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Abstract

Agriculture in the southwestern USA is limited by water supply due to high evaporation and limited seasonal precipitation.
Where water is available, irrigation allows for production of a variety of agricultural and horticultural crops. This review assesses
the impacts of agriculture on greenhouse gas emission and sequestration of atmospheric C in soils of the hot, dry region of the
southwestern USA. In Texas, conservation tillage increased soil organic C by 0.28 Mg C ha™' year™' compared with more
intensive tillage. Conversion of tilled row crops to the conservation reserve program or permanent pastures increased soil organic
C by 0.32 & 0.50 Mg C ha™' year™'. Soil organic C sequestration was dependent on rotation, previous cropping, and type of
conservation tillage employed. Relatively few studies have interfaced management and C cycling to investigate the impacts of
grazing management on soil organic C, and therefore, no estimate of C balance was available. Irrigated crop and pasture land in
Idaho had soil organic C content 10-40 Mg C ha™! greater than in dryland, native grassland. Soil salinity must be controlled in
cropland as soil organic C content was lower with increasing salinity. Despite 75% of the region’s soils being classified as calcic,
the potential for sequestration of C as soil carbonate has been only scantly investigated. The region may be a significant sink for
atmospheric methane, although in general, trace gas flux from semiarid soils lacks adequate characterization. Agricultural
impacts on C cycling will have to be better understood in order for effective C sequestration strategies to emerge.
Published by Elsevier B.V.
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1. Characteristics of the southwestern USA

This chapter covers the south and west portions of
the USA classified as having a dry climate, because the
potential annual loss of water through evaporation
exceeds annual precipitation (Table 1). This region is
collectively discussed as the dry domain (Bailey,
1995) and covers approximately 188 Mha or 26.5%

Table 1

of the continental land area of the USA. It is
characterized by variable climate, diverse topography
and ecosystems, a relatively low, but increasing human
population and rapidly changing economic base. The
specific ecoregions (Bailey, 1995), originally used by
the United States Forest Service, covered in this
chapter include the 310 tropical/subtropical steppe
(grassland) division (portions of Texas, Oklahoma,

Precipitation, temperature, soils and vegetation of the major ecoregions of the southwestern USA

Ecoregion Area Precipitation ~ Temperature = Dominant order Native vegetation

coverage (mm) (°C) soils
(Mha)

310: tropical/subtropical steppe 78.7 255-770 4-21 Mollisols, Entisols,  Tall grass prairie east—sandsage
division—Arizona, Oklahoma, Aridisols, Vertisols, and bluestem west (TX and OK);
New Mexico, Texas, Utah Alfisols mixed grass, woodlands, forests

and alpine tundra, xerophytic
grasslands mixed with mesquite
and cacti (AZ, NM, UT)

320: tropical/subtropical desert 44.7 50-610 10-24 Aridisols, Entisols Thorny shrubs with sparse
division—Arizona, California, shortgrass (AZ, NM, TX);

New Mexico, Nevada, cacti, shrubs, woodlands
Texas, Utah (CA, AZ, NV)

340: temperate desert division 68.9 130-890 3-13 Aridisols, Entisols,  Sagebrush gradient to woodlands
—Idaho, Nevada, Oregon, Mollisols, Alfisols to fir forests (NV, UT); sagebrush
Utah, Washington mixed with short grass to juniper

woodlands (WA, OR, ID)

260: Mediterranean division 32.8 150-2550 0-19 Alfisols, Mollisols, Sagebrush to chaparral and

—California, Oregon Ultisols, Entisols

pinyon to oak to conifers with
bunch grasses to redwoods
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New Mexico, Arizona, Colorado, and Utah); the 320
tropical/subtropical desert division (portions of Texas,
New Mexico, Arizona, California and Nevada); the
340 temperate desert (portions of Colorado, Utah,
Nevada, Idaho, Oregon and Washington); and the 260
Mediterranean division (portions of California and
Oregon). Agriculture in the region is limited by water
supply due to high evaporation and limited seasonal
precipitation. Where water is available, irrigation
allows for production of a variety of agricultural and
horticultural crops.

1.1. Climate

Low annual precipitation, clear skies, and a warm
year-round climate are due in part to a quasi-
permanent, subtropical, high-pressure ridge over the
majority of the region (Sheppard et al.,, 2002).
Generally, environments > 1500 m elevation are
classified as semiarid and environments < 900 m
elevations are arid. But this simple classification does
not represent the climatic variability due to physio-
graphic and topographic relief, rain shadow effects
from mountain ranges, and proximity to moisture
sources from the Gulf of Mexico, the Gulf of
California, and the Pacific Ocean (Sheppard et al.,
2002). The determining climatic factor in the region is
topography. For example, every 307 m in elevation is
equivalent to traveling 480 km north, which provides
different habitat for plants and animals. This is
illustrated by the transect between Yuma, AZ (30 m
above sea level) and the San Francisco Peaks near
Flagstaff, AZ (3820 m above sea level) that are
separated by 400 km, but are 6000 km apart ecolo-
gically. Yuma has a subtropical climate while the tops
of the San Francisco Peaks are climatically similar to
northern Canada and Alaska (Hendricks, 1985).
Elevation results in both temperature and precipitation
differences, e.g., Tucson, AZ (1190 m) at the edge of
the Sonoran Desert, receives an average of 250 mm of
precipitation each year while 60 km distant at the top
of Mt. Lemmon (3035 m) receives an average of
900 mm precipitation.

A major feature of summer precipitation in the
region is the North American Monsoon (Adams and
Comrie, 1997). A monsoonal flow is a distinctive
change in wind direction of at least 120°, including
mid-tropospheric winds (Ramage, 1971; Bryson and

Lowry, 1955). The monsoon brings the majority of the
seasonal precipitation (up to 60% of annual total) to
this region due to diurnal cycles of surface heating,
convection (Sellers and Hill, 1974) and influx of
moisture from the Pacific Ocean and the Gulf of
Mexico (Wright et al., 2001).

1.2. Soils

In general, most of the southwestern USA west of
Texas would fall under the soil order, Aridisols, but
due to extreme changes in topography, many soil
orders may be present at the smaller scale (Table 2).
Mollisols, Vertisols, Alfisols and Entisols are domi-
nant soil orders in Texas and Oklahoma, while
Aridisols, Entisols and Mollisols are extensive in
New Mexico, Utah, Arizona, Idaho, Oregon, Washing-
ton, California and Nevada (Brady, 2000).

Soil depth and soil organic C (SOC) and nitrogen
(N) contents are factors of climate, organisms
(vegetation and microorganisms), parent material,
topography and time of development (Jenny, 1941).
Climate is the most influential factor of the five soil
forming factors (Jenny, 1980), as temperature and
precipitation exert profound effects on the rate of
chemical and physical processes.

Soil texture is also important for C retention in
warm climates. Nichols (1984) reported that soil clay
content had a greater influence on SOC content in 65
soil pedons (r=0.90) than average precipitation
(r=0.45) across a range of soils in Oklahoma, Texas
and New Mexico. Burke et al. (1989) supported this
conclusion with an evaluation of 500 rangeland and
cultivated soils, where SOC in native rangeland soils
was positively correlated to precipitation, clay content
and negatively correlated with temperature. In
cultivated fine-textured soils, loss of SOC was limited
because of physical protection provided by clay
minerals (physical inaccessibility of SOC to micro-
organisms).

