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California. California legislators recently passed the California Global Warming

Solutions Act of 2006 (AB 32) that requires all industries to reduce the three

major greenhouse gases (GHGs) (CO2, N2O, and CH4) to 1990 levels by 2020.

The great diversity of cropping systems and management practices in California

agriculture leads, however, to greater uncertainties in estimates of GHG bud-

gets compared to Midwest agriculture. In light of AB 32, we, here, synthesize all

the available information on the potentials for California agriculture to seques-

ter C and reduce GHG emissions through various alternative management

practices: minimum or no tillage, organic, cover cropping, manuring, and

reduced chemical fertilizer management. Our review indicates that C seques-

tration and GHG emission reductions are possible, but there is no single land

management practice or change in inputs that could mitigate the C released

from agricultural practices (e.g., fossil fuel usage, land-use changes, soil ero-

sion, biomass burning, and N fertilizer associated emissions) and meet climate

change commitments set out in AB 32. Therefore, it is only the integration of

different management strategies that shows considerable potential for C miti-

gation as well as provides important cobenefits to ensure the future sustain-

ability of California agriculture.
1. Introduction

It is well documented that increases in atmospheric carbon dioxide
(CO2) and other radiatively active trace gases, such as nitrous oxide (N2O)
and methane (CH4), released from anthropogenic activities, including fossil
fuel combustion, energy generation, transportation, land-use change, and
agricultural practices, lead to climate change (IPCC, 2007; Kerr, 2005).
Increases in greenhouse gases (GHGs) have prompted the current genera-
tion of policy acts, frameworks, and intergovernmental reporting, such as
the Kyoto Protocol (1997), The United Nations Framework Convention
on Climate Change (UNFCCC), and the Intergovernmental Panel on
Climate Change assessments (IPCC, 1990–2007). The procedures set out
by the Kyoto Protocol enable participating nations to offset any CO2

emissions by implementing strategies and guidelines for all contributing
sectors in which net carbon (C) enhancement and storage may be achieved
with an overall ensuing reduction in GHG emissions.

Despite the fact that the United States is not a party of the Kyoto
Protocol agreement, certain states, such as California, have been compelled
to pass legislation that mandates the reduction of GHG emissions with
the potential for a carbon cap and trade/taxation system. In California,
more specifically, predictions of future climate change have indicated that
climate change could seriously impact natural and agricultural ecosystems
(Hayhoe et al., 2004), therefore, the State of California passed the California
Global Warming Solutions Act of 2006 (AB 32). This directive requires the
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reduction of the three major GHGs (CO2, N2O, and CH4) to 1990 levels
by 2020 by the utilities and manufacturing industries. Currently, for the
agricultural industry, AB 32 and GHG reductions are on a voluntary basis.
The voluntary reduction of GHG from agriculture would, however,
provide agriculture the opportunity to engage in the carbon market.

Agricultural land use, land-use changes, and forestry systems contribute
to the GHG balance by playing an important role in the production and
consumption of GHGs. Conventional agricultural management practices
(e.g., conventional tillage, high synthetic nitrogen fertilizer inputs) can lead
to the loss of soil organic carbon (SOC) and/or greater fuel consumption,
leading to increased CO2 and other GHG emissions (Lal, 2002; Post and
Mann, 1990; Schlesinger, 2000). Nevertheless, agricultural soils also have
the ability to store C and may potentially offset GHG losses to the atmo-
sphere (Lal, 2004a,b, 2007; Paustian et al., 1997).

Both conventional and sustainable management strategies (e.g., minimal
or no tillage (NT) practices, residue management, cover cropping) need to
be further investigated in order to understand the processes affecting soil C
and to establish the possibility of agricultural soils in California to sequester
C and therefore offset and reduce GHG emissions. If this possibility exists, it
would lead to the adaptation of mitigation strategies, and thereby reduce
adverse effects of global climate change and improve soil quality for sustain-
able crop and food production.
1.1. The importance of California agriculture

California has a wide range of climate regions and ecosystems (e.g., crop-
lands, forests, coastal margins, mountainous areas, and desert). California
agriculture is incredibly diverse because of its varied microclimates that
allow for a wide variety of annual (vegetables and cereal) and high-value
specialty perennial crops, such as citrus, nuts, stone fruits, and grapes.
California accounts for approximately 43% of the vegetable and fruit pro-
duction and 42% of nut production in the United States (CFBF, 2002).
Agricultural production is also especially important within California as it
generates a great percentage of jobs (7.3%) and global commerce (CFBF,
2002). In California, approximately 8.5 million acres are devoted to har-
vested crop land, where approximately 34% of that area is planted to
orchards and vineyards, 23% is devoted to hay, with another 14% of the
total being under vegetable crops (CFBF, 2002). Despite the apparent
importance of agriculture within California there is little data on GHG
emissions occurring from agricultural land (e.g., Bemis and Allen, 2005).
There is even less data on potentials of C sequestration and GHG reduction
in Californian agriculture (e.g., De Gryze et al., 2009).

California is the 16th largest emitter of GHGs in the world, accounting
for approximately 500 million metric tons of CO2 equivalents per annum
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(Bemis and Allen, 2005). It is well documented that, globally, agriculture
has been a substantial source of GHG emissions but that a potential for
GHG reductions currently exists within agriculture (Cole et al., 1993;
Follett, 2001; Jawson et al., 2005). Within California, it is estimated that
agricultural practices contribute to approximately 8% of the total GHG
emissions (Bemis and Allen, 2005). The climate within California is char-
acterized as Mediterranean, with long hot dry summers and wet cooler
winters. Recent model estimates for the potential effect of climate change in
California predict that there will be a substantial increase in temperature,
especially significantly higher summer temperatures (Hayhoe et al., 2004;
Snyder et al., 2002). These changes will ultimately affect agricultural eco-
systems, water, and energy demands within the state (Cayan et al., 2006).
For example, rising temperatures can decrease yields for many of Califor-
nia’s crops such as lettuce, rice, and tomatoes (Lee et al., 2008). Further-
more, a shift in precipitation patterns and quantity within the state are
expected; however, no clear trend in how precipitation will change has
emerged from model scenarios and is, therefore, still an area of high
uncertainty (Hayhoe et al., 2004; Snyder et al., 2002). Nevertheless, it is
clear that climate change will have an impact on water resources through
reduction in mountain snowpack and earlier runoff (Cayan et al., 2006).
Consequently, addressing GHG emissions reductions and C sequestration
potentials within California agriculture is vital to maintaining the industry.

Agricultural management practices within California are highly inten-
sive because the vast majority of crop acreage is cultivated using standard
tillage (ST) operations, high inputs of synthetic nitrogen fertilizers, and
intensive furrow irrigation. However, implementing alternative manage-
ment practices and reducing inputs would likely provide an opportunity to
reduce GHG emissions and partly address climate change issues both locally
and globally. Furthermore, developing alternative management strategies,
such as conservation tillage (CT) practices, cover cropping, organic man-
agement, residue management strategies, reduced synthetic nitrogen fertil-
izer input, and improved irrigation systems, have obvious cobenefits (see
Section 5). Previous research and reviews of C sequestration potentials in
agriculture within the United States have largely focused on the Great Plains
and the Corn Belt (Follett, 2001; Lal, 2002, 2004a,b; Swift, 2001). None of
the previous summary studies thoroughly includes California (Lal, 2003; Six
et al., 2002; West and Marland, 2002), and until recently, there was very
little ground-based field data available to quantify the interactions and
impacts of irrigated farming with alternative practices on soil C dynamics
and GHG emissions (Follett, 2001). The fundamental differences in agricul-
tural management and climate (i.e., Mediterranean) found within California
compared to the rest of the United States prevents a direct extrapolation of
Midwest findings to California. Therefore, the objectives of this paper are to
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(1) highlight current research on GHG reduction within California agricul-
ture, (2) discuss the principles regulating GHG fluxes in irrigated agriculture
under the Mediterranean climate of California, (3) critically review the
capability of Californian soils to sequester C and reduce GHG emissions
through the adoption of recommended alternative practices, and (4) identify
areas where research is still lacking.
2. Basic Concepts of Carbon Sequestration

The soils of the world contain approximately 1550 Pg SOC and
approximately 750 Pg soil inorganic carbon (SIC) (Lal, 2002; Schlesinger,
1997). The soil pools of C are greater than the atmospheric pool (750 Pg C)
and the terrestrial vegetation biotic pool (600 Pg C) put together. Estimates
of the SOC pool within the United States (contiguous 48 states only) range
from 59.4(Waltman and Bliss, 1997) to 78–84.5 Pg C (Kern, 1994) or about
5% of the global terrestrial C stocks.

