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Abstract

Aims In many mixed grass-shrub ecosystems, increased
shrub biomass tends to promote overall carbon storage,
but the distribution of carbon pools may be complicated
by disturbances such as wildfires. We investigated the
spatial distribution of surface soil organic carbon (SOC)
and its relative contribution from grasses and shrubs
after fires in a grass-shrub transition zone in the northern
Chihuahuan Desert, USA.

Methods We used a prescribed fire to create a burned
treatment, then collected soil and plant samples. The
biogeochemical approaches, geostatistical analyses,
and carbon partitioning analyses were used to quantify
the SOC and soil 5'°C spatial patterns.

Results Before the prescribed fire, up to 98% of the
spatial dependence of SOC was autocorrelated at a
distance of 1.91 m, corresponding to the approximate
average shrub canopy diameter, but the spatial
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dependence dropped to 81% at a larger autocorrelation
distance (3.74 m) two windy seasons after the fire. Cy
grasses and C; shrubs contributed approximately equal
amounts of carbon to the surface SOC pool before the
prescribed fire. However, C,4 grasses became the domi-
nant source of SOC two windy seasons following the
fire. For individual microsites, a substantially increased
proportion of SOC was derived from C,4 grasses at the
shrub microsites following the fire.

Conclusions The higher proportion of C4 grasses-
derived SOC at the shrub microsites post-fire suggests
that SOC may have preferred pathways to move among
different microsites following fire disturbance. The dis-
tinct spatial distribution patterns of §'°C, and the in-
creased contribution of SOC from grasses may be ex-
plained by the rapid recovery of grasses following the
fire. Overall, our results provide insights into how fire
might be used as a management tool to alter soil carbon
pools in the context of shrub encroachment.

Keywords Prescribed fire - Soil organic carbon - Soil
'3C - Carbon source partitioning - Microsite

Abbreviations
SOC  Soil organic carbon

Introduction

Dryland soils represent an important global carbon (C)
pool and store over a quarter of global soil organic
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carbon (SOC) (Eswaran et al. 2000; Campbell et al.
2008; Sarukhan et al. 2005). Over the past 150 years,
many arid and semiarid grasslands have been
encroached by woody shrubs worldwide, and such an
ecosystem change has been particularly well document-
ed in the desert grasslands of the southwestern United
States (Schlesinger et al. 1990; Jackson et al. 2002;
D'Odorico et al. 2012). Shifting dominance among her-
baceous and woody vegetation has important implica-
tions for local pastoral economics, biodiversity, nutrient
and carbon distribution and storage, and human health
(Jackson et al. 2002; Li et al. 2008, 2009a; Ravi et al.
2009; D'Odorico et al. 2012). Changes in C distribution
and storage, in particular, are of vital importance to the
maintenance of soil quality and productivity, and also
affect the competition between grasses and shrubs
(Plaza-Bonilla et al. 2015; Archer et al. 2017).

It is generally recognized that the invasion of woody
vegetation into grasslands and savannas may increase
the total C stored above- though not below-ground in
those ecosystems (Jackson et al. 2002; Bird et al. 2002;
Barger et al. 2011; Petrie et al. 2015). However, C
storage dynamics may be additionally complicated by
disturbances such as wildfire, which not only decreases
above-ground C via combustion of plants, but can also
alter the spatial distribution and concentration of C
stored below-ground in soil (Sankey et al. 2012a,
2012b; Turnbull et al. 2012). Moreover, changes in the
relative abundances of grasses and shrubs at different
stages of shrub encroachment, or at different stages of
recovery post-fire, may dynamically alter the contribu-
tions of plants to soil C storage in ways not fully under-
stood in many environments. Owing to the potentially
significant impacts of fire and vegetation changes to C
storage during the process of woody shrub invasion,
ecosystem-specific analyses of how prescribed fire
changes the spatial distribution of SOC and alters the
relative contribution of grasses and shrubs to SOC fol-
lowing fire are needed.

