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Abstract.  Fire risk in deserts is increased by high production of annual forbs and invasive
grasses that create a continuous fine fuel bed in the interspaces between shrubs. Interspace
production is influenced by water, nitrogen (IN) availability, and soil texture, and in some areas
N availability is increasing due to anthropogenic N deposition. The DayCent model was used
to investigate how production of herbaceous annuals changes along gradients of precipitation,
N availability, and soil texture, and to develop risk-based critical N loads. DayCent was
parameterized for two vegetation types within Joshua Tree National Park, California, USA:
creosote bush (CB) and pifion—juniper (PJ). The model was successfully calibrated in both
vegetation types, but validation showed that the model is sensitive to soil clay content. Despite
this fact, DayCent (the daily version of the biogeochemical model CENTURY) performed
well in predicting the relative response of production to N fertilization and was used to
determine estimates of fire risk for these ecosystems. Fire risk, the probability that annual
biomass exceeds the fire threshold of 1000 kg/ha, was determined for each vegetation type and
began to increase when N deposition increased 0.05 g/m? above background levels (0.1 g/m?).
Critical loads were calculated as the amount of N deposition at the point when fire risk began
to increase exponentially. Mean critical loads for all soil types and precipitation <21 cm/yr,
representing the majority of our study region, were 0.32 + 0.07 and 0.39 + 0.09 g N/m? for CB
and PJ, respectively. Critical loads decreased with increasing soil clay content and increasing
precipitation, such that the wettest areas with clay contents of 6-14% may have critical loads
as low as 0.15 g¢ N/m>. Mean fire risks approached their maximum at 0.93 + 0.21 and 0.87 *
0.17 ¢ N/m? in CB and PJ, indicating that precipitation is the driver of fire above these N
deposition levels, which are currently observed in some areas of the Sonoran and Mojave
Deserts. Overall, this analysis demonstrates the importance of considering both N deposition

and precipitation when evaluating fire risk across arid landscapes.
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INTRODUCTION

In the United States there is growing interest in
managing atmospheric nitrogen (N) deposition using
critical loads, which are defined as the amount of one or
more pollutants below which there are no adverse
ecological effects (Nilsson and Grennfelt 1988, Fisher
et al. 2007, Burns et al. 2008). The European Union
regulates N deposition using critical loads based on both
acidification and fertilization effects (Nilsson and
Grennfelt 1988). In the United States, recent research
has improved our understanding of ecosystem thresh-
olds for effects of N deposition, resulting in increased
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support for implementing critical loads on federal lands
(Porter et al. 2005, Porter and Johnson 2007, Burns et al.
2008). In arid regions, acidification effects are limited
due to low rainfall, lack of surface water bodies, and
high soil buffering capacity. Instead, the primary effect
of N deposition is chronic fertilization. Nitrogen
fertilization can alter soil microbial processes, promote
exotic species growth that would otherwise be N limited,
and increase the growth of rapidly responding annual
species above the threshold for carrying fire (Minnich
and Dezzani 1998, Brooks 2003, Fenn et al. 2003qa). In
this paper, we applied a biogeochemical process model
to determine critical loads for N deposition for its effects
on increasing fire risk in the arid lands of southern
California, USA.

Fires in the arid regions of southern California have
increased in frequency during the last several decades
due in large part to a period of increased numbers of
above-normal precipitation years and increased cover of
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PrLATE 1.

Region of Lower Covington Flats in Joshua Tree National Park, California, USA, that burned in 1999. Taken in

2004, this photograph illustrates the lack of native species recovery after fire; five years after the fire the landscape is dominated by
burnt-out shrub skeletons and the exotic grasses Bromus tectorum and B. madritensis. Photo credit: L. E. Rao.

exotic annual grasses (Brown and Minnich 1986, Brooks
and Berry 2006, Brooks and Minnich 2006). The exotic
grass litter does not break down as rapidly as most
native herbaceous litter, thus creating a highly flamma-
ble continuous fine fuel load during the dry season
(Brooks and Minnich 2006). The threshold of biomass
necessary to carry fire has been reported to range from
700 to 1500 kg/ha of continuous fine fuel (Anderson
1982, Scifres and Hamilton 1993, Minnich and Dezzani
1998, Fenn et al. 2003a), although the exact amount of
native forb and exotic grass biomass needed to carry fire
in the desert is still unknown. In creosote bush scrub, the
small amount of discontinuous woody fuel is believed to
have hindered fire spread resulting in long fire-return
intervals (Brooks and Minnich 2006), while in areas
with greater woody biomass such as piflon—juniper
woodland, fire cycle periods have been estimated at
480 years (Wangler and Minnich 1996). Because of the
relative rarity of fire in these arid systems, shrubs are not
fire adapted and suffer large-scale mortality during most
fire events and are slow to reestablish (McLaughlin and
Bowers 1982, Brown and Minnich 1986). Slow recovery
of shrubs coupled with rapid recovery of exotic grasses
can result in increased fire frequency and a shift in the
plant community from a shrub-dominated to exotic-
grass-dominated system (D’Antonio and Vitousek 1992,
D’Antonio 2000, Brooks et al. 2004, Steers 2008; see
Plate 1).

Exotic grasses promote landscape conversion by
invading the interspaces between shrubs and creating a
continuous fine fuel bed. However, the interspaces are
harsh environments that are low in nutrients (Kieft et al.
1998, Schlesinger and Pilmanis 1998, Schade and
Hobbie 2005), have high sand and gravel contents
(Pake and Venable 1995, Kieft et al. 1998), and have

more extreme temperatures than under shrubs (Pake
and Venable 1995). These factors limit interspace
productivity in comparison to the under shrub “islands
of fertility” (Halvorson and Patten 1975, Hadley and
Szarek 1981), such that release from limiting factors
should increase interspace production. The foremost
limiting factor of productivity is water (Noy-Meir 1973),
with secondary limitation by N (Romney et al. 1978,
Gutierrez et al. 1988, 1992). Arid land production has
been observed to increase with increased precipitation
(Patten 1978, Romney et al. 1978, Bowers 2005) and N
fertilization (Romney et al. 1974, 1978, Salo et al. 2005,
Allen et al. 2009). Additionally, in some cases there are
interactions between increased N and water availability
such that exotic and native annuals increase more with
added N in high rainfall years than in low rainfall years
(Gutierrez et al. 1992, Hooper and Johnson 1999,
Brooks 2003).