1.3. Vegetation

Annual precipitation determines the type of
vegetative cover in rangeland. At low altitude,
vegetation consists mostly of creosotebush (Larrea
tridentata), cacti, sagebrush and sparse annual grasses.
At intermediate altitude, mesquite, pinyon (Pinus sp.)
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LRR MLRA Ownership Suborder Major crops
soils
(I) Southwest plateaus and 83D—Ilower Rio Private Ustolls Cotton, citrus, pasture,
plains range and Grande Valley winter vegetables
cotton—Texas 83ABC—mnorth, Private Psamments, Sorghum, cotton, small
west and central Usterts grains with 75-90% rangeland
Rio Grande Valley
81—Edwards Plateau Private Ustolls, Wheat, sorghum, small
Ustalfs grains mainly dryland
with 85% rangeland
(H) Central Great Plains 80A—central rolling Private Ustolls, Wheat, oats, cotton and
winter wheat and range red prairies Ustalfs sorghum (20%), with
—Texas, Oklahoma, 80% rangeland
New Mexico 80B—Texas north Private Ustolls, Wheat, oats, cotton and
-central prairies Ustalfs sorghum (15%) with
80% rangeland
78—central rolling Private Ustolls, Winter wheat, sorghum,
red plains Ustalfs cotton, alfalfa, peanuts
(35%) with 60% rangeland
77—southern high plains Private Ustolls, Dryland wheat, sorghum
Ustalfs, and cotton (33%), irrigated
Aigids soybeans, corn, cotton and
vegetables (20%) with 40%
rangeland
(G) Western Great Plains 70—Pecos-Canadian 90% Orthids, Beans, small grains,
range and irrigated plains and valleys private Ustolls sorghum, alfalfa, corn
region—New Mexico (4%) with 75% rangeland
(D) Western range and 42—southern desertic 75% Orthids, Sorghum, alfalfa and forages,
irrigated region—Texas, basins, plains and mountains private Orthents cotton (30%) with 70%
New Mexico, Arizona rangeland
Utah, Nevada, California, 41—southeastern Arizona Private Argids, Sparse planting of cotton,
Oregon, Idaho basin and range Fluvents corn, alfalfa (20%) with
80% rangeland
40—central Arizona basin Private Argids, Irrigated citrus, cotton,
and range Fluvents vegetables (2%) with rest
sparse rangeland
39—Arizona and New Private Ustolls Timber (80%), corn,
Mexico mountains alfalfa, wheat, pinto beans
37—San Juan River Valley 75% Orthents, 50% desert shrub and short
mesas and plateaus private Fluvents grass range; 2% irrigated forage
36—New Mexico and Arizona 80% Argids, 1% irrigated forage with
plateaus and mesas private Fluvents remainder as rangeland
35—Colorado and Green Private Orthents, 1% irrigated forage with
River plateaus Orthids 90% rangeland
34—central desertic basins, 50% Orthents, Irrigate pasture (2-5%) with
mountains and plateaus private Fluvents 90% rangeland
31—Imperial Valley Private Argids Irrigated citrus, winter
vegetables, small grains,
alfalfa and forages with
no range value
30—Sonoran Basin and range 20% Orthents, Limited rangeland with
private Argids low forage production
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LRR MLRA Ownership Suborder Major crops
soils
29—Southern Nevada basin 10% Argids Irrigated forages (1%)
and range private with limited rangeland
28 A—QGreat Salt Lake 25% Argids Irrigated forage and small
private grains, salt playa (65%)
28B—central Nevada basin 10% Argids, Irrigated alfalfa (1%)
and range private Orthids with limited rangeland
27—Fallon-Lovelock 20% Orthids Irrigated forages (1-2%)
private with limited rangeland
26—Carson basin and mountain 25% Argids Irrigated alfalfa (2%)
private with limited rangeland
25—Owyhee high plateau 25% Xerolls Irrigated forage (2-3%)
private with limited rangeland
24—Humboldt area 20% Orthids Irrigated forage (3%)
private with limited rangeland
23—Malheur high plateau 25% Xerolls Irrigated forage (1-2%)
private with limited rangeland
22—Sierra Nevada range 50% Xerults Pasture, rangeland with
private 90% forests
21—Klamath and Shasta 50% Xerolls Irrigated pasture (5-10%)
valleys and basins private with 90% rangeland
(B) Northwestern wheat and 13—eastern Idaho plateaus 75% Xerolls Irrigated forage (10%),
range region—Idaho, private dry land wheat (25%),
Oregon, Washington with 50% rangeland
12—Lost River Valley mountains 5% Orthids 1% irrigated pasture with
private 90% forest and rangeland
11—Snake River plains 50% Orthids Irrigated potatoes, beans,
private sugar beets, alfalfa (25%)
with 50% rangeland
10—Upper Snake River 40% Xerolls Irrigated potatoes, small
private grains, and pasture (5%)
with 90% rangeland
8—Columbia plateau 93% Xerolls Dry land wheat, peas,
private forage (50%) with 40%
rangeland
7—Columbia basin 85% Orthids, Dryland wheat (25%),
private Xerolls irrigated fruits and forage
(15%) with 60% rangeland
(C) California subtropical fruit, 20—southern California 60% Xeralfs, Urban (5%) with 20% of
truck, and specialty crop mountains private Orthents rangeland grazed
region—California 19—southern California 75% Xeralfs Urban (20%) 35% erosion
coastal plain private protection, with 10-20%
irrigated for subtropicals
18—Sierra Nevada foothills 80% Xerults, Dry land grains, irrigated
private Xeralfs fruit, nuts, grapes (5%)
with 75% rangeland
17—Sacramento and 90% Argids, Cropland with irrigated
San Joaquin Valleys private Xeralfs cotton, fruits, nuts, grapes
(50%) with 30% rangeland
15—central California 80% Xeralfs, Dry land wheat (10%) with
coast range private Xerolls 85% rangeland
14—central California Private Xeralfs Urban (20%), 55% irrigated

coastal valleys

fruits, vegetables, grapes
with 25% rangeland
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Table 2 (Continued)

LRR MLRA Ownership Suborder Major crops
soils
5—Siskiyou-Trinity area 50% Xerults Grazed, alfalfa, pasture
private (10%) with 85% forests
4—California coastal 90% Humults Grazing (10%) and forage
redwood belt private (3%) with 70% forests

and juniper (Juniperus sp.) are dominant. At high
altitude, pine (Pinus sp.), spruce (Picea sp.) and fir
(Abies sp.) are abundant. Cooler temperature at higher
elevation reduces plant litter decomposition and
results in an increase in SOC (Kirschbaum, 1995).
However, moister condition at higher elevation
promoted decomposition compared to warmer, drier
sites (Conant et al., 2000). The combined effect of
increasing precipitation, change in vegetation and
decreasing annual temperature with increasing eleva-
tion has been found to increase SOC by 3.2% (relative)
per 1000 m of elevation up to 2000 m (Martin and
Fletcher, 1943) with an even higher SOC increase in
conifer forests > 2000 m (Hendricks, 1985).

One of the debates in climate change scenarios is
whether woody species encroachment might cause
regional desertification (Bahre, 1991). Desertification
is defined as a general shift from forage-productive
semiarid grasslands to forage-deficient semiarid
savannas (Biggs et al., 2002). The rate and mechan-
isms involved with woody encroachment are con-
troversial as it has been argued that woody species
have always been present in grasslands (Bahre, 1991).
Isotopic studies of plant phytoliths (silica—calcium
cellular precipitates) in semiarid Arizona grasslands
have shown that C, grasses dominated the grass
composition for the last 8000 years with C5 grass and
woody vegetation increasing only in the last 100-350
years (McClaran and Umlauf, 2000). Other Arizona
research has suggested that C; trees and shrubs were
common in historically C, dominated grasslands
(Biggs et al., 2002).

Another effect of vegetation on soil development is
N fixation and release of N with litter fall. The most
studied legume species of the region are mesquite and
palo verde (Cerdicium floridum) trees. Many studies
have found higher soil C, N, K, and S concentrations,
and soluble salts in proximity to trees compared to
open areas (Tiedemann and Klemmedson, 1973, 1986;
Klemmedson and Tiedemann, 1986; Barth and

Klemmedson, 1978, 1982). The encroachment of
legume species into nutrient limited native grasslands
maybe an important factor in C and N cycling. The
impacts of legume N inputs on grassland productivity
and the C cycle in rangeland may be interrelated with
climate (Jackson et al., 2002). Woody encroachment
in eastern grasslands (wetter Texas sites) decreased C
stock in the upper meter of soil while shrub
encroachment in western grasslands (drier New
Mexico site) increased C stock (Jackson et al.,
2002). Even after removal of the mesquite, Biggs
et al. (2002) found that elevated levels of soil nutrients
under shrub growth were retained for decades in the
SOC. Since the amount of SOC is directly related to
soil N content (Martens et al., 2003), any N inputs or
losses will influence SOC levels.

1.4. Distribution of land use

Irrigated agriculture currently accounts for nearly
87% of southwestern USA water use (National
Synthesis Report, 2001) and an increasing human
population will change this distribution of water use
(Table 2). Due to low precipitation and the high
evapotranspiration potential of the region, coupled
with limited surface or ground water supplies, <2% of
the region (~3.2 Mha) is presently utilized as irrigated
agriculture. The largest agricultural activity in the
region is livestock grazing on non-irrigated rangeland.
Even in an intensively agricultural state such as
California, only about 7.2% of the land is cropland and
other non-rangeland agricultural production. Except
for sorghum production, row crop production in the
southwestern USA has limited potential for seques-
tration of atmospheric C and N compared with the rest
of the USA (USDA-NASS, 2000). The major potential
resource of the region for removal of atmospheric C is
the area’s size (26% of land mass in USA) interacting
with range management to sequester SOC and provide
a soil sink for atmospheric CHy.
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Rangelands in the region still show the effects of
overgrazing by livestock that was prevalent during the
late 19th and early 20th centuries. In the 1500s,
domestic livestock were introduced by Spanish
explorers and small herd of cattle and sheep were
distributed through the grasslands of southeastern
Arizona, southern New Mexico, western Texas, and
coastal California (USDA, 1936; Wagoner, 1952;
Burcham, 1957). Fires were frequent (Humphrey,
1958; Hastings and Turner, 1965), and although little
is known about the exact composition of vegetation
during early settlement, there seems to have been no
major changes until present.