The levels of SOC currently in soils reflect the long-term equilibrium
between any C input and output. Farming practices influence both the
input of C to the soil through organic amendments and the output of C
through influencing decomposition and, therefore, the release of SOC to
the atmosphere as CO2. In short, when the output of C (CO2 emissions) is
greater than the input (e.g., crop residues) to the soil system, SOC will
decline. Agricultural soils are generally lower in SOC (Haas et al., 1957)
because cultivation leads to SOC losses through (1) disturbance of the soil
via extensive tillage practices, (2) reduced diversity and inputs of plant
residues, and (3) intensive use of nitrogen fertilizers and irrigation water
(Khan et al., 2007; Lal, 2002; Paustian et al., 1997; Schlesinger, 2000; Six
et al., 1999; West and Post, 2002). Farming practices contribute to the
accelerated mineralization of SOC by changing soil physical and chemical
characteristics, such as soil moisture (e.g., through irrigation), temperature,
nutrient availability (e.g., addition of synthetic nitrogen fertilizers) (Paustian
et al., 2000), oxygen content (Rovira and Greacen, 1957), and structural
stability (e.g., Kong et al., 2005). This significant depletion of SOC will
eventually reduce the quality of the soil, which in turn will contribute to a
reduction in crop production, increased emissions of GHGs from the soils,
and negative impact on the surrounding environment (e.g., eutrophication
of water ways) (Lal, 2008). Furthermore, under current standard manage-
ment practices, SOC is predicted to be further depleted because of the
projected increases in global temperatures (Lal, 2004a,b, 2008), whereby a
strong correlation exists between SOC losses and climate change driven
increases in soil temperatures (Kirschbaum, 1994, 2000).
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There are numerous physical, chemical, and biological processes affect-
ing the stabilization (and destabilization) of SOC (see Fig. 1). These pro-
cesses are dependent upon climate, soil type, vegetation, and previous
management practices and the principle soil properties affected by manage-
ment are temperature, moisture, aeration, and aggregation (Lal et al., 1995).
The stabilization of soil C is dependent upon soil structure which is the
organization of both aggregates and the pore spaces surrounding them
(Tisdall, 1996). Stabilization of soil C by aggregates is dependent on the
interaction between soil particles, soil microbial activity, and above- and
belowground C inputs. The formation of a stable soil matrix decreases the
accessibility of substrates to microorganisms and thereby reduces the decay
rate of substrates. Hence, from a management standpoint, conservation or
reduced tillage practices can lead to a stabilization of soil C because the
decreased mechanical disturbance of the soil decreases the disruption of soil
aggregates (Beare et al., 1994; Elliott, 1986; Six et al., 1998). The reduction
in tillage intensity also allows for the reformation of soil aggregates and thus
compensates for the increased turnover of aggregates induced by tillage
(Kong et al., 2005; Six et al., 2000). Additionally, Kong et al. (2005) showed
a strong relationship between the stability of soil aggregates, C input, and
SOC at the Long-Term Research on Agricultural Systems (LTRAS) site in
Davis, CA. This relationship between C input and SOC sequestration
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Figure 1 Environmental and management inputs and outputs that affects soil carbon
sequestration. Adapted from West and Six (2007).
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across different management treatments has also been shown in the Sustain-
able Agriculture Farming Systems (SAFS) site in Davis, CA (Poudel et al.,
2001).

The basic technologies by which C can be sequestered in agricultural
soils have been reported extensively (e.g., Cole et al., 1993) and include
agroecosystem management strategies such as CT or NT, organic farming,
the conversion of fallow land to permanent vegetation, winter cover crop-
ping, application of manures or sewage, greater inclusion of hay crops in the
rotation, reduced nitrogen fertilizer application, and improved irrigation
methods (e.g., drip irrigation) (Follett, 2001). By restoring degraded soils
and by adopting sustainable practices it has been estimated that the C
sequestration potential of the world’s cropland soils is approximately
0.73–0.87 Pg yr�1 (Lal and Bruce, 1999). This estimate is based largely
on studies conducted in non-Mediterranean ecosystems; further research is
needed to establish the actual amount of C that California agricultural soils
can sequester over time under the same conservation management practices
as studied elsewhere.
3. Land Conversion and the Effect on Carbon

Sequestration

The current worldwide coverage of irrigated agriculture following
conversion of native natural soils is greater than 271 Mha. It is expected to
increase with the need to convert marginal lands to address the increasing
food demand of the growing world population (Bruinsma, 2003). The
initial conversion of native soils to cropland in the United States released
approximately 5 Pg C with more soil C released with the expansion of
agricultural land (Lal et al., 1998). In the recent past, California has experi-
enced huge shifts in land use for two reasons. Firstly, increases in population
(e.g., a rise of 50% in the last 30 years), where this trend is predicted to rise
from 37 million to between 42 and 48 million by the year 2025 (PPIC,
2008), has led to rapid urbanization rates. Secondly, the increased relative
profitability and demand for specialty commodity crops such as grapes and
almonds, both of which can be grown on marginal lands, has led to an
increased conversion of native grasslands and oak woodlands to agriculture.
Between 1969 and 1998, approximately 45,675 ha of timberland (i.e.,
predominantly oak woodland), rangeland, and abandoned agricultural
land was converted to other land uses. Approximately 4% of the total
converted land was for agricultural purposes (Shih, 2002). For example,
from 1991 until 1999, an estimated 480 ha of the 4% total was converted
into vineyards (Shih, 2002), and today there are approximately 360,000 ha
of grape vineyards in California.
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A study byCarlisle et al. (2006) investigated the effect of the conversion of
oak woodland to a vineyard on soil CO2 respiration and soil C. They
hypothesized that the conversion of oak woodlands to vineyards would
increase the amount of C respired from recalcitrant sources within the
vineyard soils compared to the woodland soils and that the amount of soil
respiration would decline under the cultivation of a perennial crop like
grapevines, because the long-term cultivation of such a crop would reduce
the quantity of the nonrecalcitrant carbon within the plough layer. They
observed higher seasonal rates of soil CO2 respired from the oak woodland;
however, during the dry season, fluxes of CO2 were comparable to the
vineyard. Annual emissions of C from the vineyard soils was
7.02 � 0.58MgCha�1 yr�1, whereas the oakwoodland lost approximately
15.67 � 1.44 Mg C ha�1 yr�1, indicating that the oak woodland before
conversion emitted significantly more soil CO2 compared to the vineyard
(Carlisle et al., 2006). The comparatively lower rates of CO2 emissions from
the vineyard soil may have been a result of the soil having lower total C and
thus less available labile C to be respired (Carlisle et al., 2006).

It is well documented that the conversion of natural ecosystems to
agriculture will lead to an immediate loss in SOC and temporarily enhances
evolution of CO2 to the atmosphere. However, this study measured lower
emissions of CO2 from the vineyard soils compared to the oak woodland
after 30 years following conversion. These lower emissions, however, could
be attributed to both changes in physical soil properties through conversion
and cultural practices, which could affect CO2 diffusion in the upper soil
layer, as well as to the deeper root distribution in vineyards than oak
woodlands (Smart et al., 2005). It was also noticed that cultural practices
such as tillage and the overall preparation of the vineyard had significant
impacts upon the soil C pools (Carlisle et al., 2006). Therefore, further
research is needed on the effects of such practices on perennial crops and
how conversion of timberland to agricultural perennial crops affects the
flow and storage of C in such ecosystems.
3.1. Conservation tillage and carbon sequestration

In the Midwestern United States, standard conventional tillage regimes are
known to cause a decrease in soil C stocks through the enhanced minerali-
zation and erosion of C rich soil material (Lal, 2004a,b; Swift, 2001). The
general objective of all types of conservation practices is to enhance soil
quality and reduce soil loss. A major indicator for improved soil quality is
increased SOM levels because SOM influences plant yield and environmen-
tal impact by providing and recycling nutrients, improving water infiltration
and retention as well as stabilizing soil structure (Lal, 1997). Several CT
systems have been developed in the past few decades and include ridge
tilling, mulch tillage, strip tillage, and NT (Blevins et al., 1998).
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Within the United States, a decrease in ST practices for planted cropland
areas and a rise in CT usage has occurred over the past 20 years. For
example, NT practices have tripled in acreage (from 6.8 to 21.1 Mha) in
the last decade alone (Post et al., 2004). Numerous studies within the
Midwestern United States have reported the benefits of reduced or CT
(Kern and Johnson, 1993; Puget and Lal, 2005; Rasmussen and Collins,
1991; Sperow et al., 2003; West and Marland, 2002). Reducing tillage has
been cited as a sustainable practice because it reduces fossil fuel usage, labor
needs, and also improves aspects of soil quality by decreasing soil erosion
and improving water conservation (Lal, 2003).

