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ABSTRACT

This report provides an assessment of the effects of climate change on U.S. agriculture, land
resources, water resources, and biodiversity. It is one of a series of 2| Synthesis and Assess-
ment Products (SAP) that are being produced under the auspices of the U.S. Climate Change
Science Program (CCSP).

This SAP builds on an extensive scientific literature and series of recent assessments of the
historical and potential impacts of climate change and climate variability on managed and
unmanaged ecosystems and their constituent biota and processes. It discusses the nation’s
ability to identify, observe, and monitor the stresses that influence agriculture, land resources,
water resources, and biodiversity, and evaluates the relative importance of these stresses and
how they are likely to change in the future. It identifies changes in resource conditions that are
now being observed, and examines whether these changes can be attributed in whole or part
to climate change. The general time horizon for this report is from the recent past through
the period 2030-2050, although longer-term results out to 2100 are also considered.

There is robust scientific consensus that human-induced climate change is occurring. Records
of temperature and precipitation in the United States show trends consistent with the current
state of global-scale understanding and observations of change. Observations also show
that climate change is currently impacting the nation’s ecosystems and services in significant
ways, and those alterations are very likely to accelerate in the future, in some cases dramati-
cally. Current observational capabilities are considered inadequate to fully understand and
address the future scope and rate of change in all ecological sectors. Additionally, the complex
interactions between change agents such as climate, land use alteration, and species invasion
create dynamics that confound simple causal relationships and will severely complicate the
development and assessment of mitigation and adaptation strategies.

[ven under the most optimistic CO, emission scenarios, important changes in sea level,
regional and super-regional temperatures, and precipitation patterns will have profound
effects. Management of water resources will become more challenging. Increased incidence of
disturbances such as forest fires, insect outbreaks, severe storms, and drought will command
public attention and place increasing demands on management resources. Ecosystems
are likely to be pushed increasingly into alternate states with the possible breakdown of
traditional species relationships, such as pollinator/plant and predator/prey interactions, adding
additional stresses and potential for system failures. Some agricultural and forest systems may
experience near-term productivity increases, but over the long term, many such systems are
likely to experience overall decreases in productivity that could result in economic losses,
diminished ecosystem services, and the need for new, and in many cases significant, changes
to management regimes.







EXECUTIVE SUMMARY

The Effects of Climate Change on Agriculture, Land Resources,Water Resources, and Biodiversity

Lead Authors: Peter Backlund, NCAR; Anthony Janetos, PNNL/Univ.
Maryland; David Schimel, National Ecological Observatory Network
Contributing Authors: |. Hatfield, USDA ARS; M. G. Ryan, USDA
Forest Service; S.R.Archer, Univ. Arizona; D. Lettenmaier, Univ.
Woashington

I INTRODUCTION AND BACKGROUND

This report is an assessment of the effects of climate change on U.S. land
resources, water resources, agriculture, and biodiversity. It is one of a
series of 21 Synthesis and Assessment Products being produced under
the auspices of the U.S. Climate Change Science Program (CCSP), which
coordinates the climate change research activities of U.S. government
agencies. The lead sponsor of this particular assessment product is the
U.S. Department of Agriculture (USDA). The project was led and coor-
dinated by the National Center for Atmospheric Research (NCAR).

This assessment is based on extensive review of the relevant scientific literature and measurements and data
collected and published by U.S. government agencies. The team of authors includes experts in the fields of
agriculture, biodiversity, and land and water resources — scientists and researchers from universities, national
laboratories, non-government organizations, and government agencies. To generate this assessment of the
effects of climate and climate change, the authors conducted an exhaustive review, analysis, and synthesis
of the scientific literature, considering more than 1,000 separate publications.

Scope
The CCSP agencies agreed on the following set of topics for this assessment. Descriptions of the major find-
ings in each of these sectors can be found in Section 4 of this Executive Summary.

* Agriculture: (a) cropping systems, (b) pasture and grazing lands, and (c) animal management
* Land Resources: (a) forests and (b) arid lands

« Water Resources: (a) quantity, availability, and accessibility and (b) quality

» Biodiversity: (a) species diversity and (b) rare and sensitive ecosystems

The CCSP also agreed on a set of questions to guide the assessment process. Answers to these questions can
be found in Section 3 of this summary:

* What factors influencing agriculture, land resources, water resources, and biodiversity in the United States
are sensitive to climate and climate change?

