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Letter from the Regional Leads
This report is a joint effort of the Southwest Regional Climate Hub and the California Subsidiary Hub
(Sub Hub). The Southwest Regional Climate Hub covers Arizona, California, Hawai‘i and the U.S.
affiliated Pacific Islands, Nevada, New Mexico, and Utah and contains vast areas of western rangeland,
forests, and high-value specialty crops (Figure 1). The California Sub Hub works with the issues of
climate change effects on forests and agriculture in California, including internationally important
specialty crops. The southwestern region contains high climatic diversity, with locations that claim the
highest and lowest amounts of annual precipitation, and the highest and lowest elevations in the 48
contiguous states. Within the region, producers cope with severe drought effects on crop and animal
systems, catastrophic wildfires, insect outbreaks, and sea level rise. The Southwest States grow diverse
agricultural crops, including cotton, lettuce, tree fruit, cantaloupes, grapes, onions, macadamia nuts,
coffee, and pecans. The region relies on irrigation more heavily than any other region in the United States.
Water supplies, primarily from winter snowfall in the Sierra Nevada and Rocky Mountains, are critical to
meeting irrigation needs in the Southwest. Total farm income for the region exceeded $56 billion in 2012,
$45 billion of which was produced in California. Livestock account for approximately one-third of the
agricultural profits in these six States.
Variations in weather and, ultimately climate, affect all agricultural systems. These variations include
temperature extremes, excess or deficit precipitation, severe storms, and wind. Freshwater resources in all
States of the southwestern region are limited. Climate change is projected to increase temperatures across
the region by 2040 to 2069 by 2 to 4°C (3.5 to 7.2°F). The projected increase in Hawai‘i is somewhat
less. In addition, precipitation may increase in the northern portion of the continental southwestern U.S.
and decrease in the southern portion of the region. Regardless of the likely slight increase or decrease in
future precipitation, elevated temperatures will likely lead to less available surface water by increasing
evaporation and transpiration.
Increasing temperature and decreasing available water will affect agricultural and forest production.
Ranchers may need to alter rangeland stocking rates. Some field and specialty crops may be adversely
affected by elevated temperatures during certain phenological stages. Perennial specialty crops may not
receive the winter chilling requirement necessary for viable production. Plant diseases and pests may
persist longer and new ones may become established. The spatial distribution of forest species will also
likely change. Dry conditions combined with insect and pathogen outbreaks can lead to greater wildfire
extent and severity in southwestern forests. All of these changes increase the pressure faced by farmers,
ranchers, and foresters while striving to conduct profitable and sustainable operations. Although these
changes will likely lead to many interrelated and cumulative effects, here we try to outline the most direct
and likely effects to highly valuable or abundant crops, animal agriculture, and forest systems of the
region.
The Southwest Regional Climate Hub and California Sub Hub are working across a range of crops and
livestock to assemble the available information into tools and practices that can increase the resilience of
agricultural systems to climate change. At the foundation of this effort is establishment of a
communication network with Cooperative Extension agents to work with farmers, ranchers, and foresters
across the Southwest. We are also developing education modules to provide information about the effects
of climate change on the regional hydrologic cycle and agricultural systems. These activities reflect the
core mission of the Climate Hubs: to provide unbiased scientific information and assistance in support of
adaptation of agricultural and forest ecosystems to a changing climate.
Albert Rango

Kerri Steenwerth

Southwest Regional Climate Hub Lead

California Sub Hub Lead

Southwest Region and California Sub Hub

1. Introduction
This report describes the potential vulnerability of
specialty crops, field crops, forests, and animal
agriculture to climate-driven environmental changes.
Here, vulnerability is defined as a function of exposure to
climate change effects, sensitivity to these effects, and
adaptive capacity. The exposure of specific sectors of the
agricultural and forestry industries varies across the
region because the Southwest is climatically and
topographically diverse. There is also variability in the
sensitivity of different systems to the effects of climate
change. Most significantly, there is potential within
agricultural and forestry systems to adjust to climaterelated effects either through inherent resilience or
through conservative management practices. The purpose
of this analysis is to describe regional vulnerabilities to
climate change and adaptive actions that can be
employed to maintain productivity of working lands in
the coming decades.

Figure 1: Southwest Regional Climate Hub and
California Subsidiary Hub.

1.1. Description of the Region and Key Resources
The Southwest is the most extensive dry region of the United States. As such, agricultural production
relies upon the provision of fresh water via major water projects and mining groundwater reserves. Most
of the region receives less than 15 inches of mean annual precipitation. High-elevation snowpack in the
Sierra Nevada and Rocky Mountains supply much of the regional surface water. Nearly one-third of the
2012 agricultural economic value came from animal agriculture, mainly cattle. The region produces many
high-value specialty crops, grown primarily in California, which account for nearly 80 percent of the
2012 crop production value across the six-State region. In most parts of the region, agricultural water use
exceeds other water uses, but population growth will add additional stress to already limited regional
water resources It is probable that future population demands for water may come from leases or transfers
of water formerly allocated to agriculture.
Although there are portions of seven Land Resource Regions (LRRs) in the Southwest Regional Climate
Hub region, two major LRRs, 1) the Western Range and Irrigated Land Region and 2) the California
Subtropical Fruit, Truck and Specialty Crop Region, comprise more than 84 percent of the total land area
of the region (Natural Resources Conservation Service, 2006). The Western Range and Irrigated Region
covers almost 434,000 square miles within the five mainland States, about 74 percent of the Southwest
Climate Hub area. It is predominantly low- and high-elevation desert and semidesert and includes the
Great Basin Desert, Mojave Desert, Sonoran Desert, and the Chihuahuan Desert. Daily freshwater
withdrawal in the Western Range and Irrigated Region averages around 30,000 million gallons. The ratio
of surface water to groundwater used is approximately 3:1, but these changes in drought years when
groundwater extraction increases to make up for the shortfall in surface water supplies. About 86 percent
of the water in this region is used for irrigation (Natural Resources Conservation Service, 2006), not
counting water for environmental flows.
The California Subtropical Fruit, Truck and Specialty Crop Region comprises 62,350 square miles,
around 10.5 percent of the Southwest Regional Climate Hub area, and accounts for more than half of
national specialty crop production. For many other specialty crops such as wine grapes, strawberries, and
leaf lettuce, California’s share approaches or exceeds 90 percent of U.S. production (Starrs & Goin,
2010). Low mountains and broad valleys characterize the regional topography. Although this region has a
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long growing season, which is ideal for raising specialty crops, it also has low precipitation (Natural
Resources Conservation Service, 2006). Daily freshwater withdrawals average around 30,000 million
gallons with 54 percent from surface water and 46 percent from groundwater. Irrigation accounts for
approximately 79 percent of the water used in the State of California (not counting environmental flows)
and irrigation water management is a high priority (Natural Resources Conservation Service, 2006).
Other mainland LRRs include the Western Great Plains Range and Irrigated Region (5.7 percent); the
Rocky Mountain Range and Forest Region (5.3 percent); the Northwestern Forest, Forage, and Specialty
Crop Region (3 percent); and Central Great Plains Winter Wheat and Range Region (1.7 percent).
The Hawai‘i Region covers only around 1 percent of the Southwest Regional Climate Hub area (roughly
6,265 square miles), but crop and animal agriculture, as well as the use of forest resources, are a very
important part of Hawaiian culture and identity. The eight main Hawaiian Islands are located between
19°N and 22°N, to the south and west of the North Pacific High (NPH) in the Central North Pacific. The
NPH is the source of the northeasterly trade winds over the islands. The trade winds are important
because they bring precipitation. The mountains of the Hawaiian Islands (0 to 4,000 m) act as a barrier to
the trade winds, strongly affecting rainfall distribution. Windward sides of the islands are much wetter
than leeward sides, with the Kona area on the leeward side of Hawai‘i Island as an exception to this rule.
Hualalai and Mauna Loa block the course of moisture-laden trade winds, air flows around these barriers
and up the leeward slopes of Hawai‘i Island, creating a belt of precipitation (Giambelluca et al., 2013).
Daily freshwater withdrawals in the Hawai‘i region average around 1,190 million gallons per day split
equally between surface and groundwater sources (Natural Resources Conservation Service, 2006).

1.2.Demographics and Land Uses
The six main States covered by the Southwest Regional Climate Hub total just over 377 million acres in
area. Of this, 15.4 million acres are cropland, 194 million acres are grassland pasture and range, 2.4
million acres are miscellaneous farmland, and 86.8 million acres are forest lands with 56 percent of
forested area (38.2 million acres) classified as forest grazing land (Economic Research Service, 2014).
The Southwest contains a few large cities within a rural landscape; urbanized areas and urban clusters
account for 7.8 million acres within the region with California and Hawai‘i containing higher relative
proportions of urban land (Economic Research Service, 2014). A dominant feature of the rural land of the
region is extensive public lands managed by various Federal agencies (e.g., 60 percent of the Western
Range and Irrigated Land Region is federally owned), as well as the lands of around 180 federally
recognized tribal entities of the region.
In 2010, the combined population of the six States was 52.5 million, with more than 70 percent of the
population living in California; in most States more than 90 percent of the population are located in urban
areas (U.S. Census Bureau, 2015). For several decades, the mainland Southwest has had the most rapid
urban growth in the Nation.

1.3.General Climate Conditions, Extremes, and Past Effects
Mainland States
The Southwest region spans 31° to 42° in latitude and is topographically variable; elevation differences
and mountain ranges cause particularly large spatial variations in climate (Kunkel et al., 2013). The
average annual temperature varies greatly, from >70°F in southwest Arizona and southeast California to
<40°F over mountains and in the northern portion of the region. Generally, average annual temperature
decreases as latitude and/or elevation increase. California’s coastal regions and Central Valley (composed
of the Sacramento Valley in the north and the San Joaquin Valley in the south) have a Mediterranean
climate of cool and wet winters and warm, dry summers.
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Temperature
Temperatures are already warming in the Southwest (Overpeck et al., 2013),
and scientists agree that temperatures will continue to increase in coming
decades. Average annual temperatures in the Southwest have increased over
the past 115 years with two marked warming periods in the 1920s–1930s and
from the mid-1970s to 2000. During the period of 1895–2011, the magnitude
of significant positive temperature anomalies 1 range from 0.16°F and 0.17°F
per decade for spring, summer, and fall and 0.21°F per decade for winter
(Table 1) (Kunkel et al., 2013). The freeze-free season (the time between the
last occurrence of 32°F in spring and the first occurrence of 32°F in the fall)
has lengthened and is now about 2 weeks longer on average now than it was
in the1960s and 1970s (Kunkel et al., 2013).
Precipitation

Table 1: Trends (1895–2011) in
temperature anomaly for each
season and the year as a whole.

Season
Winter
Spring
Summer
Fall
Annual

Temperature
(°F/decade)
+0.21
+0.16
+0.17
+0.16
+0.17

Source: Kunkel (2013) based
on a new gridded version of
COOP data from the National
Climatic Data Center, the
CDDv2 data set for the
northeastern United States.

Average annual precipitation also varies greatly for the Southwest region,
from more than 60 inches on California’s northwest coast to less than 5
inches in the lower Colorado River valley (Kunkel et al., 2013). However, with much of the region
classified as arid or semiarid, the annual average rainfall region-wide is around 15 inches.

Precipitation in California falls mostly in winter months, delivered by storms moving in from the Pacific
Ocean (Langford et al., 2014). The position of the mid-latitude storm track also has a major influence
over winter precipitation over
the entire region and is
particularly important for
snow accumulation in
mountainous areas. Highelevation winter snowpack in
the Sierra Nevada and Rocky
Mountains acts as a natural
reservoir and is a vital source
of water during drier summer
months. In Arizona and New
Mexico, the North American
monsoon season (June 15–
September 15) has a major
control over summer
precipitation. In monsoon
season, some areas receive
half of their total annual
precipitation in July and
August.

Figure 2: Annual water year (October-September) precipitation (inches/month) for
Arizona, California, Colorado, Nevada, New Mexico, and Utah, 1895/96-2010/11.
Annual values in red, 10-year running means in blue. PRISM data from WestMap
(Kunkel et al., 2013).

The Southwest region experiences a wide range of weather and climate events including droughts, heat
waves, and floods. Notable wet periods in the last 115 years include 1940–1941, and the 1980s and
1990s. Region-wide severe droughts occurred in 1900, the mid-1950s, and early 2000s (see Figure 2)
1

A temperature anomaly is a departure from a reference value over a long-term average. Positive anomalies demonstrate that the
observed temperature was warmer than the reference value, and negative anomalies indicate the observed temperatures were
cooler than the reference value (National Oceanic and Atmospheric Administration, 2015).
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(Kunkel et al., 2013) and, at the time of writing, California and parts of Nevada are experiencing
exceptional drought.
Hawai‘i
Typical features of the Hawaiian climate include the northeasterly trade winds, mild temperatures
throughout the year, moderate humidity, large differences in rainfall within short distances, and infrequent
severe storms (Price, 1983). Near sea level, average daily temperatures usually range between 79°F and
90°F. Temperatures decrease with elevation (lapse rate of about 3.6°F per 1,000 feet). Recent research
reveals a warming trend in the Hawaiian Islands, with average monthly temperatures increasing between
1919 and 2006 (0.07°F over the full period), and accelerated warming (0.29°F per decade) occurring
between 1975 and 2006 (Giambelluca et al., 2008).
Temperature
Interannual and decadal patterns in sea
surface temperature have significant effects
on climate in the Central North Pacific. The
El Niño–Southern Oscillation (ENSO) is the
most pronounced interannual phenomenon. In
La Niña years, total annual precipitation is
higher with more frequent heavy precipitation
events (Chu et al., 2010). El Niño years are
typically dry. The effects of ENSO are
intensified when El Niño and La Niña events
are synchronous with positive and negative
Pacific Decadal Oscillation (PDO) phases
(Chu & Chen, 2005). Temperature data show
consistency with the increased occurrence of
trade wind inversion and a drop in trade wind
frequency over Hawai‘i since the late 1970s
(Figure 3).

Figure 3: Trade-wind inversion occurrence over Hilo (green)
and Lihu’e (blue), Hawai‘i (Keener et al., 2013).

Precipitation
In Hawai‘i, annual precipitation can vary from 8 inches near the top of Mauna Kea to 400 inches on the
windward slope of Haleakalā, Maui (Keener et al., 2013). Precipitation can come in the form of rain, hail,
snow, or fog. The dry season is typically from May to October, and the rainy season is from November to
April. Although ENSO and PDO episodes have caused much precipitation variability over the last
century, analysis of data from climate stations indicates a general downward trend (Giambelluca et al.,
2013). The frequency of the occurrence of trade wind inversion increased during the 1990s from less than
80 percent to around 90 percent of the time—consistent with current observations of reduced precipitation
particularly at high elevations (see Figure 3) (Keener et al., 2013). Climate change can affect ENSO and
PDO patterns, thus introducing further uncertainty into precipitation predictions in Hawai‘i (Keener et al.,
2013).

1.4. Summary of Regional Climate Scenarios
Mainland States
Possible effects of the increase in both maximum and minimum temperatures are serious. They include
reduced capacities for forage production, lower specialty and field crop yields, diminished quality and
quantity of particularly temperature sensitive crops such as corn and wheat shifts in where crops are
grown, adverse effects on livestock welfare, and increased severity of forest fires.
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This assessment uses projections from phase 5 of the World Climate Research Program’s Coupled Model
Intercomparison Project (CMIP5). The crop and rangeland sections use mean future temperatures for the
2040–2069 period with assumptions that greenhouse gas emissions will continue to increase through the
21st century (representative concentration pathway; RCP 8.5). The forestry section uses a climatic
envelope approach with moderate and high predictions for two time periods (2040–2060 and 2061–2080)
to yield a range of results. Abatzoglou and Brown (2012) predict that in the Southwest region, maximum
temperatures will increase by 3.6 to 7.2°F by 2040–2069 (Figure 4). Highest increases are expected in
Utah, with average annual maximum temperatures rising about 7.2°F statewide; southwest Arizona and
the Pacific Coast of California are expected to experience the lowest change in maximum temperature of
about 4.5°F. New Mexico, most of Arizona and Nevada are expected to increase in temperature by about
5.4°F. The largest temperature increase will occur in the summer months (June–August) across much of
the Southwest region. Average minimum temperatures by 2040–2069 are also projected to rise between
3.6°F and 7.2°F in the southwestern United States.

Figure 4:Period change analysis (1970-2000 to 2040-2069) of maximum temperature and mean precipitation changes
based on the mean of 20 coupled model intercomparison project 5 (CMIP5) models (Representative Concentration
Pathway 8.5) (Abatzoglou & Brown, 2012).

Precipitation projections are less certain than temperature projections. The mean of 20 CMIP5 annual
precipitation model projections shows a slight decrease in parts of New Mexico, central Arizona, and
southwestern California, and a slight increase in other parts of the region (Abatzoglou & Brown, 2012).
It is noteworthy that in most locations, more than half of the models indicate an increase in mean annual
precipitation, indicating more uncertainty about future regional precipitation than temperature. Other
recent research has shown that CMIP5 general circulation models underestimate the risk of 21st century
droughts (Ault et al., 2014; Langford et al., 2014). Ault et al. (2014) estimate the risk of decadal drought
at between 70 to 90 percent, and multidecadal megadrought at 5 to 10 percent. Whereas annual
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precipitation projections show both slight increases and decreases depending on model and region,
springtime precipitation (March–May) over most of the Southwest is projected to decrease by as much as
20 percent.
Hawai‘i
The eight main islands of the Hawaiian archipelago are located between 19°N and 22°N in the Central
North Pacific, more than 2,000 miles from mainland United States. To the north and east of Hawaii, in the
central east Pacific, lays a persistent zone of high sea level pressure known as the North Pacific High
(NPH); the position of the NPH has primary influence on the climate of Hawai‘i, giving rise to the
northeasterly trade winds. Other typical features of the Hawaiian climate are mild temperatures
throughout the year, moderate humidity, large differences in rainfall within short distances, and infrequent
severe storms (Price, 1983). The low-latitude position of the Hawaiian archipelago means that the islands
experience only small seasonal differences in solar radiation, which in turn, means there is little
difference in temperature (around 0.56 to 3.33°C [1–5.9°F]) between the warmest and coolest months
(Keener et al., 2013). Near sea level, average daily temperatures are largely moderated by the ocean and
usually range between 26°C (79°F) and 32°C (90°F). Temperatures decrease with elevation at rates
between 0.55 to 1°C (1–1.8°F) per 100 m (Figure 5).

Figure 5: Annual average temperature (°C) in the Hawaiian Islands (Giambelluca et al., 2013).

Recent research reveals a warming trend in the Hawaiian Islands (Diaz et al., 2011; Giambelluca et al.,
2008). Giambelluca et al. (2008) found that average monthly temperature in Hawai‘i has increased
between 1919 and 2006 (0.04°C, 0.07°F over the full period), with accelerated warming (0.2°C, 0.4°F per
Introduction
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decade) occurring over the three decades between 1975 and 2006. Faster rates of warming were
documented for higher elevations, and nighttime temperatures are increasing, reducing the diurnal
temperature range; minimum daily temperatures (Tmin) are increasing rapidly at high elevations by 0.5°C
(1°F) per decade and, in winter, minimum daily temperatures are also increasing at lower elevations
(Giambelluca et al., 2008). Diaz et al. (2011) present data that show evidence of recent decreases in the
frequency of freezing temperatures at higher elevations on Maui and the Big Island, and an increase in the
elevation at which freezing occurs.
There is great diversity in precipitation over Hawai‘i (Figure 6, (Giambelluca et al., 2013). In the vicinity
of the islands, open-ocean rainfall averages around 600 to 750 mm per year. Rainfall over Hawai‘i is
higher than the surrounding ocean because the marine influence on precipitation patterns is modified by
the mountainous terrain (Blumenstock & Price, 1972). The islands range from 1,000 to higher than 4,000
m in elevation, exerting strong orographic effects on rainfall, with more precipitation (sometimes
exceeding 7,500 mm) falling on the northeast, windward sides of the islands than on the leeward sides
and surrounding ocean (Keener et al., 2012).

Figure 6: Annual average rainfall in the Hawaiian Islands (Giambelluca et al., 2013).

Global climate models (GCMs) predict warming temperatures over Hawai‘i through the 21st century.
Reported figures vary because different research groups use different GCMs, different warming scenarios,
and different downscaling techniques. Lauer et al. (2013) assessed output from the Weather Research and
Forecasting (WRF) model, which was forced using boundary conditions from 10 GCMs and two CMIP5
warming scenarios (RCP 4.5 and RCP 8.5). They compared the historical decade 1990 to 1999 with the
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future decade 2090 to 2099. Model results for RCP 4.5 are within the same range reported by Keener et
al. (2013) and suggest an increase in near-surface temperature of between 2.1°F and 5.2°F. Model results
for RCP 8.5 suggest an increase of between 4.1°F and 8.8°F (Lauer et al., 2013).
Some GCM analyses suggest precipitation will increase over the 21st century (Keener et al., 2013). Lauer
et al. (2013) predict small absolute changes in precipitation over Hawai‘i, with increasing summer
precipitation and decreasing winter precipitation. Other work predicts overall decreasing precipitation but
spatial variability in precipitation trends. Elison Timm et al. (2015) analyzed the ensemble mean of 32
CMIP5 model outputs for present day, RCP4.5 and RCP8.5 warming scenarios. Their results show strong
drying on the leeward sides of Kauai, Oahu, Maui, and the Big Island, and slight increases in precipitation
in windward areas.
There is uncertainty as to how ENSO events will change in the future in response to climate change
(Cobb et al., 2013; Lauer et al., 2013). Evidence from central Pacific fossil coral data shows ENSO
variability over the last century has been much higher than it has been over the preceding 7,500 years
(Cobb et al., 2013). This is not definitive proof that ENSO is driven by enhanced greenhouse forcing, but
it implies that this variability will continue and possibly intensify in the future.