The N and hydrologic cycles are closely linked
through the effects of soil water content on mineraliza-
tion, denitrification, and leaching, making it extremely
difficult to separate out the effects of one from the other
in the field (Burke et al. 1997, Schimel et al. 1997).
Additionally, soil texture influences ecosystem responses
to precipitation and N by affecting water holding
capacity, infiltration, and hydraulic conductivity
(Austin et al. 2004, Schwinning et al. 2004). As a result
of the complex interactions between N, precipitation,
and soil texture, the effects of each factor on annual
production using field observations and measurements
can be difficult to differentiate. Instead, it has been
suggested that mechanistic process models, such as the
biogeochemical model CENTURY, be employed in the
hopes of understanding ecosystem functioning, especial-
ly with respect to temporal processes like changes in



1322

TABLE 1.
Joshua Tree National Park, California, USA.
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Selected characteristics for the creosote bush (CB) and pifion—juniper (PJ) calibration (C) and validation (V) sites in

Bulk Hydraulic
N deposition  Sand-silt-clay ~ Rock  density Field capacity =~ Wilting point  conductivity
Site  MAP (cm) (gm Zyr ) (%) %)  (g/em’) pH (% volume) (% volume) (cm/s)
CB-C 10.34 0.3 83-11-6 29 1.63 8.3 15.99 5.61 0.0039
CB-V 13.7 0.7 88-10-2 25 1.61 7.1 9.47 2.68 0.0081
PJ-C 12.57 0.8 78-13-9 11 1.39 6.9 16.16 6.07 0.0024
PJ-V 16.77 0.4 71-25-4 42 1.63 7.7 10.46 3.11 0.0042

Notes: Soil characteristic values represent the actual values used in the soil parameterization files. MAP is meal annual
precipitation. Field capacity, wilting point, and hydraulic conductivity values were determined using the Saxton model (Saxton et

al. 1986) using soil texture and rock content as input values.

precipitation patterns and N deposition (Schimel et al.
1997).

While the CENTURY model was originally devel-
oped for the grasslands of the United States (Parton et
al. 1987, 1988), it has since been applied to numerous
ecosystems including forests (Kelly et al. 1997, Peng et
al. 1998), tundra (Baron et al. 1994, Conley et al. 2000),
and chaparral (Li et al. 2006). However, few applica-
tions of the daily version of CENTURY (DayCent) or
the original CENTURY model have been conducted in
desert ecosystems (Kemp et al. 2003). Thus the
objectives of this study are to (1) determine the extent
to which DayCent can model annual production and
nutrient cycling in the desert under a range of N-
fertilization scenarios and (2) use DayCent to gain an
understanding of how fire risk in the deserts of southern
California changes with increasing N deposition. To
accomplish these objectives we parameterized DayCent
for two vegetation types found at Joshua Tree National
Park (JTNP), creosote bush scrub and pifion—juniper
woodland. The model was then used to evaluate the risk
of exceeding a threshold amount of interspace herba-
ceous biomass believed to enhance the spread of fire and
determine critical N loads across a precipitation transect
and a range of soil clay contents. This simulated
landscape allows for a risk-based approach to deter-
mining critical loads for N deposition across southern
California deserts.

METHODS
Site description

We modeled the interspace vegetation from two
vegetation types characteristic of the arid lands of
southern California, creosote bush scrub (CB) and
pifion—juniper woodland (PJ). Winter annual interspace
vegetation was the focus of the modeling effort because
the interspace vegetation connects shrubs with a fine fuel
layer enabling fire to spread readily through the
ecosystem. Without a sufficient fine fuel load, fire is
unlikely to carry in CB ecosystems, although fire may
still spread through PJ due to larger shrub size, density,
and woody fuel load (Brooks and Matchett 2006). At
the CB sites modeled in this study, live shrub cover
ranged between 9.5% = 2.7% and 18.1% = 3.8%. At the
PJ sites live tree + shrub cover ranged between 20.8% =

0.9% and 22.7% =+ 1.4% (all data presented are mean +
SE).

Soil and vegetation data were collected from two low-
elevation CB sites in Joshua Tree National Park (JTNP)
located in the Colorado Desert portion of the Sonoran
Desert and two PJ sites located in the Mojave Desert
portion of JTNP. One site in each vegetation type was
used for model calibration, while the other was used for
model validation. Site characteristics are presented in
Table 1 and site-specific vegetation data are in Allen et
al. (2009), with general descriptions in Keeler-Wolfe
(2007) and Schoenherr and Burk (2007). The dominant
shrub on the CB sites was Larrea tridentata with an
understory of native forbs and the exotic annual grasses
Schismus arabicus and Schismus barbatus (hereafter
Schismus spp.). The dominant trees/shrubs on the PJ
sites were Juniperus californica and Pinus monophylla,
with an understory of shrubs, native forbs, and the
exotic annual grasses Bromus madritensis ssp. rubens,
Bromus tectorum, and Schismus spp. Annual exotic forbs
were not a major component of the herbaceous cover at
any of these sites (Allen et al. 2009).

Fire has never been observed at the CB sites since the
establishment of Joshua Tree National Monument in
1936, although wetter areas outside of JTNP have
burned once or even twice since 1980 (Brown and
Minnich 1986, Brooks and Matchett 2006, Steers 2008).
The PJ sites were assumed to have a fire return interval
of 300 and 500 years for the more and less productive
calibration and validation sites respectively, with grazing
at both sites occurring from the 1870s to 1945 (Schmid
and Rogers 1988, Wangler and Minnich 1996, Brooks
and Minnich 2006).

Site-specific data collection

Ten experimental blocks were established at each site
in 2002 to evaluate the effects of N fertilization on the
native and exotic annual plants (Allen et al. 2009). The
vegetation and soils at the experimental blocks within
the CB and PJ sites have been measured annually since
2003. Plots were fertilized with 0, 0.5, and 3.0 g N/m2
each December, surveyed for percent cover of annual
forbs and grasses each spring, and surface soils (5 cm
deep cores) collected each July for analysis of extractable
N. Biomass was calculated from the percent cover data
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using equations developed for one CB site and one PJ
site relating percent cover to biomass using 0.25 X 0.5 m
clipped plots in fertilized and unfertilized plots from
both a wet (2005) and dry (2008) year (Allen et al. 2009).
Percent cover was generally a good predictor of biomass
with R? values ranging from 0.77 to 0.97 (2005
regressions n = 11 plots; 2008 regressions n = 21 plots).

At one CB and one PJ site, a one-time sampling of
annual forbs and exotic grasses from each of the 10
control and 3.0 g N/m? fertilized plots was made for
determination of aboveground tissue C, N, and lignin
content. Soil cores to a 1 m depth were taken from
control and 3.0 g N/m? fertilized plots. Soil samples were
collected from six depths (0-5, 1015, 20-25, 45-50, 70—
75, and 95-100 cm) using a bucket sand auger and sieved
for determination of percentage of rock and gravel
(>2mm) content. Sieved samples were sent to the
University of California Division of Agriculture and
Natural Resources Analytical Laboratory (Davis,
California, USA) for analysis of total C and N by
combustion, extractable inorganic N, and soil texture.
Samples were also analyzed for soil pH on a 1:1
soil : water slurry and CO5-C via a modified manometer
method (Allison and Moodie 1965). Bulk density was
determined for the surface layer only (0—5 cm).

Daily maximum and minimum temperature and
precipitation data were obtained from a weather station
placed at each site. Because on-site weather station data
were only available for the years 2005-2008, climate data
from the nearest weather station were obtained from
National Oceanic and Atmospheric Administration’s
online National Climate Data Center. Daily temperature
and precipitation data were scaled to the site data based
on regressions between actual site and weather station
data. Daily weather data from the long-term stations
were available from 1936 to 2005, with actual site data
used from 2005 to 2008.