* How could changes in climate exacerbate or ameliorate stresses on agriculture, land resources, water
resources, and biodiversity? What are the indicators of these stresses?

*  What current and potential observation systems could be used to monitor these indicators?

» Can observation systems detect changes in agriculture, land resources, water resources, and biodiversity
that are caused by climate change, as opposed to being driven by other causes?

Our charge from the CCSP was to address the specific topics and questions from the prospectus. This had
several important consequences for this report. We were asked not to make recommendations and we have
adhered to this request. Our document is not a plan for scientific or agency action, but rather an assessment
and analysis of current scientific understanding of the topics defined by the CCSP. In addition, we were
asked not to define and examine options for adapting to climate change impacts. This topic is addressed in a
separate CCSP Synthesis and Assessment Product. Our authors view adaptation as a very important issue and
recognize that adaptation options will certainly affect the ultimate severity of many climate change impacts.
Our findings and conclusions are relevant to informed assessment of adaptation options, but we have not
attempted that task in this report.
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... our main focus is
on the recent past
and the nearer-term
future — the next

25 to 50 years. This
period is within the
planning horizon

of many natural
resources managers.
Furthermore, the
climate change that
will occur during this
period is relatively
well understood.

Time Horizon

Many studies of climate change have focused
on the next 100 years. Model projections out
to 2100 have become the de facto standard,
as in the assessment reports produced by the
Intergovernmental Panel on Climate Change
(IPCC). This report has benefited greatly from
such literature, but our main focus is on the
recent past and the nearer-term future — the
next 25 to 50 years. This period is within the
planning horizon of many natural resources
managers. Furthermore, the climate change that
will occur during this period is relatively well
understood. Much of this change will be caused
by greenhouse gas emissions that have already
happened. It is thus partially independent of
current or planned emissions control measures
and the large scenario uncertainty that affects
longer-term projections. We report some results
out to 100 years to frame our assessment, but
we emphasize the coming decades.

Ascribing Confidence to Findings

The authors have endeavored to use consistent
terms, agreed to by the CCSP agencies, to
describe their confidence in the findings and
conclusions in this report, particularly when
these involve projections of future conditions
and accumulation of information from multiple
sources. The use of these terms represents the
judgment of the authors of this document;
much of the underlying literature does not use
such a lexicon and we have not retroactively
applied this terminology to previous studies
by other authors.

Climate Context

There is a robust scientific consensus that
human-induced climate change is occurring.
The Fourth Assessment Report (AR4) of the
IPCC, the most comprehensive and up-to-date
scientific assessment of this issue, states with
“very high confidence” that human activities,
such as fossil fuel burning and deforestation,
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have altered the global climate. During the 20th
century, the global average surface temperature
increased by about 0.6°C and global sea level
increased by about 15 to 20 cm. Global precipi-
tation over land increased about two percent dur-
ing this same period. Looking ahead, human in-
fluences will continue to change Earth’s climate
throughout the 21st century. The IPCC AR4
projects that the global average temperature will
rise another 1.1 to 5.4°C by 2100, depending
on how much the atmospheric concentrations
of greenhouse gases increase during this time.
This temperature rise will result in continued in-
creases in sea level and overall rainfall, changes
in rainfall patterns and timing, and decline in
snow cover, land ice, and sea ice extent. It is
very likely that the Earth will experience a faster
rate of climate change in the 21st century than
seen in the last 10,000 years.

The United States warmed and became wetter
overall during the 20th century, with changes
varying by region. Parts of the South have cooled,
while northern regions have warmed — Alaskan
temperatures have increased by 2 to 4°C (more
than four times the global average). Much of the
eastern and southern United States now receive
more precipitation than 100 years ago, while
other areas, especially in the Southwest, receive
less. The frequency and duration of heat waves
has increased, there have been large declines
in summer sea ice in the Arctic, and there is
some evidence of increased frequency of heavy
rainfalls. Observational and modeling results
documented in the [IPCC AR4 indicate that these
trends are very likely to continue. Temperatures
in the United States are very likely to increase
by another 1°C to more than 4°C. The West and
Southwest are likely to become drier, while the
eastern United States is likely to experience
increased rainfall. Heat waves are very likely to
be hotter, longer, and more frequent, and heavy
rainfall is likely to become more frequent.