2. Regional Agriculture’s Sensitivity to Climate Change and Adaptation
Strategies
In this chapter we review the sensitivity of cropping systems and animal agriculture to the effects of
climate change and summarize potential adaptation strategies. The mainland crops included here (Section
2.1) represent the largest acreage or the highest economic value in the region. Three crops grown in the
Hawaiian Islands are also included in this review; these were selected because of their economic and
cultural importance to Hawai‘i. Of the selected mainland crops, 80 percent of the 2012 production value
resulted from the sale of Southwest specialty crops, primarily grown in California. Grapes and almonds
are particularly economically important, each representing more than 16 percent of the total regional
production value (National Agricultural Statistics Service, 2013). Field crops (hay, corn, cotton, small
grains, safflower, and rice) represent 20 percent of the 2012 regional production value, and most of which
supports animal agriculture in the Southwest. Regional animal agriculture (Section 2.2) represents onethird of the total 2012 Southwest production value.

2.1.

Cropping Systems Overview of Risks, Vulnerabilities, and General
Adaptation Strategies

Regional Issues for Southwest Cropping Systems
Southwestern agriculture is defined by water availability
More than 92 percent of the region’s cropland is irrigated, and although the amount of water used varies
regionally, agriculture accounts for 79 percent of all water withdrawals in the region (Kenny et al., 2009).
Future water availability depends on the annual distribution of precipitation, the proportion of winter
precipitation falling as snow, groundwater resources, and changing urban and agricultural demands for
water. Currently, much of the water used in mainland southwestern agriculture comes from winter
snowpack or groundwater resources. Increasing winter temperatures result in more precipitation occurring
as rain rather than snow, less storage of water in the snowpack reservoir, and earlier snowmelt runoff,
possibly leading to irrigation scheduling and water use challenges. A warmer, drier climate (and
increasing urban population) may lead to increasing transfers of irrigation water to urban areas, directly
affecting local agriculture and associated communities. Water availability may drive transformational
shifts. In some locations, current irrigated acres may shift to rain-fed agriculture. In other locations, rain-
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fed agriculture may no longer be economical. In rain-fed rangelands, few if any management alternatives
are available to maintain current ecosystem services.
Rising temperatures and shifting precipitation patterns, especially in the southern portion of the region,
will alter crop-water requirements, crop-water availability, crop productivity, and costs of water access.
Higher temperatures will increase losses from both evaporation and transpiration. Detrimental effects on
crop health will in turn drive changes in cropland allocations and production systems. High nighttime
temperatures effectively increase the minimum temperatures. Temperature increases result in more
precipitation occurring as rain rather than snow and earlier snowmelt runoff, possibly leading to irrigation
scheduling and water use challenges.
Elevated temperatures are associated with reduced yields and/or quality in some crops
For grain crops, high nighttime temperatures increase the rate and decrease the length of the grain-filling
period, resulting in smaller grain yields. Perennial specialty crops have a winter chilling requirement
ranging from 200 to 2,000 cumulative chill-hours. Yields decline if the chilling requirement is not
completely satisfied, because floral initiation and viability is low. Winter chill periods are projected to fall
below the duration necessary for many California trees to bear nuts and fruits, which will result in lower
yields. Projections show that chilling requirements for some fruit and nut trees in California will not be
met by the middle to the end of this century (Luedeling, 2012; Luedeling, Zhang, & Girvetz, 2009;
Luedeling, Zhang, Luedeling, et al., 2009). In 2012, fruit, tree nuts and berries accounted for $17.9 billion
in sales, the largest revenue from a commodity group in the Southwest. Whereas grape yields may be less
affected by increasing temperatures, grape quality (flavor development and sensory characteristics) can be
highly sensitive to temperature, leading to a likely negative effect on winegrowing (Lobell & Field, 2011;
Nicholas et al., 2011).
Failure of some crops may occur at elevated temperatures
Warm-season vegetable crops may not be viable under hotter climate conditions (Dominati et al., 2010;
O'Neal et al., 2005). Temperature increases beyond optimum thresholds, such as those projected for the
decades beyond 2050, can cause large decreases in crop yields.
Crops grown in some areas might not be viable under future climate conditions, but other crops could
likely replace them
For example, wheat is more sensitive to drought and elevated temperatures than barley. The deep taproot
of safflower makes it well suited for the mainland Southwest. The cumulative effects of a longer frostfree season, less frequent cold spells, and more frequent heat waves accelerates crop ripening and
maturity; reduces yields of corn, stone fruit, and wine grapes; and increases agricultural water
consumption. This combination of climate changes is projected to continue and intensify, possibly
requiring a northward shift in crop production, displacing existing growers and affecting farming
communities (Frisvold et al., 2013).
Elevated temperatures and decreased soil moisture may limit production of nonirrigated field crops such
as barley, hay, and safflower grown on arable dryland.
Under warmer winter temperatures, some pests can persist year-round and new pests and diseases
may become established
For example, the codling moth (a common pest of fruit and nut orchards) may increase from two to three
or even four generations per year with long, warm summers and late, mild winters (University of
California Davis, 2013).
Many adjustment costs such as those to relocate processing and handling facilities or irrigation
infrastructure are expected to result from climate change
These costs may be especially significant for long-lived perennial crops such as grape vines.
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Agricultural and forested landscapes are increasingly subject to Federal Endangered Species Act
regulations, which may drive future resource allocation
Many States have similar acts, such as the California Endangered Species Act (Vicente-Serrano et al.,
2014). Climate change is resulting in less moisture and cooling available from fog in coastal areas and
less in ground fog inland, with associated changes in the microorganisms and other species that rely on
the moisture and shade. Many threatened and endangered terrestrial and aquatic species rely on such
habitat for food, shelter, nesting or spawning. Increasing attention will be paid to the effects on these
populations.
Lack of flexibility in water rights legislation may limit adaptive management
The prior system of water rights appropriation will favor holders of older water rights, whereas their
neighbors with newer rights could have no access to water. This establishes a legal divide that is contrary
to sustainable, community-based management for agriculture and ecosystems. Although historically this
has been a limiting factor to adaptability, now climate change will further expose the need to modify the
prior water rights appropriation system. Holders of old water rights may also lease or sell those rights.
Simply improving on-farm irrigation will not necessarily improve watershed-scale water deficits
Although it is necessary to improve irrigation at the farm scale, surface water recharge and basin water
budgets may be unchanged by on-farm conservation; they may even be decreased by the lack of shallow
groundwater recharge.
An increase in extreme weather will affect crop growth and sales, water quality, and soil resources
Climate change projections suggest an increase in extreme heat, severe drought, and heavy precipitation.
The timing of extreme events will be critical because they may occur at sensitive stages in the
development of agricultural crops. Extreme events at vulnerable times could have major effects on growth
or productivity. The Southwest produces more than half of the Nation’s high-value specialty crops.
Drought and extreme weather affect the market value of fruits and vegetables more than other crops
because they have high water content and sales depend on good visual appearance.
Pollinators may be vulnerable to climate change effects
Many specialty crops such as almonds, cherries, and watermelons are completely dependent on insect
pollination. Bee populations have declined drastically in the past decade, and the relative contribution of
pesticides and herbicides, pathogens, habitat loss, and climate change is unknown and deserves more
investigation. Both native pollinators and managed honeybee colonies appear to be at risk from these
stresses.
Water quality is likely to decline as a result of climate change
In coastal areas, rising sea levels and falling groundwater tables are likely to lead to increasing saltwater
intrusion, thus jeopardizing irrigation supplies for high-value crops such as strawberries, broccoli, and
avocados. In inland areas, such as the Central Valley of California, overdraft of groundwater is often
accompanied by increases in salinity and other water quality issues.
Crop-Specific Vulnerabilities and Adaptation Strategies: California Specialty Crops
Researchers have focused increasing attention in the past decade on the potential effects of climate
change on specialty crops in California and the Southwest region, but at present, there are still more
questions than answers. Detailed biophysical modeling of future climate effects has been carried out for
some high-value specialty crops such as wine grapes (Hannah et al., 2013) and orchard crops (Luedeling,
Zhang, & Girvetz, 2009), but for the majority of specialty crops, climate change effects remain largely
unexplored. Two recent reviews of specialty crops and climate change deserve special mention: a
multifactorial spatial analysis of vulnerability in California agriculture (Jackson et al., 2012), and a
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California-focused assessment of climate threats and
adaptation options for specialty crops (California
Department of Food and Agriculture, 2013).
Specialty crops are a diverse group. The USDA lists 208
fruits, tree nuts, vegetables, and herbs (plus dozens more
nursery crops) that are commonly considered specialty
crops. (Agricultural Marketing Service, 2014). However,
only a handful of crops account for the large majority of
specialty crop value and land area in the Southwest. In this
assessment, we limit analysis to the top 10 specialty crops
by value (Table 2). California accounts for more than half
of specialty crop production nationwide. For many
specialty crops (e.g., almonds, artichokes, figs, raisins,
walnuts, pistachios, nectarines, olives, dates, and prunes),
California is the Nation’s only commercial producer. For
other specialty crops (e.g., wine grapes, strawberries, leaf
lettuce, garlic, broccoli, and Brussels sprouts), California’s
share approaches or exceeds 90 percent of U.S. production
(Starrs & Goin, 2010).
Grapes

Table 2: Specialty crop production in the
Southwest

Crop name
Grape (wine,
table, raisin)
Almond

Acres*

Value†

940,177

5,182,968

935,804

4,816,860

39,000

2,130,637

Lettuce

297,342

1,987,585

Walnut
Orange, lemon,
grapefruit,
mandarin
Pistachio

329,112

1,505,910

305,387

1,446,618

182,000

1,438,110

Tomato
Broccoli,
cauliflower,
cabbage
Peach, plum,
apricot, cherry,
tart cherry

295,247

1,205,418

162,449

1,026,520

181,905

1,015,280

Strawberry

Changes in temperature regimes can affect grape
*Acres are bearing-acres only. †Values are in
development (e.g. phenolic composition; (Nicholas et al.,
$1,000s for 2012. Data are from USDA National
2011) and may necessitate shifts in wine grape varieties
NASS 2012 Statistical Bulletins #1032, 1033, and
1043 (U.S. Department of Agriculture, 2013).
that are more tolerant to those conditions. For example,
some varieties (e.g. Cabernet Sauvignon) can develop undesirably low-acid fruit when cool nighttime
temperatures are not reached, but shifting to Rhone varieties may diminish this effect. Hannah et al.
(2013) predicted that the area currently suitable for producing high-quality wine grapes may decrease by
70 percent under the 2050 RCP 8.5 scenario, potentially leading to increases in freshwater demand to mist
canopies and create cooler temperatures. Misting is one of a variety of management practices that can be
employed for climate change adaptation (Battany, 2012).
Table grapes may be more tolerant to increases in temperature. Table grape production has recently been
established in parts of Mexico where the summer heat arrives earlier in the year than it does in California,
leading to an earlier ripening and higher prices as grapes are released onto the market earlier than
California grapes (M.A. Walker, personal communication).
Grapes are not as drought-sensitive as many crops, but their vast acreage and economic importance means
that optimizing their water use in the future will be a high priority. Further efficiency gains are possible
with irrigated grapes through, for example, transitioning table and raisin grapes from flood irrigation to
drip irrigation, and better quantifying effective deficit irrigation regimes for different types of grapes in
different locations. Ensuring minimal water stress during critical periods such as flowering can keep
yields high even in drought conditions. However, there is a current trend in the raisin and table grape
industry to adopt gable trellis and overhead trellis systems, which may lead to greater irrigation demands
(L. Williams, personal communication, 5 January 2015).
The current drought has revived interest in dry-farming grapes (Pierson, 2014), and drought conditions
may actually afford grapes a competitive advantage over other crops; for example, avocado growers in
southern California have recently been switching to grapes because grapes use as little as one-tenth as
much water per acre (Cabrera et al., 2014).

Regional Agriculture’s Sensitivity to Climate Change and Adaptation Strategies
Page | 16