Cooperative research began in the 1890s to det-
ermine the feasibility of planting forage species to
restore land productivity. These early reseeding efforts
often failed because most of the species were not
adapted to the region. More recent attempts to
reintroduce native and improved grass species to
improve land and potentially counter shrub encroach-
ment have had limited success (Lavin and Johnsen,
1977; Johnsen and Gomm, 1979; Lavin et al., 1981).
With the loss of native seed sources and valuable top
soil from erosion, it may not be possible to restore the
degraded grasslands.

2. Management impacts on SOC
2.1. Crop management

Crop production in western Texas (~0.75 Mha) is
divided into cotton (27%), sorghum (17%), wheat
(21%) and corn (10%), totaling 75% of the agricultural
commodities produced in Texas on 20% of the land
area (USDA-NASS, 2000). Oklahoma has ~0.80 Mha
in production with ~98% of production as winter
wheat and hay. About 79% of New Mexico’s
(~0.45 Mha) agricultural production is divided among
sorghum, winter wheat and hay. Although, the Welton-
Mohawk Valley in Arizona and the Imperial and
Coachella Valleys of California have intensive
irrigated agriculture, they are very limited in size
(<1% of land area in California). Arizona has
approximately 0.49 Mha under irrigation with about
47% of the irrigated land in hay or cotton (USDA-
NASS, 2000). A large portion of agricultural land in
California is in hay, citrus, cotton or grapes and a great

deal of the winter produce grown in the USA originate
from this region. Nevada has <1% of land area for
irrigated hay production to support animal growth
(USDA-NASS, 2000). Utah has irrigation on approxi-
mately 2.4% of the land area composed of 19% wheat
and 70% hay. Idaho has irrigation on 8% of the land
area primarily in the Snake River Valley for hay and
wheat (65%). Central Washington has about 34% of
the land in wheat with the remainder as rangeland.

2.1.1. Conservation tillage

The use of tillage has reduced SOC 25-33%
compared with native conditions in the region (Potter
et al., 1999). In this review, for studies with SOC
reported without bulk density or calculation of SOC on
a volumetric basis, bulk density was predicted from a
relationship with SOC content (BD = 1.66-0.308%
0C?) as reported by Alexander (1980) from 721
semiarid soils. The impact of different crop rotations
and tillage managements on SOC content in the region
is listed in Table 3. Research has shown that under
reduced or no-tillage management, surface residue C
enriches the SOC pool compared with buried residues.
Surface placement of crop residues increased soil
microbial biomass and activity, increased SOC cycling
and nutrient release and resulted in greater SOC in the
surface 10-12 cm compared to more intensive tillage.
The extent of the increase was dependent on the
rotation utilized, previous cropping practices, and type
of conservation tillage (no-tillage, ridge till, disk, etc.).
From a climatic sequence in Texas, change in SOC
between no-tillage and inversion tillage was related to
annual temperature as ASOC (kgha 'year ') =
—17.2 [annual temperature (°C)]+ 619 (¥ = 0.99)
and to annual precipitation as ASOC (kg ha™' year )
= —0.23 [rain (mm)] + 455 (r2 =0.40) (Potter et al.,
1998). No-tillage was more effective at sequestering C
in cool and dry climates than in warm and humid
areas.

2.1.2. Crop C inputs

Wheat production showed greater potential to
increase SOC compared to sorghum, even though
sorghum left three times greater crop residue mass at
the soil surface (Potter et al., 1998). The use of no-
tillage wheat—fallow rotations was not as efficient for
stabilizing SOC as more intensive cropping rotations.
Increased SOC has an additional benefit in drier
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Table 3
Impact of agricultural practice on soil organic C content in land resource regions in the southwestern USA
Reference MAP/MAT Soils Agricultural practice Duration Depth  Soil organic
(years) (cm) C (Mgha™1?
(I) Southwest plateaus and plains range and cotton region—Texas
Potter et al. 660/22 Ochraqualfs 4-year cotton (Co), 15 20 NTC =21,
(1998) 4-year corn (C) CPC =18,
MPC = 15
Salinas-Garcia 765/22 Ochraqualfs 4-year cotton, 16 20 NTCo =23
et al. (1997) 4-year corn CPCo =18,
MPCo =20
Zibilske et al. 765/22 Calciustolls Irrigated cotton—corn 9 12 NT =20;
(2002) rotation RT = 20;
MP =17
(H) Central Great Plains winter wheat and range region—Texas, Oklahoma, New Mexico
Bordovsky 550/17 Paleustalfs Rain (R) and irrigated (I), 9 15 RRTW =38,
et al. (1999) wheat (W), sorghum (S), CPW =10,
double crop (DC) RTS =9,
CPS =6,
IRTW =11,
CPW =13,
RTS =12,
CPS =38,
IRTDCWS =15
Dao (1998) 822/17 Paleustolls Wheat 11 20 NTW =45,
CPW =42
Gebhart et al. 430/14 Paleudalfs Dryland cotton, CRP, 5 40 CPC =18,
(1994) native prairie (NP) CRP =24,
NP =67
Potter and 865/19 Pellusterts Wheat, corn, sorghum 10 25 NT =44,
Chichester CP=39
(1993)
Potter et al. 473/14 Paleustolls Continuous wheat (CW), 10 20 NTCW =33,
(1997) continuous sorghum (CS) SMCW =27,
NTCS =31,
SMCS =28
Potter et al. 473/14 Paleudalfs Wheat-sorghum 10 20 NTWSF =29,
(1997) —fallow (WSF) SMWSF =27,
NTWE = 28,
SMWEF=26
Potter et al. 473/14 Paleustolls Continuous wheat 10 20 NTW =33,
(1998) /sorghum NTS =31,
SMW =28,
SMS =28
Potter et al. 860/19 Pellusterts Wheat/sorghum/corn 6 20 NTC =46,
(1998) NTW =46,
CPC =42,
CPW =47
Potter et al. 878/20 Haplusterts Agriculture, grassland 6,26,60 120 Ag=154,
(1999) native prairie restoration pasture = 16.3,
prairie = 22.3
Undersander and ~ 370/17 Paleustolls Furrow irrigated 14 15 Incorporated
Reiger (1985) wheat-tilled W =2.4, Removed

W =2.2, Burned
W=2.1
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Table 3 (Continued)

103

Reference MAP/MAT Soils Agricultural practice Duration Depth  Soil organic
(years) (cm) C Mgha™1)?
Unger (1991) 470/17 Paleustolls Wheat—sorghum—fallow 7&9 20 NT =24,
SM =23
Unger (1995) 470/17 Paleustolls Continuous sorghum 6 4 RT =6.0,
CP=5.6

(D) Western range and irrigated region—New Mexico, Arizona, Utah, Nevada, Idaho, Oregon and California

Leavitt et al. /39 Haplargid Irrigated FACE 2
(2001) sorghum

(B) Northwestern wheat and range region—Idaho, Oregon and Washington

Douglas et al. 250-700/7-12  Varied Native prairie or wheat >50
(1998) rainfall gradient
Entry et al. 175-305/9-10  Varied Native and irrigated 8-30
(2002) alfalfa, wheat,
potato, bean
Glover et al. 200/9 Haplocambids ~ Apple, organic, 4
(2000) integrated or
conventional (Con)
Karlen et al. 300/8 Haploxerolls CRP vs. tilled wheat 4.5-5.5
(1999)
Mulla et al. 280/8 Argixerolls Diverse rotation with. >40
(1992) or without alfalfa
Peterson et al. 500/9 Haploxerolls Wheat 20
(2002)
Staben et al. 260/8 Haploxerolls CRP vs. tilled wheat 4-7
(1997)
Whalen et al. 400/8 Haploxerolls Native vs. dryland 37
(2000) wheat
(C) California subtropical fruit, truck and specialty crop region—California
Pratt et al. Durixeralfs Citrus—cover 29
(1957) crops fertilizers
Martens and Durixeralfs Fallow—organic 2
Frankenberger amendments
(1992)
van Groenigen Natrargids Irrigated cotton >30/17
and van
Kissel (2002)
Hu et al. (1997) Xerofluvents N fixing cover 7
crops or fertilizers
Lundquist et al. Xerorthents Organic, low input, 8
(1999) or conventional