Very

Likely | | ikely

uiep”)
Ajlenyip

Figure | Language for Describing Confidence in Findings
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2 OVERARCHING
CONCLUSIONS

Climate changes — temperature increases,
increasing CO, levels, and altered patterns
of precipitation — are already affecting U.S.
water resources, agriculture, land resources,
and biodiversity (very likely). The literature
reviewed for this assessment documents many
examples of changes in these resources that are
the direct result of variability and changes in
the climate system, even after accounting for
other factors. The number and frequency of
forest fires and insect outbreaks are increasing
in the interior West, the Southwest, and Alaska.
Precipitation, streamflow, and stream tempera-
tures are increasing in most of the continental
United States. The western United States is ex-
periencing reduced snowpack and earlier peaks
in spring runoff. The growth of many crops and
weeds is being stimulated. Migration of plant
and animal species is changing the composition
and structure of arid, polar, aquatic, coastal, and
other ecosystems.

Climate change will continue to have sig-
nificant effects on these resources over the
next few decades and beyond (very likely).
Warming is very likely to continue in the United
States during the next 25 to 50 years, regardless
of reductions in greenhouse gas emissions, due
to emissions that have already occurred. U.S.
ecosystems and natural resources are already be-
ing affected by climate system changes and vari-
ability. It is very likely that the magnitude and
frequency of ecosystem changes will continue to
increase during this period, and it is possible that
they will accelerate. As temperature rises, crops
will increasingly experience temperatures above
the optimum for their reproductive development,
and animal production of meat or dairy products
will be impacted by temperature extremes. Man-
agement of Western reservoir systems is very
likely to become more challenging as runoff
patterns continue to change. Arid areas are very
likely to experience increases erosion and fire
risk. In arid ecosystems that have not coevolved
with a fire cycle, the probability of loss of iconic,
charismatic megaflora such as Saguaro cacti and
Joshua trees will greatly increase.

Many other stresses and disturbances are
also affecting these resources (very likely).
For many of the changes documented in this as-
sessment, there are multiple environmental driv-
ers — land use change, nitrogen cycle changes,
point and nonpoint source pollution, wildfires,
invasive species — that are also changing. At-
mospheric deposition of biologically available
nitrogen compounds continues to be an impor-
tant issue, along with persistent ozone pollution
in many parts of the country. It is very likely
that these additional atmospheric effects cause
biological and ecological changes that interact
with changes in the physical climate system. In
addition, land cover and land use patterns are
changing, e.g., the increasing fragmentation of
U.S. forests as exurban development spreads to
previously undeveloped areas, further raising
fire risk and compounding the effects of summer
drought, pests, and warmer winters. There are
several dramatic examples of extensive spread
of invasive species throughout rangeland and
semiarid ecosystems in western states, and
indeed throughout the United States. It is likely
that the spread of these invasive species, which
often change ecosystem processes, will exacer-
bate the risks from climate change alone. For ex-
ample, in some cases invasive species increase
fire risk and decrease forage quality.

Climate change impacts on ecosystems will
affect the services that ecosystems provide,
such as cleaning water and removing carbon
from the atmosphere (very likely), but we do
not yet possess sufficient understanding to
project the timing, magnitude, and conse-
quences of many of these effects. One of the
main reasons to assess changes in ecosystems
is to understand the consequences of those
changes for the delivery of services that our
society values. There are many analyses of the
impacts of climate change on individual spe-
cies and ecosystems in the scientific literature,
but there is not yet adequate integrated analysis
of how climate change could affect ecosystem
services. A comprehensive understanding of
impacts on these services will only be possible
through quantification of anticipated alterations
in ecosystem function and productivity. As
described by the Millennium Ecosystem As-
sessment, some products of ecosystems, such as
food and fiber, are priced and traded in markets.

Climate changes
— temperature
increases,
increasing CO,
levels, and
altered patterns
of precipitation
— are already
affecting U.S.
water resources,
agriculture, land
resources, and

biodiversity.
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Existing monitoring
systems, while useful
for many purposes,
are not optimized
for detecting

the impacts of
climate change on
ecosystems.

Others, such as carbon sequestration capacity,
are only beginning to be understood and traded
in markets. Still others, such as the regulation of
water quality and quantity and the maintenance
of soil fertility, while not priced and traded, are
valuable nonetheless. Although these points
are recognized and accepted in the scientific
literature and increasingly among decision mak-
ers, there is no analysis specifically devoted to
understanding changes in ecosystem services
in the United States from climate change and
associated stresses. It is possible to make
some generalizations from the literature on the
physical changes in ecosystems, but interpreting
what these changes mean for services provided
by ecosystems is very challenging and can only
be done for a limited number of cases. This is a
significant gap in our knowledge base.