Follett (2001) estimated that CT management of cropping systems in the
United States has the potential to sequester 30–105 million metric tons
carbon (MMTC) yr�1. Lal and Kimble (1997) and Paustian et al. (1997)
suggested that the conversion to CT practices can potentially sequester
0.1% ha�1 yr�1 CO2 from the atmosphere in the top 5 cm of the soil layer
and could potentially sequester approximately 10 tons C ha�1 over the next
30 years. Furthermore, a meta-analysis conducted by Ogle et al. (2005)
showed that the conversion of ST to NT increased SOC storage in tropical
moist climates by a factor of 1.23 � 0.05 and by a factor of 1.17 � 0.05,
1.16 � 0.02, and 1.10 � 0.03 for tropical dry, temperate moist, and temper-
ate dry climates, respectively. Six et al. (2004) also observed an increase in
SOC between humid and dry climates following conversion from ST to NT.
Stocks of SOC increased 10 years following conversion for both climate
regimes; however, a significantly higher increase of 222 kg ha�1 yr�1 in the
humid regime as compared to 97 kg ha�1 yr�1 in the dry regime. However,
recent studies have indicated that C sequestration drastically varies among
different CT practices and with soil depth (West and Post, 2002). Lal et al.
(1998) found that within the top 20 cm, NT practices had the potential to
sequester approximately 500 kg C ha�1 yr�1, while mulch and ridge till
systems within the United States could sequester 600 kg C ha�1 yr�1. At
shallower soil depths of 7.5 cm in the Midwest, Robertson et al. (2000)
measured a potential sequestration rate of 300 kg C ha�1 yr�1 for NT
systems. A similar value was reported by West and Marland (2002) in
NT systems. Also within the Great Plains region of the United States,
Follett and McConkey (2000) observed a C sequestration range of
300–600 kg C ha�1 yr�1 for NT, mulch and ridge tillage practices, falling
within the ranges also noted by the above cited studies.

In California, there is far less information and research on CT practices
than is available for the Midwestern United States. This lack of research is in
part due to the challenges in adoption of CT in irrigated systems and the
heterogeneity of California agriculture. Currently, only about 10% of total
crop acreage in California is under CT, which is up from 3% in 2006
(Horwath et al., 2006). Evapotranspiration demands are extremely high in
the Central Valley of California and many row crops use furrow or flood
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irrigation throughout the growing season. One potential difficulty in asses-
sing the practicality of converting such cropping systems to CT may be due
to the likely increases in SOC mineralization which may occur due to a
reduction in surface evaporation and accelerated microbial activity when
crop residues are left on the soil surface through CT (Unger et al., 1997).
Few studies in the past decade have addressed CT within the arid, irrigated
agriculture of California where very intensive ST methods are prevalent.
One of the main reasons for intensive tillage is to maintain the furrows to
convey irrigation water. Generally, long-term and frequent tillage has been
associated with increased GHG emissions (Lal, 2002; Reicosky et al., 1997).
For instance increased soil surface emissions of CO2 have been measured
shortly after a tilling event (Reicosky and Lindstrom, 1993; Reicosky et al.,
1997; Rochette and Angers, 1999). More importantly, tilling also deterio-
rates and modifies the soil structure (Blanco-Canqui and Lal, 2004; Six et al.,
1999) and microbial community, thereby affecting the ability to store SOC
and N (Jackson et al., 2003). Reduced crop diversity and fallow associated
with intensive cropping systems also reduces significantly SOC and soil N
(Seiter and Horwath, 2004).

In accordance with the Midwestern United States studies, a significant
release of CO2 following tillage has also been reported for annual row crops
in California (Calderon and Jackson, 2002; Calderon et al., 2000; Jackson
et al., 2003). In intensively managed vegetable systems in Northern
California, CO2 emissions increased substantially after the first day of tillage
but soil respiration declined shortly after, thus indicating a physical degassing
process of CO2 due to soil disturbance (Calderon and Jackson, 2002;
Jackson et al., 2003). Furthermore, they noticed increases in net mineraliza-
tion and the accumulation of nitrate several days following a tillage event,
which in turn could be associated with higher rates of denitrification, the
potential for NO3 leaching and increases in N2O emissions (Jackson et al.,
2003).

Within California’s San Joaquin Valley, a 5-year study by Veenstra et al.
(2007) investigated how CT and cover cropping affected SOC dynamics in
an intensively managed cotton (Gossypium hirsutum L.) and tomato (Lyco-
persicon esculentum Mill.) rotation. The four treatments included standard
tillage and cover crop (STCC), standard tillage and no cover crop (STNO),
conservation tillage and cover crop (CTCC), and conservation tillage and
no cover crop (CTNO). After the 5 years, they observed an overall lack of
C accumulation within the CT systems (CTCC and CTNO) but they did
see a total increase of soil C within the top 30 cm of the soil layer in both of
the cover crop treatments (STCC and CTCC). A significant proportion of
the accumulation of soil C at 0–15 cm depth occurred in the CTCC
treatment (4504 kg C ha�1) and within both the 0–15 cm depth
(2035 kg C ha�1) and 15–30 cm depth (1799 kg C ha�1) for the STCC
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treatment. In the two treatments without cover crops (CTNO and STNO),
there was no net change in soil C observed.

Puget and Lal (2005) recognized that any increases in soil C relating to
CT practices often occurred within the top few centimeters of the soil layer
and that, after taking into account the bulk density, no significant changes or
accumulation in SOC occurred. Veenstra et al. (2007) also found that
despite an increase in aboveground crop biomass in the CT treatments,
the reduced soil disturbance contributed merely to a redistribution of the
soil C rather than an overall accumulation as compared to the ST treat-
ments. A study in central Spain, which has a climate similar to California,
observed small increases in C within CT and NT cropping systems
(Hernanz et al., 2002, 2009), however, in another study under similar
climatic conditions accumulation of SOC was reported to be negligible or
nonexistent (Buschiazzo et al., 1998).

No- or reduced-tillage crop production in California is increasing,
however, the number of studies are still insufficient to demonstrate changes
in soil C sequestration. Most of these investigations have not been carried
out over an appropriate time interval of 5–10 years. For example, in a short-
term study (i.e., 1 year) in a vegetable crop rotation in California with NT
under continuous cropping and ST under fallow, Minoshima et al. (2007a)
found that NT under continuous cropping resulted in a significant increase
in microbial biomass C (MBC) and fungi biomass as indicated by ergosterol
and phospholipid fatty acid biomarkers in the soil surface layer compared to
the ST under fallow, which is the principal production method for vegeta-
ble crops within California. The fungal activity and increases in soil MBC
may contribute to greater C accumulation in the soil surface layer compared
with the ST with fallow treatment (Minoshima et al., 2007a). Furthermore,
in another short-term decomposition experiment, Minoshima et al. (2007b)
observed similar emissions of CO2 from both NT and ST systems fallow and
continuous cropping of tomato/sorghum/garbanzo/cow pea rotations.
However, results showed lower assimilation of newly added C shoot
residues into active SOM pools and soil organisms (i.e., nematodes and
microbial biomass) within the NT compared to the ST soils. Reasons for
the lower assimilation of shoot C from the NT system were likely due to
there being less shoot residue contact with the soil surface which along with
minimizing soil disturbances in the longer term would enhance assimilation
of residue soil C by soil organisms. Therefore, in the long term, NT could
be effective at storing SOC in California soils if shoot residues had increased
soil contact and could increase the diversity of specific groups of soil biota
(i.e., opportunistic colonizer-persistent bacterial feeders) (Minoshima et al.,
2007a), which are also associated with the increase in soil C, particularly
within the surface layer where the accumulation of C occurs more rapidly in
systems under NT (Six et al., 2006).
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Moreover CT practices including NT have the potential to reduce CO2

emissions through a decrease in energy and fossil fuel usage via the reduc-
tion in tractor passes made during cultivation and production. Mitchell et al.
(2006) compared CT and ST production systems for cotton in the San
Joaquin Valley and showed a reduction of between 41% and 53% in tractor
passes, as well as reducing fuel usage by 48–62% (Table 1) (Mitchell et al.,
2006). A reduction in CO2 emissions via fuel usage reduction calculated
according to the IPCC assessment (IPCC, 2006) showed an emission
reduction for CT practices such as NT and ridge-till with or without
chopped cover crops of greater than 50% compared to ST.
3.2. Cover cropping and carbon sequestration

Cover cropping is a conservation management option which has many
benefits (Hartwig and Ammon, 2002; Snapp et al., 2005). Cover crops are
generally grown to protect soil from erosion, enhance N supply, and
diminish nutrient loss through assimilation. Cover crops may also benefit
and protect cash crops by acting as biological control agents, suppressing
weed species through competition for light, nutrients, and water as well as
providing potential habitats for beneficial insect species which predate upon
any pest species detrimental to the cash crop (Bugg et al., 2007). They can
also improve soil quality and enhance soil C stocks by adding OM (Sainju
et al., 2002).
Table 1 Tractor passes, fuel usage, operating costs, and calculated CO2 emissions
per acre in both standard and conservation systems including cover cropping, tillage
systems in cotton crops in the San Joaquin Valley, California (adapted from Mitchell
et al., 2006)

Cover crop/tillage system

Standard

NT/

Chop NT

RT/

Chop RT

ST/

Chop ST

Tractor passes

over field

17 9 8 9 8 10 9

Gallons of fuel used 19.5 8.5 7.5 8.5 7.5 10.2 9.2

*CO2 emissions per

gallons of fuel used

(lbs/gallon)

378 165 146 165 146 198 178

Total operating costs $237 $199 $195 $199 $195 $204 $200

NT/Chop, no-till with chopped cover crop; NT, no-till; RT/Chop, ridge-till with chopped cover
crop; RT, ridge-till; ST/Chop, strip-till with chopped cover crop; ST, strip-till.
*CO2 emissions calculated according to IPCC (2006) and are based upon the gasoline carbon content
per gallon (2421 g), which is equal to 19.4 lbs of CO2 emissions.
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In California, cover cropping has been practiced over the past several
decades (Blake, 1991). For instance, in the Californian grape industry the
most important use of cover crops have been to improve soil water infiltra-
tion, reduce dust emissions, provide an extra source of nutrients, provide a
habitat for beneficial organisms, and weed suppression (Auburn and Bugg,
1991). In general, cover crops have a great potential to restore, maintain,
and sustain the productivity, fertility, and quality of soils (Bruce et al., 1991;
Reicosky and Forcella, 1998; Tilman et al., 2002) by increasing both plant
biomass and soil nutrients, while increasing SOM levels and biological
activity, as well as reducing soil erosion and compaction through the
improvement of aggregate stability (Luna, 1998; Seiter and Horwath, 2004).

