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1 Introduction

Agriculture may well be caught in a climate change squeeze.   The 2001 Intergovernmental Panel on Climate Change (IPCC) report projects that the climate could warm by as much as 10º F over the next 100 years, and estimates that we have already seen a warming of about 1º F since 1900.  Across the scientific community there are arguments that climate change could alter

· Temperature and precipitation regimes over major agricultural production regions.

· The incidence of extreme events – hurricanes, droughts, El Nino years.

· Soil moisture conditions.

· Timing of water runoff from snow pack.

· The nature of regional precipitation, with rain more likely to come from thunderstorms than from frontal systems thus increasing the chance of both extremely heavy precipitation events and droughts.
Agricultural production is highly influenced by such conditions and thus is vulnerable to climate change. Agriculture is also vulnerable because efforts to mitigate greenhouse gases (GHGs) are likely to affect production costs and provide income opportunities. Among the possible effects on agriculture

· Higher costs of fuels and energy intensive products, reflecting the cost of mitigating carbon emissions from fuels.

· Shifts in the type of crops produced reflecting their varying GHG intensity of production.

· Changed practices in crops and livestock production to reduce emissions of methane and nitrous oxide.
· New opportunities to produce biomass energy, a relatively lower net carbon emitting fuel, or to increase sequestration of carbon in soils and vegetation.   
Thus, it seems inevitable that agriculture be squeezed by the countervailing forces of 

· A changing climate that will affect production conditions.
· A mitigation effort attempting to reduce the magnitude of climate change that will both (1) raise the cost of a number of agricultural inputs and (2) provide income opportunities and some possible costs involved with participating in that effort.  
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This paper was developed to help the United States agricultural industry better understand the nature of the climate change squeeze they are likely to face.  Two parallel papers were developed, the first addressing agricultural sensitivity to climate change and the second agricultural sensitivity to climate change mitigation efforts.  This paper is the one addressing sensitivity to climate change.
2 Purpose of document

Provision of an abundant and safe food supply is essential to modern-day society.  One of the key inputs in producing the food supply is climate.  Production practices in the farming and associated food industries vary widely to accommodate local climate conditions.  These varying practices are well-adapted to local weather conditions that otherwise might threaten alternative systems for food production (i.e. consider the use of irrigation, grain drying, short and long season varieties, and grass based  grazing systems).  Changes in climate alter production conditions and thus would stimulate adaptation of agricultural practices to be better-suited to altered weather patterns.  This report overviews and analyzes agricultural sensitivity/vulnerability to potential climate change of the magnitude that has been predicted.  Specifically, the document presents
· A brief review of the evidence for climate change and projections

· A brief review of the ways in which agriculture might be affected
· A quantitative vulnerability analysis highlighting 
· Production sensitivity

· Producer adaptation

· Market implications

· Regional issues
· A discussion of key factors that contribute to vulnerability
· A review of unresolved questions

3 Evidence for climate change and projections

Today one hardly goes a week without being confronted with a new article in the popular or scientific press claiming climate change is causing unusual weather or ecological changes.  For example, recent reports have highlighted issues regarding shifts in the Arctic (Arctic Climate Impact Assessment) while others are actively involved in a public debate as to whether climate change is causing increased hurricane intensity or frequency (United States Global Change Research Program).  A number of broad based scientific assessments have been carried out.  One of the more prominent is the 2001 Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report, where evidence is presented on historical trends in climate (See data in Figure 1) indicating 

· Global average surface temperature has increased by 1.10.36 ° Fahrenheit (0.6 0.2 ° Centigrade) since the late 19th century. 
· The rate of increase of temperature has been about 0.3° Fahrenheit (0.15°C) per decade.
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Figure 1: IPCC data on temperature over historic periods of the last 140 and 1000 years.  Source : IPCC, Climate Change 2001: The Scientific Basis, Figure 2-3.
The IPCC report also summarizes climate projections through the year 2100 as shown in Figure 2. Collectively the globally averaged surface temperature is projected to increase by 2.5 to 10.5 ° Fahrenheit (1.4 to 5.8 ° Centigrade).  Such changes are projected to vary by region (Figure3).  As these varying projections illustrate, there remain uncertainties about the how much global temperature will change, and probably more importantly for agriculture, what this will mean for regional precipitation and frequency of extreme weather.  Despite these uncertainties, there is a general consensus that climate is changing, and will continue to change.  This basic consensus was confirmed in a review of the issue by the US National Research Council that was requested by the Bush Administration (National Research Council).
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Figure 2: IPCC projections on temperature until 2100  Source : IPCC, Climate Change 2001: The Scientific Basis, Technical summary chapter Figure 22.
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Figure 3: IPCC projected regional changes in temperature Source : IPCC, Climate Change 2001: The Scientific Basis, Technical summary chapter Figure 17.

4 Why might US agriculture be affected – vulnerability

Climate change affects agricultural production directly due to agricultures  dependency on climate and indirectly through international markets.  If changes in climate worsen agricultural conditions in regions that import commodities from the US, this could spur US farm exports.  On the other hand, if changing climate conditions favor producers in a region that is an export competitor then US producers could lose competitiveness in international markets.  The impacts of climate change across the world are likely to vary—colder regions may benefit from warmer temperatures while warmer regions may suffer from increased heat and drought.  The effect on US producers is thus influenced by changes in market prices determined by national and global production interacting with demand for commodities.  
Table 1 presents a summary of the agricultural sector vulnerabilities indicating the main climate “drivers” that affect them.  Among the climate drivers are temperature, precipitation, the atmospheric concentration of CO2, extreme events, and sea level.  Changes in these drivers may affect both the average level of, for example, plant and animal productivity and the year-to-year variability. The table is designed to convey what we feel are the most important vulnerabilities. 
More detailed discussions along these lines are included in: 

· Council on Agricultural Science and Technology (CAST)  report by Paustian et al, 
· USGCRP agricultural assessment by Reilly et al (2001, 2002 a,b).
· Prior IPCC assessment reports in the books on vulnerability.

4.1 Climate change drivers

Drivers that lead to effects on agriculture will be grouped into five categories
· Temperature affects plants, animals, pests, and water supplies.  For example, temperature alterations directly affect crop growth rates, livestock performance and appetite, pest incidence and water supplies in soil and reservoirs among other influences.

· Precipitation alters the water directly available to crops, the drought stress crops are placed under, the supply of forage for animals, animal production conditions, irrigation water supplies, and river flows supporting barge transport among other items.

· Changes in atmospheric CO2 influences the growth of plants by altering the basic fuel for photosynthesis as well as the water that plants need as they grow along with the growth rates of weeds.

· Extreme events influence production conditions, water supplies and can alter waterborne transport and ports.
· Sea level rise influences ports, waterborne transport and can inundate producing lands.

4.2 Agricultural sensitivity responses
Agricultural sensitivity to climate change is manifest in a number of production attributes and in resource supplies.  We group the effects on agricultural production into five major categories and a number of subcategories

· Plants -- agricultural production often involves plants in the form of crops or forages.  Climate change alters
· Crop and forage growth -- climatic change can diminish crop growth in some places but also can increase crop/forage growth in places where productivity is cold limited by extending the growing season or removing frost risk.  Extreme events can also damage crops/forage availability.

· Crop and forage water needs -- higher temperatures can increase plant respiration needs and raise water demand.
· Soils and Land Supply-- the vast majority of agricultural production is tightly tied to the soil as a source of nutrients, stored water, etc.  Climate change can alter soil characteristics including





· Soil fertility -- increased temperature generally stimulates the rate of microbial decomposition in the soil which in turn diminishes organic matter content along with nutrient and moisture holding capacity.

· Soil moisture supply -- temperature, precipitation and organic content affect soil moisture supply.  Increases in temperature lead to diminished soil moisture supply and thus increased precipitation would need to occur in order to replace diminished moisture supplies.
· Land loss and non-agricultural competition for land—sea level rise can inundate land and severe climate change can lead to serious degradation making land largely unsuitable for agricultural use.  Climate change may also change demand for land from other uses such as forestry, housing or actions to designate protected areas for species protection or migration.
· Animals  --  animals are affected by climatic forces inters of their individual performance and through the carrying capacity of lands on which forages grow.  
· Performance -- hotter temperatures can lead to diminished appetite and diminished growth potential as well as a larger need for energy to be devoted to maintenance as opposed to growth.
· Pasture/Range carrying capacity -- hotter temperatures and less precipitation can diminish forage growth and cause animals to need to use larger amounts of land plus use energy to walk further in order to eat an equivalent amount of forage.
· Feed supply—changing conditions for feed grains and hay production as it affects market price and availability will affect the costs of livestock production.  Possible disruptions in transportation as it affects delivery of livestock feeds can affect availability and price.

· Irrigation Water Supply -- irrigation water is a key input to many productive agricultural lands.  Climate change can alter the amount of water available for irrigation by increasing losses from water bodies, reducing runoff or increasing nonagricultural competition.  



· Availability and Evaporation loss -- precipitation is ultimately the source of much of the irrigation water (not always so for groundwater).  However, higher temperatures can lead to greater evaporation losses which diminishes water supply so climate has a major affect on irrigation water all water availability.



· Run-off --irrigation waters drawn from surface and groundwater sources largely originating from rainfall which in turn is either used by native plants and trees, infiltrates and or runs off into water bodies.  Changes in precipitation and climate regimes influence the composition of landscape vegetation which can alter runoff amounts and seasonal patterns.
· Non-agricultural competition -- water is used by industries, households and cities for cooling, manufacturing, and landscape maintenance.  Changing temperature and precipitation regimes can expand nonagricultural water demand which typically has a higher use value than agriculture and thus has the potential to diminish agricultural supplies.

· Other -- a number of additional agriculturally relevant items are susceptible to climate change which we group here in a final composite category.



· Pests -- in the United States insects, weeds and diseases (more generally pests) are more prevalent in the South.  Globally pests tend to be more prevalent in lower latitude (tropical) regions.  This greater pest incidence is due to climatic conditions such as the lack of a substantial freeze.  Alterations in temperature and precipitation as well as CO2 can lead to different growth potential and possibly increase the populations of pests - weeds, insects and plant/animal diseases.
· Product markets -- while a particular region may be capable of adjusting to climatic change, agricultural prices are determined in a global market place.  Induced climate in production regimes around the world can alter commodity market availability and in turn prices which will affect agricultural income in areas without great direst sensitivity.
· Insurance -- many farms use insurance to help manage risk.  Climate changes including alterations in the frequency of extreme events may alter insurance availability and costs.                    

· Waterborne transport – substantial volumes of agricultural products flows from production to consumption via waterborne transportation. Major droughts or floods can be disruptive of such transport.  As a consequence climate change vulnerability arises in terms of precipitation, extreme events, and sea level rise.      

· Port facilities -- extreme events, sea level rise and changes in water flow regimes can affect ports, and since many agricultural commodities flow through ports into international transport this creates an additional vulnerability for agriculture. 
	
