao) represents the distance of spatial
autocorrelation. C/(Cp+C) indicates the magnitude of spatial depen-
dence. A high C/(Cyp+C) ratio suggests a strong spatial pattern, whereas
a low ratio implies a random pattern (Schlesinger et al., 1996). The
geostatistical analyses were conducted using the GS + package (GS +
version 10, Gamma Design Software, Plainwell, Michigan).

3. Results
3.1. Change of soil 5*°N, and TN

Overall, fire did not change the average soil TN content significantly
during the experimental period (P = 0.12, ANOVA). The soil 51°N
composition, however, increased from +5.3%o before the fire to +5.6%o
three seasons after the fire (P < 0.05, ANOVA) (Table 1). The coefficient
of variation (CV) of both TN and 8'°N decreased substantially following
the fire (Table 1). The post-fire recovery of grasses was notably faster
than shrubs, and by June 2018, nearly 70% of the grass cover was
recovered in the study area.

The changes of soil TN and 5!°N among different microsites are
shown in Fig. 2. Shrub microsites had significantly higher and more
variable TN than grass and bare microsites prior to and immediately
following the fire, but this significant difference disappeared in June
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Table 1

Mean value (+standard error) and coefficient of variation (CV) of soil total ni-
trogen (TN) and soil 515N (%), and fractional vegetation cover (plant cover %) in
the study area during the experimental period.

Time TN 515N Plant cover (%)
iod
perio Mean (mg/g) CcvV Mean (%o) CvV Shrub Grass
(%) (%)
Pre-burn 0.82°+0.046  40.2% 5.3%+0.189  25.5% 17 47
June 2016  0.83°+0.045 383  5.8°+0.114 14.0° 1 18
June 2017  0.75°+0.032  30.3" 57°+0.125 155" 4 22
June 2018  0.88°+0.025  21.5" 56°+0.111 14.4° 5 33

Note: letters indicate significant difference for TN and soil 8!°N between two
sampling times (One way ANOVA, P < 0.05), and significant difference for CV of
TN and soil 6'°N between two sampling times (Feltz and Miller’s (1996)
asymptotic test and cross-validated with Krishnamoorthy and Lee’s (2014)
modified signed-likelihood ratio test, P < 0.05).

2017 (Fig. 2a). For TN, the two-way ANOVA results exhibited significant
differences for both period (P < 0.001) and microsite type (P < 0.001)
(Supplementary Table 1). For soil 5'°N, bare and grass microsites
generally had the highest and lowest values, respectively among the
three types of microsites during the experimental period (Fig. 2b). The
two-way ANOVA results for soil 8'°N revealed significance differences
existed for microsite types (P < 0.001) but not periods (P > 0.05), while
the interaction between period and microsite types is also significant (P
< 0.01) (Supplementary Table 2).

Geostatistical analyses further revealed the spatial distribution pat-
terns of soil TN and §'°N (Fig. 3). Before the prescribed fire, soil TN was
autocorrelated over a distance of 1.55 m, and this distance varied in the
subsequent sampling periods and reached 3.24 m in June 2018. The
distance of autocorrelation for soil 5'°N is generally smaller than that of
soil TN for a given sampling period, but no consistent pattern was found
during the experimental period. The spatial dependence index, repre-
senting the strength of the spatial structure, decreased continuously for
TN (from 99% to 73%), but stayed >95% for soil 515N in all sampling
periods.

Journal of Arid Environments 186 (2021) 104422
3.2. Vegetation §°N

The foliar N and 5'°N contents of creosote bush are 2.63% and 7.5%o
respectively, which are substantially higher than those of black gramma
(0.74% and 4.3%o) and sand muhly (1.28% and 3.3%o), regardless of the
fire (Table 2). In contrast to the foliar N content, which merely changed
after fire, the 515N of herbaceous plants in burned area (4.3%.) was
lower than in nearby unburned areas (4.5%o), while for creosote bush,
the 8'°N in burned area (7.5%0) was higher when comparing to the same
plant in nearby unburned areas (6.9%o) (Table 2).