Recent work within annual cropping systems of California has shown
the ability of cover crops to provide additional inputs of OM, benefiting soil
quality and increasing the labile C pool (Veenstra et al., 2007). Following
the conversion of standard management practices to winter cover cropping
under organically managed systems, SOC increased up to 36% after 12 years
under California conditions (Horwath et al., 2002). Despite the fact that
tillage is increased with some of the alternative practices used in organic
production, SOC still increased due to the inputs of animal derived and
green manures (Horwath et al., 2002). Increases in SOC were observed
during an on farm assessment of a vegetable cropping system in the Salinas
Valley, California; Jackson et al. (2004) showed that the addition of cover
crops along with composted materials resulted in an increase in MBC and
microbial biomass nitrogen (MBN), a reduction in soil bulk density and also
a reduction in leachable nitrate (NO3

�–N) in the soil profile from 0 to
90 cm depth compared to treatments that received no organic matter inputs
from cover cropping. Furthermore, another study in California by Poudel
et al. (2002) showed that the use of cover crops reduced fertilizer N losses by
approximately 2% as compared to nonwinter cover cropped soils.

Most data on cover cropping in California is focused primarily on annual
row cropping systems (Jackson et al., 2003; Mitchell et al., 2008; Veenstra
et al., 2007; Wyland et al., 1996). California, however, has a vast expanse of
perennial crops, where approximately 1.0 � 106 ha are devoted to peren-
nials such as vineyards (�360,000 ha) and orchards (�650,000 ha). Peren-
nial cropping systems are also important because of their potential to
sequester C by cover cropping between row alleys and because their
management practices are less disruptive of soil than those used in annual
crop systems (Kroodsma and Field, 2006). Perennials also have potential to
store C in their woody biomass (Kroodsma and Field, 2006) and extensive
deep root systems (e.g., Smart et al., 2005). Despite this potential, far less
consideration has been given to these crops in relation to climate change
mitigation and C sequestration.

Roberson et al. (1991) observed a significant improvement in soil
quality, aggregate stability, and water infiltration when a grass cover crop
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was present within a prune orchard in Butte County, CA. In contrast, a
study within a vineyard in the Napa Valley region of California, observed
no detectable increases in soil C content with the use of annual grass cover
crops in comparison to bare soil (Steenwerth and Belina, 2008a,b). This
may have been due to the fact that soil C mineralization rates were signifi-
cantly high enough to preclude any detectable belowground C increases
within the soil (Steenwerth and Belina, 2008a,b) and the short-term nature
of the study. There was, however, a notable release of CO2 from both the
ST and cover crop treatments following a tillage tractor pass (Steenwerth
and Belina, 2008a,b), most likely due to the oxidation of SOM released
from aggregates. Another vineyard study in California did show that after 5
consecutive years of cover cropping total soil C was approximately 40–50%
higher (Steenwerth and Belina, 2008a,b), thus indicating that SOC content
may increase following cover crop management in perennial systems.
3.3. Organic residue management and nitrogen
fertilizer usage

After California Legislature passed the 1989 Integrated Waste Management
Act, which required the diversion of green wastes (e.g., trees, twigs, leaves)
as one of the single most components in California’s waste stream from
landfills (Warnert, 1996), organic farming has become more popular with
conventional vegetable farmers within the State along with the knowledge
that intensive ST practices are resulting in a loss of SOC (Hartz et al., 2000).
Green manuring, however, is a common commercial practice within the
rice industry in California since the 1950s and is used as an alternative to
burning straw residues (Williams et al., 1957). Studies have shown that the
use of a winter leguminous cover crop as a green manure can provide a cost
effective and efficient source of N to rice (Williams et al., 1957). Organic
farming relies heavily upon inputs of organic residues in the form of green
manures (i.e., cover crops), plant compost, and composted animal manures
added to the soil along with integrated biological pest and weed manage-
ment, crop rotation, and mechanical cultivation to sustain and enhance soil
productivity and fertility without the use of synthetic N fertilizers and
pesticides (Rigby and Caceres, 2001).

As mentioned earlier conservation techniques can increase SOC and
subsequently can improve soil structure and aggregate stability. By stabiliz-
ing soil aggregates, SOM is more protected from microbial decay (Six et al.,
1999) where further soil C increases can be signified by the enhanced
accumulation of C within various types of soil aggregates (Six et al.,
2001). The use of organic amendments, cover crops and manures can lead
to SOC accumulation by improving aggregation as well as reducing the
need for synthetic fertilizer additions while still being able to provide crops
with equally adequate amounts of nutrients. The principal aim of alternative
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cropping systems including organic farming in order to achieve a sustainable
agroecosystem both in terms of economic value and soil productivity from
the addition of organic inputs to the soil are to reduce environmental
pollution potentials (e.g., in the form of nitrate leaching) while maximizing
N use efficiency and providing the crop with sufficient N. Therefore,
growers must adjust their nitrogen needs according to amendments added
to the soil and their subsequent mineralization rates. Hartz et al. (2000)
investigated the N and C mineralization rates of 31 manure and compost
samples representative of those typically used as soil amendments within
vegetable production in California. They observed that the N and C
mineralization rates of both manures and composts were relatively low
where the recovery of N ranged from 5% to 18% of total N for manures
and 8% for composts (Hartz et al., 2000). The relatively low N and C
mineralization rates measured within the study suggest that application rates
of the organic amendments would need to be sizeable in order to consider-
ably increase short-term N supply and would typically need a long-term
regime of repeated applications at lower application rates (Hartz et al., 2000)
compared to the growth and incorporation of a leguminous cover crop
(Kuo et al., 1997b). Kramer et al. (2002) observed that the effectiveness of a
winter leguminous cover crop as an N source for the successive crop
depends greatly upon temporal N release from the residue during the
growing season. They found during a 1-year period maize crop study
conducted at the SAFS site, that fertilizer N uptake was higher in the
conventional system (additions of synthetic fertilizer only) at
4.3 kg N ha�1 day�1 compared to 0.6 kg N ha�1 day�1 from the vetch
cover crop in the low input (i.e., synthetic fertilizer and organic N inputs)
and organic (organic N only in the form of green manures) systems over the
same period (Kramer et al., 2002). At harvest, they observed that the yield of
both grain and N did not differ between the three cropping systems which
suggests that optimum crop yields can still be achieved using alternative
sources of N (Kramer et al., 2002).

The associated cobenefits of organic amendment applications to soil
have shown to reduce the need for herbicide usage by reducing weed
emergence (Fennimore and Jackson, 2003), and enhance soil quality
which in turn provides a better habitat for beneficial soil fauna. For exam-
ple, the enhanced presence of decomposers, such as earthworms, can be
attributed to inputs of organic amendments where higher levels of organic
matter are prevalent (Warnert, 1996). The castings and the channels that
earthworms create as they travel and move through the soil layers can
improve root growth, water infiltration, and the overall physical structure
of the soil (Blanchart et al., 1997, 1999; Ketterings et al., 1997). Earthworms
have also been shown to stabilize soil organic matter and contribute to the
formation of stable soil aggregates (Shipitalo and Protz, 1989). The role and
influence that earthworms play on the stabilization of SOC and N dynamics
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under varying management practices is still largely an area of uncertainty. A
study conducted by Fonte et al. (2007) at the LTRAS site within conven-
tional (additions of synthetic fertilizer only), low input (synthetic fertilizer
and organic N inputs from legume cover crop), and organic (composted
manure and legume cover crop) cropping systems, found that earthworms
increased the incorporation of cover crop derived C into both the macro-
and microaggregates within the low-input treatment. Unfortunately,
inconsistent data from the organic cropping system most likely due to
high initial background levels of SOC masked any earthworm effects to
make any conclusions toward the organic system (Fonte et al., 2007). The
results from this study do show, however, that the type of agricultural
management practice has an effect upon the role of earthworms and SOC
dynamics and stabilization and that further research is needed within the
area of organic amendments and earthworms in the California climate.
4. Greenhouse Gas Emissions Modeling and

Future Predictions for California

Agriculture

The C and N cycles are intrinsically linked to one another and any
change in management practice can influence both soil C stores and the
release of GHG emissions. It is economically costly and time consuming to
continuously measure GHG emissions under diverse crop management
systems within agroecosystems. Process-based models can therefore be
employed to estimate gas exchanges and changes in soil C for different
cropping systems, soils, climates, and management. These biogeochemical
models estimate crop production, decomposition, short- and long-term C
dynamics, denitrification, nitrification, and N2O emissions from a wide
range of parameters (crop, soil, climate, and management) (Li et al., 2004;
Parton et al., 1998). However, models like DAYCENT or denitrification
decomposition (DNDC) need to be calibrated for a specific region’s local
conditions (soils, crops, and climate) before such estimates can be accurately
made (Del Grosso et al., 2006).