Southwest Region and California Sub Hub
Water quality, specifically increasingly salinity of groundwater, is already a concern for the coastal
winegrowing regions such as Paso Robles. This problem is expected to worsen in the future as sea level
rise and aquifer depletion lead to saltwater intrusion.
Effects from increasing pest pressure have been predicted for California grapes, including pests such as
the grape mealybug (Pseudococcus maritimus) and the vine mealybug (Planococcus ficus) that serve as
vectors for viruses carrying leafroll disease (Golino et al., 2008). Higher temperatures could lead to
increases in vine mealybug densities across all regions of California and decrease the capabilities of
existing biological control agents for vine mealybug (Gutierrez et al., 2008). Adaptation options include
transitioning to more climate-tolerant varieties and breeding desirable traits to augment the available
scion and rootstock material. Desirable traits found in Vitis species that could be introgressed into existing
grape varieties include resistance to disease pressure from Phylloxera, Pierce’s disease, and root-knot
nematodes; and drought and salinity tolerance (Walker et al., 2014).
Almonds
California currently produces 100 percent of the Nation’s commercial almond crop and more than 80
percent of the world’s almond crop (Almond Board of California, 2013). Luedeling, Zhang, Luedeling, et
al. (2009) predict that many suitable almond growing locations in the Central Valley would remain by
mid- to late-century; almonds are considered to be only slightly sensitive to the predicted trends in
decreasing chill-hours (about 200-400 hours, whereas others tree nut crops generally require 500-1,000).
Lobell and Field (2011) argue that warm February temperatures shorten the blooming window and
hamper pollination. However, in their analysis, the benefits of warmer springs and summers partly
canceled out the negative yield effects of warmer winters, for an overall yield reduction of about 10
percent by 2030 in the absence of adaptation.
The average California almond orchard uses about 40 inches of irrigation water per year (University of
California Division of Agriculture and Natural Resources, 2014a), similar to other fruit and nut orchards.
During periods of drought, almond farmers may have the option to use deficit irrigation, which reduces
irrigation by applying water during vital phenological stages at the expense of more drought-tolerant
stages. Although this reduces yields, it allows trees to survive and continue producing until more water
becomes available (University of California Division of Agriculture and Natural Resources, 2014a).
Because almonds depend on bees for pollination, any factor that harms bees—whether climate-related or
not—can harm almond yields. Encouraging native pollinators may be a helpful management strategy to
supplement pollination by honey bees (Kremen, 2013).
Almonds are vulnerable to severe storm events, especially while flowering. A severe rain or hailstorm
during peak bloom can devastate the year’s crop. In older almond orchards, high winds can cause
widespread lodging (tipping over) of trees. Furthermore, warm storms that deliver large amounts of rain,
which are expected to become more common with climate change, are known to be correlated with severe
fungal disease in almonds, such as shot hole and brown rot (Campbell, 2006).
Strawberries
Even though strawberries are grown on only 39,000 acres in the coastal areas of central and southern
California, they are the most valuable annual crop in the Southwest, worth more than $2 billion annually
and accounting for about 90 percent of U.S. production (Starrs & Goin, 2010). Strawberries prefer a cool,
coastal climate, which is one main reason that California’s strawberry fields are so much more productive
than those elsewhere in the country (California Strawberry Commission, 1999). Unusually warm
temperatures shorten the growing cycle and promote pests and diseases such as mites, fruit rot, corn
earworms, and caterpillars. Lobell and Field (2011) predicted that climate change would decrease yields
of California strawberries by about 10 percent by 2050, with effects somewhat greater in the southern part
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of the State. Deschenes and Kolstad (2011) reached a more pessimistic conclusion, predicting that
strawberry yields would decline 43 percent by 2070–2099.
Water quality and quantity is already a major concern for California strawberry growers (Paddock, 2013),
and it will become even more of a concern under future climate scenarios. The water demand of
strawberries is not particularly high (especially because they are grown in cool climates and use efficient
drip irrigation plus plastic mulching), but the water supply is often problematic. In coastal areas,
groundwater salinity is increasing due to sea level rise and excessive withdrawals resulting in saltwater
intrusion. This is especially problematic given that strawberries are highly sensitive to salinity.
Some strawberry diseases are promoted by high temperatures, other by low temperatures, and many
diseases are exacerbated by humidity (California Strawberry Commission, 1999). In particular, warm, dry
weather accelerates mite infestations but reduces gray mold, whereas warm weather in general promotes
powdery mildew (O. Daugovish, personal communication, 7 January 2015).
The Salinas Valley, a major strawberry growing region, is sometimes affected by flooding; for example,
when the Salinas River overflowed in 1995, the resulting damage to strawberry, lettuce, and broccoli
crops made it the third most costly weather event for California agriculture in the past 30 years (Lobell &
Field, 2011). Floods may become more frequent or intense due to the more intense precipitation expected
with climate change.
Lettuce
California and Arizona together produce 95 percent of the nation’s lettuce, a remarkable logistical
achievement considering the high perishability of the crop. The 2012 lettuce crop was worth nearly $2
billion, making it the region’s second most valuable annual crop after strawberries. Western Arizona and
inland southern California dominate production in December, January, and February; the rest of the year,
most lettuce comes from California’s Central Coast (Smith et al., 2011).
Lettuce is a cool-season crop with very particular temperature preferences. Ideal growing temperatures
are 73°F in the daytime and 45°F at nighttime (Turini et al., 2011). Warm temperatures can contribute to
bolting (rapid elongation and flowering of the stalk), which makes the lettuce head unattractive and bitter.
Temperatures in the 90–99°F range can cause bitterness almost immediately even if the lettuce is not
physiologically ready to bolt (Smith et al., 2003). Jackson et al. (2012) predict that warmer winters in
California might result a longer growing season and thus greater productivity for lettuce. Deschenes and
Kolstad (2011) concur, predicting a 7.8 percent increase in California lettuce yields by 2070–2099.
However, these analyses may overlook more subtle effects of warming, such as the fact that warm nights
can promote abnormally rapid growth that in turn can cause tipburn in lettuce (a disorder in which
calcium cannot be transported quickly enough to the growing leaf edge, causing it to shrivel and blacken)
(Smith, 2014). The most important temperature risk to lettuce may not be from slightly warmer winters,
but rather from occasional hot days that exceed its tolerance. A bolted, bitter, or badly wilted lettuce crop
has little to no commercial value, and although timely irrigation can help reduce heat stress, it cannot
always prevent it. Lettuce varieties that are more heat-tolerant and bolt-resistant may be increasingly
needed in the future.
Although an individual lettuce crop does not use a great deal of water, the cumulative water demand of
lettuce is still immense for several reasons: 1) it covers a very large amount of acreage in the Southwest;
2) several lettuce crops can be grown per year on the same land; and 3) it is often grown in arid areas
where it is completely irrigation-dependent (Bonfils et al., 2012). Improving irrigation efficiency could be
achieved with increased adoption of drip irrigation compared with sprinkler or furrow irrigation. Another
possibility is to select lettuce varieties with particular canopy architectures that reduce transpiration and
improve water use efficiency (Hayes, 2013). Also, because water quality is likely to decline along with
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water quantity, it may be necessary to develop salt-tolerant lettuce varieties (especially for coastal regions
where saltwater intrusion is a problem).
Significant floods sometimes occur in the Salinas Valley, the number-one lettuce-producing area. A major
flood in the Salinas River in 1995 destroyed tens of millions of dollars’ worth of lettuce in the field
(Lobell et al., 2011), and the risk of such catastrophic events may increase under future climate scenarios.
Walnuts
California produces 99 percent of the walnut crop in the United States. Production of English walnuts is
concentrated in the Sacramento and San Joaquin Valleys, but walnuts are also grown in Lake, San Benito,
Contra Costa, and several coastal counties. Just two walnut varieties, Chandler and Hartley, account for
60 percent of California production (Starrs & Goin, 2010).
Walnuts have relatively high chilling requirements (800–1,000 hours), and no low-chill cultivars are
currently available (Pope, 2012). According to projections by (Luedeling, Zhang, & Girvetz, 2009), by
the year 2060, there will no longer be significant acreage in the Central Valley that reliably receives more
than 800 chill-hours per year. Predicted reductions in chill-hours may also diminish walnut seed
germination rates (California Department of Food and Agriculture, 2014a). Walnuts are also sensitive to
damage incurred during extreme heat events during the fruit-set period (Baldocchi & Wong, 2008).
Walnuts usually require 41–44 inches of irrigation water per year, comparable to that of other nut trees.
Deficit irrigation can reduce this by about 12 inches, although yields will suffer (University of California
Division of Agriculture and Natural Resources, 2014a).
Higher temperatures may also favor some walnut pests such as codling moth, which can increase from
two to three or even four generations per year if fall temperatures are warm enough (University of
California Davis, 2013).
Citrus
California produces 30 percent of the Nation’s oranges, 90 percent of lemons, 48 percent of mandarins,
and 30 percent of grapefruit (with Florida and Texas accounting for most of the rest) (Starrs & Goin,
2010). Warmer temperatures may have some negative effects on citrus growers, but this is probably not
the highest-priority concern. Citrus are adapted to semitropical conditions, and warm summers can
improve crop flavor (Campbell, 2014). However, higher temperatures increase evaporative demand and
may exacerbate drought stress. Also, if climate change causes a decrease in normal diurnal temperature
fluctuations during fruit development in the autumn, fruit color may be negatively affected because
breakdown of chlorophyll and subsequent emergence of carotenoids may be impaired (L. Ferguson,
personal communication, 20 January 2015).
Citrus varieties have a moderately high annual irrigation demand of 34–36 inches per year in the San
Joaquin Valley (Sanden, 2007) and somewhat less than that near the coast due to cooler temperatures and
fog (Grismer et al., 2000). Decreasing quantity and quality of irrigation water will probably be the largest
challenge that citrus growers face under future climate. The current severe drought is stunting citrus fruit
and killing entire citrus orchards in southern California (Campbell, 2014).
Pistachios
Pistachio are grown mainly in Kern, Madera, Fresno, Tulare, and Kings counties in the San Joaquin
Valley (Starrs & Goin, 2010). California produces 99 percent of the Nation’s pistachios; the small
remainder come from Arizona and New Mexico. Pistachios have relatively high annual chilling
requirements of about 800–900 hours (Pope, 2012). (Luedeling, Zhang, & Girvetz, 2009) predicted that
by 2060, areas receiving more than 800 chill-hours per year will nearly disappear from the Central Valley.
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Although this does not bode well for pistachios in the coming century, there may be opportunities to
develop low-chill cultivars (Pope, 2012).
Pistachios have an annual irrigation demand of about 40 inches, comparable to that of walnuts and
almonds (University of California Division of Agriculture and Natural Resources, 2014). However, unlike
almonds and walnuts, pistachios tend to fare relatively well under deficit irrigation, which can cut water
use from about 40 to about 30 inches per year (University of California Division of Agriculture and
Natural Resources, 2014a). Under duress, pistachio trees can even survive completely unirrigated for a
year (Castellon, 2014), although yields will be minimal. Pistachios are also relatively salt-tolerant,
making them a promising option for areas of the Central Valley with poor-quality groundwater.
Under damp conditions, pistachios are susceptible to foliar and fruit fungal diseases such as Botrytis
blossom and shoot blight (University of California Davis, 2014). Climate change may increase or
decrease the prevalence of pistachio diseases, depending on the precise patterns of humidity and
temperature change. Major pistachio pests such as the navel orangeworm (Amyelois transitella) may grow
more quickly under warmer temperatures, requiring adjustment of integrated pest management guidelines
(University of California Davis, 2014).
Tomatoes
Tomatoes are relatively heat-tolerant. Optimal daytime temperatures for most tomato varieties are 75–
95°F (Hartz et al., 2008), and optimal night time temperatures are 55–70°F (Ozores-Hampton et al.,
2012), with cold-induced injury possible when night-time temperatures drop below 50°F (LeStrange et
al., 2000). Tomatoes are least tolerant to departures from their ideal temperature during the critical
developmental stages of pollination and fruit set. Overly warm average temperatures are especially
harmful to tomatoes if they continue for days or weeks without a break (Sato et al., 2000). And even brief
extreme heat events can ruin tomato yields if they occur at the wrong time; for example, temperatures
above 104°F can cause flower abortion in a matter of hours (Ozores-Hampton et al., 2012).
Lobell et al. (2007) analyzed historical California climate and yield data and concluded that warmer
temperatures favored tomato production up to about 90°F. Lee et al. (2011) estimated that climate change
would have no effect on tomato yields in the Central Valley by 2050, whereas Medellín-Azuara et al.
(2012) predicted that by 2050, climate change would cause tomato yields to increase by 2.4 percent in the
Sacramento Valley and 1.1 percent in the San Joaquin Valley. Jackson et al. (2012) predicted that tomato
acreage would increase by 2050 in response to more favorable climatic conditions.
Tomatoes are less sensitive to suboptimal water quality and quantity than many other crops. Substantial
water savings can be achieved either through cutback (slightly reduced watering throughout the season) or
cut-off (normal watering followed by an early cessation of watering). For example, in an experiment on
processing tomatoes in western Fresno County on deep clay-loam soil, when irrigation was cut off 40
days before harvest instead of the standard 20, there was no loss in yield, and even when the cut-off was
80 days, yields were still 81 percent of the control (University of California Division of Agriculture and
Natural Resources, 2014). There is room for additional improvement in irrigation timing and technology,
especially if water becomes costly enough that tomato farmers are willing to accept slight yield reductions
to achieve major water savings.
Broccoli, cauliflower, and cabbage
Broccoli, cauliflower, and cabbage are cultivars of the same species (Brassica oleracea) and collectively
are known as cole crops. California produces about 90 percent of the Nation’s broccoli and cauliflower
(Starrs & Goin, 2010), whereas cabbage production is more widely distributed; California and Arizona
together account for only 29 percent of national production (National Agricultural Statistics Service,
2014b).
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Broccoli, cauliflower, and cabbage are cool-season crops. They are grown in many locations in the
Southwest, including California’s Central Coast (especially the Salinas Valley), southern coast, inland
deserts, and western Arizona. In the southern parts of this range, they are planted as winter crops, whereas
in the northern parts, they are grown and harvested year-round. Their optimal temperature ranges are
fairly narrow: 65–68°F for cauliflower (Koike et al., 2009) and 60–65°F for broccoli and cabbage
(Daugovish et al., 2008; LeStrange et al., 2010). With prolonged temperatures above 26.7°C (80°F),
cabbage may bolt (Daugovish et al., 2008) and cauliflower curds may become small and yellow (Koike et
al., 2009). Deschenes and Kolstad (2011) estimate that California’s broccoli yields will increase by 39
percent by 2070–2099 due to the direct effects of warmer winters and, indirectly, the ability to expand
growing areas in the northern parts of the State.
Irrigation requirements vary considerably depending on location and irrigation method, ranging from a
low of 14–24 inches for drip-irrigated cabbage in the Central Coast (Daugovish et al., 2008) to a high of
48 inches for furrow-irrigated cauliflower in the southern desert (Koike et al., 2009). In general, drip
irrigation can cut water use by about 25 percent compared with sprinkler or furrow irrigation, but drip
irrigation has not always been successful in uniformly meeting crop demand under warm conditions
(LeStrange et al., 2010). Water limitations are a major concern for these crops under future climate. Their
need for constant and uniform soil moisture makes drip irrigation an ineffective option in most cases,
although further research and technology development may overcome some of these challenges.
Cole crops are prone to disease and insect damage. High soil temperatures are known to facilitate
Fusarium infection, whereas warm nights and days (above 50°F and 60°F, respectively) promote damage
by Bagrada bug (O. Daugovish, personal communication, 24 December 2014).
Stone fruit
Peaches, nectarines, plums, apricots, cherries, and tart cherries—collectively referred to as stone fruit, are
a group of closely related tree crops that figure prominently in the Southwest’s agricultural output.
California produces about 70 percent of all the Nation’s peaches, 95 percent of apricots, 95 percent of
fresh plums, 99 percent of dried plums, and 100 percent of nectarines (Starrs & Goin, 2010). Although
California produces only about 20 percent of the Nation’s sweet cherries, this places it second in the
Nation, behind Washington State. Utah produces about 10 percent of the Nation’s tart cherries in an
average year.
Increasing temperatures are a major threat to stone fruit production. Many farmers have already noticed
the loss of chill-hours and the negative consequences for production (Baldocchi & Wong, 2008; Licht,
2014). Development of low-chill cultivars will be a key adaptation strategy. However, although many
stone fruit varieties have cultivars that require only 200–300 chill-hours (Pope, 2012), the low-chill
feature often comes at the expense of flavor, texture, or other desirable characteristics. High temperatures
in spring and summer can decrease fruit set, damage fruit production, and cause sunburn of tree trunks.
The best long-term adaptation strategy is likely to be in the development of more tolerant cultivars (Pope,
2012), but in the short-term, orchard management practices such as early fruit thinning and careful
irrigation may help to reduce losses.
All stone fruits grown in California have a similar irrigation demand of about 36–40 inches per year
(Schwankl et al., 2007). Curtailing water use in stone fruit is challenging because water stress can cause
cosmetic defects that reduce the fruit’s value or makes it unmarketable (University of California Division
of Agriculture and Natural Resources, 2014). Water stress can also facilitate damage by mites and other
pests and pathogens (Johnson et al., 2006). However, some degree of deficit irrigation can be used with
minimal losses if the timing is carefully controlled. For example, in early maturing peaches, irrigation can
be safely reduced after the fruit is harvested in May or June, but then it must be restored in August and
September, when the next year’s flowers are developing within the buds (Johnson et al., 2006). Another
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avenue to address this problem is further development of rootstocks that are tolerant to drought and other
abiotic stresses.
Avocados
Avocados are not in the top-ten list of California’s specialty crops, but about 92 percent of the Nation’s
avocados are now grown in southern California (Starrs & Goin, 2010), and of these, the vast majority (95
percent) are the Hass variety. Research by Lobell et al. (2006) gives a bleak outlook for avocados. In the
absence of adaptation, avocado yields in California will decrease 45 percent by 2060. This prediction was
made with a model that related avocado yield to several different temperature metrics (based on historical
observations). Lobell et al. (2006) found that warm temperatures in August are highly detrimental to
avocado yield the following year, although the biological mechanism is not fully understood (Lobell et
al., 2007). Conversely, warm nighttime temperatures in May appeared to boost avocado yields, so the net
effect would depend on the temporal pattern of the warming (Lobell et al., 2007). Lobell et al. (2006) also
predicted that avocado production will shift from coastal and inland southern California to coastal central
California (for example, Santa Barbara County). They postulate that with a 7.2°F temperature rise, there
will be almost no overlap between current and future avocado-growing areas.
Water will be the single most important issue for California avocado growers under future climate
scenarios. The root system of avocados is only about 18 inches deep (Spann, 2014), so irrigation must be
frequent and regular to prevent water stress. It takes about 74 gallons of water to grow 1 pound of
avocados—compared with 42 gallons for 1 pound of peaches or 12 gallons for oranges (Mekonnen &
Hoekstra, 2011). The current severe drought has already resulted in a loss of more than 14,000 avocado
trees in southern California—trees that were allowed to die as water prices climbed and growers could no
longer afford to irrigate (Cabrera et al., 2014). Research on deficit irrigation in avocados is sparse, but
given the high sensitivity of avocados to drought; for example, 1 week of missed irrigation can cause the
complete failure of the subsequent crop, it will be challenging to come up with a deficit irrigation strategy
that does not harm yields. Less risky ways to reduce water use include repairing leaky pipes, frequently
measuring soil moisture or other metrics of water availability, preventing runoff by accounting for an
orchard’s slope and infiltration rate, and removing old or unproductive trees (Faber, 2014). Avocados are
inherently very sensitive to excessive salinity, which can occur due to insufficient or poor-quality
irrigation water (Bender et al., 2013).
Crop-Specific Vulnerabilities and Adaptation
Strategies: Southwest Field Crops
Field crops provide only 20 percent of the total crop revenue
in the Southwest, but they are important to world food, feed,
and fiber production. Other regions of the United States may
produce the greater proportion of national field crops, but the
alfalfa, maize, and small grains produced in the Southwest
support the southwestern animal agriculture industry. Table 3
summarizes regionally important field crops. These crops
were selected because they are widely grown in the region
and provide some of the highest regional economic returns.
Several recent studies describe the effects of temperature on
individual field crop species. Hatfield et al. (2011) and
Walthall et al. (2012) provide synthesized information from a
wide variety of scientific studies on climate change effects on
cotton, maize, rice, and wheat. Higher temperatures can lead
to a decline in crop yield or even crop failure in certain
situations. The effect of higher temperatures on crop

Table 3: Field crop production in the
Southwest

Crop
Hay and
Alfalfa
Cotton (Pima
and Upland)
Rice
Wheat
Corn grain
Corn silage‡
Barley
Safflower
Oats

Acres*

Value†

3,155,000

3,185,295

605,300

924,848

557,000
777,000
289,000

844,682
498,174
361,813

635,000
153,000
75,500
23,000

66,696
29,423
8,473

*Acres are bearing-acres only. †Values are in
$1,000s for 2012. ‡Production value was too
small to be recorded by NASS (U.S. Department
of Agriculture, 2013). Data are from USDA
National Agricultural Statistics Service 2012
Statistical Bulletins #1032, 1033, and 1043.
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production will be more severe on those crops grown where production temperatures are presently near
optimal, such as in southern deserts. However, temperature effects vary by many factors, including crop
and cultivar, plant lifecycle stage, and local microclimatology. For example, canopy cooling will reduce
temperatures in the local microclimate, and thus is an inherent adaptive mechanism in alfalfa, cotton, and
other crops of the southern desert. Field crops of the Southwest will likely be significantly affected by
limited water supplies. Some field crops such as rice require high amounts of water. Most other crops
such as alfalfa, corn, and wheat are irrigated. Barley and safflower are considered drought-resistant, but
irrigation of these crops is sometimes necessary and typically improves yields. Adaptation options range
from development of more heat- and drought-tolerant varieties to shifting production to transition seasons
or locations.
Research on alternate irrigation strategies such as precision overhead irrigation for alfalfa and corn may
lessen the effects of regional water shortages. Interdisciplinary research on likely changes in climate and
consequent effects on regional crops is necessary. Improving drought and heat tolerance through genetic
research and genomic selection will help in adaptation to future warmer temperatures and water scarcity.
Hay and alfalfa
Hay, a general term for grasses, legumes, and other plants used to feed animals, is grown throughout the
Southwest. Counties with large revenues from livestock also have large acreage devoted to hay
production. In 2012, alfalfa grossed $2.62 billion in the region, and total hay, including alfalfa, grossed
$3.19 billion. Alfalfa is the most important hay commodity in the Southwest and, in 2012, accounted for
66 percent of the total hay acreage and 82 percent of the total dollar value in the Southwest. Alfalfa is a
cool-season perennial crop that can be harvested year-round in most of the Southwest.
Alfalfa yield and quality (“summer slump”) have declined beginning in July in areas where summer is
hot, such as the low-elevation deserts (Ottman & Mostafa, 2013). More temperate regions exhibit a
gradual decline in alfalfa yield in successive harvests. Summer slump has been attributed to shorter days
and fall dormancy in northern areas, and excessive heat stress in hot arid zones (Putnam & Ottman, 2013).
Summer slump can affect alfalfa health by reducing root carbohydrates. Water stress, low root
carbohydrate levels, and high temperatures cause premature flowering and thus low yield. Summer-slump
alfalfa is usually low in quality and not suitable for lactating dairy animals.
Most of the hay planted in the Southwest is irrigated. Of the 152 counties in the region, hay acreage was
irrigated in less than 40 percent of only 17 counties. These minimally irrigated counties are located in
California and contain fewer than 25,000 acres of hay. In 62 percent of counties, more than 70 percent of
the total hay grown is irrigated. Data were unavailable for 25 counties. Although high temperatures and
lack of adequate water decrease alfalfa suitability, alfalfa has benefits that support adaptation to climate
change. Many varieties of alfalfa have been developed that are resistant to diseases and insect pests.
Alfalfa does not need nitrogen fertilizer. It is an important rotation crop because it improves soil structure
and adds nitrogen for future crops. Management, such as extending cutting schedules, can be used to
maximize yield under a changed climate.
Cotton
Although cotton (both upland and pima) is grown only in 20 percent of southwestern counties, it
represents the second most lucrative regional field crop. Commercial cotton species are of tropical and
subtropical origin, require large numbers of heat units to mature, and have fair levels of heat tolerance.
However, cotton can be vulnerable to heat stress, especially during humid periods. Yield and growth can
be diminished at high temperatures (Oosterhuis, 1999), especially during floral development (Snider et
al., 2011). Although cotton can be grown at temperatures higher than 104°F, reported ideal temperatures
from studies in a controlled environment range from 68°F to 90°F (Burke et al., 1988; Reddy et al., 1991).
(Brown, 2008) conducted field, growth chamber, and greenhouse studies and found that fruit retention,
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seed number, and boll size declined as mean temperatures increased above 82°F, and fruit retention
declined at mean temperatures above 90°F. Floral abnormalities associated with heat stress occurred ~15
days after exposure to mean temperatures above 86°F, leading to the conclusion that severe heat stress
damages young squares that are about 15 days from flowering, subsequently causing nearly all resulting
bolls to abort 3–5 days after bloom (Brown, 2008). One likely reason for elevated rates of heat stressinduced sterility during the monsoon was due to higher relative humidity and reduced transpirational
canopy cooling (R. Percy, personal communication, 6 February 2015). Several researchers have reported
high nighttime temperatures as a cause of cotton stress, but this finding was not reproduced in Arizona
(Brown, 2008). The relationship between high nighttime temperatures and poor fruit retention in Arizona
may be related to higher humidity, which inhibits radiative cooling at night and leads to elevated
nighttime canopy and air temperatures.
Although temperatures outside optima inhibit growth and reproduction, ambient air temperature and
cotton canopy temperatures are not equivalent in the western United States. Cotton canopies can be much
cooler than air temperature in arid and semiarid regions. This is one reason cotton is still grown in the
lower Arizona desert (P. Brown, personal communication, 2 February 2015). Although temperature
contributes to cotton heat stress, humidity associated with the summer monsoon is the factor that most
effects Arizona cotton production. Climate change may alter the geographical area suited to cotton
production, possibly to higher elevations, especially if warmer summer months also experience a more
intense monsoonal season and higher humidity. Because cotton produces throughout the growing season,
some of the effects of climate change may be buffered because of this adaptive capacity (Walthall et al.,
2012).
All southwestern cotton is irrigated. Temperature is a relatively minor factor when it comes to crop water
use. The major factor driving water use is solar radiation, which is already at high levels in the Southwest.
In a warmer future environment, a small increase in crop water use may occur on a daily basis, but this
may be offset by faster crop development.
Cotton is a thermally driven crop, and warmer temperatures accelerate crop development (degree days or
heat units). Also, if conditions warm to the point at which cotton will not grow in a normal summer
season, then production may shift to the transition seasons when solar radiation and therefore water use is
lower.
Cotton breeders continue to select new varieties, and yields are improving. Through largely conventional
breeding it appears that rice varieties are gaining heat and drought tolerance as the climate changes. If
future warming accelerates, researchers and farmers will need to rely more on genetic engineering to
accelerate variety improvement (P. Brown, personal communication, 2 February 2015).
Rice
California’s Central Valley produces 23 percent of the Nation’s rice (and nearly 100 percent of shortgrain and medium-grain rice), making it the second largest rice-producing State (U.S. Department of
Agriculture, 2013). Little research has occurred to assess how rising temperatures will affect rice
production in California. One recent study (Lee et al., 2011) used crop simulation models and a highemissions climate scenario to predict that California rice yields could decline by approximately 10 percent
by 2099. However, they suggested that CO2 fertilization might partly or fully compensate for this
temperature-induced yield loss. They did not consider any changes in the availability of irrigation water,
which is probably the issue of greater concern for California rice growers.
All rice in California is irrigated; there is no option for rain-fed rice farming because rainfall is minimal
during the growing season (B. Lindquist, personal communication, 1 February 2015). Rice is usually
grown under flooded conditions and can require large amounts of water, thus it has a reputation as a
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thirsty crop. On the low end, a rice crop can use as little as 34 inches of water, which is comparable to
most orchard crops. On the high end, rice may need up to 90 inches to flow through a field (University of
California Division of Agriculture and Natural Resources, 2013). Flow-through is sometimes necessary to
reduce salinity buildup due to evapoconcentration of salts. However, in California, because percolation
and seepage are generally low and rice growers do a much better job of managing flow-through water,
recent estimates exhibit an average irrigation water use of 72 inches, percolation/seepage of 11 inches,
and evapotranspiration of 34 inches (Hill, personal communication, 28 January 2015; Linquist et al.,
2014, under review). Because California rice has very high average yields (8,500 pounds per acre), its
water consumption per unit of food produced compares favorably with that of other crops (California
Rice Commission, 2013).
The current drought has had a significant effect on farming. Recent estimates indicate that 20 to 25
percent of California’s rice fields were fallowed in 2014 due to insufficient water (Koba, 2014; Ortiz,
2014). Some farmers have been able to substitute corn, beans, or other less water-intensive crops, but
others do not have suitable land to do this, and some farmers have found it more profitable to sell their
water outright than to use it for growing rice (Koba, 2014). Flooded rice fields are an important source of
habitat for migrating waterfowl (Robbins, 2014; Strum et al., 2013), and the current drought places the
continuity of this ecosystem service in jeopardy.
Other pathways by which climate change may affect California rice production are poorly understood.
Rice weeds, pests, and pathogens do not show any overall pattern of being benefited or inhibited by
warmer temperatures. More research is needed on how this important southwestern crop will fare under
future climate.
Small grains
Barley, oats, and wheat are grown in one-half to two-thirds of southwestern counties, generally on
relatively small areas per county. The values reported here for harvested acres and production value
represent only barley, oaters, and wheat harvested for grain. This can be a small percentage of the actual
total because some small grains are harvested as hay, green-chop forage, or silage for dairies.
Growth and development of barley, oats, and wheat follow similar patterns. Most small grain crops are
sown in the autumn and harvested in late spring or early summer. Nitrogen fertilizer is generally used
annually on small grain crops to stimulate growth, yield, and protein content. Small grains grown in the
Southwest are usually irrigated. In 2012, nearly all the regional durum wheat and about 30–40 percent of
northern Utah wheat was irrigated. Water scarcity, along with a reduction in grain filling period, may
prove to be the most important factor in future small grain yields.
In the U.S. Great Plains, warming and drought have resulted in decreased wheat production by 33 percent
(Tack et al., 2014), with drought attributing to 22 percent of the decline. Other studies have found that
with adequate water, winter wheat grain yields increase because of temperature and CO2 effects (Ludwig
& Asseng, 2006; Qiao et al., 2004). Because of the interacting effects of temperature, precipitation, and
CO2, determining the effect of climate change on wheat production in the Southwest is complex. In
general, temperatures above 88°F have been shown to reduce grain yield. Maximum temperatures from
1981 to 2010 across much of the region between May and October exceeded 88°F. Future projections
indicate that these maximum temperatures will increase in spatial and temporal extent, possibly reducing
wheat yield. However, sensitivity to high temperature is not presently an issue for many parts of the
region. A study of changes in timing of cereal phenology (maize, oats, and wheat) by 2040 showed 1- to
3-week advancements in sowing date and time of flowering and maturity in northern and central Europe
under a changed climate (Olesen et al., 2012). Shifting sowing date may prove an effective adaptation
strategy for regional small grain production in the future.
Maize
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Although the Midwest is the major production region for U.S. corn, corn is grown in the Southwest for
both grain and silage purposes. The production value of Southwest corn was $362 million in 2012. Nearly
two-thirds of all Southwest counties have some acreage devoted to corn growth. In 2012, 795,000 acres of
corn grain and silage were harvested in the Southwest. Nearly 80 percent of Southwest counties that grow
corn for grain or silage produce it on fewer than 4,570 acres. California has eight counties with the largest
silage corn acreage and some of the largest regional milk and cattle sales. Of the top six counties that
produce corn for grain, only Cochise, Arizona, was outside California. Nearly all of the corn grown in the
region is irrigated.
Temperature increase and drought stress will likely decrease corn production and yields in the Southwest.
Elevated CO2 levels will provide minimal photosynthetic gain for corn. Additionally, corn requires
fertilization and may be sensitive to weeds, diseases, and insect pests. The cumulative effects of
temperature, drought, and other sensitivities make corn production in the region sensitive to risk given
projected climate changes especially near the end of the 21st century (Lee et al., 2011). Along with
adaptive management options of earlier planting and adequate irrigation, growers may seek to select
drought-tolerant cultivars or, where possible, manage irrigation to ensure enough water is available during
and after critical periods such as flowering.
Safflower
Nationally, the total safflower area harvested in 2012 was 160,100 acres, with nearly half (47 percent)
grown in California and Utah, contributing $29 million to regional revenue. Two regions are particularly
important for safflower production; several counties in the northern California Central Valley and two
counties in northern Utah (Cache and Box Elder). Safflower is commercially cultivated to produce
vegetable oil and birdseed. Some safflower varieties are cultivated for use as livestock feed. Safflower is
generally grown on arable dryland following a year in which wheat or barley has been grown. Of the
regional acres harvested, most were not irrigated (approximately 11 percent in Utah).
Safflower prefers hot, arid conditions. The deep taproot of safflower allows it to grow well in arid
environments. Seeds germinate when soil temperatures are above 40°F. Safflower produces a higher yield
when it has access to water, but it is considered drought resistant due to its deep tap root. Elevated CO2
led to greater safflower growth and less transpiration in safflower plants in a controlled environment
(Mohamed et al., 2013). California’s Central Valley safflower crop yield is not predicted to decline as
long as sufficient water is available (Lee et al., 2011).
Crop-Specific Vulnerabilities and Adaptation Strategies:
Hawai‘i
Hawai‘i’s top crop items by acreage include macadamia nuts,
coffee, and vegetables (National Agricultural Statistics Service,
2012); sugar cane for sugar and short-rotation woody crops are
also among Hawai‘i’s top crop items, but statistics are withheld
from the NASS census report to avoid revealing individual
operators. Sugar cane was previously much more important in
Hawai‘i, reaching peak production in the mid-1960s with 1.2
million tons of raw sugar, but production rapidly dropped in the
1980s and 1990s. Today, Hawai‘i Commercial and Sugar Inc. in
Maui, is Hawai‘i’s only producer of raw sugar. This section on
Hawai‘i will use the tree crops, coffee, and macadamia, as
examples to illustrate some of the exposure, sensitivities, and
adaptive capacities of Hawaiian crops to climate change. Also
included here as an example is taro (Colocasia esculenta). Taro

Table 4: Statistics on crop production in
the Hawai‘i.