Biogeochemical approaches, especially stable iso-
topes, have been used to differentiate and trace different
soil carbon sources in many ecosystems that hold shared
dominance of two or more plant functional types (Bond
et al. 1994; West et al. 2006; Bai et al. 2009; Wang et al.
2009; Puttock et al. 2014; Minckley et al. 2016). In the
northern Chihuahuan Desert of the United States where
our study is focused, two dominant vegetation types,
grasses and shrubs, differ in their photosynthetic path-
ways. Shrubs utilize the C; photosynthetic pathway with
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typical 6'3C, whereas grasses typically utilize the Cy
photosynthetic pathway (e.g., Bender 1968; Smith and
Epstein 1971; Deines 1980). Because of the distinct
'3C signatures for C; and C,4 plants, mixing models
using 5'°C compositions of plants and soil provide a
unique tool to quantify the contribution of C5 and Cy4
vegetation to total SOC (Farquhar et al. 1989; Wang
et al. 2009).

Herein, we assessed the spatial distribution of SOC in
a grass to shrub transition zone in the northern
Chihuahuan Desert, United States, prior to and follow-
ing a prescribed fire, and characterized the relative con-
tributions of SOC from C, grasses and C; shrubs using
stable carbon isotopes of soils and plants. Prescribed fire
is used in this and other desert ecosystems as a manage-
ment tool to maintain grassland communities that are
threatened by degradation due to woody plants en-
croachment. Thus, we anticipate that improved under-
standing of the post-fire patterns, variations, and sources
of soil carbon gleaned from this study may provide
insight into the impact of fire on carbon cycling in
shrub-encroached grasslands.

Materials and methods
Field site

The study site is a grass-shrub transition zone located at
Sevilleta National Wildlife Refuge (SNWR) in the
northern Chihuahuan Desert, New Mexico (Fig. 1). At
the SNWR, the northward invasion of woody shrubs,
such as creosotebush (L. tridentata) and
mesquite (Prosopis glandulosa Torr.,), into perennial
grasslands has been well described in the Chihuahuan
Desert, attributed primarily to grassland degradation by
cattle grazing and fire suppression(Baez and Collins
2008; Van Auken 2009; Puttock et al. 2014). This site
is dominated by black grama and the encroachment of
creosote shrubs is moderate, primarily occurring on
sandy loam soil (Johnson 1988; Sankey et al. 2012a;
Cunliffe et al. 2016).

The field site is a heterogeneous landscape with a
mosaic of grasses (60% land coverage), shrubs (5-10%)
and bare soil interspaces (30%—35%) (Dukes et al.
2018; Wang et al. 2018). The grass cover is relatively
sparse at the shrub bases but provides enough connec-
tivity to allow the spread of fire in the presence of strong
winds (Ravi et al. 2009). The windy season in this arca



Plant Soil (2019) 435:309-321

311

California
New

Arizona Mexico

250
(o)
v

Texas
Chihuahuan
Desert

O

w

Mexico

Sevilleta National Wildlife Refuge

Rio Grande Valley }1

Los Pinos
Mountains

0 5 10  20Km
[

[IGrasslands B Woodlands [___|Barren or sparsely vegetated
[ shrublands [HE Water or wet ground [IERiparian Woodlands

Fig.1 Location of the study area in the Sevilleta National Wildlife Refuge (SNWR) in the northern Chihuahuan Desert, New Mexico, USA.

(Data source: Sevilleta LTER)

is from March to May and the predominant wind is from
the southwest (Wang et al. 2018). Annual precipitation
in this area is around 250 mm and most precipitation
occurs from June to September during the North Amer-
ican Monsoon (Baez and Collins 2008; Wang et al.
2018).

In the study area, the landscape can be subdivided
into three distinct microsites, namely grass, shrub, and
bare interspace. Grass microsites refer to areas with
grass growth and areas beneath grass canopies. Shrub
microsites are areas under shrub canopies, commonly
ranging in size from 1.0 m to 2.0 m in diameter. Bare
interspace microsites are characterized by soil surface
with no visible vegetation coverage, which usually lie
between neighboring vegetated microsites.