In a recent 1 year simulation modeling exercise using the DNDCmodel
for different counties, crops, and management regimes within California, it
was estimated that California soils are sequestering C but there are large
differences in the C dynamics by crop and region (Li et al., 2004). The
baseline scenario used a single year of climate data (1997) with nominal
tillage practices, standard fertilizer application rates for each crop, full
irrigation, and no manure amendments and no incorporation of above-
ground litter over 50%. Li et al. (2004) determined that pastures were a
significant C sink, while cotton, corn, tomatoes, citrus, deciduous fruit
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trees, and rice with winter flooding were a much smaller C sink. Lettuce
and bean production were a net source of C, while viticulture practices had
no net change either as a source or a sink (Li et al., 2004). Baseline C
sequestration for the 1997 climate baseline scenario, ranged from a release of
�0.6 Tg C to potentially sequestering 6.1 Tg C, whereas baseline N2O
emissions ranged from 0.21 to 0.51 Tg N, over an acreage of 33,344 km�2

where most of the emissions were derived from corn, cotton, and vineyards
(Li et al., 2004). Modeling scenarios were carried out on 23 sites using
alternative scenarios that changed only a single input data set, either climate
(data from 1983) or management including (1) alternative litter incorpora-
tion amounts (50–90%), (2) alternative irrigation (e.g., over irrigating crops
by 10% their needs), and (3) alternative manure management (application of
2000 kg�1 C ha�1) for 23 sites. The model predicted that with the
incorporation of 50–90% aboveground litter residue, C sequestration esti-
mates ranged from 9.0 to 12.2 Tg C. If all the litter was removed, for
instance in the case of crops grown for biofuels, then agricultural systems
could become a large source of up to 7.8 Tg C. Manure application could
potentially lead to 9.6–16.5 Tg C sequestered (Li et al., 2004). However, the
data from this study were inconclusive regarding the amount of N2O
released through these alternative practices and did not consider the effects
of other management practices like CT, NT, and cover cropping needed to
gain a better perspective of the effects of all conservation management
options on C sequestration and GHG emissions. The interactions of other
management and amendments with manure on GHG emissions also require
further evaluation to better estimate the effects of manure.

De Gryze et al. (2009) calibrated and validated the biogeochemical
DAYCENT model by using long-term ground-based measurements at
four long-term agricultural experiment sites for both standard and alterna-
tive (including cover cropping, CT, and organic management) agricultural
crop production systems to estimate GHG emissions (CO2, N2O, and CH4)
within California’s Central Valley. The model predicted the largest mitiga-
tion potential of 4.58 Mg CO2 equivalents ha�1 yr�1 when adopting
organic management practices based on manuring and cover cropping,
whereas solely winter cover cropping of legumes was predicted to mitigate
between 1.16 and 2.71 Mg CO2 equivalents ha

�1 yr�1 (Table 2) (De Gryze
et al., 2009). Crops under CT, however, had the least mitigation potential of
between 0.17 and 0.49 Mg CO2 equivalents ha

�1 yr�1 (De Gryze et al.,
2009). De Gryze et al. (2009) also adapted the DAYCENT model to
examine the effect of conservation management practices on GHG emis-
sions for six different crops (including alfalfa, corn, safflower, sunflower,
wheat, and tomatoes) at the regional level. They calibrated DAYCENT to
assess specific crop rotations, soil types, and climate patterns for Yolo
County, CA. In this effort, it was determined that organic agriculture had
the largest potential (3.6 CO2 equivalents ha

�1 yr�1) for CO2 mitigation



Table 2 Average differences in soil organic C (DSOC) (negative values indicate a decrease in soil C), N2O, and CH4 emissions, and overall
global warming potential (GWP) (negative values indicate a net flux from the atmosphere to the soil) for each of the treatments of four
validation sites in California

Site Treatment

DSOC

(kg C ha�1 yr�1)

N2O–N

(kg N ha�1 yr�1)

CH4

(kg C ha�1 yr�1)

GWP (Mg CO2-

eq ha�1 yr�1)

LTRAS Standard tillage 95 3.18 1.52 1.18

Cover cropped and

standard tillage

315 2.60 1.44 0.10

Organic and standard

tillage

1324 3.02 1.49 �3.40

(standard error) (64) (0.14) (0.04) (0.28)

(% caused by interannual

differences)

(74%) (37%) (46%) (72%)

(standard error of the

difference)

(41) (0.11) (0.03) (0.16)

Conservation tillage 47 3.01 1.51 1.27

Cover cropped and

conservation tillage

321 2.21 1.46 �0.10

Organic and conservation

tillage

1279 2.98 1.49 �3.26

(standard error) (94) (0.18) (0.05) (0.43)

(% caused by interannual

differences)

(65%) (53%) (68%) (61%)

(standard error of the

difference)

(71) (0.17) (0.04) (0.37)

SAFS Conventional 4-year

rotation

407 2.2 1.6 �0.42

Conventional 2-year

rotation

436 1.5 1.4 �0.84
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Cover cropped 998 1.7 1.6 �2.82

(standard error) (77) (0.09) (0.02) (0.29)

(% caused by interannual

differences)

(94%) (80%) (89%) (96%)

(standard error of the

difference)

(21) (0.04) (0.01) (0.08)

WSREC Standard tillage �90 4.0 2.0 2.25

Standard tillage and cover

cropped

677 4.0 1.9 �0.56

Conservation tillage �9 3.3 2.0 1.61

Conservation tillage and

cover cropped

729 3.8 1.9 �0.85

(standard error) (38) (0.10) (0.03) (0.15)

(% caused by interannual

differences)

(91%) (82%) (38%) (92%)

(standard error of the

difference)

(14) (0.06) (0.02) (0.04)

Field 74 Standard tillage 128 2.6 1.5 0.79

Conservation tillage 256 2.4 1.3 0.23

(standard error) (27) (0.12) (0.06) (0.13)

(% caused by interannual

differences)

(51%) (49%) (19%) (43%)

(standard error of the

difference)

(22) (0.09) (0.09) (0.12)

Values are provided � standard deviations.
CO2-eq, CO2 equivalents; LTRAS, Long-Term Research on Agricultural Systems; SAFS, Sustainable Agriculture Farming Systems; WSREC, West Side Research and
Extension Center (De Gryze et al., 2009).
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(De Gryze et al., 2009). The simulations predicted winter cover crops to
have the second largest mitigation potential of 1.9 CO2 equivalents
ha�1 yr�1. Low-input farming, a farming practice that reduces the use of
off-site resources (e.g., synthetic fertilizers and pesticides) while optimizing
on farm initial production resources and reduced tillage had the lowest
mitigation potentials of all CT-type practices with 0.9 CO2 equivalents
ha�1 yr�1 and 1.3 CO2 equivalents ha

�1 yr�1, respectively. Nevertheless,
the low-input system could effectively reduce N2O emission, which is a
permanent mitigation strategy, and thus lower global warming potential
(GWP) while providing an economically viable and permanent mitigation
option (De Gryze et al., 2009; Howitt et al., 2009).

DAYCENT has proven to be fairly accurate in estimating GHG emis-
sions in field crop systems but more accurate estimates of SOC stocks and
the effect and adoption of CT management on GHG emissions requires
further field monitoring and model validation. Furthermore, DAYCENT is
not calibrated or validated for perennial cropping systems which occupy
approximately 34% of the total agricultural land within California. There-
fore, future research should focus on biogeochemical modeling of perennial
crops because of their potential to sequester more C than annual row crops
(Kroodsma and Field, 2006). Lastly, the current model estimates (De Gryze
et al., 2009) were based on results from small plots in researcher maintained
field experiments, and it is still uncertain whether or not these findings can
be scaled up to full scale agricultural operations.
5. Cobenefits of Alternative/Carbon-Friendly

Agricultural Practices

It is well acknowledged that intensive tillage practices play a role in
decreasing soil C (Lal, 2005; Lal et al., 1998; Post and Kwon, 2000). The
adoption of CT practices (including NT and direct seeding) may reduce
SOC losses but current studies in California, described above, are inconclu-
sive. Besides GHG mitigation, alternative conservation management prac-
tices may simultaneously have secondary or cobenefits associated with them
(Table 3). Such cobenefits are important when considering GHG mitiga-
tion activities as they may substantially influence which methods should be
adopted in a carbon trading market. It is, therefore, important to assess both
the environmental and economic cobenefits of GHG mitigation options.