Existing monitoring systems, while useful
for many purposes, are not optimized for
detecting the impacts of climate change on
ecosystems. There are many operational and
research monitoring systems in the United States
that are useful for studying the consequences
of climate change on ecosystems and natural
resources. These range from the resource- and
species-specific monitoring systems that land-
management agencies depend on to research
networks, such as the Long-Term Ecological
Research (LTER) sites, which the scientific
community uses to understand ecosystem pro-
cesses. All of the existing monitoring systems,
however, have been put in place for other
reasons, and none have been optimized specifi-
cally for detecting the effects and consequences
of climate change. As a result, it is likely that
only the largest and most visible consequences
of climate change are being detected. In some
cases, marginal changes and improvements to
existing observing efforts, such as USDA snow
and soil moisture measurement programs, could
provide valuable new data detection of climate
impacts. But more refined analysis and/or moni-
toring systems designed specifically for detect-
ing climate change effects would provide more
detailed and complete information and probably
capture a range of more subtle impacts. Such
systems, in turn, might lead to early-warning
systems and more accurate forecasts of poten-
tial future changes. But it must be emphasized
that improved observations, while needed, are

Executive Summary

not sufficient for improving understanding of
ecological impacts of climate change. Ongoing,
integrated and systematic analysis of existing
and new observations could enable forecasting
of ecological change, thus garnering greater
value from observational activities, and contrib-
ute to more effective evaluation of measurement
needs. This issue is addressed in greater detail
in Section 3.

3 KEY QUESTIONS AND
ANSWERS

This section presents a set of answers to the
guiding questions posed by the CCSP agencies,
derived from the longer chapters that follow this
Executive Summary.

What factors influencing agriculture, land
resources, water resources, and biodiversity
in the United States are sensitive to climate
and climate change? Climate change affects
average temperatures and temperature extremes;
timing and geographical patterns of precipita-
tion; snowmelt, runoff, evaporation, and soil
moisture; the frequency of disturbances, such
as drought, insect and disease outbreaks, severe
storms, and forest fires; atmospheric composi-
tion and air quality; and patterns of human
settlement and land use change. Thus, climate
change leads to myriad direct and indirect ef-
fects on U.S. ecosystems. Warming tempera-
tures have led to effects as diverse as altered
timing of bird migrations, increased evapora-
tion, and longer growing seasons for wild and
domestic plant species. Increased temperatures
often lead to a complex mix of effects. Warmer
summer temperatures in the western United
States have led to longer forest growing seasons
but have also increased summer drought stress,
vulnerability to insect pests, and fire hazard.
Changes to precipitation and the size of storms
affect plant-available moisture, snowpack and
snowmelt, streamflow, flood hazard, and water
quality.

How could changes in climate exacerbate
or ameliorate stresses on agriculture, land
resources, water resources, and biodiversity?
What are the indicators of these stresses?
Ecosystems and their services (land and water
resources, agriculture, biodiversity) experi-
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ence a wide range of stresses, including pests
and pathogens, invasive species, air pollution,
extreme events, wildfires and floods. Climate
change can cause or exacerbate direct stress
through high temperatures, reduced water
availability, and altered frequency of extreme
events and severe storms. It can ameliorate stress
through warmer springs and longer growing
seasons, which, assuming adequate moisture,
can increase agricultural and forest productivity.
Climate change can also modify the frequency
and severity of stresses. For example, increased
minimum temperatures and warmer springs
extend the range and lifetime of many pests
that stress trees and crops. Higher temperatures
and/or decreased precipitation increase drought
stress on wild and crop plants, animals and
humans. Reduced water availability can lead to
increased withdrawals from rivers, reservoirs,
and groundwater, with consequent effects on
water quality, stream ecosystems, and human
health.

What current and potential observation
systems could be used to monitor these in-
dicators? A wide range of observing systems
within the United States provides information on
environmental stress and ecological responses.
Key systems include National Aeronautics and
Space Administration (NASA) research satel-
lites, operational satellites and ground-based
observing networks from the National Oceanic
and Atmospheric Administration (NOAA) in
the Department of Commerce, Department of
Agriculture (USDA) forest and agricultural
survey and inventory systems, Department of
Interior/U.S. Geological Survey (USGS) stream
gauge networks, Environmental Protection
Agency (EPA) and state-supported water qual-