	Table 1. Climate  Drivers and Agriculture Vulnerabilities 

	
	
	
	
	
	
	
	
	Temp
	Precip
	CO2
	Extreme
events
	Sea
level

	Plants 
	
	
	
	
	
	
	
	
	
	
	

	
	Crop and forage growth
	
	
	X
	X
	X
	X
	

	
	Crop and forage water need
	
	X
	X
	X
	X
	

	Soils and Land Supply 
	
	
	
	
	
	
	
	
	
	
	

	
	Soil moisture supply
	
	
	X
	X
	
	X
	

	
	Soil fertility
	
	
	
	
	X
	X
	X
	
	

	
	Land loss/Non-AG Competition
	
	
	
	
	X
	X
	X
	X
	X

	Animals  
	
	
	
	
	
	
	
	
	
	
	

	
	Performance
	
	
	
	
	X
	X
	
	X
	

	
	Pasture/Range carrying capacity
	X
	X
	X
	
	

	
	Feed supply
	X
	X
	X
	X
	X

	Irrigation Water Supply 
	
	
	
	
	
	
	
	

	
	Evaporation loss
	
	
	
	X
	X
	
	
	

	
	Run-off/general supply
	
	
	X
	X
	
	X
	

	
	Non-AG competition
	
	
	
	X
	X
	
	
	

	Other
	
	
	
	
	
	
	
	
	
	
	

	
	Water borne transport      
	
	
	X
	
	X
	X

	
	Port facilities 
	
	
	
	
	X
	
	X
	X

	
	Pest and diseases            
	
	X
	X
	X
	X
	

	
	Insurance                    
	
	X
	X
	
	X
	

	
	Product markets
	
	X
	X
	X
	X
	X


5 Setting up for quantitative vulnerability analysis

Now we turn to a quantitative US agricultural sector vulnerability analysis.  Specifically, we examine agricultural sensitivity to projections of climate change.  In describing this analysis we discuss 

· How the results were generated 

· The climate assumptions we use
· The data used for climate change effects on agricultural yields, water use, water availability, pest factors and international trade

· The results, showing effects on the economy, market production and prices, trade, and environmental items.
5.1 Basic analytical approach

Climate change is projected for the future and as such its full implications cannot be observed in today's world.  Some studies have examined differences in agricultural production patterns across regions with varying climates, using these differences to infer how shifts in climate would lead to shifts in production patterns.  If, for example, the climate of Michigan became like that of Indiana, or North Dakota like that of South Dakota, then perhaps agriculture would shift in these Northern states to be more like that of more Southern states.  One of the major limitations of this procedure is that one cannot observe the consequences of an enriched CO2 atmosphere which will also have substantial effects on plant performance.  Moreover, studies using such a procedure have not investigated effects of changing commodity prices and of international trade.  
The approach used here is to employ process models of crop and livestock response to weather and changing CO2 concentrations and use these to simulate a market model of the agricultural economy.  The process models can take advantage of the experimental evidence of crop response to changing CO2 and the market model can simulate price and trade effects of changing production.  In doing this we follow a number of previous studies and use a multi-step analytical process.  Namely 
· Projections about future atmospheric greenhouse gas (GHG) emissions and concentrations are taken from existing studies.
· Climatologists use global circulation models (GCMs) to make to simulate future climatic conditions for the world, resolved at a latitude-longitude grid level, typically on the order of 2° x 2° (roughly 125 mile square areas).

· Agricultural and hydrological scientists employ crop, livestock, water flow and other simulators to examine sensitivity as it varies geographically, scaling the climate projections from the GCM down to sites where detailed information needed to run the models is available.  The simulators take into account water available, soil characteristics and other factors.  They are typically simulated under conditions where fertilizer, water applied in areas with irrigation, planting dates, and other management variables are left unchanged (no adaptation), and under conditions where levels of management variables are changed (with adaptation) to either increase yields further or to reduce yield losses.  
· Economists use agriculture sector models to evaluate how multiple production changes, as they differ across the US and world, come together to affect markets, and how farmers in turn respond.  The results of the economic modeling show how total crop and livestock production is affected.  Items of interest include shifts in the geographic incidence of crop acreage and livestock numbers along with the effects on many performance measures including markets, prices, incomes, and environmental factors. Such economic models include further adaptations farmers would make in response to changing economic conditions.  This would include changing the type of crop or livestock produced, abandoning or adding irrigation, or switching land into or out of crop production altogether.
This broad methodology will be employed in this study.  However, due to budgetary considerations, we will only utilize results from other studies for the first three stages regarding atmospheric GHG scenarios, GCM based climatic projections and simulations of water, agricultural crop, and livestock performance.  The new work done here involves the economic sector analysis.  For water, crop and livestock performance simulation data we rely largely on the coordinated efforts that were done under the agricultural component of the US Global Climatic Change Research Program (USGCRP) US national level assessment (Reilly et al, 2001, 2002 a,b) but include data from some more recent work conducted at the National Center for Atmospheric Research (NCAR - as presented in Mearns, 2003).  The climate projections and assumptions about emissions and concentrations thus are those utilized in the USGCRP and NCAR studies.
5.2 Climate Change Scenarios Employed
It is common practice in climate change analysis to use several GCM projections to reflect the uncertainty inherent in such projections.  Assumptions and procedures vary substantially across different GCMs and thus for similar projections of greenhouse gas concentrations there is a range of climate projection results.  Because we are using a pre-existing set of cropping and livestock physical effect studies that in turn were based on specific GCM projections, we are limited to those in this work.  These and their summary names we will use are  

· Hadley – a climate change scenario developed by the United Kingdom Hadley Climate Center as used in the USGCRP National assessment where according to the Agriculture Report (Reilly et al, 2002 a)  "For the continental United States,, the Hadley scenario projects a 1.4º C (2030) and 3.3º C (2095) increase in temperature with precipitation increases of 6 and 23 percent, respectively. ,  more warming in the winter and relatively less in the summer.  The mountain states and Great Plains are also projected to experience more warming than other regions… shows greater warming in the Northwest."
· Canadian -- a climate change scenario developed by the Canadian Climate Center as also used in the USGCRP National assessment where according to the Agriculture Report (Reilly et al, 2002 a) "For the continental United States, the Canadian model scenario projects a 2.1º C average temperature change with a 4 percent decline in precipitation by 2030 and a 5.8º C warming with a 17 percent increase in precipitation by 2095 .. more warming in the winter and relatively less in the summer.  The mountain states and Great Plains are also projected to experience more warming than other regions"
· CSIRO – a climate change scenario developed by the Australian Commonwealth Scientific and Research Organization as used in an NCAR national assessment designed to look at the effects of greater regional detail on agriculture where according to Mearns et al (2003) "The global mean surface temperature increase under 2 × CO2 conditions is approximately 5 ◦C. .." while " seasonally averaged warming over the Central Plains [was] in the range of 4.5 ◦C (Summer) to 5.7 ◦C (Spring). Simulated precipitation change was mostly positive, and greatest in the Spring (∼37%)".
· REGCM – a climate change scenario developed using a regionalized climate model jointly developed by the Pennsylvania State University, National Center for Atmospheric Research and the Italian Abdus Salam International Centre for Theoretical Physics regionalizing the CSIRO scenario above.  This was run at NCAR Mearns et al (2003)- within in the US thus having the same overall characteristics as did the CSIRO result, but providing finer resolution and taking into account smaller scale features in the landscape.
The Hadley and Canadian scenarios were used in the USGCRP since "they fell in the middle and at the high end, respectively, of IPCC (1996) projections of warming by the year 2100."  The CSIRO model was used by NCAR because it did a "reasonably good simulation of present day climate over North America compared to other GCMs available" (Mearns et al 2003).  The REGCM model was used to examine the consequence of having greater regional detail.  More detail on the climate scenarios is available in the overall USGCRP National Assessment Report and in numerous NCAR documents.
6 Data on Climate Change and Production

Now let us summarize the data regarding climate change effects on agricultural production yields, input use, supplies of key inputs and international markets.  As stated above we did not develop these data but rather adapt them from earlier studies involving the principal author of this report.  This involved reliance upon technical studies done under the auspices of the

· United States Global Climate Change Research Program (USGCRP) during agricultural and water components of the US national assessment (Reilly et al (2001, 2002 a,b), Gleick et al 2000), 
· National Center for Atmospheric Research during the Southeastern Assessment (Mearns et al, 2003) and 
· Electric Power Research Institute agricultural study (Adams et al 1999).  
6.1 Crop yields

Projections of regional climate change effects on crop yields and crop irrigation water use were drawn from the USGCRP national agricultural assessment (Reilly et al (2001, 2002 a,b), McCarl, 2000) and the NCAR Southeastern study (Mearns, 2003). In both cases, the data arose from extensive crop modeling exercises carried out by agricultural scientists combined with a spatial extrapolation and proxy crop extrapolation process as discussed in McCarl (2000).  In particular, the GCM projections of climate change coupled with assumptions on CO2 were input into a wide set of crop simulators to project climate change induced alterations on

· Dryland yields by crop and producing area

· Irrigated yields by crop and producing area when irrigation is employed whenever soil water levels fall below 50% of capacity at 30 cm depth
· Associated irrigation water use by crop and producing area.

In addition to simulating yields under current practices, simulations were done of potential climate accommodating adaptation techniques including earlier planting, expanded use of alternative cultivars better adapted to warmer climates and shortened maturity dates. 

In turn, these results were extended to all of the 63 regions in the FASOM model (McCarl et al, 2005). That was done by taking average effects from adjacent sites when a place was skipped or by using results from another crop (i.e. corn was used as a proxy for corn silage effects) when a crop was not simulated at all or at a site.  
The coterminous United States national average results were computed using 2001 acreages as weighting factors.  The results give percentage changes in yield with and without adaptation for all (Total) acreage, dryland acreage and irrigated acreage (Table 2) for 2030 and 2090 climate change scenarios.
 These show that climate change has substantial implications for national crop yields with positive gains ranging from approximately 4% to 25% in 2030 and from about 8% to 50% in 2090.  These data show the Hadley scenario results in the largest yield gains, with the Canadian and CSIRO being somewhat intermediate, and the REGCM showing the smallest gains.  Since the REGCM is a downscaled version of the CSIRO results, the implication is that when taking into account finer scale details that affect climate may generate less beneficial results.  These data show that adaptation allows agricultural producers to enhance yields under climate change. 
The climate change sensitivity data can also be viewed on a crop and regional basis.  Table 3 presents the results on a crop by crop basis again for total acreage of a crop whether it be irrigated or not, then for dryland and irrigated production.  These data indicate that corn and wheat exhibit the greatest downside risk while cotton and soybeans display the largest consistent gains.  These national totals reflect differential sensitivities by crop and region.  For example, corn is a crop that does not respond very much to increased CO2 levels, and so it does not get the strong positive boost from higher CO2 levels as do most other crops.  Wheat responds favorably to higher CO2 levels, but in the climate simulations key wheat growing regions in the Plains are projected to experience more drought and this tends to reduce wheat yields in these areas, and thus lowers the national average. 
Table 4 summarizes the data on a regional basis, again for the crop on average, then for dryland and irrigated production.  The results for 2030 appear in panel a, with those for 2090 in panel b.  These data indicate the smallest climate change induced gains and some losses generally occur in the South and Northeast with the more northern areas outside the Northeast exhibiting the largest yield gains.  The Hadley scenario results project all regions having yield gains while the Canadian shows the greatest disparity among regions including some regions where production goes down.  The CSIRO/REGCM scenarios show smaller yield gains with some losses.  
More discussion of the nature of these results for specific regions can be found in the USGCRP agricultural sector report (Reilly et al, 2001, 2002 a,b) for the  Canadian and Hadley scenarios -- and in the special issue of Climatic Change that arose out of the NCAR regional study (Mearns 2003) for the CSIRO and REGCM scenarios. 

Table 2 National crop sensitivity over all crops (average yield change, percent)
National Average crop yield percentage Climate change sensitivity

	
	------------------------------- GCM and irrigation assumption behind Climate Scenario -------------------------------

	
	Hadley
	Canadian
	CSIRO
	REGCM

	
	All 
Acres
	Dry
Land
	Irrig
	All 
Acres
	Dry
Land
	Irrig
	All 
Acres
	Dry
Land
	Irrig
	All 
Acres
	Dry
Land
	Irrig

	2030 Without Adaptation
	16%
	17%
	11%
	8%
	8%
	4%
	4%
	3%
	9%
	4%
	4%
	8%

	2030 With Adaptation 
	21%
	22%
	16%
	14%
	15%
	10%
	5%
	5%
	11%
	6%
	5%
	10%

	2090 Without Adaptation
	35%
	37%
	20%
	14%
	14%
	12%
	19%
	20%
	16%
	7%
	5%
	16%

	2090  With Adaptation 
	43%
	46%
	25%
	27%
	28%
	19%
	28%
	29%
	22%
	16%
	16%
	22%


Notes 

All Acres  
labels results averaged across all acres for crop whether they be irrigated or dryland. 


Dryland   
labels results averaged across acres that are not irrigated. 


Irrigated 
labels results averaged across acres that are irrigated.

  The data above give the average percentage changes in crop yields by year of climate scenario and adaptation status.  These data are    formed by averaging across regional climate change sensitivity weighted by the acres of each dryland or irrigated version of the crop as was grown in 2001.