Experimental setup

A 100 m x 100 m monitoring area was established in
March 2016 (Fig. 2). The surface condition of this area
is characterized by uniform soil texture, vegetation cov-
erage, and topography. A prescribed fire was set to burn
the monitoring area on March 10, 2016, during the
beginning of the windy season. The fire was ignited
using hydrocarbons on the downwind edge of the ex-
perimental site, and it was restricted inside the site by a
control framework around the area. The grass cover
provided enough connectivity among vegetation
patches to allow the spread of fire. Partially burnt shrubs
were subsequently torched, ensuring complete removal
of aboveground vegetation. Previous studies in the same
locations indicated that fire temperatures in these sys-
tems were highly heterogeneous, with higher surface

soil temperature beneath the shrubs (average 260 °C)
than in grass patches (average 120 °C) and bare inter-
spaces (< 90 °C) (Ravi et al. 2009). The monitoring area
contains three 30 m x 10 m replicated plots that are
oriented with the long-axis perpendicular to the predom-
inant wind direction to minimize interactions. In the
middle of each 30 m % 10 m plot, a 5 m X 5 m sampling
area was established to collect soil samples (Fig. 2a).

Within each (5 m X 5 m) sampling plot, 50 randomly
distributed soil samples were collected from the top
5 cm of the soil profile twice a year before and after
the spring windy season. The coordinates of the sam-
pling locations were randomly generated, 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 axes
of the 5 m X 5 m sampling area (Fig. 2a). For post-fire
soil sampling, residues of the fire (e.g., ash or
materials not burned completely) were carefully
excluded if a soil sample was located at a grass
or shrub microsite. This sampling method ensured
that the existing components of soil, rather than
freshly-produced charcoal and pyrogenic carbon,
were collected and analyzed. The microsite type
of every sampling point was also recorded. The five
sampling periods were (1) Pre-burn, right before the
prescribed fire in March 2016; (2) March 2016, imme-
diately after the prescribed fire; (3) June 2016, after a
windy season followed the prescribed fire; (4)
March 2017, one year after the prescribed fire; and (5)
June 2017, after experiencing two spring windy seasons
following the prescribed fire.
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Fig. 2 a) Experimental layout in the field; ) The surface condi-
tion of the study area in Mar. 2016 before the prescribed fire; ¢)
The surface condition of the burned area in Mar. 2016 immediately
after the prescribed fire; d) The surface condition of the burned

A total of 31 vegetation foliar samples, representative
of every visible species in the study area, were randomly
collected from the monitoring area in September 2017.
Names of the species, vegetation types, and conditions
of the foliar samples (live, litter) 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) every
March and June. A meteorological tower was also
established in the monitoring area, and the recorded
wind speed, precipitation, and soil water content data
during the experiment period can be found in Wang
et al. (2018).

Laboratory analysis
Each soil sample was passed through a 2-mm sieve to

remove roots, coarse surface litter, and rock fragments
(pebbles, gravels, cobbles). Soil samples were then
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area in Jun. 2016 one spring wind season after the prescribed fire;
e) The surface condition of the burned area in Mar. 2017; f) The
surface condition of the burned area in Jun. 2017. Note diagram a)
was not made to scale

ground to fine powder by a ball mill (PBM-04 Planetary
Ball Mill, RETSCH, Germany). The inorganic carbon in
each soil sample was removed by adding 2 M HCI to
approximately 4 g of ground soil, left for 48 h, and then
filtered and washed three times with 100 mL deionized
water to remove potential CaCl, or MgCl, salts gener-
ated by acidification. Soil samples were then air-dried
prior to the analysis of SOC and §'C. Vegetation sam-
ples were first rinsed with deionized water, and then
oven dried at 60 °C for 48 h. The vegetation samples
were then ground into small pieces using a mortar and
pestle. §'°C in soil and vegetation samples, and SOC in
soil 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 Ad-
vantage isotope ratio mass spectrometer (IRMS).