Crop name
Macadamia
nuts
Coffee
Taro
Sugarcane for
sugar and
seed‡

Acres*

Value†

16,000

34,800

7,900
360

54,270
1,944

18,200

*Acres are bearing-acres only. †Values are in
$1,000s for 2014. Data are from USDA 2014
State Agriculture Overview (National
Agricultural Statistics Service, 2014a). ‡The
value of sugarcane for sugar and seed does
not appear to avoid disclosing data for
individual operations.
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(kalo) was introduced to the Hawaiian Islands by Polynesian settlers more than 1,000 years ago and has
been cultivated as a staple crop since its introduction. It is grown for its root (corm) and leaves. Taro is of
immeasurable importance to indigenous Hawaiians and its cultivation is central to cultural beliefs about
creation (Cho et al., 2007).
Tree crops
Maximum projected increases in annual average temperature push the upper limit of the temperature
envelope for many crops in Hawai‘i. Increasing temperatures will affect crop productivity and quality
both through the direct effect of heat stress and through increased evaporative demand. Temperatures
above 75°F reduce photosynthesis and stomatal conductance in coffee trees and accelerate fruit
development and ripening. The upper threshold for acceptable macadamia productivity is 86°F.
Prolonged exposure to high temperatures depresses growth and causes physiological abnormalities in tree
crops. Potential adaptive responses to prolonged high temperatures could include using shade trees in
areas where maximum temperature thresholds are being exceeded. Coffea is a shade-adapted species, and
shade-grown cultivation is already practiced by many Kona coffee farmers and is well-suited to the
method of cultivation on small farms. Shade will be more challenging to introduce on larger, mechanized
coffee farms.
Macadamia is not shade-adapted, and it is possible that if trees receive insufficient light, then yield will
decline. An alternative adaptive response is to move orchards to higher elevations. However, there is
limited land availability in zones of adequate precipitation. In South Africa, overhead sprinklers have
been shown to reduce macadamia canopy temperatures (Allan, 1996), but increased pressure on water
resources may not permit this in Hawai‘i.
Increased evaporative demand when coupled with drought is likely to be one of the most severe
challenges that tree crop farmers in Hawai‘i will face. Optimum rainfall for rain-fed coffee cultivation in
Hawai‘i is around 60 to 80 inches. Irrigation is necessary in the drier coffee-raising areas of Kauai, Maui,
and Oahu. Coffee usually has a deep root system that permits some drought tolerance, but where trees are
rain-fed and planted in shallow, young soils, drought may be a major threat to annual crop production and
even to tree survival. The seasonal timing of drought will also be an important determinant of whether
drought will damage coffee harvests.
Minimum annual rainfall requirement for macadamia is about 40 inches; on Hawai‘i, a strong correlation
exists between productivity and rainfall greater than 80 inches mm per year, but highest productivity is
achieved in parts of Kona where annual precipitation averages around 60 inches (Stephenson &
Trochoulias, 1994). Much of the macadamia crop on the Hawaiian Islands depends on precipitation with
supplemental irrigation practices in drier areas where precipitation totals less than 50 inches per year
(Carr, 2012). Macadamias can tolerate periodic drought stress, but under prolonged conditions of water
shortage nut yields are smaller and poorer in quality with lower oil content. Irrigation is a possible means
for alleviating some of the water stress caused by drought in coffee and macadamia crops. However,
limitations on available water resources during drought conditions may prohibit sufficient irrigation to
prevent damage to crop development. Stephenson et al. (2003) show that permitting levels of water stress
at certain times in the macadamia growth cycle may help to increase yields. Further research could
improve our understanding of the relationship between water stress, irrigation timing, and macadamia nut
productivity in Hawai‘i.
Taro
Taro is cultivated at various scales in wetland and dryland systems and the method and scale of
cultivation is likely to have some bearing on the sensitivity of this crop to rising temperatures. Generally,
taro can be grown where daily average temperatures range from 70°F to 80°F, and even where
temperatures are up to 95°F. Physiologically, it is less sensitive to high temperatures than other crops.
However, increased temperatures may raise the crop’s water requirement in dryland cultivation systems
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and prolonged heat waves could cause damage or crop failure if there is insufficient moisture. Dryland
taro cultivation may also be moved to higher elevations, but the logistics of this action will depend on the
availability of affordable land with adequate supplies of fresh water for irrigation.
Taro grown in flooded ponds or lo’i, requires cool water (about 80°F or lower) flowing over the roots
(Gingerich et al., 2007); citing others). Water passes through the ponds and so does not diminish available
water supplies. Above 80°F, wetland taros are more susceptible to fungal disease and rotting. Decreased
precipitation may threaten this method of taro cultivation if insufficient streamflow is available to provide
a continuous supply of cool water. When grown in dryland areas, taro requires evenly distributed annual
average rainfall of at least 60 inches; supplemental irrigation is necessary in drier areas. Restricted
growth, increased suckering, and/or reduced quality may occur if plants are water-stressed.
Changing climate conditions may exacerbate outbreaks of taro leaf blight. Taro leaf blight is caused by
the oomycete Phytophtora colocasiae, and once a crop is infected, the pathogen can reduce corm yield by
up to 50 percent, adversely affect corm quality, and cause leaf losses in susceptible plants as high 95
percent (Nelson et al., 2011; Singh et al., 2012). Increasing wetness, higher relative humidity, or a longer
wet seasons may encourage pathogen dispersal and disease spread. Conversely, cooler nighttime
temperatures (63–68°F) can also trigger epidemics because the release of infective zoospores is triggered
by cooler temperatures.
Wetland taro production is also threatened by sea-level rise. Rising sea levels will increase salt water
intrusion of freshwater surface and groundwater systems and raise the elevation of groundwater. As the
freshwater aquifer increases in altitude, it will become necessary to move low-lying lo’i to higher
elevations, if land is available.

2.2.

Livestock Systems Overview of Risks, Vulnerabilities, and General
Adaptation Strategies

Effects of Climate Change on Southwestern Animal Agriculture
Animal agriculture accounts for one-third of the agricultural revenue in the Southwest. In 2012, the
market value of livestock and poultry for this six-State region was $17.6 billion. Approximately 70
percent of Southwest livestock revenues are from dairy cows, cattle, and calves (U.S. Department of
Agriculture, 2013). Unlike poultry and swine, which are most typically housed within structures, cattle,
and also goats and sheep, are primarily raised on rangelands and pastures that are susceptible to elevated
temperatures facing the Southwest.
Major confined feeding/production operations for beef cattle feedlots, dairies, hogs, and poultry exist
throughout the mainland five-State region and total $15.4 billion per year (NASS, 2013). Although a few
dairy, feedlot, hog, and poultry operations exist outside of California, especially along the Wasatch Front
(Utah), the Rio Grande River Basin (New Mexico), and the Lower Colorado River (Arizona), the vast
majority of these operations exist within central California (Figure 7). Hog and beef cattle feedlot
inventories have declined in recent years, although the value of poultry products has risen substantially in
the recent decade (NASS, 2013). California and Arizona rank sixth and eighth, respectively, in cattle on
feed, but combined they total only about 6 percent of U.S. beef on feed inventories. The top five States,
all in the Midwest, total more than 70 percent of annual cattle on feed inventories (Galyean et al., 2011).
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There are four primary pathways of
animal production and welfare outlined
in the National Climate Assessment in
which climate change will affect animal
agriculture in the Southwest: 1) feedgrain production, availability, and price;
2) pastures and forage crop production
and quality; 3) animal health, growth,
and reproduction; and 4) disease and pest
distributions.
Regional Issues for Southwest
Animal Agriculture and Rangeland
Ecosystems
The regional setting and associated
current conditions will likely shape key
vulnerabilities across this region for
animal agriculture operations. Some of
these vulnerabilities are specific to
particular types of animal production
systems characteristic within the
Southwest, such as rangeland beef
cattle, and others are more generic to
any animal production system.

Figure 7: Locations within land resource regions across Arizona,
California, Nevada, New Mexico, and Utah of major dairy (>700 head),
beef feedlot (>1,000 head), hog (>5,000 head), and poultry (>$100,000 in
annual revenues) operations (NASS, 2013).

Reduced long-term livestock grazing capacities
Inherently low long-term carrying capacities for rangeland livestock will be further reduced. For example,
a common ecological site within MLRA 41 in southeastern Arizona is the Clay Loam Upland site within
a 12- to 16-inch precipitation zone. This site has a documented representative primary production level of
~1,075 lbs/acre/year. However, drier, more arid conditions result in primary production of <500
lbs/acre/year. This level of reduction in primary production can equal a corresponding reduction of
stocking rates of approximately 20 to 40 percent or more (Natural Resources Conservation Service,
2014). Economic costs of livestock grazing operations are directly dependent upon forage production
(Brownsey et al., 2013), and reduced long-term average primary production will directly increase
economic costs and further reduce inherently low rates of return realized from rangeland livestock
operations.
Reduced air and water quality
Inherently low ground cover will be further reduced and there will be greater site vulnerability to wind
and water erosion. For example, a common ecological site within MLRA 30 in California is Granitic
Loam, which is dominated by creosote bush and native grasses. Representative annual production is ~400
lbs/acre/year with low ground cover of approximately 10 to 15 percent inherent to the site. Drier
conditions create a site with further reduced ground cover, even below 5 percent, and these sites are
extremely susceptible to wind and water erosion (Natural Resources Conservation Service, 2014). A
reduction in ground cover from 15 percent to only 5 percent can triple the susceptibility of a site to soil
loss by wind and water erosion. Conversely, increase in vegetation cover to above 12 percent in a desert
environment in California resulted in a 90 percent decrease in sand flux (i.e., wind erosion losses)
(Lancaster & Baas, 1998).
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Persistently degraded land health
Degraded positions may become permanent. For example, a common ecological site within MLRA 25 in
Utah is Upland Loam, which is dominated by Wyoming Big Sagebrush. This site is susceptible to
degradation due to prolonged drought, especially if in combination with fire, overgrazing, or both. If this
site degrades to yellow rabbit brush and invasive annuals this situation is self-sustaining and can result in
complete loss of site potential. These sites in degraded states have increased intervals of fire frequency
and greatly reduced value for livestock grazing as well as wildlife habitat, including for sage grouse.
Restoration of these degraded states is highly problematic (Natural Resources Conservation Service,
2014).
Reduced supplies of harvested feeds and pasture forages
The demand for non-rangeland forages will increase, and overall supplies that are required in support of
rangeland beef cow-calf production systems will likely be reduced. The extensive nature of rangeland
livestock production across this arid and semiarid region requires periods of supplemented feed and/or
pasture forages. Livestock production within this region is highly reliant on harvested forages, especially
hay, that augment forage supplies during drought, dormant seasons, or periods of exclusion such as
during or after wildfires. The region is extremely reliant on surface freshwater supplies for irrigated crop
and pasture production, and the bulk of irrigated production across the region is for livestock feeds. There
are ~20 million acres of pastureland across this five-State region. Only about 5 percent (~1 million acres)
of these pasturelands were irrigated in 2012, a decline of about 0.5 million acres since 2007. Southwest
rangelands and pastures are primarily rain-fed (nonirrigated) and highly susceptible to projected drought.
One of the most likely effects of climate change on Southwest rangelands will be the decrease in net
primary productivity (NPP). Warming and drying will synergistically reduce soil water availability and
decrease NPP. More frequent droughts may also contribute to a change in vegetation composition and
reduction of ground cover, both of which can drastically increase susceptibility of ecological sites to
water and wind erosion (Natural Resources Conservation Service, 2014; Polley et al., 2013). Of direct
significance will be the likely need to feed livestock longer with estimates ranging from 4 to 16 percent
more feed required under increased ambient temperatures (Mader et al., 2009).
Increased heat stress associated with expansion of arid zones
Arid sites within desert MLRAs (primarily within the Western Range and Irrigated Land Resource
Region) may expand with projected changes in aridity and effect on heat stress for animals. Higher
ambient air temperatures predicted across this region will directly affect soil moisture and potential
evaporation rates that define site aridity. The resulting expansion of aridity is not yet well assessed or
predicted, but this is an area of current research. The direct effect of increased temperatures and resulting
heat stress on animal performance is well documented (St-Pierre et al., 2003).
Further reduced capacities to sequester carbon
An arid and semiarid region already seriously limited in its inherent capacities to store carbon may
increasingly become a source of atmospheric carbon. Desert regions across the Southwest are typically
sources of atmospheric carbon. Uptake of carbon (i.e., sequestration) is restricted to infrequent periods of
significant precipitation that promote primary production. However, overall carbon stores are low across
this arid region, although they are highly influenced by vegetation type and amount. More arid conditions
that lead to more woody species may actually increase carbon sequestration, though degradation resulting
in annual grassland vegetation may lower carbon storage in soils and increase atmospheric carbon.
Carbon fluxes will continue to be low and volatile (Bradley et al., 2006; Svejcar et al., 2008).
Reduced forage quality
Both harvested forages and rangeland forages may have increased cellulosic and lignin contents that
reduce digestibility by both ruminants and monogastrics. In the Southwest, livestock production will be
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reduced by lower forage quality and quantity and a decrease in voluntary animal intake associated with
lower forage quality, higher temperatures, and heat stress. Even in the absence of the effects of increased
greenhouse gas concentrations on climate patterns, atmospheric chemistry will increase the vulnerability
of livestock operations (Polley et al., 2013). Forage quality (digestibility) will also decrease as a result of
increased ambient temperatures (Craine et al., 2010). These declines in forage quality will in turn result in
reduced animal intake and lower animal performance. An emerging industry in the southwest, grass-fed
beef, is heavily reliant on the ability of producers to manage forage quality for maximum animal
performance, and will be increasingly pressured for nutritionally adequate forage supplies.
In Hawai‘i, nearly all beef cattle operations depend on pasture or range grazing systems, where the nonnative warm season C4 grass “Kikuyugrass” (Pennisetum clandestinum) is the primary forage. Depending
on the degree of conservative management practiced by ranchers (e.g., rotational grazing, reduced
stocking rates), the effects of climate change (increasing temperatures and greater drought persistence) on
Hawaiian grazing lands may decrease in pasture quality, thereby increasing the competitiveness of
noxious invasives such as fire weed (Senecio madagascariensis) over the forage species.
Reduced options for stocker cattle operations
The three phases of beef cattle production in the United States are 1) cow-calf operations, in which calves
are produced and raised on high-quality pasture and feed; 2) stocker operations, in which weaned calves
are pastured on rangeland for an additional one to two seasons; and 3) feedlot operations, in which stocker
cattle receive grain and other high-quality feed to quickly bring them to market weight. Beef cattle
production in this region is reliant not only on cow-calf operations, but also a declining acreage of
pasturelands needed for stocker growth before entering the third phase of U.S. beef production in feedlots.
Pastureland acreage
Pastureland acreage in the Southwest
region has declined by approximately
20 percent between 2007 and 2012 (a
reduction of approximately 5 million
acres, excluding Arizona), and the
amount of irrigated pastureland has
been reduced by approximately 35
percent. Stocker inventory varies but
has remained around 1.6 million head
across the region since 2000 (Figure
8), but there has been about a 5 percent
decline in annual inventory since 2007.
Figure 8: Annual stocker cattle inventory in the five-State region from
This reflects reduced cow-calf
2000 to 2013. California consistently provides about 50 percent of forage
inventories, and further reductions in
resources for stocker operations within the region (U.S. Department of
irrigated pastureland and availability of Agriculture, 2013).
pastures could further reduce
opportunities for stocker operations and inventories (U.S. Department of Agriculture, 2013).
Constraints on preparedness of ranching communities for arid or drought conditions or rebuilding
ranching operations following prolonged drought
Even in environments where prolonged droughts are common, ranching communities may not be
adequately prepared for the financial consequences and management requirements that are expected to
result from prolonged drought. A recent survey of Utah ranchers showed that 67 percent were either
somewhat prepared or unprepared for the 2009 drought despite having endured a 5-year drought from
1999 to 2004. The average age of beef producers in the region is ~58 years. It is well documented that
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rebuilding livestock herds following droughts can be costly and can take years, even for well-prepared
ranchers. Recent experiences in response to prolonged droughts in the Midwest indicate older producers
may opt to sell out rather than rebuild their ranching operations following destocking in response to
drought and persistent arid conditions. This could lead to a generational shift in ranching to younger
ranchers who may be more progressive but may also be less experienced (Coppock, 2011). Irrespective of
experience, restocking livestock following extensive destocking with prolonged drought is a lengthy,
time-consuming, and costly process, as was documented in the Midwest following the drought of 2009–
2011 (Doye et al., 2012).
Further reduction in the utilization of public land for livestock grazing
Continued increasing demands for ecosystem services other than food and fiber from public lands in the
region will likely continue to reduce the use of the available supply.
There is a slight decline in Bureau of
Land Management (BLM) Animal Unit
Months (AUMs) supplied within the
region since 2004, but this decrease
continues a constant decline throughout
the 20th century. More specifically, for
the five States of Arizona, California,
Nevada, New Mexico, and Utah, the
change in billed BLM AUMs has shown
a precipitous decline from a high of 8.9
million AUMs before the 1950s drought
to 3.7 million AUMs in 2012 (Figure
99) (Bureau of Land Management,
2014). This trend in reduced use of
Figure 9: Change in billed animal unit months from 1947 through 2011
public land for livestock grazing
for all BLM-managed lands in Arizona, California, Nevada, New Mexico,
represents an annual decline in forage
and Utah (Bureau of Land Management, 2014).
supply from public land of 30,00050,000 AUMs. Conditions of these lands are highly variable, and it is unlikely public lands could supply
an increased demand, especially with more arid environmental conditions likely.