Table 3a Nat. crop sensitivity without adaptation, 2030 (average yield change $)
	
	------------------------------- GCM and irrigation assumption behind Climate Scenario -----------------------------

	
	Hadley
	Canadian
	CSIRO
	REGCM

	
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig

	Cotton 
	22%
	10%
	42%
	13%
	6%
	27%
	25%
	21%
	30%
	24%
	21%
	29%

	Corn 
	14%
	17%
	-8%
	16%
	20%
	-12%
	-8%
	-8%
	-8%
	-7%
	-7%
	-8%

	Soybeans 
	34%
	35%
	21%
	25%
	26%
	21%
	23%
	23%
	19%
	23%
	24%
	17%

	SoftWhiteWht 
	50%
	59%
	-2%
	15%
	19%
	-9%
	9%
	9%
	12%
	8%
	8%
	6%

	HardRedWinWht 
	9%
	9%
	2%
	-16%
	-17%
	-6%
	1%
	1%
	0%
	-1%
	-1%
	-3%

	DurhamWheat 
	17%
	19%
	-7%
	12%
	13%
	-14%
	13%
	15%
	-10%
	11%
	12%
	-7%

	HardRedSprWht 
	20%
	21%
	-3%
	13%
	14%
	-13%
	-7%
	-7%
	-8%
	-3%
	-3%
	-7%

	Sorghum 
	15%
	16%
	2%
	10%
	12%
	-2%
	-1%
	-1%
	-1%
	-2%
	-2%
	-2%

	Rice 
	3%
	        
	3%
	-2%
	        
	-2%
	-3%
	        
	-3%
	-4%
	        
	-4%

	Oats 
	37%
	38%
	10%
	11%
	12%
	-11%
	0%
	-1%
	36%
	7%
	7%
	24%

	Barley 
	69%
	94%
	-18%
	30%
	54%
	-54%
	33%
	30%
	43%
	25%
	26%
	20%

	Hay 
	5%
	2%
	31%
	-9%
	-12%
	14%
	-2%
	-5%
	22%
	-2%
	-5%
	22%

	Sugarcane 
	1%
	1%
	1%
	-4%
	-4%
	-4%
	-2%
	-2%
	-2%
	-2%
	-2%
	-2%

	Sugarbeet 
	27%
	-5%
	43%
	16%
	-5%
	27%
	21%
	-5%
	35%
	21%
	-5%
	35%

	Potatoes 
	-6%
	-18%
	-6%
	-5%
	20%
	-6%
	-6%
	1%
	-6%
	-6%
	1%
	-6%

	Tomatoes 
	0%
	10%
	0%
	-9%
	11%
	-9%
	-4%
	10%
	-4%
	-4%
	10%
	-4%

	Oranges 
	43%
	        
	43%
	37%
	        
	37%
	40%
	        
	40%
	40%
	        
	40%

	GrpFrt 
	34%
	        
	34%
	22%
	        
	22%
	28%
	        
	28%
	28%
	        
	28%

	Pasture 
	22%
	22%
	        
	3%
	3%
	        
	12%
	12%
	        
	12%
	12%
	        


Table 3b Nat. crop sensitivity with adaptation in 2030 (average yield change, percent)
	
	------------------------------- GCM and irrigation assumption behind Climate Scenario -----------------------------

	
	Hadley
	Canadian
	CSIRO
	REGCM

	
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig

	Cotton 
	34%
	25%
	49%
	24%
	14%
	41%
	28%
	26%
	33%
	28%
	25%
	32%

	Corn 
	16%
	19%
	-5%
	16%
	20%
	-12%
	-6%
	-6%
	-7%
	-5%
	-5%
	-5%

	Soybeans 
	50%
	52%
	23%
	44%
	45%
	27%
	24%
	24%
	19%
	25%
	26%
	19%

	SoftWhiteWht 
	57%
	65%
	9%
	26%
	30%
	4%
	10%
	9%
	12%
	8%
	8%
	6%

	HardRedWinWht 
	11%
	12%
	8%
	-12%
	-13%
	0%
	1%
	1%
	0%
	-1%
	-1%
	-3%

	DurhamWheat 
	19%
	20%
	2%
	16%
	17%
	-2%
	13%
	15%
	-4%
	11%
	12%
	-2%

	HardRedSprWht 
	23%
	23%
	9%
	17%
	17%
	4%
	-5%
	-5%
	3%
	-1%
	-2%
	4%

	Sorghum 
	31%
	32%
	20%
	33%
	34%
	22%
	1%
	1%
	1%
	1%
	1%
	1%

	Rice 
	10%
	        
	10%
	8%
	        
	8%
	2%
	        
	2%
	3%
	        
	3%

	Oats 
	47%
	47%
	26%
	20%
	21%
	11%
	1%
	0%
	37%
	8%
	7%
	25%

	Barley 
	94%
	112%
	31%
	68%
	84%
	13%
	34%
	30%
	45%
	26%
	27%
	22%

	Hay 
	5%
	2%
	31%
	-9%
	-12%
	14%
	-2%
	-5%
	22%
	-2%
	-5%
	22%

	Sugarcane 
	7%
	7%
	7%
	5%
	6%
	5%
	3%
	4%
	3%
	4%
	4%
	4%

	Sugarbeet 
	27%
	-5%
	43%
	16%
	-5%
	27%
	21%
	-5%
	35%
	21%
	-5%
	35%

	Potatoes 
	-1%
	22%
	-1%
	-4%
	22%
	-4%
	-3%
	22%
	-3%
	-3%
	22%
	-3%

	Tomatoes 
	10%
	30%
	10%
	2%
	18%
	2%
	6%
	24%
	6%
	6%
	24%
	6%

	Oranges 
	43%
	        
	43%
	37%
	        
	37%
	40%
	        
	40%
	40%
	        
	40%

	GrpFrt 
	34%
	        
	34%
	22%
	        
	22%
	28%
	        
	28%
	28%
	        
	28%

	Pasture 
	22%
	22%
	        
	3%
	3%
	        
	12%
	12%
	        
	12%
	12%
	        


 Table 3c Nat. crop sensitivity without adaptation, 2090 (average yield change %)

	
	------------------------------- GCM and irrigation assumption behind Climate Scenario -------------------------------

	
	Hadley
	Canadian
	CSIRO
	REGCM

	
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig

	Cotton 
	45%
	26%
	77%
	53%
	31%
	92%
	52%
	34%
	84%
	44%
	21%
	84%

	Corn 
	29%
	33%
	-4%
	18%
	22%
	-15%
	-1%
	0%
	-10%
	-11%
	-11%
	-10%

	Soybeans 
	77%
	80%
	34%
	39%
	40%
	25%
	69%
	72%
	29%
	19%
	18%
	29%

	Soft
WhiteWht 
	100%
	117%
	1%
	104%
	123%
	-12%
	59%
	70%
	-6%
	48%
	58%
	-6%

	HardRed
WinWht 
	29%
	30%
	9%
	-15%
	-16%
	-7%
	-9%
	-10%
	1%
	-5%
	-5%
	1%

	Durham
Wheat 
	21%
	22%
	-3%
	-17%
	-17%
	-19%
	49%
	54%
	-11%
	29%
	31%
	-11%

	HardRed
SprWht 
	29%
	30%
	-2%
	-6%
	-5%
	-20%
	-9%
	-9%
	-11%
	3%
	3%
	-11%

	Sorghum 
	52%
	58%
	1%
	14%
	16%
	-6%
	-5%
	-6%
	-3%
	3%
	4%
	-3%

	Rice 
	9%
	        
	9%
	-6%
	        
	-6%
	2%
	        
	2%
	2%
	        
	2%

	Oats 
	70%
	72%
	25%
	-8%
	-7%
	-33%
	24%
	25%
	-4%
	38%
	40%
	-4%

	Barley 
	111%
	147%
	-17%
	14%
	44%
	-90%
	95%
	137%
	-54%
	63%
	96%
	-54%

	Hay 
	16%
	14%
	34%
	-1%
	-3%
	19%
	7%
	5%
	26%
	7%
	5%
	26%

	Sugarcane 
	8%
	8%
	8%
	-5%
	-5%
	-5%
	1%
	2%
	1%
	1%
	2%
	1%

	Sugarbeet 
	30%
	2%
	44%
	12%
	-15%
	26%
	21%
	-6%
	35%
	21%
	-6%
	35%

	Potatoes 
	-12%
	22%
	-12%
	-25%
	22%
	-25%
	-18%
	22%
	-18%
	-18%
	22%
	-18%

	Tomatoes 
	-4%
	30%
	-4%
	-19%
	8%
	-19%
	-11%
	19%
	-11%
	-11%
	19%
	-11%

	Oranges 
	75%
	        
	75%
	88%
	        
	88%
	81%
	        
	81%
	81%
	        
	81%

	GrpFrt 
	62%
	        
	62%
	96%
	        
	96%
	79%
	        
	79%
	79%
	        
	79%

	Pasture 
	38%
	38%
	        
	20%
	20%
	        
	29%
	29%
	        
	29%
	29%
	        


Table 3d Nat. crop sensitivity with adaptation in 2090 (average yield change, percent)

	
	------------------------------- GCM and irrigation assumption behind Climate Scenario -------------------------------

	
	Hadley
	Canadian
	CSIRO
	REGCM

	
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig

	Cotton 
	66%
	57%
	82%
	79%
	68%
	97%
	77%
	70%
	90%
	67%
	54%
	90%

	Corn 
	31%
	36%
	-4%
	19%
	24%
	-15%
	12%
	15%
	-10%
	2%
	4%
	-10%

	Soybeans 
	98%
	102%
	37%
	71%
	74%
	28%
	78%
	81%
	32%
	32%
	32%
	32%

	SoftWhiteWht
	120%
	138%
	17%
	126%
	145%
	10%
	63%
	71%
	13%
	53%
	60%
	13%

	HardRedWinWht 
	31%
	32%
	17%
	-8%
	-9%
	4%
	-6%
	-7%
	10%
	-1%
	-1%
	10%

	DurhamWheat 
	24%
	25%
	4%
	1%
	2%
	-10%
	57%
	61%
	-3%
	41%
	44%
	-3%

	HardRedSprWht 
	33%
	34%
	14%
	11%
	12%
	4%
	17%
	17%
	9%
	34%
	35%
	9%

	Sorghum 
	79%
	86%
	19%
	70%
	76%
	12%
	20%
	21%
	16%
	26%
	27%
	16%

	Rice 
	18%
	        
	18%
	4%
	        
	4%
	11%
	        
	11%
	11%
	        
	11%

	Oats 
	83%
	84%
	42%
	18%
	19%
	-1%
	44%
	45%
	21%
	60%
	61%
	21%

	Barley 
	164%
	198%
	46%
	109%
	139%
	4%
	139%
	172%
	25%
	116%
	142%
	25%

	Hay 
	16%
	14%
	34%
	-1%
	-3%
	19%
	7%
	5%
	26%
	7%
	5%
	26%

	Sugarcane 
	15%
	16%
	15%
	6%
	6%
	6%
	11%
	11%
	11%
	11%
	11%
	11%

	Sugarbeet 
	30%
	2%
	44%
	12%
	-15%
	26%
	21%
	-6%
	35%
	21%
	-6%
	35%

	Potatoes 
	-7%
	22%
	-7%
	-18%
	22%
	-18%
	-13%
	22%
	-13%
	-13%
	22%
	-13%

	Tomatoes 
	14%
	34%
	14%
	9%
	14%
	9%
	11%
	24%
	11%
	11%
	24%
	11%

	Oranges 
	75%
	        
	75%
	88%
	        
	88%
	81%
	        
	81%
	81%
	        
	81%

	GrpFrt 
	62%
	        
	62%
	96%
	        
	96%
	79%
	        
	79%
	79%
	        
	79%

	Pasture 
	38%
	38%
	        
	20%
	20%
	        
	29%
	29%
	        
	29%
	29%
	        


Table 4a Regional crop sensitivity in 2030 (average yield change, percent)
	
	------------------------------- GCM and irrigation assumption behind Climate Scenario -------------------------------