Model description

The CENTURY model was developed to simulate
plant production, soil nutrient dynamics, and soil water
in natural and managed ecosystems, with an emphasis
on soil organic matter as an integrator of production
and decomposition over time (Parton et al. 1987, 1988).
A daily time-step version of CENTURY (DayCent) was
developed to model trace gas (CO,, CHy, N>O, and NO)
exchange between the soil and atmosphere (Parton et al.
2001, Del Grosso et al. 2005). As these models have been
thoroughly described elsewhere (Parton et al. 1987,
1988, 1998, 2001, Del Grosso et al. 2005), we provide
only a brief description here.

The model used in these simulations was DayCent
version 4.5. The model was constructed with multiple
sub-models: decomposition and soil organic matter,
water budget, and plant production. The soil organic
matter (SOM) sub-model simulated the dynamics of C,
N, P, and S in the soil. Shoot and root litter of plants
were divided into structural and metabolic C pools
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based on lignin:N ratios. N inputs were from atmo-
spheric deposition and N fixation, and N losses from
NO; leaching, denitrification, and nitrification. The
water budget sub-model calculated evaporation and
transpiration water loss, water content of the soil layers,
and flow of water between soil layers. Once water moved
into the soil profile, it could be lost via transpiration,
evaporation, or exit the profile as outflow or water
storage. Because there was no stream flow at these desert
sites, all excess water in the soil profile was assumed to
be lost to deep water storage where it became
inaccessible to the biota. The plant production sub-
model may be used to simulate production for
herbaceous annuals (crops) and perennials (grasses),
forests, or mixed tree—grass (savanna) systems. Because
the purpose of this experiment was to determine the
ability of DayCent to model interspace annual grass and
forb production under natural and increased N-deposi-
tion scenarios, only the herbaceous annual vegetation
was simulated for this study.

Parameterization and simulations

Model calibration.—Most of the parameters in
DayCent are intended to remain constant in the
majority of applications and are referred to as fixed
parameters. All default values of fixed parameters for
herbaceous crop/grassland simulations were used here.
The site-specific parameters were daily precipitation,
daily maximum and minimum air temperatures, soil
profile information, and plant characteristics.

Background N inputs were set as constant annual
values of 0.07 g N-m 2yr~! from fixation (Rychert et al.
1978) and 0.1 g N-m >yr~! from wet + dry deposition
(Vitousek et al. 1997, Holland et al. 1999). Models were
run to equilibrium by simulating the system from year 0
to 1900; at that point N deposition was increased
linearly to a value of 0.3 and 0.8 gm >yr~' by 1980
based on current estimates of deposition at the creosote
bush calibration (CB-C) and pifilon—juniper calibration
(PJ-C) sites respectively (M. E. Fenn, personal commu-
nication). N deposition measurements were made using
ion exchange resin collectors (Fenn et al. 2002, Fenn and
Poth 2004) that were placed in the interspaces (CB and
PJ) and under pifion pines (PJ only). CB deposition
estimates were bulk deposition measurements from the
interspace areas and PJ deposition estimates were based
on throughfall and interspace measurements averaged
across the landscape based on percent cover of PJ tree
and shrub cover and interspace areas.

Default soil profile layering structure was used to
ensure proper operation of the soil water sub-model.
Values for soil texture, pH, C, and N were obtained
from 1-m soil cores taken at each site. Because bulk
density measures were not available for each depth, the
surface bulk density (0—5 cm) was applied to each layer.
The uniform use of surface bulk density through the
profile was considered appropriate given that there were
no significant changes in soil texture or rock content
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observed through the 1-m soil cores. Saturated hydraulic
conductivity, wilting point, and field capacity were
determined using soil texture and rock content data
from each layer and Saxton equations modified for use
in the DayCent model (Saxton et al. 1986). While values
of soil C and N are not required, providing initial values
reduces the time needed for the model to reach
equilibrium. The model was considered to have reached
equilibrium if the difference in the 25-year mean for soil
organic matter (SOM) carbon for the last 125 years of
the spin-up period (i.e., mean SOM C from 1775 to 1800
compared to mean SOM C from 1875 to 1900) was less
than 5%.

Because DayCent cannot model species mixtures, the
mixture of winter annual grasses and forbs found at CB-
C and PJ-C were parameterized as a generalized
herbaceous vegetation type. The primary inputs for
plant parameterization were root:shoot ratios, above
and belowground C:N ratios, changes in the C:N ratios
with precipitation, and percentage lignin. Plant data
were determined from a combination of greenhouse
(Rao 2008) and field measurements on dominant exotic
grasses and native forbs from each vegetation type. For
each vegetation type, the value assigned to each input
parameter was weighted based on the mean percent
cover of the exotic grass (Schismus spp. for CB and B.
madritensis for PJ) and the native forbs measured at our
sites.

The model was run until the last six years of output
corresponded to the actual weather years of 2003
through 2008. The model was calibrated using observa-
tions of plant production and soil organic C from each
study site. Input variables were altered as necessary to
obtain adequate (within *=SD) agreement between
simulated and observed production and soil C under
background conditions. To determine the overall ability
of the model to simulate the C and N dynamics in an
arid ecosystem, modeled soil inorganic N, soil C:N ratio,
N mineralization, and plant C:N ratio were compared to
field observations and gaseous N flux was compared to
literature values.

Modeled production response to N fertilization was
tested by simulating the field N-fertilization experiment
conducted at each site. As in the field, fertilizer was
added as a one-time application each December in
DayCent. The modeled N fertilizer application was in
addition to the current N deposition in the model.
Model performance was evaluated by regressing simu-
lated production against measured production.

Model validation—The model was validated on sites
with similar vegetation to that at CB-C and PJ-C, but
different current N deposition, climate, and soils (Table
1). As with the calibration sites, the model was run for
1900 years using background N fixation and N
deposition (0.07 and 0.1 g N-m 2yr !, respectively).
Starting in 1900, N deposition was increased linearly to
the observed values of 0.7 and 0.4 g N-m >yr' for the
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CB-validation (CB-V) and PJ-validation (PJ-V) sites
respectively (M. E. Fenn, personal communication).

Surface soil measurements of C, N, soil texture, pH,
and bulk density were used to initialize DayCent.
Information regarding the soil profile to a 1 m depth
was not collected because high rock content at both
validation sites prohibited coring, so surface (0—5 cm)
data were used uniformly throughout the default
layering structure. Uniform application of soil proper-
ties was deemed appropriate since soil C and N are used
only to reduce the time needed for the model to reach
equilibrium and cores from the calibration sites indicate
no significant differences in soil texture between surface
and one meter depths. The vegetation input files
developed for the calibration sites were not altered for
the validation simulations.

The model was validated on the parameters of annual
biomass production, total soil organic C and N, soil
C:N, surface soil inorganic N, N mineralization, and
gaseous-N fluxes. All comparison data were collected
from the sites except gaseous-N fluxes, which were
obtained from literature sources. As with the calibration
sites, the ability of the model to respond to N
fertilization was tested by simulating the field N-
fertilization experiment conducted from 2002 to 2008
and comparing simulated to observed annual produc-
tion.