In conjunction with cover cropping, CT also improves soil water
infiltration; reduces nitrate runoff, dust, and airborne particulate organic
matter (PM-10) production, wind, and water erosion (Ashraf et al., 1999;
Cambardella and Elliott, 1994); improves habitat biodiversity (Bugg and
Waddington, 1994); and improves the overall quality and fertility of soils



Table 3 Cobenefits of carbon-friendly agricultural practices

Carbon conservation

farming practice Environmental and economical cobenefits

Zero/conservation tillage Dust control

Reduced soil erosion

Reduced fossil fuel usage and costs

Winter cover cropping Reduced nitrogen leaching

Increased SOM

Increased aggregate stability

Increased soil microbial activity and

N turnover

Increased overall N content of crop

Increased water infiltration

Potentially decreased instances of soil

pathogens due C

Increased habitat for beneficial insects

Organic residue and N

fertilizer management

Potentially reduced need for synthetic

fertilizers

Reduced costs of excess synthetic fertilizers

Reduced off-site fossil fuel usage and GHG

emissions by reducing synthetic fertilizer

production usage

Irrigation management Potentially increased plant productivity and

biomass, increasing soil C

Potentially Reduced water costs
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(Lal, 2004a,b). In California, studies indicate that use of CT alone does not
substantially increase soil C, but when integrated with cover cropping, can
led to sequestration of soil C (De Gryze et al., 2009; Veenstra et al., 2007).
However, added economical cobenefits of CT are gained by the smaller
number of tractor passes required which reduces fossil fuel usage and labor
costs.

One of the environmental and human health problems associated with
arid agricultural is the generation of dust and particulate matter from soil
disturbance (Clausnitzer and Singer, 1996, 1997). Active farming operations
such as tillage, planting, mowing, ploughing, and other land management
methods contribute to the production of PM-10. Soil dust resulting from
agricultural practices consists of both mineral (soil origin) and organic (plant
origin) particles (Clausnitzer and Singer, 2000) and can affect atmospheric
composition, soil texture, quality, and nutrient content. California is a
major region of concern for dust related pollution (Nordstrom and Hotta,
2004), where much of the dust produced from soil disturbance is associated
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with the dry and desert environments in the Southern part of the State.
In 2002 only 1 out of the 58 counties within California was in compliance
for PM-10 regulations as set out by the California Air Resources Board
(2004). Dust pollution is particularly high in the intensively managed agricul-
tural region of the Central Valley (Clausnitzer and Singer, 1996, 2000).

PM-10 is primarily generated when tillage and ploughing operations are
conducted while soil moisture is low (Nordstrom and Hotta, 2004), thus
increased PM-10 production is often associated with lower soil water
content and higher air temperature (Clausnitzer and Singer, 2000).
Madden et al. (2009) corroborated the results of Clausnitzer and Singer
(2000) and found in a 2-year study that PM-10 production within row crop
agriculture in California’s San Joaquin Valley is greater when soil moisture
was low and with increased disking operations. In another study conducted
within California’s San Joaquin Valley, Clausnitzer and Singer (1997) found
that 87% of respirable dust (RD) came from the preparation of agricultural
lands (e.g., deep ploughing and tilling) and that approximately 18% of the
total RD came from harvesting and cultivation of crops, of which equates to
a total of 33% of the total farming operations. Various conservation methods
have been actively researched for the reduction of dust and PM-10 produc-
tion. CT protects the soil through enhanced water retention, potentially
increasing SOM content, and stabilizing soil aggregates. It also reduces dust
by limiting the amount of tractor passes made over cultivated fields. Madden
et al. (2008) observed in a 2-year study between ST and CT systems in dairy
forage production in the San Joaquin Valley, that CT reduced PM-10
emissions by approximately 85% compared to ST, mainly due to the
fewer tractor passes required. Baker et al. (2005) measured the quantity
and composition of dust produced in the San Joaquin Valley in a cotton–
tomato rotation and compared standard tillage with cover crop (STCC) and
with no cover crop (STNO), conservation tillage with cover crop (CTCC),
and conservation tillage with no cover crop (CTNO). The quantity of dust
produced from the CTNO treatment throughout a 2-year crop rotation
was approximately one third of the dust generated from the STNO treat-
ment (Baker et al., 2005). There was little difference between the STNO
and STCC treatments; however, dust concentrations were twice as high in
the CTCC than CTNO treatment. Furthermore, Clausnitzer and Singer
(1996) found a 20% increase in dust from a cover cropped field compared to
no cover cropped fields. Some of this difference may be associated with the
time it takes for the winter cover crop to decompose which in turn
could delay harvesting until the drier season, thus increasing the emissions
of dust because of higher air temperatures and lower soil water holding
capacity (Clausnitzer and Singer, 1996). Further research and longer
term studies are necessary to determine the exact benefits of CT and
cover cropping practices upon dust emissions versus C sequestration
benefits.
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Within the top surface layer of agricultural soil (�0–15 cm depth),
organic C and nitrogen stocks, microbial abundance, biomass, and activity
are highest (Janzen et al., 1992). The readily reactive labile fraction of SOM
functions as a transitory pool for nutrients and plays a significant role in N
dynamics within the soil. However, when soils are under cultivation and
disturbed by ST practices, this labile SOM pool declines (Cambardella and
Elliott, 1994). NO3

� leaching can increase and thereby diminish water
quality of nearby watersheds, especially when crops are fallowed and left
bare during the winter months (Jackson et al., 1993; Janzen et al., 1992).
Postharvest NO3–N leaching is likely to occur when excess N fertilizer is
applied (Weinert et al., 2002). The mitigation of NO3

� run off and the
improvement of water quality are in general cobenefits of agricultural
conservation practices leading to GHG mitigation. The planting of a
cover crop during winter fallow periods enables the cover crop to serve as
an NO3–N catching crop that will store and absorb NO3–N within the
winter months and, not only facilitates in the reduction of NO3–N leaching
(Drinkwater et al., 1998; Torstensson et al., 2006), but improves surface
layer soil N dynamics (Shipley et al., 1992).

Within California, intensive vegetable crop rotations with a winter
fallow period are highly vulnerable to NO3–N losses from leaching and
via denitrification processes ( Jackson et al., 1993; Ryden and Lund, 1980;
Wyland et al., 1996). Furthermore, surface SOM levels in winter fallowed
crops from this region have declined as a result of little residue being
returned to the soil after harvest (Jackson et al., 1993). Previous research
has found that overwinter leaching of N can be decreased by planting a
nonleguminous cover crop ( Jackson et al., 1993; Poudel et al., 2002),
especially from the root zone (Meisinger et al., 1991), and SOM levels can
be increased along with other associated cobenefits such as weed suppres-
sion and improvement of soil quality related to the use of winter cover
cropping. Wyland et al. (1996) observed the N balance of the soil profile
within a broccoli cropping system in the California Central Valley was
influenced by the use of a winter cover crop. Leaching of NO3–N from
residual N fertilizer and overall N mineralization was less within the cover
cropped treatment due to the cover crop removing excess N and water from
within the soil surface layer (Wyland et al., 1996). By stabilizing N in SOM,
cover crops provide an environmental cobenefit that reduces fertilizer and
losses of soil N sources to surface and groundwater supplies.

Cover crops can also provide subsequent cash crops with available N that
can prospectively lead to reduction of synthetic N fertilizers (Griffin et al.,
2000). Incorporation of a winter cover crop resulted in 20–55% of cover
crop-N being available to the following summer grown cash crop (Kramer
et al., 2002; Malpassi et al., 2000; Sims and Slinkard, 1991), thus reducing
the amount of synthetic N fertilizer to be applied. Poudel et al. (2001)
evaluated the effects of organic (no synthetic N fertilizers added), low input
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(reduced amounts of synthetic N fertilizers added), and standard conven-
tional (regular recommended additions of synthetic N fertilizers) farming
systems on the N balance, storage, and losses in irrigated row crops within
the California Central Valley region. They observed a greater cumulative N
balance within the organic and low input than conventional system because
of their greater capacity to store surplus N in the soil.

Another major benefit to farmers is that growing a cover crop in rotation
with a cash crop can reduce pesticide and herbicide use (Pimentel and
Pimentel, 1996; Snapp et al., 2005). Cover crops can suppress weed growth
and provide a substantial habitat for beneficial arthropods and pests (Lal,
1991), which compete with or prey upon plant-parasitic pests detrimental
to cash crops. For instance, the incorporation of green manures from cover
crops reduced the incidence and abundance of many crop specific plant
pathogens and pests depending upon correct cover crop selection and
management (Bugg, 1991).

As mentioned above, weed suppression is also a potential cobenefit of
planting cover crops. The use of cover crops in conjunction with CT
practices will likely minimize but not completely eliminate the use of
herbicides (Teasdale, 1996). The impact of a cover crop upon soil and foliar
pests depends not only upon the arthropod population, cover crop, and
main crop ecosystem, but also upon the management and type of cover crop
chosen. Future research is needed to assess the effects of cover crop diversity
as it relates to the environmental aspects of sustainable and alternative
management practices (Lal, 1991).
5.1. Issues related to conservation management practices

Although the benefits of adopting CT and cover cropping practices are
wide and varied, there are some potentially negative environmental and
economic issues (Table 4). One such issue is CT may require more energy
than standard conventional practice to (1) control weeds and weed seedlings
with herbicides and special weeding equipment, and (2) reduce higher
incidence of pests without the use of excessive pesticides (Lal et al., 1990,
1998). Also within NT production practices, surface application of fertilizer
N may occur and lead to losses through volatilization and runoff (Uri and
Konyar, 1996). However, the actual degree to how these instances deter-
mine whether energy is saved or expended relies upon the actual extent of
weed and pest infestations and the degree to which they are required to be
controlled.