	
	Hadley
	Canadian
	CSIRO
	REGCM

	
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig

	Without Adaptation
	
	
	
	
	
	
	
	
	
	
	
	

	        Corn Belt 
	19%
	19%
	-1%
	14%
	15%
	-6%
	4%
	4%
	-5%
	5%
	5%
	-8%

	        Great Plains 
	13%
	14%
	5%
	4%
	4%
	-1%
	2%
	3%
	1%
	3%
	3%
	1%

	        Lake States 
	38%
	38%
	10%
	45%
	46%
	-2%
	6%
	6%
	4%
	9%
	9%
	4%

	        Northeast 
	6%
	6%
	3%
	-3%
	-3%
	1%
	1%
	1%
	2%
	3%
	3%
	2%

	        Rocky Mountains 
	13%
	12%
	14%
	5%
	6%
	2%
	12%
	9%
	17%
	10%
	7%
	14%

	        Pacific Southwest 
	10%
	27%
	-2%
	14%
	38%
	-4%
	10%
	27%
	-2%
	10%
	27%
	-1%

	        Pacific Northwest east side 
	42%
	47%
	3%
	11%
	12%
	1%
	11%
	12%
	4%
	12%
	13%
	5%

	        South Central 
	3%
	2%
	9%
	-15%
	-21%
	6%
	-1%
	-3%
	5%
	-3%
	-4%
	3%

	        Southeast 
	4%
	3%
	13%
	-5%
	-6%
	2%
	3%
	2%
	7%
	2%
	1%
	7%

	        South West 
	10%
	6%
	31%
	-7%
	-13%
	18%
	2%
	-3%
	22%
	1%
	-3%
	22%

	With Adaptation
	
	
	
	
	
	
	
	
	
	
	
	

	        Corn Belt 
	23%
	23%
	7%
	18%
	18%
	4%
	6%
	6%
	0%
	6%
	6%
	1%

	        Great Plains 
	20%
	22%
	5%
	13%
	15%
	1%
	3%
	3%
	2%
	4%
	4%
	3%

	        Lake States 
	41%
	41%
	13%
	50%
	50%
	-2%
	9%
	9%
	5%
	11%
	11%
	5%

	        Northeast 
	8%
	8%
	6%
	-2%
	-2%
	3%
	2%
	2%
	4%
	4%
	4%
	4%

	        Rocky Mountains 
	20%
	20%
	21%
	14%
	17%
	10%
	13%
	10%
	18%
	11%
	8%
	15%

	        Pacific Southwest 
	16%
	28%
	7%
	19%
	38%
	6%
	14%
	27%
	5%
	14%
	27%
	4%

	        Pacific Northwest east side 
	43%
	47%
	4%
	11%
	12%
	1%
	11%
	12%
	5%
	12%
	13%
	5%

	        South Central 
	12%
	11%
	16%
	-5%
	-10%
	15%
	0%
	-2%
	8%
	0%
	-2%
	8%

	        Southeast 
	9%
	8%
	16%
	-2%
	-3%
	6%
	4%
	4%
	11%
	3%
	2%
	11%

	        South West 
	16%
	11%
	40%
	-1%
	-8%
	30%
	3%
	-2%
	23%
	2%
	-3%
	23%


  

  

Table 4b Regional crop sensitivity in 2090 (average yield change, percent)

	  
	------------------------------- GCM and irrigation assumption behind Climate Scenario -------------------------------

	
	Hadley
	Canadian
	CSIRO
	REGCM

	
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig
	All Acres
	Dry
Land
	Irrig

	Without Adaptation
	
	
	
	
	
	
	
	
	
	
	
	

	        Corn Belt 
	44%
	44%
	8%
	31%
	32%
	2%
	21%
	21%
	5%
	-14%
	-14%
	5%

	        Great Plains 
	30%
	33%
	10%
	-4%
	-4%
	-5%
	20%
	23%
	3%
	18%
	20%
	3%

	        Lake States 
	67%
	67%
	17%
	45%
	45%
	3%
	51%
	52%
	10%
	32%
	32%
	10%

	        Northeast 
	13%
	13%
	5%
	4%
	4%
	-1%
	11%
	11%
	2%
	-7%
	-7%
	2%

	        Rocky Mountains 
	19%
	20%
	17%
	-2%
	-4%
	2%
	9%
	9%
	10%
	10%
	10%
	10%

	        Pacific Southwest 
	19%
	49%
	-4%
	24%
	68%
	-7%
	22%
	59%
	-6%
	22%
	58%
	-6%

	        Pacific Northwest east 
	77%
	85%
	6%
	78%
	87%
	1%
	44%
	49%
	3%
	43%
	48%
	3%

	        South Central 
	16%
	15%
	18%
	-10%
	-16%
	11%
	-6%
	-12%
	14%
	-14%
	-21%
	14%

	        Southeast 
	13%
	12%
	26%
	8%
	2%
	66%
	-2%
	-7%
	46%
	-17%
	-23%
	46%

	        South West 
	34%
	27%
	64%
	12%
	-2%
	71%
	16%
	3%
	68%
	22%
	12%
	68%

	With Adaptation
	
	
	
	
	
	
	
	
	
	
	
	

	        Corn Belt 
	50%
	51%
	16%
	36%
	36%
	4%
	30%
	30%
	10%
	-5%
	-6%
	10%

	        Great Plains 
	40%
	44%
	11%
	17%
	20%
	-3%
	28%
	31%
	4%
	28%
	31%
	4%

	        Lake States 
	74%
	75%
	17%
	56%
	57%
	3%
	61%
	62%
	10%
	42%
	42%
	10%

	        Northeast 
	16%
	16%
	8%
	6%
	6%
	3%
	14%
	14%
	6%
	-3%
	-3%
	6%

	        Rocky Mountains 
	33%
	38%
	25%
	17%
	19%
	12%
	16%
	15%
	19%
	21%
	22%
	19%

	        Pacific Southwest 
	27%
	52%
	9%
	34%
	68%
	9%
	30%
	60%
	9%
	30%
	60%
	9%

	        Pacific Northwest east s
	79%
	87%
	7%
	81%
	90%
	2%
	46%
	51%
	5%
	46%
	50%
	5%

	        South Central 
	26%
	26%
	26%
	4%
	0%
	19%
	6%
	2%
	23%
	2%
	-3%
	23%

	        Southeast 
	19%
	18%
	30%
	16%
	10%
	71%
	9%
	4%
	51%
	-2%
	-7%
	51%

	        South West 
	41%
	35%
	67%
	26%
	15%
	75%
	27%
	17%
	71%
	32%
	23%
	71%


  
6.2 Crop input use

Levels of inputs such as fertilizer, energy, labor, and insecticides will vary as crop production changes.  For example, if yields are higher more inputs are needed whereas if yields are lower then less are needed.  Farm level evidence suggests that the change in input use is less than proportional to the yield change We used relationships between input use and production levels estimated by Evenson (Avila and Evenson) for an Electric Power Research Institute study (Adams et al, 1999 and later the USGCRP and NCAR studies McCarl, 2000) to adjust input use as crop yields change.  The estimated relationships vary by crop, but the change for most crops was on the order of a 0.4% change in input use for a 1.0% change in yield.
6.3 Crop Water demand and irrigation water use

While not summarized here due to space limitations supporting HTML files show that water demand by irrigated crops dropped substantially for most crops. According to the USGCRP report these results reflect faster development of crops due to higher temperatures.  The result was a shorter growing period and thereby reduced water demand, more than offsetting increased evapotranspiration due to higher temperatures while the crops were growing. To a large extent, the reduced water use thus reflected the reduced yields on irrigated crops. Increased precipitation also reduced the need for irrigation water.  Again, more discussion of the nature of these results can be found in the USGCRP agricultural sector report (Reilly et al, 2001, 2002 a,b) for the Canadian and Hadley scenarios and in the special issue of Climatic Change that arose out of the NCAR regional study (Mearns, 2003) for the CSIRO and REGCM scenarios. 

6.4 Livestock yields
Climate change can have implications for livestock principally through changes in appetite and the distribution of energy between maintenance and growth.  The result is altered milk and meat production, meat quality, and species reproduction as climate changes. A study conducted under sponsorship by the Electric Power Research Institute (Adams et al. 1999) developed relationships between temperature change, livestock performance, and feedstuff consumption in consultation with experts on livestock production and management. These estimates are used here and were also used in the USGCRP and NCAR studies as a basis for estimating temperature-related declines in livestock performance. McCarl (2000) provides details on these relationships.

These livestock estimates were not developed with reference to a specific climate change scenario and being the only data available which are consistent with our modeling were assumed to hold over all of the scenarios.  An overview of these data appears in Table 5.  The data therein show the national percentage animal performance yield reductions in the form of reduced meat, milk, and wool yields depending on species.  These data are formed by taking regional specific information then weighting them into a national average using the 2001 regional livestock herd distribution. The results generally show a reduction of 5% to 7% in annual per animal production of meat, milk, and wool. 

Table 5 National livestock sensitivity (average productivity change, percent)
	Animal
	Hadley
	Canadian
	CSIRO
	REGCM

	        Sheep 
	-7%
	-7%
	-7%
	-7%

	        CowCalf 
	-7%
	-7%
	-7%
	-7%

	        FeedlotBeefYearlings 
	-6%
	-6%
	-6%
	-6%

	        FeedlotBeefCalves 
	-6%
	-6%
	-6%
	-6%

	        Dairy 
	-6%
	-6%
	-6%
	-6%

	        HogFarrowtofinish 
	-6%
	-6%
	-6%
	-6%

	        FeederPigProduction 
	-6%
	-6%
	-6%
	-6%

	        PigFinishing 
	-6%
	-6%
	-6%
	-6%

	        SteerCalfStocker 
	-5%
	-5%
	-5%
	-5%

	        HeiferCalfStocker 
	-5%
	-5%
	-5%
	-5%

	        SteerYearlingStocker 
	-6%
	-6%
	-6%
	-6%

	        HeiferYearlingStocker 
	-6%
	-6%
	-6%
	-6%


6.5 Livestock feed and other input use

The amount of feedstuffs and other inputs change when livestock productivity changes.  We again follow practices used first within the EPRI and hen followed in the US National Assessment and NCAR analyses.  In this case, we assume that feedstuff use is strictly proportional to the volume of animal products produced.  Thus, feed, pasture land and grazing land usage were reduced proportionally to the climate change influence on production.  The use of the non-feed inputs changed by 0.5% for every 1.0% change in livestock yields.

6.6 Water

Climate change can affect water supply and in turn the amount of irrigation water available for agriculture in several different ways.  

· Altered precipitation alters water runoff into surface water and infiltration into groundwater, thus affecting water stored behind dams or in aquifers

· Higher temperatures and altered precipitation influences consumption by vegetation in watershed altering run-off 

· Climate change may alter vegetative mix in watersheds further influencing runoff,

· Higher temperatures increases evaporation loss from lakes, rivers and reservoirs
· Climate change alters snow pack altering seasonal water availability 

All of these factors were considered in the USGCRP water study (Gleick et al 2000) which developed a set of climate effects on surface water availability for US regions based on the Hadley and Canadian climate scenarios.  Those results were adapted for use in the USGCRP agricultural study and are also be used herein.  A critical assumption made was that the change in water supply to agriculture is proportional to the change in total water supply; i.e. that agriculture and non-agricultural users faced the same proportional change in water supply. The specific changes are in the supporting HTML file.  Discussion on how they were derived appears in the Water Sector Assessment report (Gleick et al 2000) and details on how they were transformed for use herein are provided in McCarl (2000).  Because the USGCRP did not include the CSIRO and REGCM scenarios the averages of the water sensitivity by region across the Hadley and Canadian results were used for those scenarios.
Table 6 summarizes weighted average water supply sensitivity in terms of percentage changes in water supplies based on weights reflective of regional irrigation water use.  These data show that the Pacific Southwest gains the most under the climate change scenarios with the smallest gains/largest losses generally being in the southern regions.  Note that the Canadian scenario is the most extreme while the Hadley is the most optimistic.  