Statistical analyses—Robust regression was used to
compare production for both calibration and validation
sites because at several sites the production data did not
conform to the assumptions of ordinary least squares
regression. Additionally, the creosote bush (CB) pro-
duction data contained outliers (i.e., unexpectedly large
or small data points), while the pifion—juniper (PJ) data
sets contained both outliers and points with high
leverage (i.e., the observed response played a large role
in the value of the predicted response). Least squares
regression is sensitive to outliers and gives heavier
weights to large residuals. Robust regression techniques
are not as sensitive to the presence of outliers because
different mathematical functions are used to quantify
residual variation (Gotelli and Ellison 2004). We used
the appropriate robust regression method for the type of
data deviation present in the CB (Huber-M estimator)
and PJ (least median of squares) production data using
Systat 12 (2007; Cranes Software, Chicago, Illinois,
USA).

DayCent model performance was considered to be
satisfactory if modeled inorganic soil N and soil organic
C and N were within £1 SD of the observed value.
Because of the high temporal variability of soil
parameters, the mean of the last 25 years of model data
was compared to the mean observed value.

Fire-risk simulations

The parameterized DayCent model was used to
determine the risk of exceeding the fire-carrying
threshold by obtaining an annual output of production
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for each year in the simulation. Simulations were run for
a combination of six precipitation regimes X six soil clay
textures X 30 N-deposition levels to test the effects of the
interactions between soil texture, water availability, and
N availability on production. The threshold of biomass
production needed to carry fire was set at 1000 kg/ha (42
g C/m?) because this amount of grass biomass has been
shown as the minimum to carry fires in grasslands
during the dry season (Anderson 1982) as well as in
grass-invaded coastal sage scrub vegetation located in
nearby Riverside, California (R. A. Minnich, personal
communication). Fire risk was calculated as the fraction
of years in which production exceeded this threshold at a
given precipitation X clay X N deposition level. The
critical load was defined as the amount of annual N
deposition when the fire risk began to increase
exponentially above background levels and was calcu-
lated as the maximum of the second derivative of the
fire-risk probability curve. We also determined the
amount of annual N deposition when fire risk no longer
increased. Above this fire-risk-stabilization load, in-
creased N inputs did not increase the probability that
biomass would exceed the fire threshold, although
additional N inputs may increase biomass. The fire-
risk-stabilization load was calculated as the amount of
N deposition at 95% of the modeled maximum fire-risk
probability; the actual theoretical maximum fire-risk
probability cannot be used because it is not possible to
mathematically evaluate N deposition at the maximum
value.

The daily temperatures for the calibration sites (CB-C
and PJ-C) were used in all simulations for a vegetation
type in an effort to eliminate confounding effects of
temperature on nutrient cycling and production. Actual
precipitation records spanning a range of mean annual
precipitation (MAP) found in California deserts were
used in the risk simulations. Precipitation records were
obtained from across the 200-km precipitation gradient
in this region of the Mojave and Sonoran Deserts from
six sites with >75 years of precipitation data. MAP
(defined as the rain year spanning 1 October—30
September) for the six sites ranged from 9.6 to 43.3
cm. As with most arid climates, the precipitation at these
sites is skewed with more dry than wet years (Bowers
2005) and high interannual variability (mean = SD for
all sites: 9.6 = 5.5, 10.3 = 8.2, 12.6 = 8.4, 14.4 = 10.6,
21.6 = 10.4, and 43.3 = 20.9 cm/yr).

The six soil clay levels used were 1%, 2%, 3%, 6%, 9%,
and 14% and were based on the range of soil clay values
observed from sampling across Joshua Tree National
Park (JTNP). Because soil texture is correlated with a
number of other parameters including rock content, pH,
and bulk density (Wood et al. 2005), the sensitivity of
modeled production to changes in bulk density, rock
content, saturated hydraulic conductivity (Kj,), and pH
was evaluated. Production under the mean observed
value for each parameter was compared to the
production under the maximum and minimum observed
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value to evaluate model sensitivity. While a given
parameter was being tested, all other parameters were
set to mean values.

The sensitivity analysis indicated that production was
greatly influenced by variations in bulk density and rock
content (Appendix A); therefore mean values of these
soil parameters were used in all soil input files during the
fire risk simulations. Production was also sensitive to
Kia, which was a function of soil texture and was being
tested by the range of soil clay content. The Saxton
equations were used to calculate field capacities, wilting
points, and Ky, for each clay content based on the soil
texture and the mean rock content. Uniform soil profiles
were created using the default DayCent layering
structure.

The effect of N deposition on production at each
precipitation and soil texture was evaluated by first
running the simulation for 1000 years at background N-
deposition levels (0.1 g/m?) to achieve equilibrium of
SOM pools. N deposition was then increased by 0.05 g/
m? every 100 years to a maximum of 1.5 g/m>. The range
of N deposition values bracketed observed deposition
across JTNP with the maximum approximately double
that of 0.8 g/m* observed (Sullivan et al. 2001) and
modeled (Tonnesen et al. 2007) for the more polluted
areas of JTNP.

RESULTS
Parameterization

Regression on the simulated and observed interspace
production at the creosote bush calibration site (CB-C)
resulted in a slope <1 and intercept >0, indicating that
modeled production for this site was overestimated
when production was low (dry years) but underestimat-
ed when production was high (wet years; Fig. 1). At the
validation site (CB-V), production was generally over-
estimated by the model, although the year to year
variation in production was well described (slope = 1.0,
intercept = 10.5). At CB-C, the soil organic matter C
and N were effectively modeled, as was the inorganic N
content through the soil profile (Table 2). There was a
small amount of annual nitrate leaching loss below the
soil profile (>120 cm) that was on the low end of loss
determined for other arid sites (Table 2). Gaseous N loss
was dominated by nitric oxide (NO) loss via nitrification
with no loss via the denitrification pathway. Modeled
NO loss from nitrification was >five times that observed
in the literature, while nitrous oxide (N-O) loss (0.010
gm Zyr ') was slightly less than the lower fluxes
observed in semi-arid sagebrush steppe (0.013
gm >yr~!; Matson et al. 1991).

The same pattern in leaching and gaseous N loss
occurred for the CB-V simulations (Table 2). However,
the model did not accurately represent the organic C and
N pools as evidenced by the fact that the modeled soil C
pool was just outside —1 SD of observed soil C and
modeled soil N was significantly lower than observed.
These inaccuracies in soil pool sizes resulted in a much
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Robust regressions of observed vs. simulated production for the calibration (C) and validation (V) sites in two

vegetation types within Joshua Tree National Park, California, USA: creosote bush scrub (CB) and pifilon—juniper woodland (PJ).
Production was simulated using DayCent, the daily time-step version of the CENTURY biogeochemical model. Each regression
was run on peak interspace production for all control and fertilized plots combined. Plots were fertilized each winter, and
production was measured the following spring from December 2002 to April 2008. In 2007 there was insufficient precipitation for
germination in the field at all sites, although the DayCent model simulated a small amount of production in that year. Statistical
tests indicate that only the slopes for CB-V and PJ-V do not differ from 1.0 (P > 0.9 for validation sites and P < 0.002 for
calibration sites); all intercepts are statistically different from 0 (P < 0.015 in all cases). Ideal fit (1:1) is shown as a dashed line.

higher modeled C:N ratio and lower inorganic N pools
than observed. The modeled annual net mineralization
was less than half the mineralization potential deter-
mined for the site. Leaching loss of nitrate was 1.6 times
as high as that in the CB-C simulations, but within the
range reported in the literature.