Declining export options for Hawaiian cattle operations
Pasture and rangeland grazing systems are unable to support finishing the number of beef cattle that are
born in Hawai‘i, therefore after weaning, most are shipped more than 2,500 miles to western States for
finishing and slaughter. In 2012, 31,650 head were exported to the mainland, whereas 11,600 were
slaughtered locally (with an average live weight of 1,136 pounds). In the future, the cost of shipping and
increased feed costs may become prohibitively expensive as oil prices rise. Furthermore, future options
for finishing cattle in western States may be affected as environmental and economical stresses increase
and drought reduces available water supply on the mainland.
Adaptive Capacities
The mainland Southwest has supported animal agriculture since the early 17th century when European
settlers crossed the Rio Grande River into present day western Texas and southern New Mexico with
herds of cattle, sheep, goats, and horses. For the past 400 years this industry has developed management
strategies and conservation practices that impart resilience to climatic extremes, especially prolonged
droughts, which can seriously affect production from these rangeland-based systems. The ability of
livestock production in the mainland Southwest to adapt to higher ambient temperatures will continue to
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rely on these strategies (Joyce et al., 2013) such as reduced stocking rates, proper grazing management
practices, erosion control conservation practices, diversified ranch income strategies, alternative forage
supplies, practices that moderate housing temperatures and reduce heat stress, and accessing additional
range and pasture land. Even though the aging demographics of western ranchers could be a deterrent to
implementing various adaptations, examples of creative management coalitions are emerging in the
Southwest that can serve as instructive examples (Brunson & Huntsinger, 2008).
There are additional opportunities for incorporating transformative practices and technologies for
sustaining animal agriculture in a warmer environment. For example, increasing reliance on renewable
energy sources for climate control of housed animal production systems; using degraded water for
irrigation; expanding production of drought-tolerant feeds and forages; employing beef cattle genetics to
produce cattle suited to harsh and minimally productive environments; land management partnerships,
especially involving public lands, that create emergency supplies of forage during drought periods;
development of real-time, site-based information applicable to individual ranches and confined feeding
operations; and improvement of readily accessible weather forecasting capacities at temporal and spatial
scales directly applicable to individual animal production systems. Some of these transformative
strategies are being developed for other regions of the world (Martin & Magne, 2015; Moore &
Ghahramani, 2014) and could be applicable to the Southwest and Hawai‘i. Animal agriculture has the
capacity to adapt and transform as needed to the climatic changes that are now occurring and will
continue to occur across this region (Table 5).
Table 5: Types of exposure and resulting sensitivities of animal agricultural and possible adaptive capacities and/or
transformative practices and processes to reduce these vulnerabilities to climate change across the Southwest

Exposure
• Elevated maximum
temperature
• Elevated minimum
temperature
• Temperature rise
will be higher in
summer than other
seasons in most of
the region
• Heat waves will
increase in
frequency, intensity,
duration and spatial
extent.
• More intense and
longer-lasting
drought. Based upon
soil moisture,
drought is expected
to intensify in the
dry season.

Sensitivity
• Reduced grazing
capacity
• Reduced air/water
qualities
• Persistent land
degradation
• Reduced forage /
pasture quantity /
quality
• Increased heat stress
with expansion of arid
zone
• Reduced capacities to
sequester carbon
• Reduced options for
stocker operations
• Inconsistent
preparedness for
prolonged dry periods
• Decreasing
availability of public
land grazing permits

Adaptive Capacity and/or Transformation
• Cooperative Extension Service and USDA programs
for ranchers and land managers on climate effective
management and planning
• Reduced stocking rates
• Conservation practices for erosion controls
• Improved feed base and livestock genetics including
heat- and drought-tolerant feeds and forages and
livestock breeds
• Diversification of ranch scale production systems
• Intensification of water re-use for irrigation
• Renewable energy for temperature control in barns
and housed animal structures
• Increasing access to outdoor shade structures or
introduce silvopasture system, where resources
permit (e.g., Hawai‘i)
• Expanded use of conservation easements to maintain
rangeland and pasturelands availability
• Increased availability of public land AUMs for grass
banks
• Proper grazing management practices based on
ecological capacities of the land
• Real-time, location specific seasonal weather
forecasting
• Effective climate science programs for K–12
education in rural and urban areas to prepare the next
generation of animal agriculturalists
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3. Forest Systems Overview of Risks, Vulnerabilities, and General
Adaptation Strategies
The first part of chapter 3 examines the climate change vulnerability of the forests in the Southwest
(Arizona, California, Nevada, New Mexico, and Utah), exclusive of Hawai‘i. Hawai‘i’s tropical forests
are very different from those on the mainland and are reviewed separately in summary form in the second
part of this chapter. The Southwest has a wide variety of forest types that are economically and
ecologically important. Effects of climate change are already being observed in some southwestern
forests, and these effects are expected to expand and intensify in the coming decades. Assessing which
forest systems are most vulnerable, and what adaptation actions are possible, will be essential to
preserving ecosystem function and maintaining the well-being of forest landowners.

3.1. Effects of Climate Change on Southwestern Forests
Robert Whittaker (1975) described the global distribution of biome types on the basis of mean annual
temperature and mean annual precipitation. Since that time, the observation that forests are restricted to
particular combinations of annual temperature and precipitation has been reaffirmed and refined using
remotely sensed imagery. We used this approach and downscaled it to the forest types of the Southwest
using a bioclimatic envelope model (Heikkinen et al., 2006) to examine exposure of forests to change. We
aggregated LANDFIRE cover classes (www.landfire.gov) into broader categories that roughly correspond
with the Society of American Foresters forest types. The aggregated types include pinyon-juniper, midmontane mixed conifer, oak woodlands, aspen, ponderosa pine, subalpine conifers, riparian woodland, red
fir, Douglas-fir, and redwood. Each aggregated forest type was then related to 19 bioclimatic variables
from WorldClim data (Hijmans et al., 2005). We used principal components analysis to reduce the
dimensionality of the data set; these first two principal components explained 74 percent of the climatic
variation in the data across the models that we used.
To quantify exposure to change, we needed to describe the degree to which a particular location, in a
particular time window, was marginal (i.e., external) to the current bioclimatic envelope. To do this, we
first used a two-dimensional density kernel estimator to draw a 99 percent probability envelope around
the current bioclimatic distribution of a forest type in principal components climate space. We then
plotted these same locations on this climate surface for two summarized future time periods, 2041–2060
and 2061–2080, which we refer to as mid- and late-century projections.
We used two global climate models (GCMs) to provide estimates of future changes in climate: 1) the
MRI-CGCM3 model projects the least warm and wettest combined projected change by the end of the
century under the highest GHG emission pathway (RCP 8.5; IPCC 2013); and 2) the MIROC-ESMCHEM model projects the warmest and driest projections under RCP 8.5 at the end of the century for the
southwestern United States. These two models bracket from the lowest to the highest potential for climate
to act as a driver of vegetation change through temperature and precipitation shifts. We then modeled the
worst-case climate scenario as the model with the higher temperature change and drier future projections
with the highest emissions pathway (RCP 8.5) and the best-case climate scenario with the less warm and
wetter model (MRI-CGCM3) with a moderate emissions pathway (RCP 4.5).
We then classified each location in each future climate projection relative to the probability contour
interval on the basis of current distributions. Finally, we characterized fractions of forest types that are at
risk of change by assessing which fraction of a particular type falls outside the 99th percentile of the
climate space for current representatives of that type.
In this assessment, if a location is projected to be highly exposed by the end of the century, we mean that
the climate of that location, using the best-case or worst-case model, is projected to fall outside the
climatic attributes that describe 99 percent of current locations for that forest type. By color coding the
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degree of marginality with respect to current distributions, we can map climate change exposure and
depict where on the landscape, for the mid and late 21st century, we expect forests to be secure and fall
within the center of their climatic envelopes, and where they are exposed to change by falling outside
their climatic envelopes.
Our analysis does not predict the sensitivity of these forest types to drivers of forest cover change (e.g.,
stress-related mortality, fire, disease), nor does it assess the adaptive capacity of forest types. We do not
predict particular outcomes for the constituent species within communities, nor do we predict what kinds
of vegetation would replace the existing vegetation were a change in cover type to occur. These projected
changes in climate do not necessarily mean that current forests will disappear in locations anticipated to
be outside the current climatic envelope. Forest trees are long-lived organisms, and changes in vegetation
will be governed by a number of factors such as fire and drought in addition to climate. These projections
merely describe when and where different forest types are predicted to be at risk to change as a
consequence of climate stressors.
Future Outlook for Southwest Forests
Model projections of forest response to climate change suggest the forests in the Southwest will be less
abundant (Figure 10, Table 6). As the climate becomes warmer and drier, the areas suitable to support
temperate and montane forests will shift northward and upward in elevation. There will be an expansion
of climates typical of deserts and shrublands (Bachelet et al., 2001; Lenihan et al., 2003; Rehfeldt et al.,
2012). Increasing temperatures and moisture stress are likely to result in changes in forest composition
even among locations that remain forested. Many California forest types may shift from conifer
dominance toward slower growing, hardwood dominance (Shaw et al., 2011). Only at higher elevation
sites are forest changes expected to entail conifers replacing other conifers. Pinyon and juniper species
may replace montane conifer species. The consequence of a changing climate will result in changes in the
recreational, aesthetic, and wildlife values of forested lands, and potentially declining timber values. The
response of forest species to a warming environment will depend on the rate and magnitude of climate
change, the capacity of individual species to disperse to establish in newly suitable areas, and their
interactions with ecological stressors.

Figure 10: Exposure map for all forest types combined.
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Table 6: Current spatial extent and future climate exposure of the forest types used in this assessment.
Worst Case *
Best Case *
2

Type

Area, km

2040–2060

2061–2080

2040–2060

2061–2080

135,775

4.4

3.5

52.0

72.3

Mixed Montane forests

54,149

8.7

11.5

45.1

70.6

Douglas-fir

33,621

9.4

11.7

50.6

77.0

Ponderosa/Jeffrey Pine

35,367

11.3

7.5

71.1

88.4

Oak woodland

20,143

28.0

65.8

76.4

100.0

Aspen

16,495

7.9

9.5

39.0

63.2

Riparian forest

13,465

4.5

5.4

68.4

79.6

Red fir

11,159

15.0

15.7

75.9

96.3

8,126

35.3

59.5

61.4

99.5

Pinyon-Juniper

Coastal redwood

9,913
14.7
18.9
76.2
93.8
Subalpine
*The fraction of the type exposed to change includes both cells that fall outside the 99 percent probability envelope
and cells that fall outside the overall climatic envelop and are projected to be in non-analog climate space.

Some forest types stood out as being particularly vulnerable to climate change in the analysis. By 2061–
2080, oak woodland was projected to be between 67 percent and 100 percent exposed, depending on the
climate model and scenario. The large area and economic importance of oak woodlands (as rangeland)
make them a priority area on which to focus. Also of concern is coastal redwood (60 to 99 percent
exposed), a unique and valuable forest type. Exposure results for red fir (15 to 96 percent exposed) and
subalpine conifers (15 to 94 percent exposed) are more uncertain but still warrant concern. The forest
types least exposed to climate change in our analysis were aspen (9 to 63 percent exposed) and pinyonjuniper woodlands (3 to 72 percent exposed), but their possible vulnerability is still significant.
Regional Issues for Southwest Forest Systems
Exposure to change is spatially heterogeneous, but areas that appear most vulnerable to the effects of
climate change follow expected temperature and precipitation gradients. These include higher exposure
along the southern and western edges of the forest distributions, and lower exposure in the northern and
eastern populations and upper elevations of community-type distributions.
Drought coupled with bark beetle infestations may result in regional-scale die-off of pinyon and juniper
species. Recent drought-provoked infestations in Arizona, Nevada, and New Mexico have killed as much
as 90 percent of the dominant overstory pinyon species (Breshears et al., 2005; Greenwood & Weisberg,
2008).
For oak woodlands, extremely low rates of recruitment (i.e., adding new seedlings to the population)
observed over most portions of the range are likely to worsen with increased moisture stress from climate
change and losses of adult oaks resulting in slowly declining abundance except in the most resilient
microclimates (e.g., riparian zones).
The most extensive sudden decline in aspen is expected to occur in the hottest and driest areas—lowlying, south-facing slopes. The pattern suggests that the region's extreme drought and high
temperatures—both possible symptoms of global warming—have weakened the trees, allowing more
disease and insect attacks (Worrall et al., 2010).
For riparian woodlands, invasive forest species that are tolerant of saline conditions and decreased soil
water availability such as salt cedar (Tamarix spp.) and Russian olive (Elaeagnus angustifolia), are likely
to increase (e.g., Kerns et al., 2009) as a consequence of increased aridity.
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Climate change is already having notable effects on red fir forests, particularly as a result of declining
levels of snowpack over most regions of the Southwest. Most climate models predict strongly declining
snowpack through the 21st century, which is likely to have strong effects on the distribution for many
montane forest types.
Trends in coastal upwelling suggest uncertainty for the future of the coastal fog zone. Fully understanding
the future of California coastal redwood depends strongly on how changing climates might affect summer
fog. Uncertainty in future summer fog projections confounds vulnerability assessment.
Even for species not directly threatened by exposure, such as many subalpine conifer species, increased
diseases and fires may speed transitions. A major uncertainty is the degree to which these species will be
displaced by those from lower elevations.
Increasing temperatures and moisture stress are likely to result in changes in forest composition even
among locations that remain forested. For example, many California forest types may shift from conifer
dominance toward slower growing, hardwood dominance (Shaw et al., 2011). The consequence of a
changing climate will result in changes in the recreational, aesthetic, and wildlife values of forested lands,
and potentially declining timber values.
Successful forest management for climate change adaptation needs to take into account multiple stressors
and their interactions, as well as accounting for tradeoffs between the costs, benefits, and risks of different
management options (Bierbaum et al., 2014).
Adaptation Strategies
Forests are under considerable duress in much of the Southwest (e.g., (Breshears et al., 2005; McKenzie
et al., 2009). Recent droughts have triggered massive die-off in pinyon-juniper systems in Arizona and
New Mexico (Koepke et al., 2010) and aspen forests in Colorado (Huang & Anderegg, 2012); bark beetle
outbreaks associated with drought are spreading across western forests (Bentz et al., 2010), and some of
the largest fires in many decades are affecting the region (Holden et al., 2009; Westerling et al., 2006).
Model projections of forest response to climate change suggest a generally reduced abundance of forest in
the Southwest. As the climate becomes warmer and drier, the areas suitable to support temperate and
montane forests will shift northward and upward in elevation. In general, there will be an expansion of
climates typical of deserts and shrublands (Bachelet et al., 2001; Lenihan et al., 2003; Rehfeldt et al.,
2012). The response of forest species to a warming environment will depend on the rate and magnitude of
climate change, the capacity of individual species to disperse to establish in newly suitable areas, and
their interactions with ecological stressors.
Increasing temperatures and moisture stress are likely to result in changes in forest composition even
among locations that remain forested. For example, many California forest types may shift from conifer
dominance toward slower growing, hardwood dominance (Shaw et al., 2011). Only at higher-elevation
sites are forest changes expected to entail conifers replacing other conifers. For example, pinyon and
juniper species may replace montane conifer species. The consequence of a changing climate will be
changes in the recreational, aesthetic, and wildlife values of forested lands, and potentially declining
timber values.
Stephens et al. (2010) suggest a set of resilience, resistance, response, and realignment options to promote
resilient forested ecosystems under future climate scenarios. They also stress the importance of managing
species persistence at the scale of the ecoregion. The option that offers the most broad-scale promise is
the promotion of resilience. Resilient forests accommodate gradual changes in climate and also have the
ability to return toward a prior condition after disturbance either naturally or with management assistance.
Promoting resilience is the most commonly suggested adaptive option discussed in a climate change
context (Hansen et al., 2003).
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Stephens et al. (2010) describe evidence from one of the most drought-stressed conifer forests in North
America, the Sierra San Pedro Martir in Baja California, which suggests that managing for resilience is a
pragmatic option for coping with climate change. A wildfire occurred in this forest in 2003 immediately
after a severe drought from 1999 to 2002. However, the effects of the fire were surprisingly moderate,
with 80 percent of trees (including a large fraction of seedlings) surviving. Stephens et al. concluded that
the high spatial variability in the structure of this forest allowed it to quickly return to its predisturbance
state even after the stresses of drought and fire.
Restoring resilience has become the driving force behind current forest management efforts throughout
the conifer forests of much of the western United States (North et al., 2009; Stine et al., 2014). The basic
approach, applied in many different ways depending on site-specific conditions, follows the U.S. Forest
Service definition of restoration. The focus of vegetation management to achieve restoration goals
includes “a focus on re-establishing the composition, structure, pattern, and ecological processes” (U.S.
Forest Service, 2014).
In some special circumstances, it may be necessary or desirable to manage forests to resist the influence
of climate change or ensure that any changes take place as slowly as possible (Parker et al., 2000). An
example given in Stephens et al. (2010) is the application of mechanical fuel treatments by the U.S. Forest
Service in the Northern Sierra Nevada to increase resistance to wildfire. The goal of the response option
is to smooth the transition to changed conditions and avoid abrupt threshold responses. Response
adaptation includes facilitating “ongoing natural adaptive processes” such as species migration, mortality,
colonization, changes in community composition, and changes in disturbance regimes (Stephens et al.,
2010). Realignment involves modifying forests to current or future conditions; options include
reintroducing structural heterogeneity to forests. For example, past management activities have altered the
vertical and horizontal structure of much of California’s forests (Stephens et al., 2010).
The National Climate Assessment (2014) offers a consistent and compatible foundation for these local
adaptation strategies. (Millar et al., 2006) state that solutions for individual sites will be “wrought from
collaborative discussion among colleagues—scientists, resource managers, planners, and the public—and
they will be case-, location-, and project-specific. While general principles will emerge, the best
preparation is for managers and planners to remain informed about the emerging climate, vegetation, and
fire science in their region and to use that knowledge to shape effective local solutions.”
Managing for species persistence with sufficient abundance to maintain viable populations at the broad
ecoregion scale is an appropriate goal when considering the effects of changing climates in this century
(Bierbaum et al., 2014). Specific management practices that may aid this goal include assisting species
migrations, maintaining connectivity with matrix landscapes, and increasing intrapopulation genetic
diversity in planting mixes (Stephens et al., 2010).
It is useful to note that climate change adaptation actions also often fulfill other societal goals such as
sustainable development, disaster risk reduction, or improving the quality of life, and can therefore be
incorporated into existing decision-making processes. Exposure to climate change is exacerbated by other
stresses such as fire, insects, disease, pollution, habitat fragmentation, and poverty. Bierbaum et al. (2014)
argue that “adaptation to multiple stresses requires assessment of the composite threats as well as
tradeoffs among costs, benefits, and risks of available options.”
Restoring Sustainable Forest Structure
Adaptation approaches for forests focus on steps that managers can take to change forest structure. This is
critical in light of the changes in forests due to a century of fire exclusion and selective and wide-scale
logging. Techniques have been developed to provide silvicultural strategies for restoring resilient forest
structure. These vary from making minor adjustments to current management practices to major
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deviations from current practice. Use of these various strategies depends on the degree to which climate
continues to change, and how forests respond to these additional stressors.
Increasing forest heterogeneity and decreasing stand density
North et al. (2009) recommend enhancing forest resilience by increasing the physical diversity within a
forest. For example, managers can promote higher density and canopy cover in local cool/moist areas,
whereas on southern slopes they should encourage lower densities of fire-resistant trees. Additionally,
thinning should occur on the basis of crown strata or age/species cohorts to facilitate the structural
heterogeneity of the forest stand. Lydersen et al. (2013) demonstrate that the contemporary forest is more
homogeneous than it was historically, and the historical variability that likely provided diverse
microclimate and habitat conditions and fostered resilience to a variety of stressors and disturbances such
as fire, insects, and drought has been lost. The suite of contemporary management objectives, including
resilience to climate change, will benefit from restoring these structural components. For example, Knapp
et al. (2012) used variable density thinning, which made it easier to respond to differing topography and
forest conditions. This work is among a growing body of efforts that demonstrate that it is not only
desirable but feasible to achieve these changes in forest conditions at multiple scales.
Altering genetic and species composition
A generalized response to changing climate would be to alter the composition of stands to accommodate
changing conditions. This could entail planting different mixtures of species to reflect changing climates
or planting genotypes from warmer and drier locations in order to adapt systems to warmer future
conditions (Bower et al., 2014; Hamann et al., 2011; O'Neill et al., 2014; Tepe & Meretsky, 2011).
Planting a species outside its current distribution in anticipation of climate change and a failure of selfdispersal is called assisted migration (McLachlan et al., 2007). Because forests are long-lived, there have
been several instances of forest managers planting species outside their historical distributions (IsaacRenton et al., 2014; Pedlar et al., 2011; Williams & Dumroese, 2013). Although this is a controversial
approach, forest managers may soon face the choice of planting genotypes or even species outside their
historic distributions to create future forests on the basis of predicted future distributions. At present, it is
more likely that forest managers may gradually add species or genotypes to existing planting mixtures to
create more heterogeneity in preparation for future conditions.