Due to the low organic carbon content of the soil
samples, approximately 15 mg of soil was required for
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analysis, while 2 mg of plant foliar was used. Each
vegetation sample was analyzed three times and the
results were averaged. Stable isotope compositions are
reported in the conventional form:

§2C(%) = [(€/2C) e/ (7C/2C) 1| x 1000

where (*C/ 12C)Sample and (*C/*’C)yppp are the isoto-
pic ratios of the sample and international standard Vien-
na Pee Dee Belemnite (VPDB), respectively. Precision
of triplicate measurements for sample §'>C is 0.1%o.
Reproducibility and calibration of isotope measure-
ments are determined during each batch of samples by
replicate measurements of two internal standards, plus
the national standard USGS 40 (L-glutamic acid). Pre-
cision for standards is <0.1%¢. SOC was determined by
generating a carbon calibration curve by measuring an
internal acetanilide standard of known carbon content
prepared at several different masses.

Data analysis

For each sampling period, we calculated the mean
values of SOC and &'°C for the entire sampling area
as well as samples associated with different microsites.
The coefficient of variation of both SOC and §'°C was
also calculated to evaluate the overall variations among
samples. One-way ANOVA was conducted to compare
the mean values of SOC and 5'*C in different sampling
periods. Two-way ANOVA was performed to identify
the difference of SOC and 5'°C among different
microsites (factor 1), and different sampling periods
(factor 2). Significance of differences between two spe-
cific means were assessed with a post hoc Tukey HSD
test. Unless otherwise indicated, we set P<0.05 for
significance. All non-geostatistical data analyses were
performed using R software version 3.3.3 (R
Development Core Team 2017).

The characteristics of the spatial distribution of soil
SOC and §'C were quantified using geostatistical anal-
yses. Semivariograms, which depict the average vari-
ance found in comparisons of samples taken at increas-
ing distance from one another (Schlesinger et al. 1996),
were created for SOC and soil 5'°C of each sampling
period. A semivariogram was constructed using the lag
interval of 0.2 m in each 5 m X 5 m sampling plot. The
slightly larger lag interval than the minimum sample
separation distance was used to better describe the po-
tential change of soil C spatial distributions with the

effect of wind erosion (Li et al. 2008). Moreover, the
individual grass clumps in the study area are typically
<20 cm in diameter, so we expected that grassland with
little shrub cover would show a higher nugget value and
smaller range value than grassland with more shrub
cover. When comparing the isotropic and corresponding
anisotropic semivariograms at 0°, 45°, 90° and 135°, we
found no significant directional patterns. Therefore, iso-
tropic semivariograms were used in all analyses.

The spherical model was used to fit the empirical
SOC and soil 8'3C distribution (Schlesinger et al. 1996;
Li et al. 2008), and three important parameters were
obtained. The first parameter, range (A,), indicates the
distance of spatial autocorrelation. The second parame-
ter, nugget (Cy), is the intercept of the y-axis on the
semivariogram and represents variance occurred at
scales finer than lag distance (Schlesinger et al.
1996). The semivariogram of the spherical model
initially increases and then reaches the sill (C, +
(). The third parameter, C/(Cy + C), denotes the
magnitude of spatial dependence. A high C/(C, + C)
ratio suggests a strong spatial pattern, whereas a low
ratio implies a random pattern (Jackson and Caldwell
1993; Schlesinger et al. 1996; Li et al. 2008, 2009a).
The geostatistical analyses were conducted using the
GS+ package (GS+ version 10, Gamma Design Soft-
ware, Plainwell, Michigan).

Soil C source partitioning

The §6'3C compositions of C5 and C,4 plants from the
vegetation samples were employed in the two-source
mixing ratio equation to calculate the relative percentage
contributions of shrubs and grasses to SOC, following a
method outlined in Wang et al. (2009):

6B Csoc = 6" Cey X fey + 62 Ces % [y

where §'°Cgqc is the §'°C value of SOC, 5'*Cc3 and
5'%Cey are the 5'°C values of C; and Cy4 vegetation,
respectively. The coefficients, f-; and f-,, which must
sum to one, are relative contributions of shrubs and
grasses to soil C, respectively. The end-member values
of C; and C, vegetation were locally determined from
the foliar §'*C of grasses and shrubs at the study area
(=25.2%o for C5 plants and — 14.3%o for C, plants). Due
to the limited belowground information such as root
density and root distribution, the organic C source from
vegetation in this study is calculated by averaging
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measured foliar 5'*C values of the vegetation type as the
end-member.