Regressions on pifion—juniper (PJ) interspace vegeta-
tion indicated that, as with the CB simulations, the
production at the calibration site (PJ-C) was overesti-
mated in dry years and underestimated in wet years,
while at the validation site (PJ-V) year to year variation
in production was well modeled (slope = 0.99) but
shifted up by 8.5 g C/m? (Fig. 1). Although the slope of
the regression line for PJ-C was much less than 1 (slope
= 0.70), for all fertilization levels and years when
germination in the field occurred, simulated production
was within =1 SD of observed production.

For both PJ-C and PJ-V, soil organic C was modeled
reasonably well, but simulated soil organic N was lower
than observed by >1 SD (Table 2). As a result, modeled
soil C:N was generally too high. At PJ-C, the soil
inorganic N through the profile was well modeled, but at

PJ-V the observed surface (0—10 cm) soil N was
equivalent to the simulated soil N in the total profile
(0—120 cm). Gaseous N loss at both sites was dominated
by NO nitrification, which was about an order of
magnitude greater than values reported in the literature
(Table 2). N,O loss appeared to be slightly underesti-
mated in both the PJ-C and PJ-V simulations but was
within the same order of magnitude measured in other
sites. Unlike the CB simulations, there was denitrifica-
tion loss in the PJ simulations within the range of
observations in other arid regions. Mean annual
leaching loss at both PJ sites was low, but within the
range of observed values (Table 2).

Fire-risk simulations

Fire risk was determined for the calibration sites of
each vegetation type (Fig. 2). Fire risk rapidly increased
with increasing N inputs from deposition in both
vegetation types above the calculated critical loads
(0.22 and 0.36 gm >yr ' for CB-C and PJ-C, respec-
tively), stabilizing at a fire risk of 0.31 under 0.55 g N/m?
at CB-C and 0.35 under 0.88 g N/m? at PJ-C. Because
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the model was run for 100 years at each N deposition
increment and the length of the precipitation record was
~75 years, the probability of exceeding the fire threshold
for each N deposition level was calculated using a
different set of the precipitation record. Precipitation
variability resulted in scatter around the maximum fire
risk (Fig. 2). Above the calculated fire-stabilization
loads, fire risk did not substantially increase with
increasing N deposition and instead was governed by
year to year variations in precipitation.

The values of the critical loads and fire-stabilization
loads in Fig. 2 are specific to the calibration sites, but
should be useful across a landscape scale since the fire
risk in each vegetation type was evaluated across the
range of soil clay content and mean annual precipitation
(MAP) observed from this region of the Mojave and
Sonoran Deserts. Results from the CB risk analysis
showed that in sandy soils (<2% clay) there was a
greater vegetation response to N fertilization, which
resulted in higher fire risk across all MAP levels at the
maximum N loading (Fig. 3a). However, when MAP
was <21 cm, maximum fire risk was lower in sandy soils
(Fig. 3a) than in soils with >3% clay (Fig. 3b, ¢). When
MAP and clay content were intermediate (6-9% clay
and 21 cm MAP) there was a nonzero fire risk at the
background N deposition level of 0.1 g/m? that all but
disappeared at greater or lesser clay contents (Fig. 3b
and Appendix B, part 1). Mean landscape critical loads
and fire-risk-stabilization loads were calculated by
averaging the calculated loads from all evaluated soil
textures at two precipitation regimes: <21 cm MAP
representing the majority of CB desert areas and >21 cm
MAP representing only the wettest portions of the
western Colorado Desert or possible shifts in precipita-
tion due to climate change. Under the <21 cm MAP
category (n = 24 samples), the mean critical load was
0.32 * 0.09 g/m? at a fire probability of 0.03 *+ 0.007
and fire risk stabilization occurred with 0.93 = 0.21 g/m?
N deposition at a fire probability of 0.46 + 0.14. When
MAP > 21 cm (n = 12 samples), the critical load was
0.21 = 0.05 g/m” at a fire probability of 0.08 = 0.02 and
fire-risk stabilization occurred with 0.58 = 0.13 g/m? at a
fire probability of 0.87 = 0.05.

Fire risk for PJ interspace vegetation was generally
lower and the critical loads higher than for CB
vegetation. Additionally, there was little difference in
the response of the vegetation between 9 and 10 cm
MAP, with a large jump in production between 10 and
12.5 cm MAP (Fig. 3d-f). As with the CB vegetation,
the sites with more clay (Fig. 3e, f) reached fire-risk
stabilization at a lower deposition level than sandier sites
(Fig. 3d), but the absolute fire risk at this point was
higher in sandier soils. Fire risk remained near 0 until N
deposition reached 0.15 g/m?, and increased first in soils
with intermediate clay and intermediate MAP levels
(Fig. 3e and Appendix B, part 2). The critical load when
MAP < 21 cm (n =24 samples) was 0.39 *+ 0.07 g/m? at
a fire probability of 0.03 = 0.01 and fire-risk stabiliza-
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tion occurred under 0.87 * 0.17 g/m> N deposition at a
fire probability of 0.37 = 0.14. When MAP > 21 cm (n=
12) the critical load was 0.30 = 0.03 g/m> at a fire
probability of 0.07 = 0.007 and fire risk stabilization
occurred with 0.63 + 0.08 g/m” at a fire probability of
0.86 = 0.06.

DiscussioN
Risk-based critical loads

Placing critical loads in a risk-based framework is one
way to allow policymakers and land managers to
determine when an effect is considered “adverse.” To
our knowledge such an approach has not been
previously taken with respect to N deposition and fire
risk in any ecosystem type. The results from our fire-risk
simulations indicate that the interspace vegetation in
both creosote bush scrub (CB) and pifon—juniper
woodland (PJ) is strongly limited by water and N and
thus will be susceptible to increases in N deposition as
well as changes in climate. There are few differences in
fire risk between systems dominated by PJ or CB when
mean annual precipitation (MAP) is greater than 21 cm.
However, below 21 cm the production potential of
annuals in CB is greater than in PJ. As a result, at a
given clay X N input when MAP < 21 cm the
probability that herbaceous annual biomass will exceed
the fire threshold at the critical load and fire-risk-
stabilization load is generally higher for CB vegetation
than for PJ vegetation.

This finding of greater production potential in CB is
supported by studies on the dominant exotic grasses
found at our CB and PJ sites (Schismus spp. and B.
madritensis, respectively). These studies show that B.
madritensis has high water requirements and is not
particularly plastic in its response to N inputs (Brooks
2003, DeFalco et al. 2003), with production showing no
interactive effects of combined water and N inputs (Rao
2008). In contrast, Schismus spp. biomass responds
more to added N and water than to either alone
(Gutierrez et al. 1992, Rao 2008), and may be as
productive as B. madritensis under high N and water
availability (Rao 2008). However, this does not mean
that CB is more likely to burn than PJ since PJ contains
more woody biomass than CB and is more likely to burn
on this basis alone (Brooks and Minnich 2006). Because
fire risk in PJ has been found to be greater in years of
high production of winter annual vegetation (Brooks
and Matchett 2006), it is instructive to examine how the
annuals in this area respond to changes in precipitation
regime and N deposition, particularly since some PJ
regions in southern California, including PJ-C, experi-
ence N deposition near the fire-risk-stabilization load of
0.87 ¢ N'm~2-yr~! (Tonnesen et al. 2007).