3.2.Effects of Climate Change on Hawai‘i’s Forests
Hawai‘i’s diversity of climate zones, ranging from lowland tropical to alpine desert, supports multiple
different types of native forest ecosystems, mixed native and alien ecosystems, and forests of
predominantly alien trees. Although there is great diversity in ecosystem types, the composition of native
Hawaiian forests is dominated by two cosmopolitan species: ohia lehua (Metrosideros polymorpha) and
koa (Acacia koa). Both species are of significant cultural value and occur in dry, mesic, and wet
environments. Hawaiian forests are facing multiple pressures, of which climate change is just one.
Hawai‘i’s forest ecosystems are exposed to the threats of changing temperature, precipitation, and fire
regimes, but the direct effects of climate change are entwined with the effects of nonclimatic disturbance
such as highly invasive nonnative plant species, herbivory, and disease that leave native Hawaiian forest
species particularly exposed to the threats of rising temperature and changed precipitation (Giardina,
2012).
The sensitivity of Hawaiian forests to the effects of climate change will depend on the type of forest
ecosystem and its constituent species, its location with respect to rainfall and elevation, the size of forest
patch remaining, and the effects of past and ongoing disturbances. Temperature increases may favor
nonnative and invasive species, putting Hawai‘i’s native forests at more risk than at present. If rising
temperatures exceed the physiological maximum threshold for native species, this is likely to result in
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reduced resilience against pests, disease, and interspecies competition with nonnatives. Even without
interspecies competition, temperatures could become too warm for some native forest species, particularly
at lower elevations. The level of uncertainty in projected precipitation means that the effects of changing
rainfall and fog patterns are difficult to predict, especially in the context of complex topography and its
effect on rainfall distribution over the islands.
Tropical dry forests are among the world’s most threatened ecosystems, and Hawai‘i’s dry forest
ecosystems are no exception. The koa- and ohia-dominated dryland forests are usually of open canopy
and are found at elevations ranging from 650 to 300 feet on the leeward side of the islands (Sohmer &
Gustafson, 1994). Species associated with dry forests have higher vulnerability to the effects of climate
change than species from any other habitat type (Fortini et al., 2013). The limited extent of the dry forest
in Hawai‘i also increases its sensitivity to disturbances such as climate change. It is believed that more
than 90 percent of Hawai‘i’s native dry forests have been removed, and what remains is highly
fragmented (Bruegman, 1996). Invasive species such as fountain grass (Pennisetum setaceum) are likely
to increase the sensitivity of dry forest ecosystems to the effects of increasing temperatures and drought.
Fountain grass completely alters the fire regime of the ecosystem, fueling large, intense fires that kill
native trees, reducing the woody component of the ecosystem and favoring increased growth of more
fountain grass (Cabin et al., 2002; Cordell et al., 2002).
What remains of mixed mesic forests is found mostly between 2,500 to 4,100 feet in elevation. There are
small fragments of coastal mesic forests below 2,500 feet. Mixed mesic forests growing at higher
elevations are often open-canopy and dominated by ohia and koa, and like the dry forest ecosystems, they
are widely degraded. Much of the area previously covered with this ecosystem was harvested for timber
and subsequently converted to pasture of Kikuyugrass. Logging of old growth koa combined with
ungulate browsing has replaced old growth forest with patches of small, slow-growing saplings (Denslow
et al., 2006)citing others). Remnant forest patches are invaded with nonnative grasses, which reduce
woody seedling establishment (Denslow et al., 2006). The mesic forests face similar threats as the dry
forests, including greater competition from nonnative invasive species and altered fire regimes.
High rainfall typifies the areas where remnants of Hawaiian wet forests are located; annual precipitation
ranges from around 120 to 300 inches. These forests occur at 1,500 to 6,200 feet and are usually
dominated by ohia, with koa as a codominant or subdominant (Sohmer & Gustafson, 1994). One of the
most important modifiers of the vegetation in Hawaiian forests is feral pigs, and they are considered to be
the current primary threat to Hawaiian wet forests (Cole et al., 2012). The rooting and foraging behavior
of the pigs can disturb large areas of forest soils and spread the seeds of invasive species such as
strawberry guava (Psidium cattleanium). Combined, the effects of declining precipitation, increasing
temperature, disturbance from ungulates, and competition with nonnative species mean that like other
forest types, Hawai‘i’s wet forests are threatened on multiple fronts.
The effects of climate change are predicted to be more severe at higher elevations (Giambelluca et al.,
2008); therefore, high mountain cloud forest ecosystems between 3,300 and 6,200 feet are very exposed
to warming temperatures and altered precipitation patterns. Although ohia is one of the dominant tree
species in cloud forests, many other species growing within the forest do not have a broad geographic
range, which means the composition and dynamics of the forest may alter significantly with climate
change. In particular, the position of these forests is strongly influenced by the trade wind inversion
(TWI), and if climate change causes the base elevation of the TWI to drop, then the ecotone between
cloud forests and subalpine shrublands will likewise move to lower elevations.
Mamane-naio dry forests grow above the TWI in the subalpine zone at higher elevations between 6,000
and 10,000 feet. Temperatures range from highs of 68°F to near freezing, and precipitation tends to be
seasonal, varying between 27 inches at the treeline to 63 inches at lower elevations (Reddy et al., 2012).
These ecosystems are dominated by mamane (Sophora chrysophylla) and naio (Myoporum sandwicense),
and they are mostly found on Hawai‘i Island, circling Mauna Kea, with some populations on the slopes of
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Mauna Loa. Like the lower-elevation dry forest, the original extent of mamane-naio forests has been
depleted by livestock, through competition with invasive species and exposure to disease, and through
changes in the fire regime. Exotic, invasive grasses flourish in the mamane-naio understory and have been
shown to suppress the germination of mamane (Hess et al., 1999); citing others). Future exposure to
increased temperatures and severe, prolonged drought is likely to further reduce tree cover, increase grass
cover, and heighten the risk of devastating fires. The remaining mamane-naio forests are not as extensive
as the dry forests dominated by koa or ohia, but they are of immeasurable conservation value by
providing the only habitat for the palila or Hawaiian Honeycreeper (Loxioides bailleui) as well as
supporting other native Hawaiian birds. There are active efforts to restore areas of mamane-naio dry
forests, including replanting of native species and eradication of remaining feral sheep. Since the palila
was listed as an endangered species in 1967, around 60,000 acres of critical habitat was established in
1977, and additional habitat was added in 2006.
The adaptive capacity to reduce exposure or sensitivity of Hawaiian forests to the effects of climate
change also comes from forest management. The importance of Hawaiian forests is widely recognized by
government, planners, academics, and stakeholders, and there are many efforts driving toward extending
restorations and replanting of forests. Giardina (2012) lists several initiatives that are addressing
management options for the effects of climate change on Hawaiian forests, including the Hawai‘i
Department of Land and Natural Resources Watershed Initiative, the U.S. Fish and Wildlife Service
Pacific Island Climate Change Cooperative, the Hawai‘i Restoration and Conservation Initiative, and the
Hawai‘i Conservation Alliance Effective Conservation Program. Another example is the Forest
Stewardship Program run by the State of Hawai‘i Division of Forestry and Wildlife (Giardina, 2012).
Along with innovative new tax codes in Hawai‘i and Kauai counties, this program is intended to
encourage owners of pastureland and former sugar plantations to pursue forestry as an alternative,
potentially more profitable land use. In addition, Federal landowner assistance programs such as the
Wildlife Habitat Incentives, the Forestry Incentives, and the Environmental Quality Incentives Programs
currently encourage private landowners through cost-share assistance to improve and manage their forest
resources.
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4. Greenhouse Gas Emissions Profile from Agriculture and Forests, and
Mitigation Opportunities within the Southwest Region
Agriculture in the Southwest region (including crop, animal, and forestry production) has net greenhouse
gas (GHG) emissions of approximately −45.8
teragrams 2 carbon dioxide equivalent (Tg CO2
Southwest Region Highlights
eq.) (i.e., a net storage of GHG emissions). In
the region, crop-related nitrous oxide (N2O)
 The highest source of GHG emissions in the
emissions at 17 Tg CO2 eq. are the largest
region is N2O from croplands activity, the
contributor to GHGs, followed by methane
majority of which comes from minor crops
(CH4) from enteric fermentation (16 Tg CO2
such as fruit, nuts, and vegetables.
eq.), manure management (12 Tg CO2 eq.),

Changes in carbon storage in 2008 offset
and soil carbon stock changes (2 Tg CO2 eq.).
GHG emissions, resulting in GHG net
Forestry is the largest contributor to net carbon
storage.
storage at −93 Tg CO2 eq. 3
 The greatest mitigation potential is available
from changes in manure management
4.1.Soil Carbon Stock Changes
practices.
Carbon stock changes of major land use and
 Retiring soils from cultivation and
management types for both organic and
establishing conservation cover provides a
mineral soil types resulted in net emissions of
good opportunity for additional carbon
2.41 Tg CO2 eq. in 2008 (Table 7).
sequestration in the region.
Specifically, cropland production changes on
mineral soils sequestered 4 0.16 Tg CO2 eq.
and land removed from agriculture and
enrolled in the Conservation Reserve Program
sequestered 0.25 Tg CO2 eq. In contrast,
agricultural production on organic soils (which
have a much higher organic carbon content
than mineral soils) produced emissions of 2.56
Tg CO2 eq., and changes in hay production
resulted in emissions of 0.26 Tg CO2 eq.
Tillage practices contribute to soil carbon
stock changes. Table 8 shows the tillage
practices by type of crop for the Southwest
Regional Climate Hub. Management practices
that utilize reduced till or no till can contribute
to increased carbon storage over time depending on site-specific conditions.

4.2.Nitrous Oxide Emissions in the Southwest Region
In 2008, N2O emissions were approximately 17 Tg CO2 eq. Of these emissions, 9 Tg CO2 eq. came from
croplands and 8 Tg CO2 eq. came from grasslands. 5 Most crop-related N2O emissions in the region are
from the minor crops (Table 9). The quantity and timing of nitrogen-based fertilizer affects the rate of

A teragram (Johnson et al., 2010) is 10¹² grams, which is equivalent to 109 kilograms or 1 million metric tons.
Net carbon storage is the balance between the release and uptake of carbon by an ecosystem. A negative sign indicates that
more carbon was sequestered than greenhouse gases emitted.
4
Sequestration of carbon is subtracted from the regional CO2 eq. emissions.
5
Including both direct and indirect emissions;
Table 9 includes only direct emissions from crops.
2
3
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both direct and indirect N2O emissions. 6 Table 10 gives the percent of national acres that did not meet the
best practice rate or timing criteria as defined by Ribaudo et al. (2011) and therefore represent
opportunities for GHG mitigation. Best practice rate criterion is defined as applying no more nitrogen
(commercial and manure) than 40 percent more than that removed with the crop at harvest, on the basis of
a given yield goal, including any carryover from the previous crop. Best practice timing criterion is
defined as not applying nitrogen in the fall for a crop planted in the spring (Ribaudo et al., 2011).
Table 7: Estimates of annual soil carbon
stock changes by major land use and
management type in the Southwest region,
2008.

Table 8: Tillage practices by crop type in the Southwest region.*
Other
Conventiona
Conservatio
l Till‡
n Tillage‡

Emissions
(Tg CO2 eq.)

Crop
Type

Acres†

No
Till‡

Reduced
Till‡

Net change, cropland*

−0.16

Corn

867,673

37%

12%

36%

Net change, hay
Conservation Reserve
Program
Ag. land on organic
soils
Total†

0.26

Cotton

434,237

8%

13%

79%

−0.25

Sorghum

103,580

22%

13%

45%

21%

2.56

Wheat

630,289

6%

34%

50%

10%

Total

2,035,778

Land Uses

2.41

Source: (U.S. Department of Agriculture,
2011).
*Annual cropping systems on mineral soils
(e.g., corn, sorghum, and wheat).
†Total does not include change in soil organic
carbon storage on Federal lands, including
those that were previously under private
ownership, and does not include carbon
storage due to sewage sludge applications.

*Percent of acres utilizing tillage practice, not including minor crop types.
†Source: (U.S. Department of Agriculture, 2011).
‡Source: USDA ERS, (2011).

Table 9: Direct nitrous oxide emissions by crop
type.

Crop Type

Direct N2O
Emissions
(Tg CO2 eq.)

Hay
Corn
Cotton
Wheat
Sorghum
Minor Crops
Total

1.48
0.45
0.19
0.09
0.02
4.41
6.64

15%

% of
Region’s
Cropland
N2O
Emissions
22.3%
6.8%
2.8%
1.4%
0.3%
66.5%
100.0%

Table 10: National percent of acres not meeting rate and
timing criteria (percent of acres).

Crop

Not Meeting
Rate

Not Meeting
Timing

Corn
Sorghum
Soybeans
Wheat

35%
24%
3%
34%

34%
16%
28%
11%

Source: (Ribaudo et al., 2011).

Source: USDA, (2011).

4.3.Livestock GHG Profile
Livestock systems in the Southwest focus primarily on the production of swine, beef, and dairy cattle,
sheep, poultry, and horses. In 2008, the region had more than 54 million poultry animals, 10 million beef
and dairy cattle, and more than 1 million swine (U.S. Department of Agriculture, 2011). Nearly 66
6
Direct N2O emissions are emitted directly from agricultural fields and indirect N2O emissions are emissions associated with
nitrogen losses from volatilization of nitrogen as ammonia (NH3), nitrogen oxides (NOx), and leaching and runoff.
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percent of the cattle population is beef cattle. The primary source of GHGs from livestock is from enteric
fermentation, digestive processes that result in the production of methane (CH4) (referred to as enteric
CH4). In 2008, Southwest livestock produced 16.12 Tg CO2 eq. of enteric CH4. 7 Most of the remaining
livestock-related GHG emissions are from manure management practices—which produce both CH4 and
N2O. 8 In 2008, manure management in the Southwest region resulted in 12.2 Tg CO2 eq., considering
both CH4 and N2O, with the majority attributed to CH4 (U.S. Department of Agriculture, 2011).
Enteric fermentation
The primary emitters of enteric CH4 are
ruminants (e.g., cattle and sheep). Per-head
emissions of enteric CH4 from dairy cattle
are 40 to 50 percent greater than for beef
cattle primarily due to their greater body
weight and energy requirements for
extended periods of lactation (U.S.
Environmental Protection Agency, 2014).
Even though the population of beef cattle is
almost twice that of dairy cattle in the
Southwest, the overall contribution to
enteric CH4 emissions from dairy cattle is
slightly higher than for beef cattle (U.S.
Department of Agriculture, 2011). Table 11
provides CH4 emissions by animal types for
2008.

Table 11: Emissions from enteric fermentation in the Southwest.

Animal
Category
Beef cattle*
Dairy cattle*
Goats†
Horses†
Sheep†
Swine†
Total

Tg CO2 eq.

Percent of Region’s
CH4 Enteric
Emissions

7.04
8.97
0.01
0.03
0.04
0.03
16.12

43.7
55.7
0.0
0.2
0.2
0.2
100.0

*Source: (U.S. Department of Agriculture, 2011).
†Source: Based on animal population from USDA (2011) and
emission factors as provided in IPCC (2006).

Emissions from manure management systems
Manure management in the Southwest
yielded emissions of 10.1 Tg CO2 eq.
of CH4 and 2.1 Tg CO2 eq. of N2O in
2008. Table 12 summarizes CH4 and
N2O emissions by animal category.
Dairy cattle waste accounts for the
majority of manure-related emissions,
emitting 93 percent of the region’s
agricultural CH4 and 70 percent of its
N2O.

Table 12: Emissions from manure management in the Southwest.*

Animal
Category Population
Swine
1,003,500
Dairy cattle
3,482,073
Beef cattle
6,727,756
Poultry
54,459,844
Horses†
801,797
Sheep†
1,266,091
Goats†
178,586
Total
67,919,647

Methane (Tg
Nitrous Oxide (Tg
CO2 eq., %)
CO2 eq., %)
0.2, 2%
0.0, 1%
9.4, 93%
1.5, 70%
0.2, 2%
0.6, 26%
0.2, 2%
0.1, 3%
0.1, 1%
—
0.0, 0%
—
0.0, 0%
—
10.1, 100%
2.1, 100%

*Data from 2008. Source: USDA (2011).
The distribution of animal population
†N2O emissions are minimal and not included in this total.
among different farm sizes varies
across animal categories. In the Southwest, 43 percent of dairy cattle are managed by farms with more
than 2,500 head; 95 percent of swine are managed by farms with more than 5,000 head. Mitigation
technologies such as anaerobic digesters 9 are more economically feasible on large farm operations such as
these due to economies of scale. Figure 11 summarizes CH4 and N2O emissions by animal category and

7

The enteric CH4 emissions total for the region includes cattle and non-cattle.
Livestock respiration also produces carbon dioxide (CO2), but the effects of ingesting carbon-based plants and expelling CO2
result in zero-net emissions.
9
Anaerobic digesters are lagoons and tanks that maintain anaerobic conditions and can produce and capture methane-containing
biogas. This biogas can be used for electricity and/or heat, or can be flared. In general, anaerobic digesters are categorized into
three types: covered lagoon, complete mix, and plug flow digesters.
8
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baseline manure management practices. 10 The largest sources of agricultural CH4 are dairy anaerobic
lagoons and deep pits. The largest sources of N2O are dairy and beef dry lots. Figure 12 displays the
proportion of beef cattle, dairy cattle, and swine raised in various manure management systems. Most
beef cattle waste is deposited on pasture, whereas dairy and swine waste is managed using a variety of
systems, including anaerobic lagoons, deep pits, dry lots, and liquid/slurry systems.

Figure 11: 2008 CH4 and N2O emissions from the Southwest by
animal category and management system (Tg of CO2 eq.).
11

Other
Beef Dry Lot
Dairy Dry Lot
Dairy Anaerobic Digester
Dairy Solid Storage
Swine Anaerobic Lagoon
Horses Pasture
Swine Deep Pit
Poultry Anaerobic Lagoon
Beef Pasture
Dairy Liquid/Slurry
Dairy Anaerobic Lagoon

10
9
8
7
Tg CO2 eq.

Figure 12: Proportion of beef cattle, dairy cattle, and
swine managed with each manure management system
in the Southwest.

6
5
4
3
2
1
0

Methane

Nitrous Oxide
Greenhouse Gas

4.4. Forest Carbon Stocks and Stock Changes
In the 2008 GHG inventory reported by the USDA, forests and harvested wood products from forests
sequester 93 Tg CO2 eq. per year in the Southwest; in addition, the 98,061 thousand acres of forest land in
the Southwest maintain 18,295 Tg CO2 eq. in forest carbon stocks. 11 Managed forest systems in the
Southwest produce softwood timber and serve as reserved forest land. Forestry activities present
significant opportunities for managing GHGs. Forest managers in the Southwest use a wide variety of
silvicultural techniques to achieve management objectives, most of which will have effects on carbon
dynamics. Silvicultural techniques include enhancement of forest growth (which increases the rate of
carbon sequestration) and forest harvesting practices (which transfers carbon from standing trees into
harvested wood products and residues, which eventually decay or are burned as firewood or pellets).
Other forest management activities will result in accelerated loss of forest carbon, such as when soil
disturbance increases the oxidation of soil organic matter, or when prescribed burning releases CO2 (N2O
and CH4).

10

Definitions for manure management practices can be found in Appendix 3-B of (ICF International, 2013).
Other GHGs such as N2O and CH4 are also exchanged by forest ecosystems. N2O may be emitted from soils under wet
conditions or after nitrogen fertilization; it is also released when forest biomass is burned. CH4 is often absorbed by the microbial
community in forest soils but may also be emitted by wetland forest soils. When biomass is burned in either a prescribed
fire/control burn or in a wildfire, precursor pollutants are emitted, which can contribute to ozone and other short-lived climate
forcers. CH4 is also emitted (U.S. Department of Agriculture, 2014).
11
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Table 13: Southwest forest carbon stock and stock changes.

Forest management activities and their effects
on carbon storage vary widely across the
Southwest with different forest types,
ownership objectives, and forest stand
conditions. However, some commonly used
silvicultural prescriptions exist for Southwest
forest types. For example, the USDA’s
Quantifying Greenhouse Gas Fluxes in
Agriculture and Forestry: Methods for EntityScale Inventory Technical Bulletin (U.S.
Department of Agriculture, 2014) provides
this information for regions overlapping with
the Southwest (the Rocky Mountain South
and Pacific Southwest regions.

Source
Net area change
Non-soil stocks
SOC
Non-soil change

Units

Southwest
-1

1,000 ha yr
167
Tg CO2 eq.
14,137
Tg CO2 eq.
4,158
Tg CO2 eq.
−89a
-1
yr
Harvested wood products
Tg CO2 eq.
−4a
-1
change
yr
Forest carbon stock summary (Tg CO2 eq.)
Non-soil stocks + SOC
18,295
Forest carbon stock change summary ( Tg CO2 eq. yr-1)
Forest carbon stock change
−93
Source: USDA, (2011).
Negative values indicate a net removal of carbon from the
atmosphere.

The USDA’s Forest Service 2010 Resources Planning Act Assessment (RPA) General Technical Report
(2012) describes future projections of forest carbon stocks in the United States resulting from various
climate change effects (e.g., less-than-normal precipitation, above-normal temperature) and other
stressors (e.g., urbanization, other land development, demand for fuel and fiber). The RPA projects that
“declining forest area, coupled with climate change and harvesting, will alter forest-type composition in
all regions.” For the Pacific Coast, the rate of urban growth is third highest in the country, and the
Hemlock-Sitka spruce area is projected to decline, whereas Douglas-fir forest area is projected to
increase.

4.5. Mitigation Opportunities
Figure 13 shows the mitigation potential of GHG emissions by sector for the Southwest region. Each bar
represents the GHG potential below a break-even price of $100/metric ton CO2 eq. 12 A break-even price
is the payment level (or carbon price) at which a farm will view the economic benefits and the economic
costs associated with adoption as equal. A positive break-even price represents the minimum incentive
level needed to make adoption economically rational. A negative break-even price suggests that 1) no
additional incentive should be required to make adoption cost-effective; or 2) there are nonpecuniary
factors (such as risk or a required learning curve) that discourage adoption (Bonfils et al., 2012). The
break-even price is determined through a discounted cash-flow analysis such that the revenues or cost
savings are equal to the costs. 13 The left two bars represent reductions from changes in management
practices that mitigate GHGs. The right three bars represent increased carbon storage from changes in
management practices. A total of 6.6 Tg CO2 eq. can be mitigated at a break-even price below
$100/metric tons CO2 eq. Changes in land management practices can increase carbon storage by 4.4 Tg
CO2 eq. at a break-even price below $100/metric tons CO2 eq. The color shading within a bar represents
the mitigation potential or the potential increased carbon storage below different break-even prices
indicated in the legend. For example, changes in land retirement practices have the potential to contribute
to more than 1 Tg CO2 eq. of increased carbon storage for less than $20/metric ton CO2 eq. (i.e., light blue
and light green bars).



12
13

Most of the opportunity for reducing net GHG emissions will be from changes in manure
management practices.
The next largest opportunities are by increasing carbon stock is interseeding legumes on rangeland
areas grazed by cattle (by preventing erosion and increasing carbon sequestration) and land retirement
practices, such as retiring cultivated organic and marginal mineral soils.
Break-even prices are typically expressed in dollars per metric ton of CO2 eq.
See ICF International (2013) for additional details.
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The highest reductions in emissions from manure management are from installing complete mix
digesters or lagoon digesters at swine and dairy farms, and installing improved separators at dairy
farms with anaerobic lagoons. 14

Figure 13: Mitigation potential in the Southwest, by sector. See the text in section 4.4 for an explanation of colors.