15

20

100

15

7.5

15

7.5

10

20

15

Initial control = 12.8,
2-year control = 12.0,
FACE initial = 12.0,
2-year FACE = 13.4

Ag<250=15,
Ag < 400 =32,
Ag > 500 =47,
NP < 250 = 16,
NP < 400 = 44,
NP > 500 =79
NP =63, IMP = 73,
IRT = 80, IP = 102

Con =21.3,
Integrated = 25.3,
organic = 24.2
CRP=9.2,

W =8.4 (4.5 years),
CRP=11.7,

W =10.6 (5.5 years)
Rotation + alfalfa
=26.7, R-alfalfa

=185

NTW = 19.1,
CTW =16.6
CRP=9.38,
CTW =9.8
CTW =31.9,
NP =464
Check = 8.2,

urea + cover = 10.0,

NO;  +cover=11.8
Fallow = 22.0,

alfalfa = 23.4, straw = 27.0,
sewage sludge = 37.0,
poultry manure = 32.3
High salinity = 3.9,

low salinity = 9.6

Fertilizer = 26.1,

N fixing cover =29.9
Organic = 22.5, low = 20.9,
conventional = 17.0

% NT, no-tillage; CP, chisel plow; MP, moldboard plow; RT, reduced tillage; SM, stubblemulch; CRP, conservation reserve plan; MAP, mean

annual precipitation; MAT, mean annual temperature.
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climates to potentially increase soil moisture at
planting time. In the drier portions of Texas (MLRA
77-80), yield of sorghum from 1939 to 1997 at
Bushland, TX, increased due to better hybrids and
implementation of reduced tillage practices that
improved soil moisture conditions at planting (Unger
and Baumhardt, 1999). Increased yield due to higher
spring soil moisture also resulted in greater crop
residue mass returned to the soil. No-tillage wheat
production appears to have the greatest potential to
limit C loss in areas with limited rainfall (250-
500 mm total annual precipitation). Improving rota-
tions beyond wheat—fallow to include other crops such
as legume species may have great potential to increase
SOC (Mulla et al., 1992).

2.1.3. Irrigation

Conversion of native range to irrigated cropland in
the Snake River region of Idaho stabilized SOC when
crops were managed with limited tillage (Entry et al.,
2002). The necessity for soil disturbance to build
irrigation furrows and bury cotton residues for pest
control suggests that these irrigated lands would
require new management concepts to limit tillage if C
sequestration were considered. Despite the intensive
agricultural output of the San Joaquin Valley of central
California, few investigations are available on the
impacts of management on SOC. Use of compost or
organic amendments may be an option for increasing
SOC (Table 3), but adding manure or cover crops with
tillage-based irrigation management has limited
potential to increase SOC (Pratt et al., 1957; Martens
and Frankenberger, 1992; Hu et al., 1997; Lundquist
et al,, 1999). The heavy dependence on intensive
tillage for irrigated agriculture limits SOC stabiliza-
tion in these croplands.

Salinity management must be a priority in irrigated
systems, since a negative relationship was found
between soil electrical conductivity level and SOC
(van Groenigen and van Kissel, 2002). Increased
salinity decreased plant residue mass returned to soil.
A major hurdle for implementation of C conservation
practices has been the extreme cost of crop production.
In California production, cost for strawberries can
exceed $ 40,000 ha~' year ' and management that
does not limit disease and pests has not been
considered (Husein Ajwa, Vegetable Crops Extension,
University of California, personal communication).

2.1.4. Retiring former agricultural land as pasture
or set aside

Converting agricultural land to grassland via the
conservation reserve program (CRP) has shown
potential for sequestering atmospheric C as SOC
(Gebhart et al., 1994; Potter et al., 1999; Karlen et al.,
1999). Sequestration of C has ranged from 5.0 (Potter
et al., 1999) to 11 Mg C ha ! (Gebhart et al., 1994).
This positive C change was in addition to the yearly loss
of SOC due to tillage-based management (Table 3).

2.2. Livestock grazing management

Although productivity of semiarid and arid range-
lands is one—three orders of magnitude lower than
forest ecosystems (Ludwig, 1987), rangelands are still
productive systems. Measuring current grazing
impacts on SOC in the arid/semiarid southwestern
USA has been complicated due to the destructive
overgrazing that occurred at the end of the 19th
century, coupled with drought and erosion, which
resulted in a dramatic loss of SOC and at some sites,
loss of permanent grass cover.

The impact of livestock grazing on SOC in the
southwestern USA is presented in Table 4. A major
impact on grassland sustainability in the region has
been shrub encroachment. Increased SOC and N in the
early stages of mesquite encroachment may be a
positive factor for increased grass growth (McClaran
and Martens, 2004), but mesquite would fragment the
rangeland when tree canopies exclude cattle grazing.
Shrub encroachment has potential to increase above-
ground biomass production (Asner et al., 2003) and
SOC (Geesing et al., 2000). Geesing et al. (2000)
reported that SOC increased from 23 (open grass sites
adjacent to trees) to 32 MgChaFl (20 cm) under
mesquite trees. Combining the data from the Geesing
et al. (2000) study with other work (Virginia and
Jarrell, 1983; Tiedemann and Klemmedson, 1986)
suggests an east to west gradient of C accumulation
under shrubs across the southwestern USA (Table 4).

Moderate livestock grazing in environments with
higher annual precipitation has been reported to
increase SOC (Schuman et al., 2002). Unfortunately,
the few studies that have investigated grazing
management on SOC in semiarid regions have not
interfaced management and C cycling, and therefore,
no estimate of the C balance is available. Milchunas
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Authors MAP/MAT  Soils Rangeland practice Duration Depth  Soil organic
(years) (cm) C (Mg ha ")
(I) Southwest plateaus and plains range and cotton region—Texas
Geesing et al. (2000) 714722 Paleustalfs, Native rangeland >50 20 Mesquite growth = 32.0,
Argiustolls open areas = 23.3
(H) Central Great Plains winter wheat and range region—Texas, Oklahoma, New Mexico
Asner et al. (2003) 665/17 Paleustalfs Native pastures 63 - 1937 aboveground
with shrubs stock = 3800; 1999
aboveground
stocks = 5000
Jackson et al. (2002) 640/17 Paleustolls Native pastures with mesquite >70 100 Mesquite = 60.0,
open grass = 72.4
Potter et al. (2001) 842/17 Argiustolls Grazing intensity 10 25 SLnotgrazed = 1.9,
on loam (L) and silt SLmoderate = 2.7,
loam soils (SL) SLhigh = 2.6;
Lnotgrazed = 5.3,
Lmoderate = 4.2,
Lhigh =3.7
Teague et al. (2000) 550/17 Paleustalfs Native pastures (NP), 4,9, 200 RP4 =28, RP9 = 26,
with root plowing (RP) 11, 22 RP11 =25, RP22 =22,

(D) Western range and irrigated region—New Mexico, Arizona, Utah, Nevada, Idaho, Oregon and California

Barth and Klemmedson
(1978)

Barth and Klemmedson
(1982)

Bird et al. (2002)

Cross and Schlesinger
(1999)
Jackson et al. (2002)

Jackson et al. (2002)

Martens and McLain
(2003)
Paulsen (1953)

Tiedemann and
Klemmedson
(1973)

Tiedemann and
Klemmedson
(1986)

Virginia and Jarrell
(1983)

406/16

220/16

247/16

220/14

247/16

220/14

335/16

406/16

330/16

330/16

65/22

Haplargids

Haplargids

Petrocalcids

Haplargids
Petrocalcids
Haplargids
Haplargid
Haplargids

Haplargids

Haplargids

Haplargids

Shrub impacted
grassland

Shrub impacted
semiarid rangeland

Semiarid grassland
with shrub growth

Semiarid grassland
and shrub comparison
Semiarid grassland
Semiarid grassland
Riparian and adjacent
grassland

Semiarid grassland

Semiarid grassland
ungrazed

Semiarid grassland
ungrazed

Arid grassland

(B) Northwestern wheat and range region—Idaho, Oregon and Washington

Chen and Stark (2000)