A large portion of the CB and PJ desert ecosystems in
southern California are also above the critical loads
calculated through our analyses (Tonnesen et al. 2007).
We defined the critical load as the amount of N
deposition where the fire risk begins to increase
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TasLe 2. Comparison of observed (obs.) and 25-year simulated (sim.) plant, soil nutrient, and gaseous loss characteristics (mean
+ SD) from each calibration (C) and validation (V) site located in creosote bush scrub (CB) and pifion—juniper woodland (PJ).

Creosote bush scrub

Parameter C, obs.t,1 C, sim.T V, obs.t,§ V, sim.}
Aboveground C:N 23.40 *+ 6.66 23.76 = 6.10 NA 18.47 = 5.63
Total SOM C (g/m> 915.55 = 356.96 923.51 + 18.47 668.54 = 199.55 455.79 = 14.19
Total SOM N (g/m”) 100.8 = 52.1 71.70 = 1.09 110.34 = 36.75 36.42 = 1.04
Soil C:N 9.62 = 1.73 12.09 = 0.04 6.49 = 2.94 12.31 = 0.24
Mean total annual N mmerahzatlon (g/m?) 2.46 1.56 = 0.59 4.58 1.78 = 0.64
Total mineral N in soil proﬁle (g/m?) 1.31 = 0.636 1.20 = 0.31 NA 0.752 = 0.312
Soil mineral N, 0-10 cm (g/m ) 0.575 = 0.087 0.493 = 0.126 0.834 = 0.373 0.450 = 0.181
Soil mineral N, 10-30 cm (g/m> 0.324 + 0.191 0.082 = 0.056 NA 0.101 = 0.078
Soil mineral N, 30-45 cm (g/m ) 0.118 = 0.137 0.027 = 0.021 NA 0.022 *+ 0.027
Soil mineral N, 45-60 cm (g/m ) 0.051 = 0.025 0.016 = 0.018 NA 0.004 = 0.015
Soil mineral N, 60-90 ¢cm (g/m> ) 0.100 = 0.049 0.133 = 0.081 NA 0.061 = 0.036
Soil mineral N, 90-120 cm (g/m?) 0.106 = 0.064 0.447 *+ 0.205 NA 0.110 + 0.093
Soil mineral N, below 120 cm (g m 2yr )Y 0.003-0.172 0.008 0.003-0.172 0.013
NO-N loss (mtrlﬁcatlon gm 2yr H# 0.002-0.038 0.084 = 0.043 0.002-0.038 0.214 = 0.108
N>O-N loss (gm 2yr ") 0.013-0.04 0.010 = 0.005 0.013-0.04 0.016 = 0.008
N loss (denitrification; mg'm “2hT i 6.7-21.7 0 6.7-21.7 0
Total gaseous loss (gm~2yr—1) unknown 0.094 = 0.048 unknown 0.230 = 0.116

Notes: Soil profile data are only available for the two calibration sites. All gaseous-loss simulated values are compared to
literature values. SOM is soil organic matter. The 25-year mean of the simulated values is the last 25 years of the simulation run to

create the data. NA indicates that data are unavailable.

T Observed data (“obs.”) show either mean = SD (values measured in the field) or ranges from literature values that represent
the range of values obtained from studies conducted by others. Simulation results (“sim.”) are means = SD of the last 25 years of

the simulation.

i Soil data were collected from deep cores taken October 2006; vegetation data are from spring 2005; soil mineralization is

potential from laboratory incubation.

§ Soil data were collected from surface cores (0—5 cm depth) taken in 2005 (spring and summer) for total C and N and
extrapolated to 20 cm based on proportional decrease in depth from C sites; surface cores (0—5 cm depth) were taken each July for
mineral N and extrapolated to 10 cm depth; soil mineralization is potential from laboratory incubation.

9 Validation leaching data are minimum and maximum values provided by Walvoord et al. (2003) and Hartsough et al. (2001);
simulated values are the cumulative N leaching loss divided by the total number of years in the simulation.

# Validation NO-N loss data are from Barger et al. (2005) and Hartley and Schlesinger (2000).

|| Validation N,O loss data are from Matson et al. (1991) and Guilbault and Matthias (1998); simulated CB N,O loss is only
from nitrification, and simulated PJ N,O loss is a total of denitrification and nitrification loss.

1+ Validation denitrification N loss from Schaeffer and Evans (2005) and Billings et al. (2002); simulated values are the mean of

only the days with denitrification (PJ-C, n =77; PJ-V, n=15).

exponentially above background levels. Thus, small
increases in N inputs above our calculated critical loads
result in large increases in fire risk up to the fire-risk-
stabilization point. For example, in CB when MAP < 21
cm, the fire risk increases from 0.03 to 0.46 from the
critical load to the fire-risk-stabilization load, indicating
that tripling N deposition increases the fire risk by a
factor of 15. Fire risk in PJ similarly increases 10 times
from the critical load to the fire-risk-stabilization load,
which is a doubling of the annual atmospheric N input.
Although it is unlikely that N deposition in highly
polluted areas will be brought down to below our
calculated critical loads, our results indicate that there is
a high potential to reduce fire risk if deposition is
brought down below the fire-risk-stabilization load.
Because fire risk in CB has historically been much
lower than in PJ due to the low amount of woody
biomass and the large distances between shrubs (Brooks
and Minnich 2006), the potential to reduce fire risk in
CB by reducing deposition is particularly high. The
critical loads for CB ranged from 0.15 to 0.50 g N/m?>
depending on soil texture and precipitation, and fire-risk
stabilization ranged from 0.43 to 1.34 g N/m’.
Averaging across soil types, with MAP > 21 cm, the

fire-stabilization load was 0.58 g N/m” but increased to
0.93 ¢ N/m?> with MAP < 21 cm. MAP in the south-
central Mojave Desert of southern California ranges
between 10 and 25 cm, while MAP in the western
Colorado Desert ranges between 5 and 38 cm, with most
CB sites receiving <20 cm/yr of rain in both deserts
(Rowlands 1995). Thus, although areas of CB in
California experience N deposition around the lower
fire-stabilization load of 0.58 ¢ N-m yr ' (Sullivan et
al. 2001, Tonnesen et al. 2007), fire risk will generally be
low due to the primary limitation on production by
water availability, with the fire threshold exceeded only
in years of above-mean precipitation. Fires have been
observed in CB sites near Palm Desert, California,
adjacent to the southwest border of Joshua Tree
National Park (JTNP; 33°53" N, 116°40" W; MAP =
13.8 cm) and were correlated with periods of above-
mean precipitation (Brown and Minnich 1986, Steers
2008), supporting the findings of the fire-risk model. If N
deposition increases due to greater urban or agricultural
development (Fenn et al. 2003b) and mean precipitation
increases due to climate change or shifts in sea surface
temperatures (Mo and Higgins 1998, Swetnam and
Betancourt 1998, Norman and Taylor 2003), then fire
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TasLE 2. Extended.
Pifion—juniper woodland
C, obs.t,1 C, sim.} V, obs.T.§ V, sim.}
33.79 = 748 20.09 = 4.80 NA 20.84 = 5.19
1121.93 + 245.41 945.12 = 29.13 939.04 = 633.33 498.60 = 12.46
109.18 * 38.69 52.98 * 2.52 92.48 + 62.04 29.16 = 1.06
12.09 = 6.98 17.80 = 0.30 11.47 = 3.56 16.99 = 0.18
1.68 1.21 = 0.47 1.42 1.06 = 0.29
0.833 = 0.295 0.828 + 0.413 NA 0.729 = 0.230
0.553 = 0.207 0.507 = 0.217 0.734 = 0.396 0.160 = 0.129
0.135 + 0.091 0.108 = 0.085 NA 0.047 = 0.040
0.068 = 0.056 0.027 = 0.018 NA 0.011 = 0.014
0.031 = 0.036 0.013 = 0.008 NA 0.003 = 0.007
0.023 + 0.093 0.082 + 0.111 NA 0.070 = 0.065
0.022 = 0.006 0.092 + 0.173 NA 0.436 = 0.185
0.003-0.172 0.005 0.003-0.172 0.012
0.002-0.038 0.174 = 0.082 0.002-0.038 0.141 = 0.058
0.013-0.04 0.014 = 0.007 0.013-0.04 0.010 = 0.003
6.7-21.7 73.2 = 50.0 6.7-21.7 67.9 = 19.6
unknown 0.187 = 0.085 unknown 0.151 = 0.062