Agricultural Soils
For farms larger than 250 acres, variable rate technology is a relatively low-cost option for reducing N2O
emissions from fertilizer application. 15 Reducing nitrogen application can be a relatively low-cost option
for all farm sizes. Transitioning from conventional tillage to continuous no-tillage or reduced tillage to
continuous no-tillage field management practices boosts potential for carbon storage at low cost (i.e., the
magnitude of the carbon storage potential is orders of magnitude higher than the potential to reduce N2O
emissions). Carbon gains can be realized only if no-till is adopted permanently, otherwise gains will be
reversed.
Land Retirement
This category includes retiring marginal croplands and establishing conservation cover, restoring
wetlands, establishing windbreaks, and restoring riparian forest buffers. Retiring marginal soil and
restoring forested wetlands provide the most opportunities for increasing carbon storage.
Manure Management

14
The emission reduction excludes indirect emission reductions from the reduced use of fossil fuels to supply the electricity for
on farm use (i.e., the emission reductions only account for emissions within the farm boundaries).
15
Variable rate technology (VRT), a subset of precision agriculture, allows farmers to more precisely control the rate of crop
inputs to account for differing conditions within a given field. VRT uses adjustable rate controls on application equipment to
apply different amounts of inputs on specific sites at specific times (Alabama Precision Ag Extension, 2011).
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The total CH4 mitigation potential for livestock waste in the Southwest is 6.5 Tg CO2 eq. under
$100/metric tons CO2 eq. Lower-cost GHG mitigation opportunities for manure management are
primarily for large swine and dairy operations. The relatively higher CH4 reductions can be achieved on
dairy operations by transitioning from anaerobic lagoons to improved solids separators, a covered
anaerobic lagoon, a covered lagoon digester, or a complete mix digester. For large swine operations, the
relatively higher mitigation measures are to transition from anaerobic lagoons, deep pits, or liquid/slurry
systems to complete mix digesters, covered lagoon digester, or to covering an existing lagoon.
Enteric Fermentation
Emissions from enteric fermentation are highly variable and are dependent on livestock type, life stage,
activity, and feeding situation (e.g., grazing, feedlot). Several practices show potential for efficacy in
reducing emissions from enteric fermentation. Diet modification (e.g., increasing fat and/or protein
content, providing higher quality forage) and providing supplements (e.g., monensin, bovine
somatotropin [bST]) have been evaluated for mitigation potential, the effectiveness of each option is not
conclusive.

5. USDA Programs
The recently published USDA Climate Change Adaptation Plan16 presents strategies and actions to
address the effects of climate change on key mission areas including agricultural production, food
security, rural development, forestry, and natural resources conservation. USDA programs administered
through the Agricultural Research Service (ARS), Natural Resources Conservation Service (NRCS), U.S.
Forest Service, Farm Service Agency (FSA), Rural Development (RD), Risk Management Agency
(RMA), and Animal and Plant Health Inspection Service (APHIS) have been and will continue to play a
vital role in sustaining working lands in a variable climate and are key partner agencies with the USDA
Climate Hubs.

5.1.Natural Resources Conservation Service
NRCS, along with other USDA service center agencies and the Cooperative Extension System, will
connect farmers, ranchers, nonindustrial private forest landowners, and others in the agricultural,
conservation, and environmental sectors to advance climate change research and applications. Much of
this assistance focuses on developing conservation practices that can mitigate climate change through
reduced greenhouse gas emissions or increased carbon sequestration and have been developed through
Conservation Innovation Grants. Application of conservation practices builds greater resiliency to
variability in climate and weather. NRCS continues to enhance delivery of conservation programs and
assistance to working lands using advances in information and techniques made more readily available
through the Hub network.
Climate vulnerabilities suggest increasing temperatures; increase in precipitation; longer temperate
seasons; more frequent flooding; and other extreme weather events such as high wind, ice storms,
extended periods of wet weather, and drought conditions. These anticipated changes are expected to have
a direct effect on agriculture in the Southwest. Additionally, in light of the Hawaiian or Pacific Islands
being a part of the geographic extent of the Southwest Regional Climate Hub, subsequent change in sea
level is also an environmental effect of great concern.
GHG generation or suppression is thought to have an effect on climate patterns. To meet the rising
demands for meat and poultry, livestock operations continue to grow and concentrate in various regions
16

The 2014 USDA Climate Change Adaptation Plan includes input from 11 USDA agencies and offices. It provides a detailed
vulnerability assessment, reviews the elements of USDA’s mission that are at risk from climate change, and provides specific
actions and steps being taken to build resilience to climate change. Find more here:
http://www.usda.gov/oce/climate_change/adaptation/adaptation_plan.htm.
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around the country. This can lead to increased methane production, which can affect air quality. Manure
storage and treatment facilities may also contribute to GHG emissions unless they are properly designed.
Livestock operations will likely need to adapt to increased intensity and frequency of summer heat stress,
which could decrease production and increase the effect of pathogens and parasites. These conditions
would likely affect livestock health and increase mortality. Data suggest that pastures are overgrazed with
a continuous grazing method and are more vulnerable to further climate-induced disturbances.
Crop and forage production could face heat and ozone stress, drought conditions, effects of water
inundation on fields, and invasive weed, pest, and pathogen outbreaks. Excessive rainfall in the other
seasons could lead to flooding and delay springtime planting and result in lower crop yields.
Supporting long-term habitat for wildlife, including threatened and endangered species, may require
development of adaptation strategies to address shifts in plant and animal distribution, changes in plant
phenology, disruption in interactions that have coevolved such as plant-pollinator relationships, range
restriction of plants, and increased spread of invasive and nonnative plants.
Another major vulnerability stems from drought and its effect on surface and ground water supplies.
Role of NRCS in the Southwest
NRCS can participate in determining important research directions and activities in areas supported by the
Southwest Hub and California Sub Hub by evaluating production systems under credible climate change
scenarios. With practical understanding gained by evaluation of conservation and production success
accompanied by feedback from producers, NRCS can provide input within the Hub network to agencies,
universities, and organizations conducting foundational and applied research.
NRCS has major technical and financial assistance programs focusing on soil erosion, water quantity,
water quality, confined animal facilities, ecosystem restoration, rangeland and woodland that can be
grazed, forest health, specialty crop production, and air quality. The Bay-Delta is one of eight Presidential
ecosystem landscape initiatives and is a Secretarial Critical Conservation Area. NRCS also works with a
large number of historically underserved producers and with many small producers and limited-resource
producers, along with providing conservation technical and financial assistance to Tribes.
NRCS participates in and offers conservation technical and financial assistance to producers through
various Environmental Quality Incentive Program (EQIP) offerings and numerous locally led
conservation programs at the county level. Each of these programs provides producers the flexibility to
address emerging issues related to climate change as it relates to their personal circumstances.
NRCS has many conservation practices and programs that can provide technical and financial assistance
to help producers adapt to climate change effects. Conservation practices include cover crops,
conservation tillage, and conservation crop rotation to increase soil resilience on cropland; prescribed
grazing to improve pastures; reduction of GHGs from confined livestock operations by manure
management; sequestration of carbon through tree planting; and control of excessive runoff through water
management.
Programs that support and promote the adoption of these practices through financial assistance include
EQIP, the Conservation Stewardship Program (CSP), Agricultural Conservation Easement Program
(ACEP), and the Regional Conservation Partnership Program (RCPP).
NRCS can further help farmers and other technical service providers with products that help assess and
measure the effects associated with climate change and the ability to adapt to them. NRCS maintains
many databases, techniques, and assessments that could be used directly or in conjunction with other
climate-related tools.
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NRCS California
California Natural Resources Conservation Service (CA NRCS) has 55 field offices providing
conservation technical and financial assistance on private agricultural and forest lands throughout
California. CA NRCS has a primary role in the delivery of products of the Southwest Hub and California
Sub Hub network. CA NRCS, along with other the USDA Service Center agencies and the Cooperative
Extension System, will connect farmers, ranchers, nonindustrial private forest landowners, California’s
approximately 92 Resource Conservation Districts, 108 Tribes, and other agricultural and conservation
and environmental sectors to advances in climate change research and applications.
CA NRCS is already addressing potential effects of climate change through ongoing conservation
programs and technical assistance activities that take steps to conserve and improve natural resources and
to assist farmers and ranchers as stewards of the land. Much of this assistance focuses on developing
conservation practices that can mitigate climate change through reduced GHG emissions or increased
carbon sequestration and have been developed through Conservation Innovation Grants conducted
primarily in California. Application of these conservation practices builds greater resiliency to variability
in climate and weather. Another example is launch of the Soil Health Initiative in California, which
provided education and training sessions for all CA NRCS field employees and producers on the
advantages and methods for improving the condition and resiliency of working lands soils. CA NRCS
will continue to enhance its delivery of conservation programs and assistance to working lands using
advances in information and tools made more readily available through the Hub network.
In addition to technology transfer, CA NRCS can participate in determining important research directions
and activities in areas supported by the Southwest Hub and California Sub Hub by evaluating production
systems under credible climate change scenarios, and by identifying resource management systems and
conservation priorities and practices necessary to protect natural resources and agricultural productivity in
the face of climate change. With this practical understanding gained by evaluation of conservation and
production success accompanied by feedback from producers, CA NRCS can provide input within the
Hub network to agencies, universities, and organizations conducting foundational and applied research
(including some applied research facilitated by NRCS through Conservation Innovation Grants).
Role of CA NRCS
CA NRCS has major technical and financial assistance programs focusing on soil erosion (both water
related and windblown), water quantity (drought and water management), water quality (sediment,
nutrients, and pesticides), confined animal facilities (dairy water quality and nutrient management
planning, expanding use of digesters), ecosystem restoration (anadromous fish, mountain meadows,
riparian and aquatic habitat, coastal estuaries, wetland habitat for migratory birds), rangeland and
grazeable woodland (livestock water, grazing management and water quality), forest health (reducing
catastrophic fire and associated runoff and sedimentation), specialty crop production (more than 400
crops on land varying from very steep to flat, peat soils to desert soils, in 16 Multiple Land Resource
Areas), and air quality (highly erosive soils subject to severe wind, nonattainment area for air quality with
increased regulation). The Bay-Delta is one of eight Presidential ecosystem landscape initiatives and is a
Secretarial Critical Conservation Area. CA NRCS is an active participant in an 11-State Sage Grouse
Habitat Initiative.
CA NRCS also works with a large number of historically underserved producers and with many small
producers and limited-resource producers, along with providing conservation technical and financial
assistance to Tribes.
California NRCS participates in and offers conservation technical and financial assistance to producers
through various EQIP offerings: the National Air Quality Initiative, the National Water Quality Initiative,
the Bay Delta Initiative, and numerous locally led conservation programs at the county level. Preservation
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of prime farmland and ranchland, preservation of wetlands, and restoration of wetlands are addressed
through the Agricultural Conservation Easement Program. Each program gives producers the flexibility to
address emerging issues related to climate change as it relates to their personal circumstances. In addition,
the Lockeford Plant Materials Center offers technical assistance in evaluating plant materials and plant
production methods that are most effective for erosion control, streambank stabilization, native plant
materials, and other conservation uses.

5.2.U.S. Forest Service
The Forest Service is involved in research, translation, and delivery of information and technical tools for
the public and private forestry sector. Forest and rangelands are key sinks of carbon, and carbon
sequestration is increasingly an important management objective. Research in this area provides baseline
carbon data at various scales to managers and provides methods to assess carbon in the forests and forest
products, and provides management strategies to consider carbon in management strategies. The Research
and Development branch is the principal in-house forestry and natural resource research arm of USDA. .
The State and Private Forestry (S&PF) branch is the Federal leader in providing technical and financial
assistance to landowners and resource managers to help sustain the Nation’s forests and protect
communities and the environment from wildland fires.
National Forest System
The National Forest system manages 193 million acres and is often the “front line” when communicating
with the public. The National Forest system consists of 154 national forests and 20 grasslands organized
into 9 regions. It contains 439 wilderness areas that total more than 36 million acres of land that range in
size from 372 acres in the Allegheny Islands Wilderness in Pennsylvania to 2,356,934 acres in the Frank
Church-River of No Return Wilderness, which spans five national forests in Idaho. There are also 20
national recreation areas, 6 national scenic areas, 6 national monument areas, 2 national volcanic
monument areas, and 2 national historic areas. The Forest Service works in partnership with public
agencies, private organizations, Tribes, watershed groups, volunteer organizations, nonprofit
organizations, schools, and individuals to manage national forest resources. These include water, fish,
trees, soil, recreation facilities, trails, roads, terrestrial habitats, invasive weeds, and many more. These
National Forests and Grasslands are often the front line interacting with the public on natural resource
management.
Research and Development
R&D staff members translate climate projections into potential effects on forest, rangeland, and urban
ecosystems. These effects include changes in species composition, appearance, and function. This
“translation” requires that climate change be considered as one of many stressors that affect forest,
rangeland, and urban ecosystems; these stressors include invasive plants, insect outbreaks, pathogens,
fire, and fragmentation. The resulting information is used to perform vulnerability assessments, and then
to devise management strategies that will keep these ecosystems healthy, resilient, and productive. Forest
Service Research Stations assist land managers with vulnerability assessments, often directly, but also
indirectly by providing models and tools (many available on the web, http://www.fs.fed.us/ccrc). Such
efforts are underway throughout the country. The research is often (but not always) regional in nature
because ecosystems differ across the regions of this country.
Regional Stations
The five Forest Service research stations, the International Institute of Tropical Forestry, and the two
threat assessment centers serve as regional hubs that provide key information to decision makers. In
addition, there is also national-level expertise throughout the stations that enables the agency to carry out
national assessments of the effects of climate change; an example being the Resources Planning Act
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(RPA) Assessment, which reports on the status and trends of the Nation’s renewable resources on all
forest and rangelands (http://www.fs.fed.us/research/rpa/). The stations utilize multiple approaches to
climate change technology transfer that range from having a dedicated team to depending on individual
scientists to move their results to the field. Each station has a cadre of scientists and professional support
staff who are advancing our knowledge of the effects from a changing climate. The Forest Service has a
web portal that provides climate change information and tools in a user-friendly format for government
land managers at the Climate Change Resource Center (http://www.fs.fed.us/ccrc/).
Forest Service Cooperative Forestry Program
The Forest Service Cooperative Forestry program works with States, private landowners, and other
partners to promote healthy forests and livable communities throughout the United States. In partnership
with State forestry agencies, Cooperative Forestry currently manages a number of programs, including the
Forest Stewardship Program (FSP). This program helps private forest landowners develop plans for the
sustainable management of their forests. The FSP mission is to protect and improve the health of
America’s rural, wildland, and urban forests. Forest Health Protection provides technical assistance on
forest health-related matters, particularly those related to disturbance agents such as native and non-native
insects, pathogens, and invasive plants. In addition, Forest Health Protection provides forest insect,
disease, and invasive plant survey and monitoring information, and technical and financial assistance to
prevent, suppress, and control outbreaks threatening forest resources. More than 250 specialists in the
areas of forest entomology, forest pathology, invasive plants, pesticide use, survey and monitoring,
suppression and control, technology development, and other forest health-related services provide
expertise to forestland managers throughout the Nation. The Urban and Community Forestry Program
encourages States, Federally recognized Tribes, and other partners to focus financial, educational, and
technical assistance on helping localities improve the resilience of their urban and community forests in
response to climate-related stressors.
National Agroforestry Center
The USDA National Agroforestry Center (NAC) is a partnership between the Forest Service and NRCS
to accelerate the application of agroforestry through a national network of partners. NAC conducts
research, develops technologies and tools, coordinates demonstrations and training, and provides useful
information to natural resource professionals (http://nac.unl.edu/).
Role of the Forest Service in the Region
Climate change is already affecting the forests in the Pacific Southwest region. Changes are resulting in
shifts in ecological patterns and processes throughout California. Perhaps the most significant for the
Forest Service are trends in hydrology and fire. Although precipitation has remained steady or increased
over much of northern and central California, the balance between rain and snow has shifted strongly
toward rain, and mean annual snowpack depths have been decreasing over the last 50 years. Peak stream
flow has shifted earlier in the season by 3 or more weeks, and there is higher interannual variability in
stream flow as well, with lower low flows and higher high flows. Forest fire frequency, size, and total
annual burned area are all rising (as they are across the West); in some forest types (mostly low- to
middle-elevation conifers) fire severity is also rising. Evidence also suggests that the interaction between
rising temperatures and more profound summer drought is leading to higher mortality of forest trees.
Scientific studies indicate that the geographic distributions of many plant and animal species in California
are changing (mostly moving uphill or to otherwise cooler locations) to track changing climates; this
includes forest pests such as mountain and western pine beetles.
In response to these changes, the Forest Service is focusing on three actions: 1) assessing current risks,
vulnerabilities, policies, and gaps in knowledge; 2) engaging internal and external partners; and 3)
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managing for resilience in ecosystems and human communities through adaptation, mitigation, and
sustainable consumption strategies.
To implement robust management actions today that will sustain Sierra Nevada resources into the future,
it is important that climate change be considered explicitly in management plans and practices. The
Pacific Southwest region is implementing several programs to help ecosystems adapt.
The Sierra Nevada Climate Change Vulnerability Assessment and Adaptation Strategy project (SNVAAS) was a cooperative venture funded primarily by the California Landscape Conservation
Cooperative, in partnership with EcoAdapt (a climate science nongovernmental organization), that
identified management actions to aid regionally important ecosystems and species in adapting to changing
climate conditions. Key products include 1) vulnerability assessment findings for 8 ecosystems and 15
species; 2) climate change adaptation strategies; and 3) down-scaled climate data and maps for the Sierra
Nevada, including future climate projections for temperature, precipitation, snowpack, runoff, recharge,
soil moisture, wildfire, and vegetation change. Products and information from the project are available on
the EcoAdapt website (http://ecoadapt.org/programs/adaptation-consultations/calcc). In fiscal year 2015,
Region 5 of the Forest Service is expanding the effort to include the four forests in southern California.
National Forest managers have been responding annually to the agency’s Climate Change Scorecard since
2011. The scorecard is a tool for forest managers to improve organizational capacity and readiness to
respond to climate change while creating a balanced approach that also includes mitigating climate
change, building partnerships across boundaries, and preparing Forest Service employees to respond to
climate-related issues by understanding and applying emerging science. The scorecard consists of 10 YesNo questions related to capacity building, adaptation to climate change, engagement with partners, and
mitigation and sustainable operations. The Forest Service's goal is for all National Forests to respond Yes
to at least 7 of the 10 questions by the end of fiscal year 2015. Region 5 (consisting of 18 National Forests
in California) is presently leading the agency in this effort, and is on track to meet the national goal.

5.3.Farm Service Agency
In the Southwest region, the major FSA activities focus on providing assistance after disasters such as
prolonged, catastrophic droughts. Drought in the Southwest has been an issue particularly over the last 10
years, which have been some of the driest on record. During these times FSA must re-focus its priorities
and resources to assist farmers and ranchers with benefits to mitigate losses during years of drought. As a
result of these drought events, numerous other disaster events have occurred that require FSA to re-direct
its resources. Catastrophic wild land fires and flash flooding typically occur during prolonged periods of
drought. Although monsoonal rains are a normal occurrence throughout the year, the effects can be
disastrous when the soil cannot retain the moisture or when burn scars from a devastating wildfire causes
flash flooding—all due to drought. FSA resources must be shifted to address these natural disasters that
affect farmers and ranchers. Additionally, resource concerns may change as it pertains to FSA
conservation efforts. For example, wildlife may be affected during times of prolonged drought, which in
turn may necessitate FSA to address habitat concerns through specific initiatives that meet the needs of
specific, affected species.
The 2014 Farm Bill, in addition to other legislation, authorizes several different programs that FSA can
utilize to address the vulnerabilities and effects caused by climate changes. During times of flooding, the
Emergency Conservation Program can be used to rehabilitate land that has been affected by flooding. The
Conservation Reserve Program can be implemented to address wildlife concerns that have a direct
correlation to climate change events. FSA’s Livestock Disaster Assistance Program, Livestock Indemnity
Program, and Noninsured Assistance Program are resources that are available to farmers and ranchers to
mitigate losses caused by natural disaster. All of these programs are available as risk management tools to
address the vulnerabilities that agriculture producers face.
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5.4.Rural Development
Rural Development supports rural communities through loans, loan guarantees, and grants. Climate
change represents a risk to the agency assets and the communities they serve. Rural Development
administers services through Rural Housing Service (RHS), Rural Business-Cooperative Service (RBS),
and Rural Utilities Service (RUS).
Within the Southwest region the occurrence of drought, warmer temperatures, more wildfires, insect
outbursts, flooding, erosion, and rising sea level are anticipated to cause 1) disruption of electric and other
energy supplies, 2) increased damage to structures/infrastructure from flooding, and 3) increased demand
on water supplies.
Rural Housing Service
RHS administers programs that provide financial assistance (loans and grants) for quality housing and
community facilities for rural residents throughout the United States.
RHS will implement the prevention measures outlined below in an effort to reduce the effects of climate
change and become more resilient to adverse effects predicted to be incurred by flooding, storm surges,
hurricanes, tropical storms, and other severe weather patterns that could adversely affect structures funded
through RHS programs.
1. RHS will continue to provide training to staff on proper siting of facilities/infrastructure for the
life of a structure (30 to 50 years in some cases) in locations where the effects from climate
change will not adversely affect the facility or the surrounding environment.
2. RHS will continue to consider the effects of sea level rise, other potential flooding, and severe
weather effects into long-term planning.
3. RHS will continue to provide funding for the following programs that have been designed to
lessen the need for fossil fuels, promote renewable energy, and increase energy efficiency in an
effort to reduce the effects of climate change:
• Multi-family Housing Energy Efficiency Initiative
• Multi-family Housing Portfolio Manager, Capital Needs Assessment/Utility Usage
• Energy Independence and Security Act compliance (affects new construction of single family
housing)
• Climate Action Plan installation of 100 megawatt capacity onsite renewable energy multifamily housing by 2020
Rural Business-Cooperative Service
RBS administers programs that lessen the need for fossil fuels by promoting biomass utilization,
renewable energy, and greater energy efficiency within all of the Climate Hub regions. The Rural Energy
for America Program lowers the demand on base plants by investing in energy efficiency and renewable
energy. Lower base load demand conserves water and helps to reduce GHGs that contribute to climate
change. Renewable energy investments can provide extra resiliency by distributing energy resources.
RBS is investing in alternative fuels, renewable chemicals, biogas, wastewater conservation, and
harvesting combustible forest thinnings for advanced biofuel.
Rural Utilities Service
RUS administers programs that provide clean and safe drinking water and sanitary water facilities,
broadband, telecommunications, and electric power generation and transmission/distribution within all of
the Regional Climate Hub areas.
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The following programs or measures will help address resiliency and lessen the effect of droughts, floods,
and other natural disasters and increase energy efficiency:






National Rural Water Association (NRWA) Grant. An energy efficiency program designed to
promote energy efficient practices in small water and wastewater systems. Performs energy
assessments, recommends energy-efficient practices and technologies, and provides support
in achieving recommendations.
Memorandum of Agreement between the U.S. Environmental Protection Agency and the U.S.
Department of Agriculture – Rural Development Rural Utilities Service – Promoting
Sustainable Rural Water and Wastewater Systems. The goals of this memorandum of
agreement are to increase the sustainability of drinking water and wastewater systems
nationwide to ensure the protection of public health, water quality, and sustainable
communities, to ensure that rural systems have a strong foundation to address 21st century
challenges, and assist rural systems in implementing innovative strategies and tools to allow
them to achieve short- and long-term sustainability in management and operations.
Emergency Community Water Assistance Grants (ECWAG). These grants assist rural
communities that have experienced a significant decline in quantity or quality of drinking
water due to an emergency, or in which such decline is considered imminent, to obtain or
maintain adequate quantities of water that meets the standards set by the Safe Drinking Water
Act. Emergencies are considered to include incidents such as but not limited to drought,
earthquake, flood, tornado, hurricane, disease outbreak, or chemical spill, leakage, or
seepage.