468/8

Haploxeroll

Rangeland
revegetation

60

>50

>50

10

>50

40

>50

>50

>30

>30

>50

15/28A

15

60

10

10

100

100

60

25

45

19.5

30

10

NP4 =26, NP9 = 26,
NP11 =26, NP22 =22

Shrub =0.9,

open grass = 0.6
Mesquite size increased
SOC by 1.1 per meter
mesquite height
Mesquite = 46,

grass = 28,

interspace = 29
Mesquite = 0.24,

grass =0.13
Mesquite—shrub = 329,
grass = 246
Mesquite—shrub = 380,
grass = 380

Riparian vegetation = 23,
grassland = 10
Mesquite = 0.19,

grass = 0.22

Mesquite = 0.46,

grass =0.17

Mesquite = 0.95,
grass = 0.53

Mesquite = 6.9,
interspace = 1.4

Agropyron sp. = 3.8,
sagebrush = 3.8,
interspace = 3.8
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Table 4 (Continued)

Authors MAP/MAT  Soils Rangeland practice Duration  Depth  Soil organic
(years) (cm) C Mg ha™!)
Svejcar and Sheley 175/8 Torri-psamment  Rangeland with >40/8 30 Native = 1.5,
(2001) B. tectorum B. tectorum=1.7
Halvorson et al. 220/7 Camborthids Rangeland and >50/7 5 Burned = 0.63,
(1997) 9-year post-fire unburned = 0.61

(A) California coastal redwood belt—California and Oregon
Popenoe et al. 2000/12 Mollisols

Grassland,
(1992) conifer-grassland

>50/4 30 Grassland = 14.2,

conifer-grassland = 14.1

and Laurenroth (1993) reviewed 97 published articles
(276 data sets) in arid and semiarid regions and found
that SOC and N responses to grazing were near equally
divided between negative and positive impacts,
although grazing decreased soil water content at 87%
of the sites. Unfortunately, an assessment of soil texture
on changes in vegetation and belowground processes
was not performed. Potter et al. (2001) reported that
SOC increased with grazing on Oklahoma loam soil,
while grazing decreased SOC on an adjacent silt loam
soil under the same grazing intensity. Moderate grazing
intensity in Arizona resulted in a marked decrease in
SOC compared to long-term grazing exclosures
(Martens and Johnsen, 2002).

Since water is the main factor limiting ecosystem
productivity in the southwestern USA, active zones for
sequestration of atmospheric C in SOC may be the few
remaining major perennial riparian zones (Rio
Grande, San Pedro and Colorado Rivers) and
interspersed mountain riparian areas (Chambers
et al., 1999). Martens and McLain (2003) reported
that SOC to a 60 cm depth was 10 Mg Cha ' in
adjacent grassland soil and 23 Mg C ha™' in a riparian
soil dominated by a mesquite community. A
pronounced O horizon was present in the mesquite
grove as the use of deeper water sources for growth
was not impacted by the long dry periods that limited
litter decomposition on the dry soil surface. Thus, the
remaining riparian zones may be major sinks for
atmospheric C in both standing biomass and SOC.

Potential increase in rangeland SOC may be limited
to areas that are not impacted by pinyon/juniper
invasion and receive >500 mm precipitation. Biomass
production is limited by soil N availability. Micro-
biotic crusts are a major source of N in the semiarid
rangelands (Belnap and Gardner, 1993; Belnap and
Harper, 1995), although the increase in soil N content

may be utilized by exotic annual plants that out-
compete native species (DeFalco et al., 2001).

2.3. Soil carbonate

In the southwestern USA, low rainfall promotes
accumulation of soluble salts and carbonate (CO32_)
near the surface. Globally, arid and semiarid soils
contain a large amount of inorganic C in the form of
CO327 estimated at 750-950 Pg C (Schlesinger, 1985;
Eswaran et al., 2000). Based on a map of calcic soils
(Machette, 1985), about 75% of the southwestern
USA contains inorganic C. Soil inorganic C (SIC) is
the third largest global pool behind the oceanic
(38,000 Pg C) and soil organic (1550 Pg C) C pools
(Schlesinger, 1997). A review of research covering
SIC in rangeland was provided by Monger and
Martinez-Rios (2001). Soil inorganic C can be
classified as lithogenic and pedogenic. Lithogenic
CO;”" is derived from the parent material of soil.
Formation of pedogenic COs;>~ requires an arid
environment for the precipitation of CO5>~ and Ca/
Mg from a non-CO5>~ source. Increasing atmospheric
concentration of carbon dioxide (CO,) may increase
soil CO, concentration and aid in the formation of
SIC. Given the extensive area of calcic soils in the
region, CO5>~ deposition could mitigate some of the C
being released to the atmosphere by biological
processes. Soil inorganic C is controlled by the
CO;> -HCO;~ equilibrium:

CO, + H,0 & HCO5 + HT (D)
CaCO; + H' & Ca>™ + HCO;3 2)

Increasing soil CO, concentration because of higher
atmospheric CO, or from decomposition of SOC
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would drive the equations to the right, dissolving
CaCO; and allowing translocation of Ca®* and
HCO;™. Egs. (1) and (2) are constantly shifting to
the right and left due to changes in environmental
conditions that control uptake and loss of soil inor-
ganic C.

Pedogenic CO;*~ accumulates in soil in stages
covering thousands of years (Gile, 1970). The turnover
rate of soil inorganic C has been estimated at 120 years
in New Mexico (Monger and Gallegos, 2000) and at
85,000 years globally (Schlesinger, 1985). Accumula-
tion rates of soil inorganic C have been estimated at 1—
120 kg CaCO;5-C ha 2 year ' (Gile et al., 1981;
Marion, 1989; Reheis et al., 1995). With such large
variations, these estimates provide only general
information to assess climate change mitigation
potential with soil inorganic C.

Irrigation can change SIC dynamics. Irrigation
water in arid/semiarid regions often contains as much
as 1% dissolved CO, and when applied to alkaline
(higher soil pH) soil, CaCO; can precipitate. The net
CO, release via degassing of irrigation water is
calculated to return 0.08 Mg C ha™' year™' to the
atmosphere.

Irrigation water may not always release CO, to the
atmosphere. It has been postulated that there is a
synergistic relationship between irrigation that pro-
duces greater root respiration (shifting Eq. (1) to the
right) and leaching of Ca** and HCO; ™~ deeper in the
soil profile that precipitates CaCOj3 (Sahrawat, 2003).
Evidence for this hypothesis has been found in
California where irrigation with treated effluent for
more than 70 years has produced significant increase
in CaCO3z 24 m deep within the soil profile (Eshel
et al., 2003).

3. Carbon dioxide flux

Carbon dioxide is produced in soil primarily by
root respiration and microbial decomposition of SOC.
The amount of CO, in the Earth’s atmosphere is
growing by ~3 Pg C per year (Allen et al., 2000), an
increase that affects the biosphere directly through its
effect on photosynthesis and indirectly through
climate change (Houghton et al., 1995). Soil respira-
tion is highly sensitive to temperature and may show a
large response to small climatic changes (Schleser,

1982; Schlesinger, 1991; Townsend et al., 1992).
While plant and microbial (soil) respiration are
controlled by precipitation and temperature in more
temperate regions, soil respiration in semiarid
ecosystems is largely controlled by SOC pool size
and soil moisture, and an increase in temperature
could lead to lower soil respiration (Conant et al.,
1998, 2000). Thus, in natural semiarid systems, soil
respiration increases with both C pool size and mean
annual precipitation, but decreases with an increase in
mean annual temperature. Improved understanding of
the spatial and temporal variations of CO, production
is needed to accurately quantify annual CO, flux in an
ecosystem (Fang et al., 1998; Xu and Qi, 2001).

3.1. Cropping system impacts

Tillage, cover type and cropping intensity influence
CO, flux. A summation of research investigating CO,
flux from agricultural management in the southwestern
USA is given in Table 5. Soil tillage promotes large,
short-term CO, emission resulting from physical
release of gas from soil pores and solution. In support
of this, maximum CO, emission occurred immediately
after tillage and within 2 h of tillage and then decreased
to about 20% of maximum in a field study in eastern
Texas (Reicosky et al., 1997). Gilmanov et al. (2003)
reported that net ecosystem CO, uptake in four crop
systems in Oklahoma was highest in the tallgrass
prairie, at 0.38 Mg CO,-Cha~' over the growing
season. Winter wheat and mixed prairie systems were
equal in production, at 0.21 Mg CO,-C ha™ ', while the
grazed pasture was the lowest, at 0.17 Mg CO,-C ha™'.
Few reports exist for CO, flux in irrigated agricultural
systems outside of California (Table 5). One study
reported higher CO, emission in response to irrigation
of cotton in Arizona (Nakayama et al., 1994).