Results
Soil C and 5'3C distributions

The overall SOC content in the surface soil (i.e., among
all microsites) decreased from 0.76% to 0.61% after the
fire in March 2016, and then recovered to a slightly
higher level of 0.66% by June 2017 (Table 1). The
change of overall SOC content, however, was not sta-
tistically significant during the experimental time peri-
od. Different from SOC, the overall soil 5'°C increased
significantly from —19.3%o before the fire to —17.6%o
after two windy seasons (ANOVA, P < 0.05, Table 1).

The coefficient of variation (CV) of both SOC and
$'3C among all microsites decreased substantially during
the time of the experiment. Plant transect data shows that
total cover, which was nonexistent immediately follow-
ing the fire, recovered rapidly to 19% by June 2016
almost entirely due to re-sprouting of grasses. Total plant
cover continued to increase to 26% by June 2017, still
primarily due to grasses as opposed to shrubs.

For different microsites, the results show that shrub
microsites had significantly higher SOC than bare inter-
space and grass microsites prior to and immediately
following the fire, but not one year after the fire in
March 2017 as well as in June 2017 (Fig. 3a). Soil
5'3C in shrub microsites was significantly lower than
bare and grass microsites before the prescribed fire,
however, this significant difference was not observed
by March 2017, one year post-fire (Fig. 3b).

Both SOC and soil §'*C showed strong spatial pat-
terns before the prescribed fire, but the distance of
spatial autocorrelation (A,) for SOC was 1.91 m, which
was notably larger than the 1.58 m for §'°C (Fig. 4).
Following the prescribed fire, the spatial autocorrelation
distance for SOC increased and reached 3.74 m by
June 2017 (Fig. 4). Unlike SOC, the spatial autocorre-
lation distance for 5'°C decreased during the post-fire
experimental period to 0.86 m in June 2017 (Fig. 4). The
prescribed fire also changed the magnitude of spatial
dependence, C/(C, + C), for SOC and §'3C differently.
For SOC, this parameter decreased from 98% to 81%
after the prescribed fire, whereas it only changed slightly
for 5'°C during the experimental period (Fig. 4).

Soil C partition

Overall, C4 plants contributed a higher percentage of
SOC than that of C; plants during the experimental
period (Fig. 5). However, the relative contributions of
SOC between C4 and C; plants changed significantly,
and C4 plants became the dominant contributor to SOC
(i.e., ~70%) two windy seasons after the prescribed fire.
For individual microsites, up to 75% of the SOC in the
surface soil at bare microsites was derived from Cy4
grasses, whereas the grass and shrub microsites showed
more mixed SOC sources derived from C; and C,4 plants
before the prescribed fire (Fig. 6). Fire did not appear to
change the predominant contribution of C,4 plants to SOC
at the bare interspaces in the study area (Fig. 6). However,
the contribution of C; shrubs to the SOC at the shrub
microsites decreased from 75% prior to the fire, to ap-
proximately 30% by June 2017 (Fig. 6). No significant
changes of SOC sources were observed at the grass
microsites in the study area despite the prescribed fire.

Table 1 Mean value and CV (coefficient of variation) of soil organic carbon (SOC) and soil 5'3C (%o), and fractional vegetation cover (plant

cover %) in the study area during the experimental period

Time period SOC s1C Plant cover (%)
Mean (%) CV (%) Mean (%o) CV (%) Shrub Grass
Pre-burn 0.76° 54.1 —-19.3% -12.2 17 47
March 2016 0.61% 55.6 -17.9° -11.0 0 0
June 2016 0.75% 49.2 -18.6% —13.8 1 18
March 2017 0.70% 35.6 -18.2% -104 3 21
June 2017 0.66° 43.5 -17.6° -10.9 4 22

Note: letters indicate significant difference between two sampling times (One way ANOVA, P <0.05)
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Fig. 3 The change of SOC a) and soil §"*C composition b) at
different microsites during the experimental time period. A two-
way ANOVA was conducted for the treated area. The red letters
(located on the left side of each box) show the statistical results for
different microsites at each sampling time, and the blue letters