Electric Program – Energy Efficiency and Conservation Loan Program (EECLP). The
program is “for the purpose of assisting electric borrowers to implement demand side
management, energy efficiency and conservation programs, and on-grid and off-grid
renewable energy systems.” Goals include: 1) increasing energy efficiency at the end user
level; 2) modifying electric load such that there is a reduction in overall system demand; 3)
effecting a more efficient use of existing electric distribution, transmission and generation
facilities; 4) attracting new businesses and creating jobs in rural communities by investing in
energy efficiency; and 5) encouraging the use of renewable energy fuels for either demand
side management or the reduction of conventional fossil fuel use within the service territory.



Principles, Requirements and Guidelines (PR&G). Application of the revised PR&G in the
near future to RUS water and wastewater program planning will include consideration of,
among other factors, effects on and effects of climate change.



Rural Development Climate Change Adaptation Planning Document. This document, from
June 2012, would apply to all three Rural Development agencies. The plan was prepared to in
support of Departmental efforts to respond to EO 13514 (Federal Leadership in
Environmental, Energy, and Economic Performance) and DR 1070-001. The planning
document discusses increased efforts at risk assessment, and identifies five specific actions
related to climate change planning and adaptation.



Engineering Design Standards and Approved Materials. The RUS electric program envisions
increased incorporation of climate change-related effects as it revised its standards and
materials for RUS-financed infrastructure. Some borrowers (e.g., in coastal areas and the
Great Plains) have already received agency approval for hardened electric poles and lines.

5.5.Risk Management Agency
RMA provides a variety of actuarially sound crop- and livestock-related insurance products to help
farmers and ranchers manage the risks associated with agricultural production. Coverage is provided
against agricultural production losses due to unavoidable natural perils such as drought, excessive
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moisture, hail, wind, hurricane, tornado, lightning, insects, etc. In 2014, the Federal crop insurance
program provided U.S. agricultural producers with more than $109.8 billion in protection for agricultural
commodities. These policies provide financial stability for agricultural producers and rural communities,
and are frequently required by lenders.
Southwest specific vulnerabilities include:







Crop programs for crops such as rice and grains will have more crop insurance loss payments
for “prevented planting” as a result of the drought conditions.
Water management challenges for irrigated crops, such as quantity and timing of water
required to produce a marketable crop.
Issues with water availability for perennial crops such as almonds, citrus, and grapes.
Potential for production losses due to increase use of low-quality water (higher
salinity/boron).
Increase of disease and pest due to temperature changes.
Potential for production losses due to decreased chill hours.

Because climate change is an ongoing process, the risk environment for agricultural production will also
be undergoing constant change (e.g., some perils may occur with greater or lesser frequency and/or
severity). Climate change will also promote adaptive responses by producers such as adopting new
production practices, planting new varieties, or shifting the locations of farming operations.
RMA continually strives to improve the effectiveness of its programs by refining insurance offers to
recognize changes in production practices; and where appropriate, adjusting program parameters (e.g.,
premium rates, planting dates, etc.) within each county to recognize structural changes to the risks of
growing the crop in those areas. In that regard, RMA monitors climate change research and, to the extent
that climate changes emerge over time, updates these program parameters to reflect such adaptation or
other changes. RMA also updates loss adjustment standards, underwriting standards, and other insurance
program materials to ensure that they are appropriate for prevailing production technologies. Additional
materials related to the drought in California are available on the RMA website.17
The RMA regional office in Davis, California, manages crop insurance programs in the Southwest
Climate Hub Region in Arizona, California, Hawaii, Nevada, and Utah. The RMA regional office in
Oklahoma City, Oklahoma, manages crop insurance programs in New Mexico.
In 2010, RMA’s crop insurance National liability (book of business) was $78 billion. In 2014, RMA’s
national liability was $109.8 billion. The six States located in the Southwest Climate Hub region
accounted for more than $4.9 billion in liability in 2010, and liability almost doubled to more than $8.3
billion in 2014. The Southwest region makes up a large book of business for specialty crop insurance
programs and plays an important role in managing risks for fruit, vegetables, nuts, and livestock
producers, which are important to this region of the United States. In California, the crops that use the
most water in production (climate-related challenge) are alfalfa, rice, cotton, almonds, and corn. Water
issues continue to be a problem in California, and the losses that RMA has paid out in recent years shows
how the severity of the drought is affecting both perennial crops, and cotton and rice production in the
region.

17

Davis RO issued Frequently Asked Questions about the 2014 Drought in California:
http://www.rma.usda.gov/help/faq/cadrought.html
RMA Davis Regional Office issued: Information About Available Irrigation Water:
http://www.rma.usda.gov/fields/ca_rso/2014/irrigationassessment.pdf
Partnership with California Department of Agriculture for drought information website:
http://www.cdfa.ca.gov/drought/
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Over the last 5 years (2010–2014) participation has grown in these six States. Crop insurance liabilities
for the top three states (California, Arizona, and New Mexico) also increased.
•
•
•

California has by far the largest liability in the Southwest: total liability rose from $4.4 billion in
2010 to more than $7.6 billion in 2014,
The total liability in Arizona rose from $213 million in 2010 to more than $267 million in 2014,
and
The total liability in New Mexico rose from $123 million in 2010 to more than $208 million in
2014.

Over the last 5 years (2010–2014), the crops with the highest losses reported in California due to natural
disasters such as drought were cherries, grapes, cotton – Extra Long Staple (ELS), and mandarin oranges.
In 2014, due to the continued severity of the drought, the crops with the highest loss payments were
eotton ELS ($83 million), cherries ($51 million), rice ($50 million), almonds ($39 million), naval oranges
($27 million), grapes ($28 million), and pistashios ($19 million).
In 2014, almonds had the most liability exposure for California, with a liability of $2.1 billion. The nexthighest liability was grapes, with $1.3 billion; then rice, with a liability of $543 million; tomatoes, with a
liability of $534 million; and walnuts, with liability of $349 million. These five crops have the highest
liability exposure for the Federal crop insurance program in the Southwest Climate Hubs region.
The RMA regional offices in Davis and Oklahoma City will continue to monitor crop disasters such as
drought conditions and prevented planting. RMA regional offices will respond to Approved Insurance
Providers and producer inquiries during these events. In addition, they will continue to provide estimates
of liabilities, losses, and the potential effect that natural disasters have on the Federal crop insurance
program to RMA headquarters in Washington, D.C., as needed.

5.6.Animal and Plant Health Inspection Service
APHIS is responsible for protecting and promoting U.S. agricultural and forest health, regulating certain
genetically engineered (GE) organisms, enforcing the Animal Welfare Act, and carrying out wildlife
damage management activities. APHIS is constantly working to defend U.S. plant and animal resources
from agricultural and forest pests and diseases. Once a pest or disease is detected, APHIS works in
partnership with affected regions to manage and eradicate the outbreak. In its new Strategic Plan for 2015,
APHIS lists seven goals:
1. Prevent the entry and spread of agricultural pests and diseases.
2. Ensure the humane treatment and care of vulnerable animals.
3. Protect forests, urban landscapes, rangelands and other natural resources, as well as private
working lands from harmful pests and diseases.
4. Ensure the safety, purity, and effectiveness of veterinary biologics and protect plant health by
optimizing our oversight of GE organisms.
5. Ensure the safe trade of agricultural products, creating export opportunities for U.S. producers.
6. Protect the health of U.S. agricultural resources, including addressing zoonotic disease issues and
incidences, by implementing surveillance, preparedness and response, and control programs.
7. Create an APHIS for the 21st century that is high-performing, efficient, adaptable, and embraces
civil rights.
APHIS works to achieve these goals through the actions of several mission area Program staffs and
support units. The text below describes the APHIS programs and their respective responsibilities, and
their expected vulnerabilities due to climate and the measures in place to minimize risks from these
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vulnerabilities. As an agency with nationwide regulatory concerns, APHIS programs are typically
national in scope and application.
Animal Care
The mission of the Animal Care (AC) program is to protect animal welfare by administering the Animal
Welfare Act and the Horse Protection Act. AC also protects the safety and well-being of pet owners and
their pets by supporting the Federal Emergency Management Agency (FEMA).
AC’s supporting role in the safety of pet owners during disasters may be vulnerable to climate change. An
increase in storms and the severity of storms as the climate warms may increase the frequency of
evacuations. In anticipation of the increase in emergency response activities, AC proactively organizes
and participates in emergency planning together with FEMA, Emergency Support Function No. 11, 18 and
other response partners to strengthen the Nation’s capacity to respond to natural disasters. These efforts
will help reduce the effects of disasters and help people and their animals recover more quickly.
Biotechnology Regulatory Services
To protect plant health, Biotechnology Regulatory Services (BRS) implements the APHIS regulations for
GE organisms that may pose a risk to plant health. APHIS coordinates these responsibilities along with
the other designated Federal agencies as part of the Federal Coordinated Framework for the Regulation of
Biotechnology.
Although no BRS actions are directly “vulnerable” to climate change because climate change will likely
affect the distribution of some agricultural crops and other plants, BRS actions related to conducting
inspections of field trials for GE plants could be affected. Therefore, if growing areas for regulated GE
plants shift, BRS would need to conduct inspections in those new locations.
BRS has in place a flexible staffing plan and practice—not all of its staff members are centrally located;
they are set up to provide mobile inspection service to wherever GE crops are growing in field trials.
Additionally, BRS receives reports each year from those holding permits for conducting field trials. BRS
uses this information to plan inspections throughout the life cycle of the field trials. The flexibility and
regular use of new information inherent in BRS planning and practice will help minimize risks from
climate change.
Plant Protection and Quarantine
Plant Protection and Quarantine (PPQ) is responsible for safeguarding and promoting U.S. agricultural
health. PPQ is constantly working to defend U.S. plant and forest resources from agricultural pests and
diseases. Once a quarantine plant pest or disease (one not previously found in the U.S. or if found, is
under official control) is detected, PPQ works in partnership with affected regions to manage and
eradicate the outbreak. PPQ has three strategic goals:
1. Strengthen PPQ’s pest exclusion system,
2. Optimize PPQ’s domestic pest management and eradication programs, and
3. Increase the safety of agricultural trade to expand economic opportunities in the global
marketplace.
In the face of an increasingly variable climate and more erratic weather conditions, PPQ will continue to
play a central role in responding to risk and managing vulnerabilities. In this capacity, PPQ operates
primarily on a national level with regional emphasis as needed to address and divert pest incursions.
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http://www.fema.gov/pdf/emergency/nrf/nrf-esf-11.pdf
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PPQ is tasked with assessing pest risk by predicting where an invasive plant pest may be introduced and
establish, and by modeling its subsequent spread. These assessments are often based on climatic
conditions and host availability. As climate changes, host distribution and landscape conditions deviate
from what is considered “normal.” PPQ assessments are based on available data that often reflect past
conditions. As climate changes, the relevance of these data may lessen our ability to accurately predict
and understand risk.
Some of the challenges in predicting future risk under climate change require a shift from analyzing mean
responses (e.g. increase of 2–3 degrees temperature on average), and instead to focus on trying to
understand how pest invasiveness and the potential for establishment change with increased weather
variability and increased extreme events. For example, several years of warmer than normal weather can
allow the establishment of invading pest populations and result in their spread to new areas. Once arriving
in new areas, if such pest populations can secure warmer microclimates to survive the winter, they can
become more prevalent earlier the following season. Anticipating global trade shifts in response to
climate change is another challenge, as is the subsequent risk of new crop pests and diseases associated
with them.
PPQ partners with other agencies, universities, and the climate hubs to obtain, analyze, and implement
data models that inform climate change-specific policies and pest programs. PPQ is increasing its
capacity to perform pest risk modeling at regional, national and global levels with new platforms. These
platforms are designed to project climate change scenarios onto the landscape to model geographic shifts
in climatic suitability and host availability. PPQ is also applying phenological models that can be used to
analyze how climate change and increased weather variability might affect temporal sequencing of pest
development and subsequent population response. Being able to produce robust projections of such shifts
will improve the efficacy of PPQ’s early detection surveillance programs conducted in cooperation with
States.
Veterinary Services
Veterinary Services (VS) is responsible for regulating the importation and interstate movement of animals
and their products in order to prevent the introduction and spread of foreign animal diseases of livestock.
If a foreign animal disease were to be detected in the United States, VS is responsible for responding to
the outbreak, in coordination with States, Tribes and producers. VS also regulates the licensing of
veterinary biologics such as vaccines.
Climate change vulnerabilities and potential mitigations
•

•

19
20

Changing Vector Distribution

Vulnerabilities: Climate change could mediate changes in the dispersal and redistribution of
arthropod vectors along with the ability of these vectors to transmit economically important
pathogens, potentially allowing their spread from areas where they are already established to new
locations. This change in distribution could result in significant increases in morbidity and
mortality to livestock, wildlife, and people, along with a reduction in market value of animals
from affected areas.
Current measures addressing vulnerabilities: VS conducts passive—as well as some active—
surveillance for arthropod-borne diseases such as vesicular stomatitis virus (VSV), equine
encephalitis viruses (EEE, WEE, and VEE), 19 and hemorrhagic disease viruses (EHDV and
BTV). 20 This surveillance activity may help identify any changes in vector populations and
inform recommended changes to disease surveillance and production practices. VS could identify
other mitigations through further research in this area. Such projects may include using climate

Eastern, western, and Venezuelan equine encephalitis viruses, respectively.
Epizootic hemorrhagic disease virus and blue tongue virus, respectively.
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models and scenario analyses to identify geographic areas likely to undergo environmental
changes that would lead to an increased risk of infection with selected pathogens, and simulating
economic effects of potential vector and pathogen range expansion to livestock and wildlife
industries.
•

•

•
•

•
•

•

•

Increased Wildlife-Livestock Interaction

Vulnerabilities: Increased pest infestation, fires, and expansion of the wildland-urban interface
could alter wild animal distribution, movements and feeding patterns, thereby increasing contact
and the potential for disease exchange with agricultural animal populations. For example, the
recent widespread epidemic of mountain pine beetles throughout the western United States and
Canada may lead to widespread tree death and fire followed by variable regrowth in forested and
transient grassy areas as trees re-grow. This may improve habitat suitability for species such elk,
bighorn sheep, and feral swine, which could increase contact and subsequent disease transmission
between these wild species and livestock.
Current measures addressing vulnerabilities: VS is a collaborator in an APHIS Wildlife
Services-led program to investigate and mitigate agricultural and natural resource damage and
disease risks from feral swine. VS is involved in studying and responding to wildlife-livestock
interactions with regard to disease transmission, such as brucellosis in the Greater Yellowstone
Area.
Heat Stress on Livestock

Vulnerabilities: In highly optimized, intensive livestock production systems, small changes in
maximum temperatures can reduce productivity through decreases in weight gain or milk
production or through losses of livestock.
Potential measures to address vulnerabilities: Measures may include shifting the distribution of
livestock facilities to cooler areas. For example, parts of the north central Plains and into central
Canada may become more productive for livestock, as other areas become too warm. Adding
ventilation or other cooling systems may assist with this issue.

Decrease in Potable Water

Vulnerabilities: Water availability could be severely affected in the Southwest; water resources
are already tapped beyond demand. Drought could affect water availability for livestock and for
crops grown to feed livestock. Grazing lands could also be affected.
Potential measures addressing vulnerabilities: Livestock may need to be shifted to new areas;
greater efficiency in crop and livestock production may decrease demand for water.

Aquaculture

Vulnerabilities: Marine and freshwater food fish populations have already experienced significant
declines due to warming waters and the attendant effects that include acidification, oxygen
depletion, algal blooms, and increased pathogen loads. These effects exacerbate the effects of
overharvesting, which has depleted many wild fish populations. Decreases in the wild fish catch
places more pressure on the aquaculture industry for higher production and mitigation of health
effects.
Potential measures addressing vulnerabilities: As demands on the aquaculture industry for fish
protein increases, VS will rely more heavily on coordinated efforts targeting disease control and
improved health of aquacultured species. VS partners with the commercial aquaculture industry
and Federal and State agencies to work collectively to protect and certify the health of farmed
raised aquatic animals and facilitate their trade as well as to safeguard the nation’s wild aquatic
animal populations and resources.
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Policy and Program Development
Policy and Program Development (PPD) performs economic, environmental, and other analyses to
support the actions of all APHIS programs. PPD analyses would be more robust over time if they were
better able to incorporate economic and environmental effects of climate change to relevant agricultural
systems and ecosystems. Robust projections of climate change and their effect on the distribution of
production areas for various commodities, as well as anticipated needs for commodity movements at an
international and domestic scale, can inform our economic analyses. These projections, along with
information on pollinators, water and other resources, as well as effects to low-income, minority and
Tribal communities, will better inform our environmental analyses.
PPD is incorporating climate change into many of its environmental compliance (e.g., National
Environmental Policy Act (NEPA) documents and is leading an agency-wide effort to develop guidance
for addressing climate change in our NEPA documents.
Wildlife Services
The mission of Wildlife Services (WS) is to provide Federal leadership and expertise to resolve wildlife
conflicts to allow people and wildlife to coexist. WS conducts program delivery, research, and other
activities through its regional and State offices, the National Wildlife Research Center (NWRC) and its
Field Stations, as well as through its national programs. Because the work of WS is greatly influenced by
distributions of wildlife, which are expected to shift as the climate changes, much of this work will be
changing, as well. The following examples reflect some of those changes that are likely to effect the
Southwest:
Predator management
As climate changes, so may landscapes and habitats shift along with changes in prey distribution and
abundance. Changes in native vegetation, and therefore forage, will alter feeding patterns of omnivorous
predators, such as black bears and coyotes. These shifts will influence the distribution and abundance of
such predators and will alter the predictive ability of models related to spatial patterns, behavior,
abundance, and habitat use by predators. Results of climate-informed models may be needed to inform
predator management strategies in order to adapt to climate change. NWRC researchers based near the
USDA Southwest Hub are gathering data on changes in species distribution and abundance, behavior, and
habitat use for predators from around the country that are already affected by climate change (e.g., polar
bears) and will use these studies as a foundation for incorporating climate change into studies of species
found locally. NWRC is also incorporating climate change models into projections about future habitat
availability for predators (e.g., models for wolverine habitat).
Wildlife management for aviation safety
As climate changes, so may the breeding and wintering ranges of birds that affect aviation safety. Airports
and military installations should be prepared to address new challenges associated with changes in bird
ranges. Also, species’ migration patterns may change. As an example, NWRC has developed migration
models for osprey in relation to military aircraft movements. These very well could become outdated as
climate, and therefore species’ migration patterns, change. Proper habitat management is crucial to
successful management of wildlife hazards to aviation. Distribution of plant species that grow on airports
and military installations may change in the future. Thus, habitat management strategies may also need to
adapt to a changing climate. NWRC is gathering data on species and habitat distribution, so it should be
able to detect changes in species ranges, as well as migration and movement patterns, and therefore adjust
its habitat management strategies accordingly. NWRC is also researching alternative land covers that
could be used at airports and military installations in the Southwest and across the United States as
conditions change.
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Managing diseases spread by wildlife
Climate change will likely have dramatic effects on the distribution of both agricultural diseases of
concern as well as on zoonotic diseases, both of which can be spread by wildlife. It is expected that some
areas will experience a decrease in endemic disease risks, whereas others may have new diseases emerge
in areas where they were not previously documented. Given the sensitivity of insect vectors to changes in
weather related variables, it is likely that initial changes in disease distribution resulting from climate
change will take place for those diseases that are vector-borne. NWRC is conducting surveillance and
research on diseases and vectors to gather baseline data on their distribution for use in climate change
models and future studies. NWRC also maintains tissue archives of wildlife samples that are made
available for retrospective research on diseases to identify changes in pathogen distribution and
prevalence.
Wildlife management to protect agriculture
WS conducts research and management on wildlife and invasive species such as feral swine, which can
have a significant effect on agricultural commodities. As climate changes, the distribution of these species
and the agricultural crops they effect will also change. Information on population densities and
distribution of target species is important for understanding how climate change will affect production of
these agricultural commodities.
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