Intensive vegetable production in California typi-
cally results in about 10 tillage passes per year
(Jackson et al., 2003). Calderon and Jackson (2002)
studied the effects of rototilling and disking on CO,
emission in a vegetable field, and reported that
emission was higher immediately after tillage than in
the non-tilled control soil. The CO, flux was short-
lived and lasted <12 h after tillage, confirming the
work by Reicosky et al. (1997) that increased CO, flux
immediately after tillage was due to physical
processes (Calderon and Jackson, 2002).
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Table 5
Carbon dioxide flux measurements in agricultural and natural systems of ecoregions of the southwestern USA
Reference Subregion  Cover type Soil Treatment CO, analysis CO, flux
method (kg CO,-Cha~'h™h
Region 310: subtropical steppe
Mielnick and 315 Tallgrass prairie Pellustert in 1 burn IRGA Soil surface emission
Dugas (2000) (grasses and forbs)  6-year study = 1.6 over 6-year
monitoring period
Suyker et al. 311 Tallgrass prairie Argiustoll/ Burning Eddy Ecosystem uptake
(2003) (C4 grasses) Natrustoll covariance =0.2 over 3-year
burn/monitoring period.
Uptake during daytime
(0.7 avg.), emission
at nighttime (0.6 avg.)
Reicosky et al. 315 Bermuda grass Pellustert Chisel Canopy Soil surface emission
(1997) plowing chamber =13 for 24 h
after tillage
Reicosky et al. 315 Sorghum Pellustert Chisel Canopy Soil surface emission
(1997) plowing chamber =3.6 for 24 h
after tillage
Gilmanov et al. 311 Prairie (C4 grasses)  Argiustoll/ None Eddy Growing season (210 days)
(2003) Natrustoll covariance ecosystem uptake = 2.8
Gilmanov et al. 311 Wheat Argiustolls None Eddy Growing season (210 days)
(2003) covariance ecosystem uptake = 1.5
Gilmanov et al. 311 Mixed prairie Haplustalf None Bowen Growing season (210 days)
(2003) (grasses and forbs) ratio/energy ecosystem uptake = 3.0
balance
Gilmanov et al. 311 Pasture (grasses Ustiplamment ~ None Eddy Growing season (210 days)
(2003) and weeds) covariance ecosystem uptake = 2.6
Region 320: subtropical desert
Conant et al. 313 Ponderosa pine Argiboroll None Static Soil surface emission
(1998) absorption =0.5 over 15-month
monitoring period
Conant et al. 313 Pinyon/juniper Argiustoll/ None Static Soil surface emission
(1998) Argiboroll absorption = 0.3 over 15-month
monitoring period
Conant et al. 313 Ponderosa pine Argiboroll None Static Soil surface emission
(1998) absorption =0.5 over 15-month
monitoring period
Nakayama 322 Cotton Torrifluvent Subsurface Static Soil surface emission
et al. (1994) drip chamber = 1.5 May—November
irrigation
Martens and 322 Mesquite Torrifluvent None Static Soil surface emission
McLain (2003) chamber =0.4 over l-year
monitoring period
Martens and 322 Sacaton Torrifluvent None Static Soil surface emission
McLain (2003) chamber =0.3 over 1-year
monitoring period
Martens and 322 Annual grasses Torrifluvent None Static Soil surface emission
McLain (2003) and forbs chamber =0.3 over l-year
monitoring period
Emmerich (2003) 321 Desert scrub Calciorthid None Bowen ratio/ Ecosystem uptake

energy balance

=0.1 over 7-year
monitoring period.
Emission during
daytime = 0.1 avg.
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Table 5 (Continued)

Reference Subregion  Cover type Soil Treatment CO, analysis CO, flux
method (kg CO,-Cha™'h™1)
Emmerich 321 Desert grassland Calciorthid None Bowen ratio/ Ecosystem uptake
(2003) energy balance =0.1 over 7-year
monitoring period.
Emission during
. daytime = 0.3 avg.
Region 340: temperate desert
Leffler et al. 341 Juniper Calciorthid None IRGA Soil surface emission
(2002) = <0.1 over 9-month
Region 260: Mediterranean monitoring period
Calderon and 262 Fallow Xerorthent Rototilling/ Static Soil surface emission
Jackson (2002) vegetable disking chamber =0.1, 0-5 h following
field tillage
Calderon and 262 Fallow Xerorthent None Static Soil surface emission
Jackson (2002) vegetable field chamber =<0.1 over 5h
Padgett-Johnson 262 Grape Xerorthent Furrow IRGA Leaf uptake = 4.3 over
et al. (2003) irrigation growing season
Padgett-Johnson 262 Grape Xerorthent Non-irrigated ~ IRGA Leaf uptake = 3.0
et al. (2003) over growing season
Deverel and 261 Asparagus Histosol None Static Soil surface emission
Rojstaczer overlying clay chamber = 1.7 over 26-month
(1996) monitoring period
Deverel and 261 Bermuda Histosol None Static Soil surface emission
Rojstaczer grass overlying sand chamber = 2.1 over 26-month
(1996) monitoring period
Deverel and 261 Wheat Histosol None Static Soil surface emission
Rojstaczer overlying clay chamber = 1.7 over 26-month
(1996) monitoring period
Wang et al. M262 Lemon NR Bare soil IRGA Soil surface emission
(1999) =1.1 over 15-month
monitoring period
Wang et al. M262 Lemon NR Litter-covered IRGA Soil surface emission
(1999) soil = 1.6 over 15-month
monitoring period
Wang et al. M262 Oak/grassland NR None IRGA Soil surface emission
(1999) = 1.6 over 15-month

monitoring period

Irrigation has been reported to increase soil CO,
emission in both tilled and fallow agricultural soils in
California (Jackson et al., 2003; Padgett-Johnson
et al., 2003). Jackson et al. (2003) reported that the
highest CO, emission occurred after irrigation in a
fallow soil. The 10-fold increase in CO, emission after
irrigation took 42h to decline. Carbon dioxide
emission from tilled soils was of lower magnitude
and shorter duration. Padgett-Johnson et al. (2003)
also reported higher CO, emission after furrow
irrigation compared to non-irrigated controls
(Table 5). Drainage from irrigated agriculture causes
SOC oxidation and can induce soil subsidence,

creating local flood hazards and possibly impacting
atmospheric C pools (Rojstaczer and Deverel, 1993).
A 30% loss in SOC following conversion to agriculture
was reported by Wang et al. (1999) in a central
California lemon orchard, where CO, emission from
bare orchard soil averaged 0.33 kg CO,-Cha ' h™"'.

3.2. Range and pasture impacts

A summation of research on CO, flux from
rangeland in the southwestern USA is given in
Table 5. In the subtropical steppe region, soil moisture
is a key factor controlling microbial and plant



110 D.A. Martens et al./Soil & Tillage Research 83 (2005) 95-119

respiration and plant CO, assimilation. In a grazed
pasture in Oklahoma, Meyers (2001) reported that
midday CO, uptake peaked near 2.0kg CO,-
Cha "h™', but that during drought periods, vegeta-
tion became inactive and the land surface emitted CO,
(0.7 kg CO,-C ha ' h™'). Asaresult, net ecosystem C
fixation was a sink for atmospheric C during non-
drought years, but a source in the drought years.
Moisture stress also significantly reduced soil CO,

Table 6

emission in tallgrass prairie in Texas (Mielnick and
Dugas, 2000) and total ecosystem uptake in Oklahoma
(Suyker et al., 2003). Suyker et al. (2003) reported net
annual exchange of CO, near zero during a year with
adequate soil moisture, but net emission of CO, to the
atmosphere during a year with severe moisture stress.