Table 6 Sensitivity of regional water availability (change in water supply, percent)
	Region
	Hadley
	Canadian
	CSIRO
	REGCM

	        Corn Belt 
	49%
	-14%
	18%
	18%

	        Great Plains 
	60%
	-8%
	26%
	26%

	        Lake States 
	70%
	-15%
	27%
	27%

	        Northeast 
	34%
	-12%
	11%
	11%

	        Rocky Mountains 
	71%
	-7%
	32%
	32%

	        Pacific Southwest 
	157%
	37%
	97%
	97%

	        Pacific Northwest east side 
	15%
	4%
	9%
	9%

	        South Central 
	24%
	-51%
	-13%
	-13%

	        Southeast 
	18%
	-69%
	-25%
	-25%

	        South West 
	16%
	-18%
	-1%
	-1%


6.7 Grass on grazing land and AUMS supply
Climate change will effect grass growth and thus the effective supply of pasture and animals that can be supported on Western grazing lands.  We assumed that climate change altered livestock usage of grazing lands in proportion to the effect of climate change on animal performance as discussed above.  Thus, for example, a 1% reduction in livestock productivity was assumed to reduce AUMs 
require by 1%.   We also assumed altered rates of grass growth due to changing climate effectively changed grazing land availability.   (See Table 3 for these changes.).  Thus if the region has a 100 acres of grazing land available and the pasture sensitivity from the crop growth simulators is +5% then the effective amount of pasture land would increase by 5% to 105 acres, or under a change of -5% the 100 acres would be reduced to an effective level of 95 acres.
6.8 Pests and Pesticide Usage
Evidence suggests that problems involving pests (herein defined as insects, weeds, and diseases) are greater in warmer areas.  Thus, climate change may lead to changes in the range/incidence of agriculturally damaging pests. The full interaction of pests, climate change and climate variability, and habitat is complex, potentially requiring descriptions of how the ranges and populations of dozens of pest species are affected by climate. To consider how climate could affect agriculture we used the approach measuring pest damages as a change in expenditures on pest control that was developed in the USGCRP study (Chen and McCarl, 2001).  
In that work, Chen and McCarl conducted a statistical analysis that examined how pesticide expenditures for corn, cotton, soybeans, wheat, and potatoes were affected by changes in precipitation and temperature.  In doing that analysis they assumed that observed pest control expenditures reflected pest incidences and damages so that, for example, increased pesticide expenditures accompanied increased pest incidences as farmers sought to offset pest damages. In turn, given the statistical results and data on temperature and precipitation from GCM projections, they could project changes in pesticide costs. We should note that such a procedure is subject to a number of limitations 
· There are alternative methods other than pesticides for dealing with pests including crop rotations, changes in tillage, resistant varieties etc. Thus the pesticide cost expenditure change estimates may not fully reflect the damages.  
· Since the statistical assumptions are based on current relationships the effect of CO2 enrichment cannot be reflected.  
GCM dependent results were only available for the Hadley and Canadian GCMs used in the National Assessment and thus average results across the Hadley and Canadian scenarios were used under the CSIRO and REGCM cases.  We also used proxy crop and spatial extrapolation approaches as discussed in McCarl (2000) to develop a data set for all crops on the full 63 region basis.
Table 6 shows national 2001 regional acreage weighted pesticide expenditure increases by crop.  The results show an increase in crop expenditures for almost all crops under all scenarios.  The largest increases are found for corn and potatoes with smaller increases for cotton and the wheat crops.  
Table 6 U.S. crop-level pesticide costs sensitivity climate scenarios (year 2030 change, percentage.
	
	Hadley
	Canadian
	CSIRO
	REGCM

	Cotton
	3%
	5%
	4%
	4%

	Corn
	13%
	13%
	13%
	13%

	Soybeans
	2%
	3%
	2%
	2%

	SoftWhiteWheat
	2%
	3%
	3%
	3%

	HardRedWinterWheat
	2%
	3%
	2%
	2%

	DurhamWheat
	2%
	3%
	2%
	2%

	HardRedSpringWheat
	2%
	3%
	2%
	2%

	Sorghum
	11%
	11%
	11%
	11%

	Rice
	3%
	5%
	4%
	4%

	Oats
	2%
	2%
	2%
	2%

	Barley
	2%
	3%
	2%
	2%

	Hay
	12%
	9%
	10%
	10%

	Sugarcane
	9%
	-4%
	3%
	3%

	Sugarbeet
	12%
	12%
	12%
	12%

	Potatoes
	12%
	14%
	13%
	13%

	Tomatoes
	15%
	15%
	15%
	15%

	Oranges
	4%
	5%
	5%
	5%

	GrpFrt
	3%
	5%
	4%
	4%


6.9 World agriculture

Climate change is inherently a global phenomenon and the US agricultural market is importantly integrated with global markets through exports and imports.  Thus, one would expect climate change to affect trade supply and demand, and thereby market conditions facing US agriculture.  Conducting a full assessment of the rest of the world was beyond the scope of this assessment. Our approach again is to borrow assumptions from the USGCRP study (Reilly et al, 2001, 2002 a,b)that in turn were based on previous global estimates of agricultural sensitivity.  The ultimate source was Reilly, Hohmann, and Kane (1994) who projected sensitivity estimates based on the Goddard Institute for Space Studies (GISS) and United Kingdom Meteorological Office (UKMO) climate scenarios. In turn we used the average of those two scenarios for all cases in this work.  The obvious limitation here is that these are different climate scenarios, and the methods for developing yield effects were not identical to those used in the USGRP study. However, lacking the resources to conduct a full global assessment, it seems preferable to use these changes than to assume no change at all in the rest of world.
7 Economic Methodology
The previous results focused on direct physical effects of climate, absent the effect of markets.  Now we turn our attention to sectoral, market and economic effects.  Fundamentally we need to examine how climate induced changes in production patterns, resources, and international trade influence total US agricultural sector production, prices and incomes.  We do this using an economic model that simulates economic conditions in the US agricultural sector and run that model with and without the effects of climate change.  We also run scenarios with and without adaptation.  All together this involves a base scenario run without climate change, scenarios with and without adaptation for each of 4 GCMs with the year 2030 changes, and scenarios with and without adaptation for each GCM with the year 2090 for a total of 17 scenarios.
7.1 Market assumptions  

All scenarios are run under 2001 market conditions.  An alternative is to attempt to extrapolate the baseline agricultural economy forward to 2030 or 2090.  Experience has revealed that the climate impact results are highly dependent on what are, obviously, very uncertain extrapolations with small variations greatly affecting the climate change impact results.  Thus starting with a set of consistent conditions seems preferable and thus we use the current situation.  
7.2 Adaptation assumptions

The adaptation scenarios involve two major modifications relative to the without adaptation scenarios.  Namely, the model is run with 
· Crop simulator results which were derived to reflect adaptation in a study where the model was run across alternative planting and harvesting dates and varieties as discussed above.  

· Crop mixes from more southern areas are allowed to shift into more northern areas. For example allowing a plan with more cotton in Colorado, Oklahoma, and southern parts of the Corn Belt as well as moving larger acreage of citrus and tomato crops into the extreme Southern areas of the US.

  Also a number of adaptation mechanisms are possible in the economic sector model that occur in both the “with” and “without” adaptation scenarios.  In particular, irrigation, fertilization, livestock mix, and crop mix adjustments within historically observed regional patterns are permitted.  The terms “with” and “without adaptation” refers to which set of yield effects are used in the models (e.g. those from Tables 3a and 3c or those from Tables 3b and 3d). .
8 Results

In the following subsections, we discuss the main economic results. We first discuss overall economic results across all the scenarios, then delve into the 2030 scenarios that allow adaptation.
8.1 Overall Economics
Economic measures of welfare summarize the economic effects of changes in or imposed on the economy, in this case the effects of climate change.  Welfare as measured herein is in millions of dollars and consists of two parts 

· Annual changes in producers' surplus which is equivalent to net income to producers.
· Annual changes in consumers' surplus which is a measure equivalent to the amount of income lost or gained by agricultural commodity consumers when prices change.  For example, when prices increase welfare is lower because consumers need to spend more for the same amount of food items, and they therefore an afford somewhat less of other goods
Foreign consumers and producers are also affected by these changes and are included in the economic model.  We initially present summary measures for the overall US agricultural sector and for those foreign parties that send imports to or receive exports from US agriculture.  Later we will address regional distributional questions

Table 7 provides annual welfare results for 2030 and 2090 under the different GCM scenarios with and without adaptation.
 The results in the first three rows give the welfare effects under the 2030 climate change scenarios.  These welfare changes should be interpreted as an annual gain or loss.  The entries under the GCM scenario columns give the annual welfare change in welfare from the without climate change case.  
Turning to the economic results, sectoral sensitivity under projected 2030 climate change without adaptation show overall annual welfare implications that range from negative to positive (ranging from a $1.6 billion perpetual annual loss to a $2.95 billion gain).  Note this is a relatively small change when compared against total welfare ($1.2 trillion) or against current levels of producers' surplus ($30+ billion).  However, with the inclusion of adaptation, welfare increases in all four of the climate scenarios with a range from a $0.40 billion annual perpetual loss to a $4.5 billion gain.  

The results under 2090 projections without adaptation show a wide range of overall welfare effects (ranging from a $2 billion loss to a $5.4 billion gain).   When adaptation is introduced overall welfare shows positive increases in all four climate scenarios.  
Table 7 Annual welfare changes from the base due to climate change scenario in millions of dollars
	
	Ag scenario name



	
	Canadian   
	Hadley  
	REGCM   
	CSIRO   

	2030 without adaptation
	
	
	
	

	        United States 
	424 
	2953 
	-1531 
	-1603 

	        Rest of the World 
	1697 
	1949 
	410 
	313 

	        Total Globally 
	2121 
	4902 
	-1121 
	-1290 

	2030 with adaptation
	
	
	
	

	        United States 
	1870 
	4466 
	-224 
	-429 

	        Rest of the World 
	2720 
	2959 
	621 
	634 

	        Total Globally 
	4590 
	7425 
	397 
	205 

	2090 without adaptation
	
	
	
	

	        United States 
	457 
	5432 
	-2015 
	406 

	        Rest of the World 
	1981 
	3614 
	-37 
	1381 

	        Total Globally 
	2439 
	9047 
	-2052 
	1788 

	2090 with adaptation
	
	
	
	

	        United States 
	2948 
	8048 
	1760 
	3749 

	        Rest of the World 
	3422 
	4077 
	2192 
	2747 

	        Total Globally 
	6370 
	12125 
	3952 
	6496 


8.2 Highlighting 2030 with adaptation
The model generates a tremendous amount of output and to gain an appreciation for the nature of the results within a relatively brief presentation requires a narrowing of focus.  From here on we will narrow our focus to highlight the results under the 2030 climate projections with adaptation.
8.2.1 Welfare

Welfare, which contains producers' net income plus an income equivalent of the effect of commodity market price changes on consumers, provides a summary measure of climate change effects.  The discussion surrounding Table 7 indicates that after adaptation climate change induces a small to positive annual welfare effect.  However, while true in aggregate this is not true for all parties.  Here we look at distributional issues across consumers, producers and regions.
8.2.1.1 Producer/Consumer Distributional Effects

Table 8 details the annual welfare distribution between domestic parties. Note the US producers' surplus measure is equivalent to net farm income.  Across all scenarios, US consumers generally gain.  This occurs because climate change generally increases production and in turn lowers prices causing producer losses but consumer gains. IN particular under three of the four scenarios producers lose with annual net income losses ranging from $1.1 to $3.9 billion. The results also show that those countries importing US commodities experience a consumers' income equivalent gain while foreign producers lose.  
Here an important caveat is the nature of the assumptions about the impact of climate change outside the United States. As previously discussed, the National Assessment exercises from which we drew the foreign yield effects did not assess global effects under the Hadley, Canadian, CSIRO, and REGCM climate scenarios using an older set of GCM scenarios.  Thus, if results of these newer climate scenarios were more positive for the rest of the world that would lead to overall greater consumer benefits worldwide, and even more negative effects on producers.  
Table 8 Annual consumer and producer welfare changes for 2030 climate, with adaption (million of dollars)
	