risk is likely to increase in CB areas throughout this
region.

The information on fire risk generated using the
DayCent model can be combined with land-cover data,
soil surveys, spatially explicit N-deposition models, and
climate models to determine the fire risk across the
landscape. Landscape-scale fire risk could then be
evaluated under various climate change scenarios and
nitrogen emission control policies. As an example, we
can consider the effects of a 50% reduction in N
deposition on fire risk in Palm Desert (CB vegetation)
and Yucca Valley (PJ vegetation, adjacent to the
northwest border of JTNP). Both sites are located in
areas subject to high N deposition (Allen et al. 2009,
Rao et al. 2009) and may receive as much as 0.8 g
N'm 2yr ! of total N deposition (Sullivan et al. 2001,
Tonnesen et al. 2007). For Palm Desert, current fire risk
ranges between 0.52 and 0.64 g/m” (Fig. 3a—c),
indicating a fairly high risk of fire in years with mean
to above-mean precipitation. If N deposition were
decreased to 0.4 g/m?, fire risk would be substantially
decreased to 0.17—-0.35 across the landscape. For PJ, the
current fire risk for Yucca Valley ranges between 0.29
and 0.45 (Fig. 3d-f). Halving N deposition would
theoretically decrease fire risk to 0.01-0.11, although the
fuel load provided by woody vegetation would keep the
baseline fire risk higher than in CB.

While this study is the first, to our knowledge, that
investigates the fire risk due to interactions of atmo-
spheric N deposition and precipitation, other investiga-
tors have used risk-based approaches to assess the risk
of atmospheric pollution to ecosystems (Church and van
Sickle 1999, Tao et al. 2002, Lawler et al. 2005, Semenov
et al. 2006). Using metrics of sensitivity and vulnerabil-
ity of soils to loss of base saturation and cation exchange
capacity from acid deposition, Tao et al. (2002)
estimated the risk of problems from acid deposition by
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Fic. 2. Fire risk for each vegetation type in southern
California deserts calculated as the probability that annual
biomass will exceed the fire threshold (1000 kg/ha) under a
given N-deposition load. The fire risk was calculated for each
site using the site-specific soil parameters (e.g., percentage clay)
and precipitation regimes. The critical load, the point at which
fire risk begins to increase exponentially, is 0.21 and 0.36 g/m>
of N deposition for CB-C and PJ-C, respectively. The fire risk
begins to level out at the fire-risk-stabilization load, which is
0.55 and 0.88 g/m? of N deposition for CB-C and PJ-C,
respectively. Between the critical load and fire-risk-stabilization
load, the fire risk changes very rapidly with increases or
decreases in N deposition. MAP is mean annual precipitation.
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Fire-risk analysis for (a—c) creosote bush scrub and (d—f) pifion—juniper across three soil textures and six precipitation
regimes. The percentage “sand-silt-clay” content used in each modeling run is indicated in the upper right corner of each graph. See
Appendix B for the full array of soil texture fire-risk analyses. Dashed lines indicate fire risk under current N deposition and 50%

reduction in N deposition (from 0.8 g'm™2-yr~ to 0.4 g'm~2yr~") for two sites: Palm Desert, California, USA (creosote bush scrub)
and Yucca Valley, California (pifion—juniper woodland).

combining vulnerability and sensitivity maps with a map here we identify thresholds by the possibility that
of sulfur deposition in China. Church and van Sickle exceeding some level of N deposition leads to changes
(1999) successfully showed that N deposition represent-  in fire regime.

ed a greater risk to stream and lake acidification in the ) )

Adirondack region, USA than sulfur deposition. Their DayCent for arid-land production
study also assessed risk using a probabilistic fraction of
lakes that would drop below acid neutralizing capacity

Because DayCent was developed for more mesic
(ANC) of 0, thus threatening fish populations. Similarly,

ecosystems and has not been applied extensively in hot
deserts, one objective of our study was to evaluate the
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ability of DayCent to model production and nutrient
cycling for the Mojave and Sonoran Desert regions of
California. By simulating a six-year multi-site field
fertilization experiment, we were able to calibrate and
validate the model at different sites and evaluate the
production response under a range of N fertilization.
Comparison of simulated and observed production at all
fertilization levels shows that at the calibration sites the
model fits well, with simulated production falling within
+1 SD of observed production in most years.

The primary cause of the lack of model fit in both the
calibration and validation sites was the very low
precipitation amounts that occurred in 2006 and 2007.
At the creosote-bush calibration site (CB-C) there was
insufficient precipitation for germination during 2006
and 2007, resulting in 0 production in those years; the
same was true at all sites in 2007. DayCent does not limit
germination based on precipitation and thus produces
some small amount of biomass even in extremely dry
years, resulting in poor regression fits between observed
and simulated production. Additionally, because the
Sonoran and Mojave Deserts are characterized by high
precipitation variability and are skewed toward more
dry than wet years (Bowers 2005), this model trait
potentially results in an excess of C moving into the soil
pool.

Simulated and observed soil C are within close
agreement at the calibration sites, but not at the
validation sites. We would expect simulated soil C to
be somewhat different from the observed values because
the model parameterization is for a mean winter annual
species growing alone in the interspaces. In reality, the
interspaces are characterized by a mixture of forbs and
grasses as well as shrub roots that extend out into the
interspace soils (Chew and Chew 1965). Shrub roots
contribute organic matter to the soils, as well as compete
with annuals for nutrients and moisture. Thus, if the
effect of shrub roots were included in the model it is
likely that soil organic matter (SOM) C would increase
and annual production decrease, resulting in a better
model fit at the validation sites. Additionally, no
summer annual growth was included in the model
although summer precipitation can result in significant
growth of summer grasses and forbs (R. Steers, personal
communication), which would contribute additional C to
the soil as they decompose and may increase the
probability of fire. However, the western Mojave and
Sonoran Deserts primarily have winter precipitation,
and summer precipitation occurs sporadically.