Measurement of SIC change in calcic soils has been
limited, but is now occurring. Emmerich (2003) found
that calcic sites in Arizona were a source of C to the

Nitrous oxide production in soils of agricultural and natural systems in ecoregions of the southwestern USA

Reference Sub-region  Cover type Soil Treatment Method of N,O emission”
analysis (gN,O-Nha='d™' or
ngN,O-Ng'h™")
Region 310: subtropical steppe
Hutchinson 315 Bermuda Paleudalf Minimum mgmt Static ~0 for 9-week summer
and Brams grass chambers monitoring period
(1992)
Hutchinson 315 Bermuda Paleudalf Intensive mgmt, Static 0-12.0 for 9-week
and Brams grass 52 kg Nha™' chambers summer monitoring period
(1992)
Region 320: subtropical desert
Guilbault and 322 Bermuda Haplargid Effluent water: Static 17.3-237.6 for 10-week
Matthias (1998) grass 30mgN1! chambers summer monitoring period
Guilbault and 322 Desert Haplargid Undisturbed control ~ Static 0-5.2 for 10-week
Matthias (1998) vegetation chambers summer monitoring period
Martens and 322 Mesquite Torrifluvent None Static 0-7.2 (1-year
McLain (2003) chambers monitoring period)
Martens and 322 Sacaton Torrifluvent None Static 0-2.7 (1-year
McLain (2003) and forbs chambers monitoring period)
Matthias et al. 322 Bermuda Torrifluvent 50 kg N ha™! Static 0-34.3 (3-day
(1993) grass chambers measurement period)
Matson et al. M313 Douglas Torrifluvent 200kgNha 'y! Static 2.4-12.0 (3-day
(1992) fir chambers measurement period)
Matson et al. M313 Douglas Torrifluvent Undisturbed control  Static 0.0-2.4 (3-day
(1992) fir chambers measurement period)
Region 260: Mediterranean
Venterea and 262 Alfalfa, Psammagquent 225 wg N g~ ' soil Incubations 1.0-12.0 (60-day
Rolston (2000) tomatoes incubation period)
Venterea and 262 Corn, Xerofluvent 580 pg N g~ soil Incubations 2.0-31.0 (60-day
Rolston (2000) tomatoes incubation period)
Venterea and 262 Annual row  Xerorthent 800 pg N g~ ' soil Incubations 2.0-12.0 (60-day
Rolston (2000) crops incubation period)
Hajrasuliha et al. 262 Seedless Torriorthent 34kgNha' Nitrogen Trace to none
(1998) grapes balancing
Jackson et al. 262 Vegetable Xerorthent Rototilling Soil 0-21.6 (14-day
(2003) crops microcosms  incubation period)
Jackson et al. 262 Vegetable Xerorthent Non-tilled control Soil 0-7.2 (14-day
(2003) crops microcosms  incubation period)

 Peak N,O Flux values for field studies and soil microcosms are given in g N,O-N ha~' d !, while N,O fluxes from laboratory incubations are

given in ng N;O-Ng~'h™".
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atmosphere for four consecutive years of measure-
ment.

The environmental impacts of urban growth
converting rangeland to cities are of increasing
concern in the region. From 1990 to 2000, three
Arizona cities doubled in population (USCB, 2000).
Urban development could affect the C sink potential.
Mean CO, uptake of ornamental residential plants
(1.2 kg CO,-C ha™! hfl) was greater than that of the
native desert plants (0.5 kg CO,-C ha™! hfl) in
adjacent remnant Sonoran Desert patches (Martin
and Stabler, 2002). Martens and McLain (2003)
reported that the expansion of mesquite into two
diverse semiarid grasslands increased SOC, but the
increased C content did not increase CO, evolved
compared to brushy open sites and grassland sites.

4. Trace gas flux

Mineralization of SOC and N releases compounds
to the atmosphere that can contribute to warming of
global temperature, the so-called ‘‘greenhouse
effect’”. The gases reported to increase global
warming, besides water vapor and CO,, are nitrous
oxide (N,O) and methane (CHy). While soil processes
do not account solely for the global production of
greenhouse gases, soils do contribute to the total
global trace gas budgets (Follett, 2001).

4.1. Nitrous oxide

Despite the prevalence of fertilized grain produc-
tion in the subtropical steppe region, little research has
been conducted on N,O emission arising from N
amendment to soils. The research on N,O emission
from the southwestern USA is summarized in Table 6.
Hutchinson and Brams (1992) studied N,O emission
from N-amended grassland in Texas and reported
that emission was stimulated by application of
52 kg Nha~'. Total emission of N,O under inten-
sively managed (harvested, fertilized) grassland was
0.5 gNha ' d ' during a 9-week experimental period
and 0.2 gNha'd~! from unmanaged control plots.
The authors hypothesized that the source of N,O
emission resulted from the activity of nitrifying
microorganisms, because N oxide emission paralleled

the nitrification of applied NH4" and soil water content
never exceeded field capacity.

Nitrogen is a limiting factor for plant productivity
in arid lands (Ettershank et al., 1978; James and
Jurniak, 1978). An exception to this is areas with
increasing encroachment of mesquite, a N-fixing
leguminous tree that can contribute to N,O emission
(Virginia et al., 1982; Martens and McLain, 2003).
Even in N-limited systems rapid N,O production
following rainfall has been reported (Holmes et al.,
1996). It has been proposed that N,O emission
immediately following precipitation indicates that
denitrifiers have adapted evolutionarily to the highly
episodic water availability in semiarid systems
(Peterjohn, 1991), although, the mechanism for
desiccation tolerance of denitrifying enzymes is
currently not known. Guilbault and Matthias (1998)
studied N,O emission from turfgrass irrigated with
secondary sewage effluent (~4 mg NO;-N L™! and
~14 mg NH,*-N Lfl) and found that N>O emission
was highly responsive to soil moisture, averaging
35gN,0-Nha 'd™' from turf and 2.1 gN,O-
Nha 'd™! from native vegetation (Table 7). Since
the highest N,O emission coincided with the onset of
the North American monsoon, the authors suggested
that heterotrophic organisms were responsible for at
least some of the N,O produced in soil.

The unique characteristics of arid soils, including
limited soil moisture and lower SOC suggest that
nitrification may be relatively more important than
denitrification in the production of N,O in semiarid
natural areas (Guilbault and Matthias, 1998). Low
SOC concentration should improve the competitive
advantage of autotrophic N,O-producing nitrifiers.
Martens and McLain (2003) measured N,O emission
in Arizona on a site dominated by mesquite with
30 g SOC kg~ ' and 47 mg NO; -N kg~ ' and a grass-
land site with 18 gSOCkg ' and 6 mgNO; -
N kg~". During the monsoon season, N,O emission
averaged 3.2 + 2.0 g N,O-N ha~' d~' from the mes-
quite site and 0.6 + 0.8 g N;O-Nha ' d™' from the
grassland site. The extremely sandy soil limited the
formation of anaerobic conditions and N,O may have
been formed during N mineralization. Nitrous oxide
emission was also measured during periods of extreme
surface soil dryness, indicating that N,O emission at
these sites was a sum of surface and subsurface
processes.
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Table 7
Methane flux in soils of agricultural and natural systems in ecoregions of the southwestern USA
Reference Sub-region  Cover type Soil Treatment Method of  CHy4 Flux (g CH,-Cha ' d™")
analysis
Region 320: subtropical desert
Striegl et al. 341 Sparse desert ~ Sand Dry season Static 5.5 uptake March—October
(1992) vegetation chamber with no rainfall for >10 days
Striegl et al. 341 Sparse desert ~ Sand Monsoon Static 14.0 uptake within 10-day
(1992) vegetation season chamber following rainfall
Martens and 322 Grasses Torrifluvent ~ Monsoon Static 10.2 uptake during 3-month
McLain (2003) and forbs season chamber monitoring period
Martens and 322 Grasses Torrifluvent  Dry season Static 7.5 uptake during 9-month
McLain (2003) and forbs chamber monitoring period
McLain and 322 Desert Torrifluvent ~ None Static 5.5 uptake during 1-year
Martens (2003) grasses chamber monitoring period
McLain and Martens, 313 Juniper Argiustoll None Static 15.2 uptake for single
unpublished data and pine chamber measurement,
2002
Region 260: Mediterranean
Redeker et al. 262 Rice Endoaquert  Rice straw NR 2252 emission during 90-day
(2000) incorporation monitoring period
Redeker et al. 262 Rice Endoaquert ~ Burnt straw NR 991 emission during 90-day
(2000) monitoring period
Redeker et al. 262 None Endoaquert  Flooding NR 435 emission during 90-day
(2000) monitoring period
Bossio et al. 262 Rice Pelloxerert Rice straw Static 495 emission during 6-month
(1999) incorporation; chamber monitoring period
winter flood
Bossio et al. 262 Rice Pelloxerert Rice straw Static 525 emission during 6-month
(1999) incorporation; chamber monitoring period
winter drain
Bossio et al. 262 Rice Pelloxerert Rice straw burn; Static 90 emission during 6-month
(1999) winter flood chamber monitoring period
Bossio et al., 262 Rice Pelloxerert Rice straw Static 128 emission during 6-month
1999 incorporation; chamber monitoring period
winter drain
Fitzgerald et al. 262 Rice Endoaquert ~ Winter flood Static 736 emission during two-
(2000) chamber season monitoring period
Fitzgerald et al. 262 Rice Endoaquert ~ Winter drain Static 758 emission during two-
(2000) chamber season monitoring period
Lauren et al. 262 Rice Haploxeroll ~ Rice straw Static 3618 emission during
(1994) incorporation chamber 6-month growing season
Lauren et al. 262 Rice Haploxeroll ~ Rice straw and Static 5593 emission during
(1994) purple vetch chamber 6-month growing season

incorporation

In the subtropical desert region, Matthias et al.
(1993) reported N,O emission of 6.3 &+ 10.8 g N,O-
Nha 'd ™! during a 10 h period following fertiliza-
tion of sod grass with 50 kg N ha~'. Matson et al.
(1992) also found that annual N,O emission was
0.62 kg N>O-N ha™! with fertilization in a 50-year-
old mixed conifer forest in New Mexico and

0.04-0.07 kg N,O-N ha™' without fertilizer. Emis-
sion of N,O accounted for 0.35% of the fertilizer N
added.