	Canadian
	Hadley
	REGCM
	CSIRO

	United States
	
	
	
	

	Consumers 
	3098 
	8356 
	873 
	892 

	Processors 
	25 
	100 
	78 
	80 

	Producers 
	-1228 
	-3890 
	-1097 
	-1320 

	Total 
	1870 
	4466 
	-224 
	-429 

	Rest of the World
	
	
	
	

	Consumers 
	3927 
	5130 
	677 
	633 

	Producers 
	-1206 
	-2170 
	-55 
	2 

	Total 
	2720 
	2959 
	621 
	634 

	Total Globally
	4590 
	7425 
	397 
	205 


8.2.1.2 Regional Distribution Results
Welfare distribution can also be looked at on a regional basis.  Table 9 summarizes this distribution across major regions of annual producers' surplus.  Note we do not present regionally disaggregated consumer welfare since the regional consumers' surplus allocation we would employ would simply use population share. This data can be interpreted as annual changes in net farm income. There we see
· Consistent losses in the Corn Belt, Great Plains, Northeast, South Central, Southeast and South west.
· Mixed but largely positive results in the Pacific Southwest,  

· Positive results in the Pacific Northwest and Rocky Mountains.
· Mixed results in the Lake States.
Table 9 Regional producer welfare changes for 2030 climate, with adaptation (million of dollars)
	
	Canadian   
	Hadley  
	REGCM   
	CSIRO  

	Corn Belt 
	-1745 
	-1962 
	-1218 
	-1209 

	Great Plains 
	-370 
	-968 
	-72 
	-200 

	Lake States 
	1357 
	352 
	-50 
	-94 

	Northeast 
	-91 
	-236 
	-21 
	-63 

	Rocky Mountains 
	721 
	307 
	878 
	885 

	Pacific Southwest 
	325 
	-97 
	134 
	132 

	Pacific Northwest east side 
	112 
	9 
	274 
	264 

	South Central 
	-868 
	-448 
	-505 
	-518 

	Southeast 
	-419 
	-365 
	-223 
	-219 

	South West 
	-250 
	-483 
	-293 
	-297 


8.2.2 National Production, Prices and Trade
Now we turn attention to aggregate measures of production and prices.  
8.2.2.1 Index Numbers for Production, Prices and Trade

Table 10 presents production indices for major commodity groupings for quantity produced, and exported along with commodity prices.  These are presented as an index where the base, without climate change, would be 100.  Such an index is necessary when aggregating together different commodities.  The results showed that the aggregate index of all farm production varies from a 2.5% reduction to approximately a 4.2% increase with the crop production index increasing between 7% and 23%.  Simultaneously, livestock production ranges from about a 3% to a 6% decrease. Processed agricultural products, those products produced from all agricultural commodities, ranges from a 2% to a 4% increase.  The effect on commodity exports range from a 9% to a 32% increase.  The increase in production also leads to an associated price decrease with aggregate price for all farm products falling by 4.3% to as much as 18%.  This aggregate price decrease is largely due to the fall in prices in the crop sector, with livestock having an unchanged to small price increase.

Table 10 
Index Numbers Giving National Agricultural Activity Summary Across 2030 With Adaptation Climate Scenarios
	
	Canadian  
	Hadley  
	REGCM  
	CSIRO  

	Production
	
	
	
	

	    All Farm Production 
	99.77 
	104.18 
	97.74 
	97.60 

	    All Crops 
	117.03 
	123.48 
	107.46 
	106.96 

	    Grain and Soybeans 
	125.13 
	132.51 
	109.46 
	108.66 

	    All Livestock 
	93.48 
	97.19 
	94.04 
	94.03 

	    Meats 
	99.21 
	103.04 
	98.73 
	98.56 

	    All Processed 
	103.17 
	104.36 
	101.92 
	101.75 

	Export
	
	
	
	

	    All Crops 
	129.61 
	132.25 
	109.07 
	108.90 

	    Grain and Soybeans 
	132.24 
	135.63 
	109.75 
	109.42 

	Commodity Price 
	
	
	
	

	    All Crops 
	86.17 
	81.55 
	95.72 
	95.67 

	    Grain and Soybeans 
	85.53 
	80.25 
	95.67 
	95.74 

	    All Livestock 
	105.24 
	98.55 
	102.22 
	102.20 

	    Meats 
	99.06 
	95.62 
	100.96 
	101.01 

	    All Processed 
	89.00 
	86.63 
	92.35 
	92.33 


Table notes
· All numbers within the table are Fisher ideal index numbers for production, exports and prices of commodity groupings were the index number for the base without climate change scenario equals 100. Thus when the commodity price index equals 87.63 that meets the model results show a 12.37% reduction in the aggregate of prices in that particular category group.

· The commodity groups reported within the table are 
· All Farm production -- all Farm commodities produced within the model 

· All Crops -- all crops produced within the model

· Grain and Soyneans -- crops within the grain and soybean complex including corn, wheat, oats, barley, grain sorghum and soybeans. 
· All Livestock  -- an aggregate of all livestock including beef, hogs, sheep, broilers, turkeys, and eggs.

· Meats -- a grouping including fed/non fed beef, pork, chicken, lamb, and turkey.

· All Processed -- a grouping of all processed commodities including sweeteners, sweetened items, meats, dairy products, processed potatoes, vegetable oils, and soybean meal.   

8.2.2.2 Commodity Production, and Prices

Tables 11 and 12 contain the climate change induced price and national production levels for a selected set of major agricultural commodities.  Here, because we are not aggregating across different commodities, we are able to provide the information in natural units such as prices in dollars per 480 pound bale of cotton, per bushel of corn and other familiar units.  We also provide production levels in millions of commodity units (bales, bushels, …)
The results give the percentage change observed in the model results for the various climate change scenarios.  The results show under these scenarios that climate change leads to
· Increased production and reduced prices for cotton, soybeans, and hard red winter wheat, sorghum, rice, hay, milk, broilers and turkeys.

· Positive to unchanged production for corn

· Mixed effects for most of the other commodities 

· Declines in prices for almost all commodities.

Table 11  
National major commodity prices, 2030 climate scenario with adaptation 

	
	Canadian   
	Hadley   
	REGCM   
	   CSIRO   

	Cotton 
	-8.0 % 
	-6.6 % 
	-3.0 % 
	-4.1 % 

	Corn 
	-18.4 % 
	-18.9 % 
	0.5 % 
	1.0 % 

	Soybeans 
	-20.1 % 
	-27.0 % 
	-21.3 % 
	-21.3 % 

	Soft White Wheat 
	-18.1 % 
	-45.6 % 
	
	

	Hard Red Winter Wheat 
	-11.9 % 
	-19.7 % 
	-6.1 % 
	-8.1 % 

	Durham Wheat 
	-4.4 % 
	-17.7 % 
	-5.8 % 
	-7.5 % 

	Hard Red Spring Wheat 
	-1.8 % 
	-12.6 % 
	10.2 % 
	10.8 % 

	Sorghum 
	-24.6 % 
	-21.5 % 
	-0.5 % 
	-0.5 % 

	Rice 
	-3.6 % 
	-5.0 % 
	-1.9 % 
	-2.1 % 

	Oats 
	-25.3 % 
	-39.1 % 
	-6.3 % 
	9.8 % 

	Barley 
	-24.2 % 
	-39.8 % 
	3.5 % 
	-10.9 % 

	Hay 
	-2.0 % 
	-13.2 % 
	-2.5 % 
	-2.3 % 

	Feedlot Beef Slaughter 
	3.4 % 
	-2.2 % 
	3.1 % 
	3.1 % 

	Milk 
	-4.6 % 
	-6.4 % 
	-0.8 % 
	-0.8 % 

	Hogs for Slaughter 
	-8.0 % 
	-8.8 % 
	
	0.1 % 

	Lamb Slaughter 
	6.3 % 
	-3.8 % 
	-9.6 % 
	-9.6 % 

	Eggs 
	-7.0 % 
	-7.0 % 
	-1.4 % 
	-2.8 % 

	Broilers 
	-1.8 % 
	-4.5 % 
	-0.3 % 
	-0.3 % 

	Turkeys 
	-10.2 % 
	-10.5 % 
	-1.5 % 
	-1.3 % 


Table 12  
National major commodity production levels, 2030 climate scenario with adaptation 

	
	Canadian   
	Hadley   
	REGCM   
	   CSIRO   

	Cotton 
	6.2 % 
	4.9 % 
	2.3 % 
	3.0 % 

	Corn 
	13.2 % 
	14.7 % 
	
	-0.9 % 

	Soybeans 
	50.5 % 
	69.9 % 
	33.2 % 
	31.2 % 

	Soft White Wheat 
	5.7 % 
	32.2 % 
	-9.9 % 
	-8.8 % 

	Hard Red Winter Wheat 
	5.7 % 
	7.7 % 
	5.0 % 
	6.8 % 

	Durham Wheat 
	-13.7 % 
	24.2 % 
	-1.9 % 
	-8.5 % 

	Hard Red Spring Wheat 
	-4.5 % 
	1.8 % 
	-19.0 % 
	-19.4 % 

	Sorghum 
	68.7 % 
	64.7 % 
	17.3 % 
	17.5 % 

	Rice 
	23.8 % 
	33.6 % 
	10.5 % 
	12.0 % 

	Oats 
	9.0 % 
	19.3 % 
	4.2 % 
	-0.1 % 

	Barley 
	-16.9 % 
	27.9 % 
	-12.4 % 
	-6.2 % 

	Hay 
	2.3 % 
	8.3 % 
	2.3 % 
	2.2 % 

	Feedlot Beef Slaughter 
	-3.3 % 
	1.2 % 
	-3.3 % 
	-3.3 % 

	Milk 
	2.2 % 
	7.6 % 
	0.4 % 
	0.4 % 

	Hogs for Slaughter 
	7.5 % 
	8.3 % 
	
	-1.2 % 

	Lamb Slaughter 
	-2.7 % 
	0.9 % 
	3.7 % 
	4.5 % 

	Eggs 
	
	
	
	

	Broilers 
	0.6 % 
	2.4 % 
	
	

	Turkeys 
	5.5 % 
	6.5 % 
	1.0 % 
	1.0 % 


8.2.2.3 Acreage and Herd Size

Changes in production are due to either changes in yields, changes in cropped area or changes in the size of the livestock herd.  Table 13 contains the climate change induced percentage changes in crop acreage and while Table 14 gives the percentage change in head of livestock. 
For crops we see that climate change induces

· decreased acreage for cotton, soft white and hard red spring wheat, barley, hay, sugar cane, sugar beets, processed tomatoes and processed oranges.
· increased acreage for soybeans, hard red winter wheat, rice, potatoes, fresh tomatoes and fresh citrus.
· mixed acreage results for the other crops.

For livestock we see that climate change induces

· Increased animal numbers for sheep, cow calf operations, dairy herds, turkeys hogs and broilers.

· Decreases in the feedlot beef herd.