4. Discussion

Spatial patterns of soil TN and 5'°N provide integrative insights on
change of soil N pools when disturbance occurred (Rascher et al., 2012;
Zhou et al., 2018). The high TN and soil 5'°N concentrations at the shrub
microsites prior to fire are consistent with the high N content and high
515N of shrub leaves when comparing to grasses, suggesting that the
majority of shrub litters are localized under the shrub canopies, which is
congruent with a well-documented phenomenon: the formation of
islands of fertility, initiated when the shrub canopies modify the surface
roughness, micro-climate and micro-topography in a landscape, result-
ing in accumulation of nutrients under shrubs and depleting of nutrients
in grass and unvegetated areas (Schlesinger et al., 1996; Field et al.,
2012; Puttock et al., 2013, Gonzales et al., 2018). Nutrients that were
previously immobilized in biomass are deposited as ash after the fire,
which leads to increased pH and enhanced base saturation of the topsoil
layer (Butler et al. 2018), further increasing the denitrification and
denitrification after fire. Wang et al. (2018) indicated that soil water
content is highest in shrub microsites and low in grass and bare micro-
sites without fire. The highest soil §'°N at the bare interspaces suggests
that bare soil may be “hotspots” of high denitrification, and volatiliza-
tion, due to relative high temperature, low litter input, low soil water
content, and high run-off during rain events. The process of N leaching
at the bare interspaces, although not quantified in this study, is likely to
decrease as the nitrate would be consumed in denitrification.

The high CV and high magnitude of spatial dependence for TN and
55N indicate a heterogeneous soil N distribution at the microsite-scale
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Fig. 2. The change of TN (a) and soil 8'°N composition (b) at different microsites during the experimental period. A two-way ANOVA was conducted for the treated
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indicates before and after the prescribed fire. Note the horizontal bars in the boxes are medians.
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Table 2
Foliar TN and 8'°N content for the three most common plants in the study area.

Plant Plant N (%) 5N (%0)

" .

ypes specles Unburned  Burned Unburned  Burned

recovery recovery

Grass Black 0.74 0.77° 4.5 43P
grama

Shrub Sand 1.18° 1.28° 4.8° 3.3
muhly

Shrub Creosote 2.63% 2.63% 6.9% 7.5°
bush

Note: letters indicate significant difference for foliar TN and 8'°N for each plant
species in burned and unburned areas (t-test, P < 0.05).

before the fire. Most of the soil organic matter inputs occur in the form of
litter for shrubs (thus staying in the top 3 cm), while grass tends to have
a dense network of fine roots so that soil organic matter inputs for grass
occur below the 3 cm depth. The spatial autocorrelation distance (1.55
m) of soil TN displayed a strong resemblance to the common shrub
canopy size (1-2 m), suggesting that the distribution of soil N is mainly

controlled by shrubs, which also appeared in other grass-shrub coex-
isting systems in the Chihuahua Desert (e.g., Li et al., 2008). The highest
TN content in shrub microsites further confirmed shrub’s ability for N
accumulation. Unlike soil TN, the much smaller (0.95 m) spatial auto-
correlation distance of soil 5'°N was observed before fire. This suggests
that the 5'°N values of foliar organic N inputs is not the sole determinant
of soil 8'°N in this grassland-shrubland transition zone, and other biotic
or abiotic factors also affect the soil N fractionation. Different litter input
and the related microbial activities in the soil surface beneath, on the
edge, and outside of plant canopies may be one of the reasons (Throop
et al., 2013). In addition, we observed that the boundaries for long-lived
mature shrubs and grasses are sometimes obscure in the field, with
grasses extending beneath shrub canopies, which may also contribute to
the smaller spatial autocorrelation distance of soil §!°N.

Multiple observations suggest a more homogeneous distribution of N
in the landscape after the fire. Examples are that the spatial autocorre-
lation distance of TN changed to >5.0 m, well beyond the shrub canopy
diameter, the CV of TN decreased, and the significant difference of soil
TN among grass, shrub, and bare microsite disappeared in June 2017.
Such a change in soil N distribution is likely caused by enhanced wind
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erosion and the altered source to sink pathways after the fire (Dukes
et al., 2018). The atmospheric N deposition rate is low in the Northern
Chihuahuan Desert (Baez et al., 2007), which merely affects the
fine-scale distribution of TN. Previous studies demonstrated that, along
with the woody plants encroachment, shrubs altered the microclimate
for areas under the shrub canopies, creating high soil water content
(SWCQ) and favorable soil temperature, making shrubs more competitive
when competing with grasses (Throop et al., 2012; Wang et al., 2018).
However, these competitive advantages of shrubs subdued after the fire,
represented by the lowest soil water content (Wang et al., 2018) and
higher daytime soil temperature of shrub microsites (Burger, 2019).