Further limitations associated with understanding CT practices and their
interactions with SOM dynamics are associated with the actual measure-
ment and detection of SOC quantity changes. Due to the size of the original
soil C pool, detecting any changes is highly difficult because often these
changes are small and only occur over a significant amount of time (Lal et al.,



Table 4 Environmental and economical issues associated with carbon sequestering
farming practices

Management practice Environmental issues Economical issues

Zero/conservation

tillage

Soil compaction

Can effect emissions of

non-CO2 GHGs

Buying new or

modifying

equipment

Cover cropping and

residue

management

Weeds/management

and suppression

Provide an organic food

base for pathogen

growth

Disruption to spring

planting schedule if

cover crop

decomposition is too

slow to incorporate

residues

If C:N ratio too high,

reduced N availability

Can inhibit the use of

postemergent

herbicides causing

weed reemergence

Can increase water

requirements for

cover crop growth

Lower plant

productivity under

cover crop

Losses of plant yields

due to pests,

weeds, or disease

caused by the

cover crop

Can increase the

costs of herbicides

and pesticides

Can increases water

requirements for

cover crop growth
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1998; Six et al., 2004). Furthermore, in studies that show little or no changes
in SOC with CT systems, it should be taken into account, especially in
future studies, that soil C within CT systems may actually be redistributed
rather than lost (Veenstra et al., 2007).

Although the conversion to CT management is advocated as being a
management tool which can be used to reduce atmospheric CO2 emissions
and store C within soils (Lal et al., 1998; West and Post, 2002), when
adopting CT and other sustainable agricultural C sequestration type prac-
tices, the effect that such practices have upon the other two main GHG
(N2O and CH4), both of which have a greater GWP than CO2 must always
be considered (Robertson et al., 2000; Six et al., 2004). Depending upon the
magnitude to which non-CO2 GHG emissions are released from CT
practices compared to the amount of C stored, the benefits of CT may be
outweighed by the disadvantages from other GHG emissions. Unfortu-
nately, there is very little data available on the effects of alternative practices
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upon non-CO2 GHG emissions in California. Even fewer studies exist to
examine the long-term effects of interactions between management prac-
tices on non-CO2 GHG emissions. The importance of these interactions is
illustrated in a recent study in Minnesota by Venterea et al. (2005). They
demonstrated that emissions of N2O varied in degree under different tillage
intensity and type of nitrogen fertilizer application. They observed that
emissions of N2O represented a large proportion of the GHG budget for
reduced tillage systems and that the importance between the interaction of
both tillage and fertilizer management is necessary when controlling and
reducing non-CO2 emissions (Venterea et al., 2005). A comprehensive
review by Six et al. (2004) found that newly converted NT systems
increased GHG emissions, subsequently increasing the GWP of the system.
They also concluded that only long-term adoption over many years would
reduce emissions and GWP but the prediction had a great degree of
uncertainty (Six et al., 2004). Again, with this review it was observed that
N2O emission was the principal GHG to raise GWP, therefore, it is
suggested that nutrient management be made more efficient in order to
reap the benefits from C sequestration within NT systems.

One further dilemma in balancing non-CO2 GHGs with C sequestra-
tion is related to the high spatial variability of emissions and their complex
interactions between physical, chemical, and biological soil properties. In an
agricultural field study within California, Lee et al. (2006) observed high
spatial variability in GHG emissions from ST and NT treatments at the field
level. They established the fact that emissions showed little or no difference
between ST and NT, however, they did observe a tillage–irrigation inter-
action which increased non-CO2 GHG emissions (Lee et al., 2006).

The benefits of incorporating cover crops into a crop rotation has long
been recognized; however, cover cropping has a few constraints and dis-
advantages which have lead to the slow adoption of the practice within
California (Mitchell et al., 2007). These issues arise primarily in response to a
lack of knowledge, incorrect choice of cover crop, and conflicting timing
that interferes with the establishment of summer crops. Furthermore, the
economic costs of planting and terminating a cover crop concerns some
growers.

Cover crops are often used to suppress weeds and reduce the use of
herbicides, however, if improperly managed cover crops themselves can
become weeds and out-compete crops for light, nutrients, and water or
inhibit herbicides by covering the soil surface (Bugg and Waddington,
1994; Lal et al., 1991). For example, in the Fresno Valley of California,
mulches of cover crops are currently undergoing extensive research for their
decomposability within tomato crops. A cover crop is usually planted after
harvest and left to grow over the winter, then terminated once the tomato
crop is planted. The mulch from the cover crop remains on the soil surface
and can potentially interfere with postemergence herbicides and results in
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the escape of weeds (Shrestha et al., 2007). Herrero et al. (2001b) also noted
that the in-season weed control by the surface cover crop was not sufficient
enough alone to control weeds. As well as being a probable weed and
because cover crops can potentially provide habitats for beneficial organisms
they can also provide a habitat to pest species (Bugg andWaddington, 1994;
Luna, 1998). Finally, the residues of the cover crop interfere with the
mechanical harvesting of the tomatoes.

One more important concern related to cover crops is the uncertainty of
their water requirements. In California, where water supplies can be con-
strained, additional water needs by a cover crop will result in that practice
becoming less economically or environmentally viable. In a 3-year study by
Mitchell et al. (1999), growing cover crops such as barley and vetch had a
negligible impact on winter soil water storage. However, preirrigation
needs for ensuing crops may be affected by soil water storage changes
from use of cover crops if they are allowed to excessively grow and deplete
the soil moisture profile (Mitchell et al., 1999). Therefore, successful inte-
gration of cover crops into agricultural production systems in arid and
semiarid climates of regions of California will only be feasible with careful
consideration of water balance issues. In higher rainfall regions of northern
California, planting a winter cover crop can help to improve rain infiltration
and enhance soil water storage. Joyce et al. (2002) observed in the Sacra-
mento Valley that cover cropping improved soil water storage for succeed-
ing conventional and organic crops.

One of the greatest barriers to replacing winter fallow with a winter
cover crop mainly lies in the potential for the cover crop to disrupt spring
planting. The time after growing and incorporating cover crop before the
proceeding crop is extremely small. Therefore, in order to provide any of
the long-term benefits of winter cover cropping, all cover cropping prac-
tices must be compatible both with the planting schedules of commodity
crops and their management (Mitchell et al., 1999).
5.2. Economics of conservation farming

Economic agricultural productivity must be a major consideration when
converting to conservation management practices. Due to limited data and
lack of adoption of CT-type practices within California, calculating their
economic costs is a difficult process. Confounding this calculation is the lack
of precise economic values and performance metrics for crop type and
yields, management, and region specific factors. Of the few studies available,
Mitchell et al. (2003) conducted an economical study on a cotton–tomato
rotation under CT management both with and without cover crops. They
observed that cotton production profitability was reduced in the CT com-
pared to ST system, whereas for tomatoes, the profitability and productivity
was significantly increased in the CT system.
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Wyland et al. (1996) calculated that approximately 14% of the total
operating costs to grow and incorporate cover crops prior to broccoli
were attributable to costs that would have been incurred should the soil
have been left as fallow during winter. Overall they determined the com-
plete cost of the cover crop to be approximately 5% of the total cost of
producing one broccoli crop (Wyland et al., 1996). A large proportion of
the cover crop expenditure was obtained from incorporation of the cover
crop which required increased major machinery usage, labor, and repairs
required for CT practices compared to ST. Another single significant
expense was irrigation water needed to germinate the cover crop, account-
ing for almost half of the total operating costs to grow, maintain, and
incorporate the cover crop (Wyland et al., 1996). Despite these costs,
Wyland et al. (1996) determined that the cost of cover crops to be a
negligible proportion of the actual costs to produce broccoli with ST
practices. Furthermore, in an 2-year economic analysis of three lettuce
crops in the Salinas Valley with minimal tillage (MT) (with or without
cover crops) or ST (with or without cover crops), showed that the net
returns for either tillage system did not increase but in the MT system cost
savings did increase either with or without organic matter additions from
the cover crop as compared to the ST system ( Jackson et al., 2004).