Table 13  Percent change in National major crop acreage, 2030 climate scenario with adaptation 

	
	Canadian  
	Hadley   
	REGCM   
	   CSIRO  

	        Cotton 
	-6.22%
	-19.34%
	-11.08%
	-15.65%

	        Corn 
	-5.43%
	-1.00%
	6.06%
	5.74%

	        Soybeans 
	4.78%
	12.32%
	5.29%
	4.80%

	        SoftWhiteWheat 
	-13.33%
	-10.26%
	-14.87%
	-15.38%

	        HardRedWinterWheat 
	13.35%
	1.07%
	3.24%
	4.01%

	        DurhamWheat 
	-21.50%
	7.01%
	-20.09%
	-15.89%

	        HardRedSpringWheat 
	-13.87%
	-13.65%
	-18.88%
	-16.45%

	        Sorghum 
	22.00%
	15.68%
	13.95%
	14.46%

	        Rice 
	16.73%
	18.33%
	7.57%
	9.96%

	        Oats 
	-3.55%
	-15.68%
	-1.18%
	0.30%

	        Barley 
	-34.38%
	-23.19%
	-31.58%
	-29.44%

	        Silage 
	-2.41%
	2.25%
	9.49%
	11.41%

	        Hay 
	-2.92%
	-6.29%
	-8.34%
	-8.39%

	        Sugarcane 
	-14.71%
	-44.12%
	-47.06%
	-52.94%

	        Sugarbeet 
	-30.30%
	-37.88%
	-21.97%
	-21.97%

	        Potatoes 
	7.20%
	8.00%
	6.40%
	8.00%

	        TomatoFrsh 
	35.71%
	35.71%
	21.43%
	21.43%

	        TomatoProc 
	-16.67%
	-6.67%
	-20.00%
	-20.00%

	        OrangeFrsh 
	15.38%
	30.77%
	0.00%
	7.69%

	        OrangeProc 
	-5.26%
	-7.89%
	-7.89%
	-7.89%

	        GrpFrtFrsh 
	50.00%
	25.00%
	25.00%
	25.00%

	        GrpFrtProc 
	25.00%
	0.00%
	0.00%
	0.00%


Table 14 Percent change in National livestock herd, 2030 climate scenario with adaptation 

	
	Canadian  
	Hadley   
	REGCM  
	   CSIRO  

	        Sheep 
	0.42%
	4.18%
	7.11%
	7.95%

	        CowCalf 
	1.55%
	7.82%
	3.97%
	3.91%

	        Fed Beef Animals 
	-5.29%
	-2.16%
	-5.33%
	-5.25%

	        Dairy 
	6.63%
	13.13%
	4.34%
	4.34%

	        PigFinishing 
	9.97%
	10.71%
	2.00%
	0.94%

	        ProduceTurkey 
	5.53%
	6.46%
	1.03%
	0.97%

	        Broiler 
	0.57%
	2.44%
	0.00%
	0.00%

	        Egg 
	0.00%
	0.00%
	0.00%
	0.00%


8.2.2.4 Total land-use

Across the total agricultural sector, including crop and livestock production, climate change alters total usage of crop and pasture land along with the use of Western grazing on an animal unit month (AUM) basis.  Table 15 shows these results.  Total cropland use is largely unchanged ranging from a 0.1% increase to a 0.7% decrease.  Irrigated acreage shows larger fluctuations ranging from nearly -19% to +17% as influenced by water needs and water availability. Livestock pasture land usage is reduced with total pasture usage down between 13% and 19% reflecting changes in the livestock herd and the rate of grass growth.  Western range land grazing usage (AUMS- measured in Animal Unit Months) increases between 18% and 22%.
Table 15  
National total land use, 2030 climate scenarios with adaptation
	
	Base   
	Canadian   
	Hadley   
	REGCM   
	CSIRO   

	Ag Crop Land Use 
	
	
	
	
	

	        DryLand 
	257 
	1.99%
	2.54%
	-2.44%
	-2.44%

	        Irrig 
	38 
	-18.85%
	-17.79%
	17.25%
	17.28%

	        Total use 
	294 
	-0.66%
	-0.05%
	0.07%
	0.07%

	Ag Livestock Land Use  
	
	
	
	
	

	        Pasture Use 
	273 
	-12.75%
	-19.09%
	-14.04%
	-13.69%

	        Pasture Idled 
	74 
	49.29%
	70.44%
	51.42%
	50.13%

	        Total Pasture 
	348 
	0.53%
	0.08%
	-0.03%
	-0.03%

	        AUMS in use 
	71 
	21.60%
	20.81%
	18.77%
	18.27%


8.2.3 Regional production

The model contains regionalized impacts.   However, this is challenging given the overwhelming amount of detailed results that can be developed.  Here we choose to present broad regional overviews and back this up with an HTML of data that provides additional details.  Namely in Table 16 we present index numbers on production by region for 
· All farm production 
· All crop and production 
· All livestock production.  
The results show 
· Generally production reductions in the South Central, and Southeast particularly in terms of crop agriculture for all four climate scenarios.

· Crop production reductions in the southern regions.

· Production increases in the Rocky Mountains and Pacific Northwest.
· Mixed results with more than 10% fluctuations in the Lake states, and the Pacific Southwest.

· Moderate mixed results with the production fluctuating by generally less than 10% in the Great Plains

Table 16  
Regional production, 2030 climate scenario with Adaptation (index value with reference level=100)                    
	
	Canadian   
	Hadley   
	REGCM  
	CSIRO

	All Farm Production
	
	
	
	

	        Corn Belt 
	110 
	101 
	100 
	101 

	        Great Plains  
	99 
	103 
	97 
	96 

	        Lake States 
	129 
	110 
	80 
	80 

	        Northeast 
	115 
	100 
	100 
	98 

	        Rocky Mountains 
	102 
	98 
	105 
	105 

	        Pacific Southwest 
	99 
	94 
	112 
	114 

	        Pacific Northwest  
	122 
	134 
	125 
	125 

	        South Central 
	66 
	109 
	94 
	94 

	        Southeast 
	81 
	100 
	90 
	90 

	        South West  
	89 
	99 
	106 
	106 

	Crop Production
	
	
	
	

	        Corn Belt 
	111 
	116 
	98 
	97 

	        Great Plains  
	103 
	113 
	106 
	105 

	        Lake States 
	144 
	137 
	103 
	101 

	        Northeast 
	139 
	144 
	149 
	146 

	        Rocky Mountains 
	120 
	134 
	126 
	127 

	        Pacific Southwest 
	106 
	107 
	107 
	109 

	        Pacific Northwest 
	118 
	136 
	122 
	123 

	        South Central 
	83 
	99 
	94 
	95 

	        Southeast 
	73 
	81 
	85 
	85 

	        South West  
	91 
	96 
	90 
	90 

	Livestock Production
	
	
	
	

	        Corn Belt 
	108 
	84 
	102 
	105 

	        Great Plains  
	97 
	98 
	92 
	91 

	        Lake States 
	117 
	88 
	62 
	63 

	        Northeast 
	108 
	88 
	86 
	84 

	        Rocky Mountains 
	97 
	88 
	99 
	99 

	        Pacific Southwest 
	97 
	91 
	114 
	116 

	        Pacific Northwest 
	124 
	133 
	127 
	126 

	        South Central 
	60 
	112 
	94 
	94 

	        Southeast 
	83 
	104 
	91 
	91 

	        South West  
	88 
	100 
	110 
	110 


Note:  Index used is a Fisher Ideal Index.  See note to table 10 for details.
8.2.4 Environmental Interactions
Finally let us turn attention to measures of agricultural interaction with the environment that influence environmental quality.  Table 17 presents results on land use, water use, chemical use and energy use along with erosion and chemical runoff.  Broadly, these results show
· A substantial decrease in pasture use, an increase in AUMs, strong but mixed results for irrigated land, relatively little change in total dryland cropped land 

· Strong, but mixed results, in terms of water use mirroring the results for irrigated land.

· Mixed results across the fertilizer use categories.
· Relatively small changes in erosion.
· Increased phosphorous runoff but decreased phosphorous bound up with sediment.  

· Mixed results for the other nutrient run-off categories, although for most categories and climate scenarios the changes are reductions

Table 17  
Changes in environmentally related measures- 2030 with Adaptation Climate Scenarios

	Land Use (Million acres)
	
	
	
	

	        DryLand 
	1.99%
	2.54%
	-2.44%
	-2.44%

	        Irrig 
	-18.85%
	-17.79%
	17.25%
	17.28%

	        Total Crop 
	-0.66%
	-0.05%
	0.07%
	0.07%

	        Pasture Use 
	-12.75%
	-19.09%
	-14.04%
	-13.69%

	        AUMS in use 
	21.60%
	20.81%
	18.77%
	18.27%

	Water Use 
	-12.62%
	-4.89%
	9.34%
	8.87%

	Input Use
	
	
	
	

	        Nitrogen 
	-2.68%
	-1.02%
	3.47%
	3.63%

	        Phosphorous 
	-2.96%
	-1.93%
	0.78%
	0.66%

	        Potassium 
	-4.98%
	-7.35%
	-3.05%
	-3.25%

	        Diesel 
	-3.52%
	-2.62%
	-0.92%
	-0.75%

	        Manure 
	0.06%
	4.84%
	0.71%
	0.69%

	Agricultural Runoff
	
	
	
	

	        Total Erosion 
	-1.66%
	-0.68%
	2.16%
	1.93%

	        Percolation Nitrogen Loss 
	-2.04%
	0.66%
	-0.23%
	-0.23%

	        NO3 Loss in runoff 
	1.26%
	6.00%
	-0.18%
	-0.15%

	        N Loss Subsurface 
	-1.67%
	0.76%
	2.28%
	2.12%

	        Phosphorous Loss in Runoff 
	7.32%
	15.52%
	3.55%
	4.43%

	        Phosphorous loss with sediment 
	-5.19%
	-6.76%
	-2.14%
	-2.59%


9 Why Such Low Vulnerability

The results presented above are consistent with past findings from numerous studies (See the reviews in Reilly et al  2001 a), Adams et al(1998, 1999), Lewandrowski and Schimmelfennig (2000)) that indicate US agriculture can weather the climate change storm.  Such studies have repeatedly found that US national food supply is not severely affected.  At the same time, these studies have typically found strong regional effects on the distribution of income and productivity.  

Why this is so? Why doesn't climate change have larger implications?  There are three principal reasons for this.  

· First, the change in climate implied by the GCM climate change scenarios is actually far less then the fluctuation in climate from the northern to southern areas in the US.  For example, the projected temperature change is substantially less than the difference in temperature between Northern and Southern California and Northern and Southern Texas.  Observation of today's agriculture shows these areas in very different climate regimes exhibit significant agricultural production. The agricultural production patterns across regions with differing climates are substantially different. Thus while climate varying within such a range has strong effects on production it does not render agricultural production impossible.    

· Second, most evidence on agricultural response to a variety of changes such as sudden increases in food demand, or unexpected weather shocks, suggests that agriculture is highly adaptable. With even just a few years to adjust, farmers can change crop mixes and practices to accommodate these forces.  Thus the net costs are small because one expects that farmer adaptations can mitigate the potentially negative effects of climate change. 

· Third, production in the Northern areas of the US is often limited by cold and the length of the growing season while Southern production is often limited by heat.  Warming will hurt the heat limited lands but help the cold limited regions.  Thus, particularly for the United States which straddles this wide range of climate conditions, negative effects in some regions are likely to be balanced by positive effects in other regions.

Given these observations, it is not surprising that we see relatively small national agricultural sensitivity to climate change.  This leads to the conclusion that climate change does not appear to pose a strong threat of a major disruption in the ability to produce agricultural commodities and food in the United States.

10 Caveats on the analysis

There remain many caveats to a study such as this.  The estimates of the various types of physical effects of climate change are subject to uncertainties as described in studies reporting these estimates.  Our decision to use multiple GCM scenarios was driven by the recognition that projections vary substantially but a lot of other GCM projections exist. On that basis alone, the results we present should be considered a study of the sensitivity of agriculture not bounding cases or central estimates of the effects. There are also uncertainties in the methods and models we used to estimate impacts.  
Namely, in terms of the physical effects
· While the crop yield simulators generally do a good job on yields under current climatology, it is less clear that this predictive power extends to future climate conditions that are very different than today. .  
·  A notable uncertainty is the response of crops to increased CO2 levels.  Older experimental results suggest a strong positive response for many crops, but more recent experimental evidence based on open field studies (Free Air Carbon Exchange—FACE—experiments) suggest the possibility of a less positive response. 
· The adaptation scenarios consider a limited set of actions farmers might undertake to adapt. For example, adoption of multiple cropping systems if growing season is lengthened were not considered
· The approach used for evaluating the impacts of pests was indirect, examining the impacts of weather on pesticide expenditures rather than modeling or evaluating specifically how pest populations might change, and this leaves open the possibility that some pest losses might be uncontrollable so that pesticide expenditures may only partially account for pest losses.  
· The impacts of variability remain incompletely described and integrated into such assessments. 
· Similar caveats hold for the water, livestock and other projections of future physical climate effects.

Similarly in terms of the economic model 
· Uncertainties exist in key measures of farmer and economic response, represented in the characterization of existing technological options and response of farmers and consumers to changing prices and market conditions, both domestically and internationally.