Irrigating fertilized soil has also been shown to
increase N,O emission by forming anoxic microsites
where denitrification can occur (Ryden and Lund,
1980; Lowerance et al., 1998; Kessavalou et al., 1998;
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Calderon and Jackson, 2002). Venterea and Rolston
(2000) performed incubations with different-textured
soils and concluded that denitrification was respon-
sible for a significant fraction of the N,O produced
even under well-aerated conditions of 40-42% water-
filled pore space. In contrast, Hajrasuliha et al. (1998)
studied denitrification after application of NO3~ and
NH,* fertilizers in a trickle-irrigated system in the San
Joaquin Valley, and reported that it was difficult to
demonstrate denitrification. They hypothesized that
the presence of dissolved oxygen in the irrigation
water and fast drainage following the termination of
irrigation did not permit the development of anaerobic
conditions.

Tillage has also been reported to induce the for-
mation of anoxic microsites, thus promoting deni-
trifier activity. Jackson et al. (2003) reported that
denitrification increased significantly after tillage in a
silt loam, beginning at day 2 and lasting a week after
tillage. They found that increased denitrification after
tillage was accompanied by an increase in phosphory-
lated fatty acids unique for anaerobic Eubacteria,
suggesting that tillage disrupted internal pore space
resulting in anaerobic microsites.

4.2. Methane

Information on CH, emission from agricultural
management in the southwestern USA is presented in
Table 7. Although arid soils would seem unsuitable
for CH4 emission, methanogens can become active,
producing significant CH, (Peters and Conrad, 1995).
McLain and Martens (2003) measured CH,4 emission
of 6.6 +3.7 g CH,-C ha ' d ™! over a 5-week period
in extremely dry Arizona soils prior to monsoon
precipitation, although this production probably
resulted from termite activity.

Flooded soils during rice production have been
identified as an important source of CH,. The
Sacramento Valley, with ~0.2 Mha of rice (Fitzgerald
etal., 2000), is the second ranking rice cropping region
of the USA, producing 1.67 Tg annually, equivalent to
about 0.3% of the world production of rice (Wong,
2003). Emission of CH, from flooded rice is primarily
dependent upon the availability of C substrates and
influenced by soil temperature, texture, and redox
state. Net CH, emission from the soil surface is also
influenced by the extent of bacterial CH, uptake

within the soil column (Sass et al., 1994; Huang et al.,
1998).

With rice cultivation, straw management and
flooding can substantially affect CH, emission.
Several researchers have examined rice straw
mana-gement strategies and their effects on net
CH,4 production. Redeker et al. (2000) reported that
CH, emission from straw-incorporated plots was
more than twice that from burned plots and nearly
five times that from flooded control plots without
rice. Bossio et al. (1999) found that CH, emission
was four to five times higher in straw-incorporated
than straw-burned soils. Earlier studies at the same site
found that straw incorporation increased the overall size
of the microbial community (Bossio and Scow, 1997,
1998), resulting in a faster turnover rate of SOC.
Mineralization of C lowered pore space O, and
promoted the activity of methanogenic bacteria.
Fitzgerald et al. (2000) reported that half of annual
CH, emission from flooded rice occurred during the
winter. Although flooding reduced winter CH4 emis-
sion, draining produced a strong flush of CH4 emission
for several days as trapped CH, was released from the
soil pore space.

Incorporation of straw in flooded rice systems
may not necessarily lead to greater greenhouse gas
loading when compared to burning, as burning
releases CO, and a small amount of CH, (Fitzgerald
et al., 2000). Wong (2003) compared three scenarios
for management of rice and reported that (1) CHy
emission from California rice would be 0.22 Tg CO,-
C equivalent year ' for field burning of rice straw
and (2) soil incorporation of rice straw would be
0.92 Tg CO,-C equivalent year '. However, (3) if rice
straw were used to make paper and burned for energy,
the CO, equivalent of CH, release would be only
0.09 Tg year .

Arid soils may act as strong CH, sinks. Striegl et al.
(1992) measured uptake of atmospheric CH4 by soils
of the Mojave Desert of 3.29 g CH,-C ha ' d~'. The
CH, sink was responsive to soil moisture, tripling
during the summer monsoon season. Martens and
McLain (2003) found equally strong CH, uptake in
several ecosystems in Arizona. Potter et al. (1996)
suggested that arid/semiarid soils are significant sinks
for CH,, but much work was needed to quantify the
importance of the region for promotion or mitigation
of potential climate change.
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5. Region potential for stabilization of
atmospheric C as SOC

Increasing SOC is a greater challenge in warm and
dry climates, because the longer warm season would
increase SOC loss compared with mesic northern
regions. Since crop residues are the inputs for increasing
SOC, surface placement of crop residues while limiting
soil disturbance is vital to increasing SOC. The potential
for SOC stabilization with contrasting management
options for agriculture and rangelands in the south-
western USA was described in Tables 3 and 4. These
references confirm that the southwestern USA has
potential to sequester atmospheric C. The research
clearly shows that no-tillage management with more
intensive rotations could sequester SOC. Research has
suggested that SOC sequestration could be greater with
wheat than with sorghum. Irrigated agriculture holds
great promise for sequestering SOC, but the entire
process of intensive tillage management will have to be
better understood in order for effective C sequestration
strategies to emerge. The research from Idaho on
minimum tilled irrigated agriculture indicates the
magnitude of SOC sequestration potential in irrigated
agriculture.

6. Key gaps in greenhouse gas mitigation
knowledge

Soil processes in semiarid lands have received little
research attention, perhaps because of the perceived
notion that SOC pools and fluxes are not important on
a national or global scale. However, arid and semiarid
lands cover as much as one-third of the Earth’s surface
and their extent may be increasing in response to
climate change. The limited amount of row crop
agriculture in the southwestern USA emphasizes the
importance for understanding rangeland processes and
how climate change may impact vegetation and SOC
and N dynamics. Since research has shown differences
in potential SOC sequestration among crop species, it
is important to understand why mineralization and
sequestration rates differ. The use of C/N ratios may
not be sufficient for understanding biochemical
differences of crop residues and their impacts on
soil microbial populations, which are important in
regulating the C cycle.

Long-term, structured monitoring studies are needed
that follow the entire C and N cycle so thata C budgetcan
be made for rangeland and agricultural management
options. Research should determine the chemical
composition of plant litter and resulting soil miner-
alization rates with concomitant determination of CO,
and trace gas emission. This research is needed for all
agricultural areas of the southwestern USA, but is vital
for the different intensive agricultural areas in the
Mediterranean region in California. The impact of
livestock grazing on trace gas emission in the semiarid
regions is not well understood. An immediate need for
well designed, grazing management studies to estimate
trace gas emission and SOC change is of extreme
importance.

Recent studies confirm that the soils of the south-
western USA contribute to an increase in atmospheric
CO, and N,O concentrations, and mitigate atmospheric
CH,. Agricultural practices impact the extent and
direction of these trace gas fluxes. At the same time,
these studies have not clarified the uncertainty in
regional and national estimates of trace gas exchange.
As techniques and models for quantifying gas flux
improve, further study is warranted to reduce the
uncertainties in the regional, national, and global
budgets for CO,, N,O, and CHy.

7. Challenge for the immediate future

Atmospheric trace gas fluxes from semiarid soils
are one of the significant unknowns in the global C
budget. Clearly, more information is needed to
characterize CH, emission and uptake potential of
soil. The lack of data on N,O emission and manage-
ment effects on SOC in California agriculture needs to
change. An additional area of needed research is to
understand the contribution of inorganic C flux to the
C budget. With 75% of soils in the southwestern
USA classified as containing carbonates, understand-
ing potential changes in kinetics with changes in
temperature and precipitation will be extremely
important for completing a C balance for the region.
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