It is noteworthy that grass recovered more rapidly in the first two
years following the fire (Table 1). During the windy seasons, newly
germinated grasses and fibrous meristems of burned grasses captured
5'°N enriched litters and wind-blown ashes, making soil 5'°N concen-
trated in a scale similar to grass patches (0.44 m autocorrelation dis-
tance), which is in agreement with Ravi et al. (2009), illustrating that
the grass rings in SNWR are approximately 30-60 cm in diameter. The
increased litter input tended to increase the soil organic matter pool in
grass microsites, which, in combination with high soil water content
(Wang et al., 2018), lead to a higher mineralization rate, creating more
soil ammonium that stimulated the following grass recovery. Besides,
soil water content was very responsive to rain events at the
microsite-scale, and the shrub microsites exhibited the lowest soil water
content during the experimental period, while the bare and grass
microsites had highest soil water content regardless of rains (Wang et al.,
2018), which also contributed to the faster recovery of grasses.

The increased foliar 8!°N of creosote bush is likely caused by the
absorption of N from deep soil, which has higher 8'°N than surface soil
(Hogberg 1997; Zhou et al., 2018). Despite the kill of the aboveground
shrub biomass, the shrub roots below-ground may survive after the fire,
which could extend to beyond 1 m (McCulley et al., 2004). Therefore,
the re-sprouted shrubs utilize *>N-enriched ammonium or nitrates from
deep soil, making new plants enriched in '°N (Cook 2001; Drewa et al.,
2002). Different from deep-rooted shrubs, grasses in the study area are
shallow-rooted, and the recovery of grasses mostly depends on the
germination from seed (Grogan et al., 2000; Peters 2002), which
absorbed from areas near surface soil with relatively lower 6!°N. The
increased SOC (soil organic carbon) from ashes makes N-fixing bacteria
more active when fixing N from the atmosphere (Grogan et al., 2000;
Ball et al., 2010), which added 15N—depleted ammonium to surface soil,
acting as N sources for grasses, leading to decreased grass foliar 5'°N.

The different change patterns for soil TN and 8'°N suggest an altered
decomposition process as well as N sources for different types of
microsite. This is likely caused by the soil heating, ashes and incom-
pletely burned organic matter, and volatilization. For bare microsites,
their pre-fire N input is mainly determined by the abiotic processes due
to the lack of vegetation cover, and these processes may be strongly
affected by the seasonal changes of temperature, wind, precipitation etc.
However, after fire, because of the redistribution of soil water and soil
organic matter (Dukes et al., 2018; Wang et al., 2019), bare interspaces
showed similar soil water content as grass microsites and received more
plant litters, which may explain the similar N decomposition processes
shared by grass and bare microsites.

Our results provide clues to illustrate the variation and possible
changes of N content in a grassland-shrubland transition zone affected
by fire. Before the fire, litter inputs lowered soil 5'°N while decompo-
sition increased soil §!°N (Craine et al., 2015). Areas at grass or shrub
microsites generally have lower soil 5!°N values than bare interspaces.
Low grass foliar 5!°N and high shrub foliar §'°N, which are the main soil
nitrogen input to these microsites, further discriminate the soil 5°N
between grass and shrub microsites. During a fire event, the consump-
tion of litter on soil surface and volatilization of N lead to enriched soil
51°N, creating a boost of nitrogen back to the atmosphere (Levine et al.,
1996). Increased soil 5!°N was largely attributed by enhanced ammo-
nification, creating enhanced ammonium in the soil (Augustine et al.,

Journal of Arid Environments 186 (2021) 104422

2014). After the fire, N in the ash left on the surface typically tends to
mineralize rapidly, because nutrients bound in dead plant tissues are
converted into more available forms by fire (Qian et al., 2009). As a
result, the microbial activities become highly active, leading to an
accelerated N fixation from air and enhanced decomposition of soil
organic matter (Callaway and Maron 2006). The rapid recovery of
grasses and shrubs absorb N from shallow or deep soil, creating high
assimilation rate. Meanwhile, N in surface soil may also increase slightly
when litter-fall occurs (McClaran et al., 2008; Throop and Archer 2008).

Overall, our study shows the microsite-scale changes of the spatial
distribution of soil N and 8'°N affected by a prescribed fire at a shrub
encroached grassland over a period of three years. Such changes high-
light the function of fire on altering the spatial distribution of soil N as
well as the exchanges among soil N cycling. The input of ashes, increased
soil water content, and reduced spatial heterogeneity of soil nitrogen
stimulated the rapid recovery of grasses, which strongly favor the
grasses over shrubs in this grass-shrub coexisting system.
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