Another possible source of both SOM C and
production discrepancies between the models and field
data is that winter annuals change in community
composition and densities with changes in timing and
amounts of precipitation (Beatley 1974, Salo 2004,
Brooks and Berry 2006). Such changes in community
composition result in changes in the C:N and lignin: N
ratios of decomposable substrate added to the soil each
spring. These shifts in community composition and thus
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quality of organic input to the soils are not represented
in DayCent. The model cannot automatically determine
when one species group will be dominant over another,
making it necessary for us to use one single vegetation
type throughout the simulation.

Not only can shifts in community composition result
in differences in C and N cycling, but different species
groups have different growth patterns that can result in
very different levels of peak biomass depending on the
dominant species. The main winter annual vegetation
groups at our sampling sites in Joshua Tree National
Park (JTNP) are exotic annual grasses and native annual
forbs. As an example of shifting dominance, at CB-C
exotic grasses were dominant during 2003-2005. After a
two-year drought and no germination of winter annual
plants, the native forbs became dominant in 2008 with
very few exotic grasses present. The observed produc-
tion that year was 60-80 g C/m? but simulated
production was only 20-40 g C/m?, resulting in several
“outlier” points where simulated production was outside
+SD of observed production.

The greatest source of model uncertainty is gaseous N
loss, which has not been measured at our field sites and
has not been widely studied in arid systems (Seitzinger et
al. 2006). Comparison of model output to the limited
literature data suggests that the magnitude of total N
loss is relatively accurate, although the ratio of loss by
the different N compounds may not be as accurate. One
study in the Mojave Desert suggests that ~30-40% of N
inputs may be lost via NO and NHj; loss, with the
majority of the loss coming from ammonia following
water pulses (McCalley and Sparks 2008). Ammonia
loss is not explicitly represented in the DayCent model,
although given that our soils trend toward neutral
(Table 1), it is not likely that ammonia loss in our soils is
as substantial as reported by McCalley and Sparks
(2008), where soil pH ranged from 9 to 11.

Our model results indicate that 24-37% of N inputs
from deposition and fixation were lost through gaseous
N loss with NO an order of magnitude greater than N,O
loss and little to no denitrification loss. The magnitude
of N,O loss is similar to that reported in the literature,
although at the low end of the range averaging 0.012 g
N-m~>yr~'. In contrast, modeled NO loss was up to an
order of magnitude greater than that reported for other
arid and semi-arid sites. Estimates of annual NO flux use
several seasonal “point-in-time” measurements to scale
up to an annual loss (Barger et al. 2005, McCalley and
Sparks 2008), resulting in uncertainty around the
estimates. The NO fluxes predicted by the DayCent
simulations for the four sites in JTNP indicate that
annual NO loss in arid systems may be greater than
what has been estimated to date. However, given the
wide discrepancy between observed and simulated NO
loss, it is unclear as to what degree NO loss is being
overestimated by DayCent or underestimated in field
studies.
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Some additional uncertainty comes from the require-
ment for extensive input data by DayCent, much of
which was not available for the sites. When site-specific
data were not available, literature values were used,
followed by expert-informed estimates. For the soil
water characteristic parameters (i.e., wilting point [WP],
field capacity [FC], and saturated hydraulic conductivity
[Ksal), the Saxton model was used (Saxton et al. 1986).
Soil mineralization, gaseous N loss, and soil N leaching
are largely a function of the soil water characteristic
parameters (Parton et al. 1998), and discrepancies
between simulated and field-collected data indicate that
the model is not effective when soils are highly sandy
and rocky (Table 2). However, without site-specific field
validation data on the soil water characteristic param-
eters, it is unclear why DayCent is not as effective under
these conditions. Despite the uncertainty in model input
and validation data, the model performs well in its
ability to simulate production under a range of chronic
N-fertilization conditions.

In fact, the model results conform to the general
principles of arid land production and mineralization as
outlined in the inverse texture hypothesis. The inverse
texture hypothesis posited by Noy-Meir (1973) and later
modified by Austin et al. (2004) suggests that in arid
systems, sandy soils will have greater productivity but
lower mineralization rates than finer textured soils due
to the effect of soil texture on water-holding capacity.
Because of these confounding effects, one would expect
production to have the greatest boost from N deposition
in the sandier soils that have the lowest mineralization
rates but highest productivity potentials. Both the soil-
sensitivity analysis (Appendix A) and the fire-risk
analyses (Fig. 3) show that, as N input increases, the
sandier soils then have greater production than soils
with more clay. Austin et al. (2004) also predicted that
the effects of soil texture on mineralization would be
maximal at intermediate precipitation ranges. This effect
can be best observed in the CB simulations (Fig. 3b, ¢),
which show that when the clay content is >6%, there is a
nonzero risk of exceeding the fire threshold at the lowest
N-deposition level of 0.1 g/m? with maximum risk
observed at the 20 cm MAP level.

CONCLUSIONS

As global population increases, so will the production
of reactive N and the distribution of that N via
atmospheric and hydrologic pathways (Galloway et al.
2004). Thus, it is imperative to determine where
ecosystems currently stand with respect to changes due
to N deposition and if the critical loads for various
environmental indicators have already been exceeded.
Here we used the biogeochemical process model,
DayCent, to quantify the relationship between N
deposition and the ecosystem response of annual
production in the southern Mojave and western
Sonoran Deserts. We then determined the critical loads
of N deposition for vegetation associations present in
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these arid systems by calculating the probability that
production would exceed the fire-carrying threshold.
Although there are numerous other sensitive indicators
of chronic N fertilization, such as loss of species
diversity and changes in nutrient cycling (Vitousek et
al. 1997, Baron et al. 2000, Egerton-Warburton and
Allen 2000, Suding et al. 2005, Bowman et al. 2006, Rao
et al. 2009), we considered only fire risk here due to its
wide-ranging and long-term impacts in arid environ-
ments not adapted to fire (O’Leary and Minnich 1981,
Koniak 1985, Brooks et al. 2004), and the large
economic cost at the federal and state level associated
with fighting fires in this region (California Legislative
Analyst’s Office 2008).

The DayCent model was generally effective at
modeling production of winter annuals found in CB
and pinon—juniper (PJ). However, the model appears to
be sensitive to soil clay content such that soil C and N
cycling may not be accurately represented in extremely
sandy soils. Critical loads averaged across all soil types
and mean annual precipitation levels < 21 cm were 0.39
and 0.32 g N/m? for PJ and CB vegetation, respectively,
and decreased to 0.30 and 0.21 g N/m2 for MAP > 21
cm for PJ and CB, respectively. Critical loads decreased
with increasing soil clay content and increasing precip-
itation, such that the wettest areas with clay contents of
6—14% may have critical loads as low as 0.15 g N/m?.
These results suggest that these vegetation types are
sensitive to both climate change and N deposition. Fire
risk stabilized at a maximum value in both vegetation
types at N deposition loads two to three times above the
critical loads; these fire-risk-stabilization loads are
currently met or exceeded in some areas of the Mojave
and Sonoran Deserts, including two of our four
sampling sites in JTNP. As a result, changes to N
inputs from deposition and/or changes in the precipita-
tion regime from climate change are likely to signifi-
cantly affect the ecological and socioeconomic impacts
of fire in these deserts.
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precipitation regimes (Ecological Archives A020-045-A2).
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