Discussion
Post-fire changes of SOC and soil §'*C

The high SOC concentration under shrubs in the study area
before fire is congruent with a well-described phenomenon,
islands of fertility, formed beneath shrub canopies in many
arid and semiarid systems (Schelsinger et al. 1990, Schade
and Hobbie 2005; Ravi et al. 2010; Field et al. 2012). The
high CV and high magnitude of spatial dependence derived
from geostatistical analyses for SOC and 5"°C suggest a
heterogeneous soil C distribution before the fire, and the
distance of spatial autocorrelation (1 to 2 m, Fig. 4) are
consistent with the average canopy diameter of shrubs,
suggesting that the SOC and §'°C values of soil under a
shrub canopy are similar and more closely related to each
other than soil outside the canopy. These patterns are the
result of the interaction of geologic, climatic, topographic,
and biological variables (Legendre and Fortin 1989;
Legendre 1993). Results of our study further show that,
following the prescribed fire, the spatial distribution of SOC
became more homogeneous, indicated by the reduced CV
and declined magnitude of spatial dependence (Table 1 and
Fig. 3). Along with the change in heterogeneity, the

(located on the right side of each box) indicate the results for the
same microsite at different sampling times. Significance of differ-
ence is exhibited by different letters (P < 0.05). Dashed line indi-
cates before and after the prescribed fire. Note the horizontal bars
in the boxes are medians

distance of spatial autocorrelation for SOC increased to
well beyond the characteristic diameter of creosote bush
one year after the prescribed fire. Redistribution of SOC
following fire has important implications for grassland
management in that it may enhance grass regrowth, thereby
providing a negative feedback to woody plant encroach-
ment and reversing associated heterogeneous surface
microtopography and soil properties (D’Odorico et al.
2004; Ravi et al. 2009; Singh et al. 2012; Sankey et al.
2012a; Dukes et al. 2018).

We infer that the rapid redistribution of SOC following
the fire is likely caused by enhanced wind erosion after the
fire that preferentially erodes raised undershrub microsite
mounds and deposits sediment in lower relief grass
microsites and bare interspaces. Although we do not report
on aeolian sediment transport herein, an earlier study in this
treated area showed that the horizontal aeolian sediment
flux was 75 gm ' day ', which is nearly three times higher
than the nearby undisturbed natural landscape (Dukes et al.
2018). Despite the potential increase in runoff after the fire,
water-driven soil movement may be small due to the flat
surface and insufficient rain events during the period of the
study (Wang et al. 2018). The effects of enhanced acolian
sediment transport on the spatial distribution of SOC
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Fig. 4 Semivariograms of SOC and '*C distribution following
the prescribed fire during the experiment period. Under the curve
is the summary of semivariogram spherical model parameters. A,

has also been characterized in a mesquite-encroached
desert grassland at the Jornada Experimental Range,
New Mexico (Li et al. 2008, 2009b), throughout the
sagebrush steppe of the Great Basin, USA (Sankey et al.
2012b; Hasselquist et al. 2011), and in creosote
shrublands of the Mojave Desert, USA (Kavouras
et al. 2012). Biological crusts were also observed in
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is the distance of spatial autocorrelation (m), and C/(Cy + C)
denotes the ratio of structured variance among the samples

bare interspaces, which can fix carbon and nitrogen as
well as improve the stability of organic matter in bare
interspaces through fire (Johansen et al. 2001; Bowker
et al. 2004), therefore preventing the SOC loss in bare
microsites (Fig. 3).

Deposition of ash produced by fire (e.g., Figure 2C)
has been shown to stimulate C and N mineralization
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rates (Raison 1979), leading to increased soil quality
after the fire, which might help explain the rapid grass
recovery rate. Visible charcoal and other pyrogenic rem-
nants (e.g., Fig. 2C) on the soil surface just after the fire
are immediately exposed to erosion processes but are
highly resistant to chemical and biological alterations
(Biggs et al. 2002; Czimczik et al. 2005), leading to
enhanced carbon sequestration through burial (Watson
et al. 1996; Preston and Schmidt 2006; De Deyn et al.
2008; Singh et al. 2012), which may partly compensate
the carbon losses through atmosphere and stabilize the
soil C pool after the fire.