Nevertheless, costs associated with conversion practices can occur from
modification of tillage equipment as well as from other operational changes
(Mitchell et al., 2006) and additional soil preparations needed for cover
crops, including potential higher expenditure for pesticides and herbicides
(Uri and Konyar, 1996). These costs can be partially offset by fossil fuel
reduction as a result of fewer tractor passes. Within a future carbon emission
trading market, these initial costs can be reaped by trading carbon credits for
the carbon potentially stored or offset from CT practices (Howitt et al.,
2009). A 2005 survey of Yolo County farmers practicing conservation or
conventional practices for six different crops (wheat, corn, rice, safflower,
tomatoes, and sunflower) revealed that compared to conventional farming,
applying conservational farming techniques resulted in higher returns per
hectare (Howitt et al., 2009). However, profits among farmers using organic
practices were much more unpredictable compared to conventional
growers and this fact was not easily shown in the results of the survey
(Howitt et al., 2009). Using the biogeochemical model DAYCENT for
the Yolo County survey (De Gryze et al., 2009), in conjunction with
economic models for various CT and organic management practices, a C
sequestration supply curve was developed. The C sequestration supply
curve showed that by adopting CT practices in response to carbon payments
between $3 and $8 ton�1 C yr�1, Yolo County farmers could sequester as
much as 39,000 tons of carbon, which equates to approximately 3% of the
total carbon release from Yolo (Howitt et al., 2009). Ultimately though, it
will come down to the consumer and farmer who must find sufficient value
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in CT practices and approaches in order to provide the cost equilibrium or
profit margin to sustain their adoption (Mitchell et al., 2008).
6. Research Challenges and Recommendations

California is an economically dynamic region as a result of varying
microclimates, vast agriculture resources, and its vulnerability to water
shortages. The future of California agriculture is hanging in the balance
due to the potential effects of climate change on its cropping systems and
water resources. Further information is needed regarding GHG mitigation
under irrigated agriculture within ecologically vulnerable areas such as
California (Bronick and Lal, 2005; Follett, 2001; Lal, 2004a,b). Though,
there is a growing knowledge of soil C dynamics and GHG emissions,
quantitative assessments of GHG emissions from many cropping systems,
and management systems are still needed (Follett, 2001), especially for the
semiarid Mediterranean climate and irrigated agricultural systems of
California. An effective interdisciplinarily approach is needed to address
environmental, biogeochemical, legislative, and socioeconomical research
priorities. Table 5 details current research needs to address the effectiveness
and processes associated with GHG mitigation within California
agriculture.

A major question that must be addressed to enable future predictions of
soil C losses and additions is to understand the magnitude of historic losses of
soil C that occurred during the conversion of natural lands to the cultivated
managed lands of today. These historical losses of soil C during conversion
have been reported for many regions of the United States, particularly
within the Midwest (Lal, 2004a,b; West and Marland, 2002), but little is
known about the semiarid region of California compared to the rest of the
nation (De Clerck et al., 2003).

There is also a need for complimentary ground-based monitoring to
further quantify and measure soil C stocks, changes in soil C stocks under
different management practices, baseline GHG emissions, and GHG emis-
sions occurring under a variety of management practices. The accurate and
precise measurement of C sequestration and GHG emissions through a
field-based monitoring program will be useful for three purposes. The
first is to calibrate and validate biogeochemical models, such as DNDC
and DAYCENT. The second is to help in identifying crucial knowledge
gaps to quantify future mitigation measures and management options. The
third relates to the development of policies, regulations, and emissions caps
and other types of government lead incentives to promote the reduction of
GHG emissions as an attractive option for agriculture.



Table 5 Interdisciplinary research challenges and recommendations for investigating further carbon sequestration, GHG emission reductions,
and agricultural sustainability within California agriculture

Economic research areas Sociological research areas

Environmental (including

monitoring) research areas

Soil biogeochemical and

mechanism research areas

- Evaluation of cobenefit

values

- Evaluating the

economic cost of C

sequestration under

different management

regimes/land-use/crop

and soil type

- Determine an effective

C trading market based

on all benefits of using

conservational

management practices

- Economy of using CT

practices upon crop

productivity and yield

in a variety of crops

present in California

- Establishment of priority

awareness and human

barriers

- Ascertain legislative needs in

relation to a C cap and trade

market and determine if the

agricultural sector needs to

be regulated or involved on

a voluntary basis

- Identify policies that will

lead to the adoption of

BMPa

- Accurate and precise

measurement of C sequestration

- Ground-based measurements of

GHG under different

management regimes/land-use/

crop and soil type used to

validate biogeochemical models

- Identify which type of crop has

the highest potential to sequester

C and reduce GHG emissions.

Identify the total sink capacity for

various crops.

- Ascertain BMP related to the

correct use of fertilizers and

nutrient/residual amendments to

maximize effectiveness and

minimize off-site impacts (e.g.,

N leaching to watersheds)

- Further adjustments of

biogeochemical models to

California baselines and

conditions

- Assess aggregate formation

relationship to crop and

soil type and management

practices in order to assess

BMP

- Find out what mechanistic

processes control C and

nutrient dynamics within

California agricultural soils

- Discover the actual rates

of C sequestration under

various land-use practices

and then recommend the

use of BMP

a BMP is best management practices.

Author's personal copy
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The GHG emissions and C sequestration estimates generated from
biogeochemical models can be used to predict responses of soil C and
GHG emissions to management changes at the field, regional, and global
scale level (De Gryze et al., 2009; Paustian et al., 1997), and such data can be
used to create GHG inventories for carbon trading markets that may be
exploited by the agricultural sector in the future, for instance as in the
provisions of California ‘‘Climate Change Solution Act, AB 32’’. However,
whereas process-based models such as DNDC and DAYCENT can con-
tribute to estimates of GHG emissions and C stock values, the models have
some performance limitations which generate uncertainties, especially if the
model is not calibrated for a specific region, crop type, climate, and other
environmental conditions. Furthermore, the critical inputs required for
modeling soil C dynamics and GHG emissions from both standard and
conservation practices used in the various agricultural systems of California
must build upon an accurate soil C and GHG emission database generated
through a continued field monitoring program.

The GHG emissions and soil C stock inventories generated by compu-
tational models and field-based measurements can be used to directly
participate in a carbon trading market system, by integrating them with
economic assessments to provide the economic value of reducing GHG
emissions. The Kyoto Protocol (1997) formalized the concept of carbon
credits as a result of the increasing concern and global response to climate
change issues. However, in order to trade or purchase carbon credits, there
is a need to validate GHG emissions and C stocks and understand the carbon
budget at the farm and regional level.

Another potential sociological research limitation concerning C seques-
tration and adoption of sustainable management practices is understanding
and overcoming human barriers, for example, where farmers are not con-
vinced by the benefits of CT practices due to economic and production-
related constraints associated with implementation. Sociopolitical research is
needed to find ways to better understand and address the concerns of
farmers, and other stakeholders, in the formulation of practices and policies
to reduce GHGs and increase C sequestration and agricultural sustainability.

From a basic research standpoint, we need to learn more about the role
of soil structure, microbial community composition and function, soil food
web dynamics, and interactions among these components, in stabilizing
SOC and their cobenefits for the agricultural soils of California. It is well
known that soil structural stability is fundamental in the protection of SOC
(Blanco-Canqui and Lal, 2004; Six et al., 2002; Tisdall and Oades, 1982 and
references therein), and that it is linked with root dynamics, faunal activity,
and soil microbial activity and abundance, but the effect of agricultural
management on the interactions and links between these components is
still poorly understood. Consequently, further research on the effects of
different management practices on these interactions and linkages is needed
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to elucidate and assess management effects on C pool residence times and
GHG mitigation within a range of soil and crop types within semiarid
irrigated agriculture. We also need better information about the effects of
multiple OM source inputs and differences in quality of OM source inputs,
and their interactions with other edaphic factors, on increasing SOC and
soil fertility.

In relation to on-farm amendment of cover crops or other organic
manures and wastes, exploration of nutrient use efficiency and cautious
use of N fertilizers is needed to ensure that the benefits of C sequestration
are not outweighed by any potential drawbacks of off-site nutrient leaching
and pollution of water sources.
7. Conclusion: The Potential for California

Agriculture to Sequester Carbon

It is well documented that residue management along with CT or
MT, cover cropping and N fertilization management can provide oppor-
tunities to increase C and N sequestration and improve soil quality and
enhance productivity within the Midwestern United States. The informa-
tion reviewed within this paper demonstrates there is also potential for C
sequestration and GHG reduction within the Mediterranean climate of
California under CT-type management practices.

The data presented within this paper also indicates that no single land
management change or practice could mitigate all of the C released from
agricultural practices (e.g., from fossil fuel usage, land,use changes, soil
erosion, biomass burning, and nitrogen fertilizer production) and meet
the climate change commitments as set out in the directive AB 32.
Although studies identify several sustainable management practices able to
increase SOC and reduce GHG emissions within the agricultural soils of
California, including the use of cover crops and organic amendment addi-
tions, there are still areas of uncertainty and conflicting results which show
that these conservation techniques do not always sequester C and/or reduce
GHG emissions efficiently. However, there is no question that changing to
conservational type practices will reduce use of fossil fuels because of the
decrease in numbers of tractor passes and reduction in synthetic N fertilizer
use; thus reduction in GHG emissions will be ensured as long as such
alternative practices are continued.

Despite the numerous studies presented within this paper, there is still a
need for more data and improved understanding of the long-term (>10
years) effects of cropping systems, tillage practices, N fertilization and
residue management upon soil C sequestration in the complex, and diverse
agriculture systems of California. Integrated management, along with future
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integrated scientific and socioeconomic research, is key to developing a
more stable soil resource base for California. The future of conservation-
type agricultural practices within California will depend, in part, on
emerging technologies which will further reduce the environmental risk
of agricultural practices upon soils. Furthermore, the cobenefits associated
with conservation-type management practices are highly valuable in their
own right and necessary to ensure the future sustainability of California
agriculture.
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