Spatial patterns of SOC and soil §'°C

It is intriguing that the spatial patterns of SOC and soil
5'3C changed differently following the prescribed fire
(Fig. 4). The different autocorrelation distances of soil
5'3C versus SOC may be related to differences in litter
input to the soil surface beneath, on the edge, and
outside of plant canopies that have been described by

Jun. 2016

Mar. 2017 Jun. 2017

Cs-derived carbon or Cy-derived carbon at different sampling
periods (One-way ANOVA, P <0.05). Dashed line indicates be-
fore and after the prescribed fire. Error bars are one standard
deviation

other studies (Throop and Archer 2008; Throop et al.
2013). For example, in comparison to C; shrubs, C,
grasses-derived debris and entrained mineral materials
are tightly confined to inner under-canopy areas, which
are smaller than the total area affected by the C, grass
canopy in aspects of altering wind flow and capturing
wind-blown sediments. The decline of spatial autocor-
relation distance and resilience of strong spatial depen-
dence of soil 5'>C one year after fire may be indicative
of the dependence of 5'*C spatial distribution on
grasses, which recovered more rapidly after fire
(Table 1) and tended to become the dominant nutrient
sinks (Wang et al. 2018; Dukes et al. 2018). For grasses,
the aboveground fibrous meristems remained after the
fire, which, combined with the post-fire increased soil
water content previously reported by Wang et al. (2018),
helped hold the grass-derived litters within individual
grass microsites. In addition, the short autocorrelation
range of soil 5'*C post-fire (< 1.0 m) coincided with
short grass-plant spacing distances and the size of grass
rings previously reported by Ravi et al. (2008) in this
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Fig. 6 The relative contribution of soil organic carbon by C;
and C, plants to different microsites during the experimental time
period. Red letters indicate significant difference among bare,
grass and shrub microsites at individual sampling periods. Blue
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letters stand for significant difference for the same microsite type
among the different sampling periods (Two-way ANOVA,
P <0.05). Dashed line indicates before and after the prescribed fire
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landscape. Pyrogenic material, such as charcoal, was
formed through combustion of organic material under
restricted oxygen conditions. However, because the
'3C value of pyrogenic carbon is controlled primarily
by the §'°C value of the organic material pyrolyzed
(Bird and Ascough 2012), which, in this study, are C;
or C,4 plants, we assume its appearance did not affect the
soil carbon partitioning results.

Soil C sources partitioning

Results of our study highlighted a + 1.7%o shift in soil
5'3C and the higher relative contributions to SOC from
C, grasses after the fire. The initial 5'°C of the surface
soil is determined by both abiotic factors, such as source
rock, latitude, precipitation, and biotic factors, including
vegetation types, decomposition, microbial activities
(Bird and Pousai 1997; Klumpp et al. 2007). In our
study, the prescribed fire acted as an ecological distur-
bance and affected the plant cover and regrowth, there-
fore soil 5'°C shows a consistent relationship with the
vegetation changes. Little information is available on
soil C partitioning in the desert grassland of the
Chihuahuan Desert. In a dry African savanna (mean
annual precipitation of 365 mm), Wang et al. (2009)
reported that C; and C,4 vegetation contributed approx-
imately equal amounts of overall SOC, which is similar
to what we found in the pre-burn community. It is
notable that crassulacean acid metabolism (CAM)
plants (e.g., agave, cacti) are common in the
Chihuahuan Desert and have a wide range of §'°C
(—11%0 to —33%0) due to their variable CO, uptake.
However, CAM plants are not observed in our study
plots and therefore isotope measurements should not
reflect influence by CAM plants. Moreover, although
the early stages of decomposition slightly alter the iso-
topic signature of plant detritus during soil organic
matter formation, these changes are small relative to
differences between C; and C,4 vegetation (~11%o)
(Wedin et al. 1995; Boutton et al. 1998). Notably, the
results here show that a majority of SOC was derived
from C, grasses (i.c., >70%) two windy seasons after the
prescribed fire, suggesting grasses became the major
soil C source, which is in agreement with the rapid grass
recovery and high grass coverage after fire (Table 1).
Our study provided further insights on the change of
relative contributions of C; and C,4 plants to SOC at
microsite scale. The higher C; grass contribution
(>75%) at the bare interspaces is possibly due to the
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extensive grass root distributions, regardless of fire, at
the shallow surface acting as the source for soil C. Grass
microsites revealed the highest relative contribution of
C; plants versus bare and shrub microsites two windy
seasons after fire, indicating that a majority of the shrub-
by litter-enriched sediments originally stored under
shrub canopies were redistributed to grass microsites.
The plant cover monitoring data showed that grasses
recovered more rapidly compared to shrubs post-fire
during the experimental time period (Table 1), suggest-
ing grasses may have competitive advantages over
shrubs after fire. The slow recovery of shrubs might be
explained by a number of factors. For example, the low
grazing intensity in our field site also helps grass to keep
its competitive advantages against shrub longer after
fires. Several studies demonstrated that seedlings of
many woody shrub species are sensitive to fire
(McPherson 1995; Barger et al. 2011), which, combined
with limited soil moisture in shrub microsites and de-
ceased seed dispersal due to shrub mortality, may retard
shrub regrowth following fire. Eventually, the C4-de-
rived SOC increased at the shrub microsites, whereas
the proportion of C3-derived SOC increased at both bare
and grass microsites after the prescribed fire. These
observations suggest that preferred (predominant) path-
way(s) of SOC movement may exist following fire. The
selective movement of soil material among microsites in
the study area has been confirmed by a recent study,
which, by using a tracer-based approach, demonstrated
that significant post-fire movement of sediment from
shrub-to-grass, but not grass-to-shrub microsites, oc-
curred (Dukes et al. 2018).

Implication for future SOC change

Climate projections suggest that the southwestern Unit-
ed States may experience increased temperature, de-
creased or more variable precipitation, and severe
droughts in the near future (Seager et al. 2007, 2013;
Udall and Overpeck 2017). As a result, the frequency
and intensity of wildfires are expected to increase sub-
stantially (Westerling et al. 2006; Bowman et al. 2009;
Sankey et al. 2017). Such changes in fire regime are
anticipated to increase soil erosion by wind and water,
and potentially prolong the post-fire windows of time
during which increased soil erosion occurs (Hurtt et al.
2002; Field et al. 2010; Barger et al. 2011; Sankey et al.
2017; Dukes et al. 2018). Thus, land management plans
need to be carefully considered to adapt to potential fire
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regime changes in the area. Additionally, grassland to
shrubland conversion may be facilitated by wetter win-
ters and drier summers, whereas the higher water-use
efficiency of C, grasses may allow grasses to survive
through long-term droughts (Sperry and Hacke 2002;
Gao and Reynolds 2003; Parmesan and Galbraith
2004). While our study focused on the post-fire redis-
tribution of sources of SOC at the soil surface, future
studies using soil depth profiles may provide more
comprehensive information on SOC partitioning to re-
construct the historic effects of the woody shrub en-
croachment on soil resources, and to predict future soil
development in the context of climate change.

Conclusions

Results of our study highlight the role of fire in changing
the spatial distributions of SOC and soil §'°C in a
grassland-shrubland transition zone. Interestingly, the
changes in the spatial patterns of SOC and soil §'°C
differed following the fire. The spatial autocorrelation
distance for SOC increased post-fire, probably due to
the removal of shrubs by fire and subsequent soil ero-
sion. The range of autocorrelation for §'°C decreased
post-fire, and the contribution of SOC from C, grasses
compared to C5 shrubs increased, which we infer were
due to the more rapid recovery of grasses after the fire.
In contrast to changes observed for shrub microsites, C
derived from C, grasses was the dominant source of
SOC at bare soil interspaces both pre and post-fire.
Thus, our SOC and 8'3C analyses enabled the recon-
struction of post-fire organic carbon inputs to soil at
high spatial resolution of individual soil microsites and
suggest that SOC may have moved among different
microsites following the fire via pathways that can be
predicted by soil erosion and deposition dynamics.
Overall, changes in the spatial distribution of SOC and
relative contributions of 5'>C that we observed, provide
new insights that fire can have profound impacts on soil
carbon pools during the process of shrub encroachment.
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