· Inability to consistently evaluate crop, livestock, water, and pest changes for foreign food importers and exporters likely influence the results we obtain for US producers and consumers as they are affected by changes in international prices.

· The sector models predictions of today's activity is not without error, and thus future predictions are also sources of uncertainty.  Furthermore it is not known how the economy will change into the future.  Results reported here, imposed climate on today’s agricultural economy (year 2001) but those climate changes will actually occur in an agricultural altered by a multitude of future changes in technology, consumer demand, environmental concerns, and economic pressures. 
All of these aspects of our methodology need to be remembered in thinking about the results.

Additionally there are a large number of factors which have not been fully examined as we will discuss in the next section.  Progress has been made but much remains to be done, and, in large part, this depends on more accurate forecasts from climate models on how the details of weather might change with climate change.  Thus, the estimates above, while presented somewhat definitively, are really subject to a large degree of uncertainty.  

11 What have we missed -- other vulnerabilities

Scientists have only scratched the surface of understanding how climate might change and how those changes would affect agriculture.  Even after thousands of studies our ability to foresee what climate change means for future agriculture is limited and there are many open issues.

While this study attempted to be as comprehensive as any study that has been done in examining the US agricultural implications of climate change, there are many vulnerability aspects that were not examined herein.  Now we turn our attention to a discussion of omitted vulnerabilities.  We separate this coverage into two pieces 

· Vulnerabilities that have been examined for the US in parallel studies concentrating on: (a) extreme events in the context of El Niño, (2) crop yield variability, (3) environmental protection, and (4) developing country production.

· Vulnerability aspects that have been discussed elsewhere but not extensively analyzed in a US context.
11.1 Other Vulnerabilities that have been analyzed

The US National Assessment and a large number of other studies have covered a number of additional vulnerability aspects in case studies (See the reviews in Adams et al (1998,1999), Lewandrowski and Schimmelfennig and Reilly et al 2002a, plus the work reported in Reilly et al 2002b).  Here we review a few efforts concentrating on work the principal author of this document was involved with addressing
· Extreme events in the context of El Niño
· Crop yield variability
· Environmental protection
· Developing country production
11.1.1 Extreme Events -- Climate Change and El Nino

The El Niño-Southern Oscillation phenomenon (commonly referred to as ENSO) is an episodic occurrence that has observable effects on weather in many parts of the world.  Neutral, El Niño and La Niña are the ENSO phases.  Such events have been documented for hundreds of years, occurring with varying frequency, intensity and climatic implications.  El Niño and La Niña phases each currently occur about once in any four years (25% of the time) and the Neutral phase occurs about two years out of four (50% of the time).
As with many other potential future implications of climate change there is debate regarding whether and how the ENSO pattern might be affected by greenhouse-gas induced climate change.  One team of scientists (Timmermann et al) forecasted that climate change would cause the extreme El Niño and La Niña phases to occur more frequently and to be more severe.  During the US national assessment Chen, McCarl and Adams examined the implications of such a shift for agriculture.  They found that increased frequency of ENSO El Niño and La Niña phases leads to an average annual welfare loss of $323-$450 million.  They also found that under increased La Niña and El Niño frequency and event strength that the welfare loss increased to $500 million to $1 billion, as much as 3 percent of typical U.S. agricultural producer net income.  This certainly indicates that agriculture would be sensitive to significant changes in the frequency of ENSO and other similar extreme events. A caution here is that the projections of the relationship between climate change and ENSO are even more uncertain than other GCM projections. 

11.1.2 Environmental protection

Agriculture manages large quantities of land, water, livestock and other items that have important environmental implications.  Agriculture-climate-environment interactions are an important concern.  While we presented some examinations related to water, land use and pesticide climate based sensitivity above, several studies have considered more detailed interactions.  Three studies were developed during the US national assessment that address this
· Chen and McCarl (2001) examined the implications of climate change on pesticide use finding that climate change increases pesticide use.  Such a phenomenon would have environmental applications but the environmentally related costs have not been further examined.

· Chen, Gillg and McCarl (2001) examined the agriculture-climate-environmental interaction in regard to the water use situation in the Edwards aquifer region surrounding San Antonio, Texas.  That region has competing agricultural water use, municipal and industrial water use coupled with support of endangered species in artesian springs fed by the aquifer. That region, contrary to most of the rest of country, became drier under both the Hadley and Canadian scenarios.  The analysis shows that climate change leads to a decrease in crop yields and aquifer recharge coupled with an increase in urban and agricultural water demand. They found that the climatic shifts induce decreased farm income, increased municipal and farm pumping costs, increased pumping of aquifer groundwater and decreased spring flows leading to decreased quality of the habitat for the protected endangered species. Their estimates were that climate change would induce an annual regional welfare loss of between $2.2 and $6.8 million if environmentally based pumping regulations were not changed.  They also show that if environmental quality as measured by springflows were to be maintained at current levels, then pumping would need to be reduced by 10 to 20% at an additional cost of $0.5 to $2 million per year.

· Abler et al (2002) studied nitrogen inflows into the Chesapeake Bay from agricultural drainage basins examining the surface water quality implications of the agriculture-climate change-environmental interaction. They found that climate change increases loadings of nitrogen from corn production by 17 to -31%. 
These detailed regional studies for just a couple of areas suggest possibly greater environmental vulnerability for critical ecosystems that are currently the subject of much concern.  Continued efforts to protect water quality and species habitat could put further constraints on agriculture and affect the cost of production.

11.1.3 Variability of crop yields and climate
The analysis done herein concentrated on climate change implications for average crop yields.  Current weather is variable and this translates into variable crop yields.  Reilly et al (2002a, b) indicate that shifting the mean temperature conditions often increases the chance of crop failure more than proportionally, and the variability of crop yield.  Increasing mean precipitation can have the opposite effect, more than proportionately reducing the chance of drought.  In addition, the variability of climate may itself change.  Climatologists have reason to believe that in a warmer climate more precipitation will fall from thunderstorm type events rather than from large scale frontal systems.  Thunderstorms are much more spotty, leaving some areas without rain and others subject to heavy downpours that can damage crops and lead to erosion with much the water running off rather than increasing the store of soil moisture. 
Additionally a relationship between global warming and hurricane intensity has long been hypothesized and recent analyses, while controversial, lend more support to that hypothesis.  Unfortunately, most climatologists doubt the reliability of GCM projections of climate variability at this level of detail. 
In work for the National Assessment Chen, McCarl, and Schimmelpfennig (2004) conducted a statistical approach across the current landscape that examined how crop yield variability changes with alterations in mean temperature and precipitation. The results showed the Hadley and Canadian scenarios cause fairly uniform decreases in corn and cotton yield variability with mixed results for other crops. Wheat yield variability largely decreased under the Hadley scenario but increased under the Canadian scenario, reflecting the fact that the Hadley scenario was relatively wetter and the Canadian scenario was relatively warmer and not as wet.  Soybean yield variability showed a uniform increase under the Hadley scenario with mixed results under the Canadian.  The principal reason for the variability decrease was that precipitation increases were found to be variability-reducing and there were substantial increases in precipitation in most regions.  The exception was for wheat growing regions, particularly in the Canadian scenario.

11.1.4 Developing Country Production

While the above analysis is focused on the US there are agricultural and humanitarian reasons to be concerned about climate change implications for agriculture in developing countries. Namely, the United Nations Food and Agriculture Organization (FAO) estimates that 776 million people located in 98 countries were food insecure as of 1999, mostly across South Asia and Sub-Saharan Africa.  They also argued that climate change would further worsen the food security situation, especially in the tropics.  In fact, recent climatology shows more extreme climatic shifts across sub-Saharan Africa than have been observed in the rest of the world.  Recently, Butt et al (2005) examined the agricultural sector implications in Mali, a country within sub-Saharan Africa.  Their results indicate that Mali will experience your cultural sector economic losses ranging from $96 to $116 million.  They find production will fall with prices rising, and producers' gaining at the expense of consumers.  Furthermore, they find that climate change increases the share of the population at risk of hunger from 34 % to 64-70%.  The reason for such large effects is that the typical adjustment of northward shifts in cropping patterns is not meaningfully possible due to precipitation patterns and the northern incidence of the Sahara Desert. They do find that policy and agricultural research induced adaptations can play an important role in reducing overall economic losses and the incidence of hunger.  In related work they find high degrees of climate sensitivity in Kenya, Uganda, Senegal, and Turkey. 
11.2 Open questions

Throughout the global debate on agriculture and climate change a number of other items have been brought up that we largely list here.
11.2.1 Changes in precipitation and storm patterns

Discussions during the global climate change debate have suggested that precipitation patterns in some areas may switch from large frontal rain systems to more episodic thunderstorm or hurricane like regimes.  Discussions also suggest potential increased incidence of drought events.
11.2.2 Extreme events

Potential implications of climate change for increased incidence of extreme events is a large area of concern and is the subject of healthy scientific and policy interest.  Today, given the recent increased incidence of hurricanes in the Florida and Gulf Coast area, there is a lot of discussion on the potential relationship between climate change and hurricane frequency (see the summary on the United States Global Change Research Program hurricane web page).  Some have also suggested that climate change might lead to increased incidence of extreme weather including more floods, droughts, heat waves, tornadoes and tropical storms of all varieties.  ENSO event frequency also falls in this class.  Unmanaged ecosystems

Agriculture manages many lands that directly interact with unmanaged aquatic, forested and other ecosystems. Agricultural activities also directly benefit from the services arising from a number of unmanaged ecosystems. The IPCC document Climate Change 2001: Working Group II: Impacts, Adaptation and Vulnerability contains a discussion on climate change implications for unmanaged ecosystems as does the USGCRP National Assessment.  The analysis of unmanaged ecosystems has largely been conducted from an environmental standpoint without economic damages being attached.  Consider an example that is illustrative of the degree of vulnerability.  In the US National Assessment the projection appears that climate change would render the Northeast incapable of supporting sugar maples.  This has implications for producers, processors, tourism and regional economic activity.  Other analyses and discussions within the national assessment indicate vulnerability in terms of 

· Disappearance of or great stress for high alpine meadows in the Rocky Mountains,
· Break up of forests in the Southeast into a mosaic of forests, savannas, and grasslands.
· Changes in watersheds that yield runoff into surface water system,
· Alterations in native plant, tree species and animal communities.

 Such climate change implications are likely to cause a larger degree of damages for unmanaged as opposed to managed ecosystems because any actions toward adaptation implies adoption of active management and for many reasons such ecosystems are likely to remain unmanaged.  Furthermore, when climate change influences the natural processes that control the rate at which plant, animal, and tree species within the ecosystems reproduce and expand systems adaptations such as movement into more northward areas is difficult as this again active management.  
11.2.3 Aquaculture and Ocean Ranching
The IPCC document Climate Change 2001: Working Group II: Impacts, Adaptation and Vulnerability discusses climate change impacts on the freshwater and marine environments in which aquaculture and ocean ranching is situated. It indicates water and air temperatures in mid to high latitudes are expected to rise, with a consequent lengthening of fish and shellfish growing season with possible beneficial impacts on growth rate and feed conversion efficiency, shifts in dissolved oxygen levels, and algal blooms.  Climate change induced increases in the 
· Sea level

· Intensity and frequency of extreme climatic including storms, floods, and droughts 

· Sea ice cover

· Ocean carrying capacity

are also mentioned as vulnerability factors.

11.2.4 Changes in Transport
Agriculture is a heavy user of water and ocean borne transport along with being dependent on a number of expensive port facilities.  Drought incidence and sea level rise certainly pose vulnerability.  For example, during the 1990s a drought occurred and barge traffic became difficult to move on the Mississippi.  Furthermore it was observed under hurricane Katrina in the Gulf Coast that the usage of ports is vulnerable to extreme events.  Changes in elevation might also require ports to be moved or expensive protection and access systems such as those in the Netherlands to be developed.

11.2.5 Adaptation and Policy

Adaptation is a key factor in reducing agricultural vulnerability to climate change and the question is to what extent can varieties and improved farming practices be developed that can maintain productivity in the face of altered temperature and precipitation regimes.
11.2.6 Future of Agriculture

A key factor in agricultural history has been the relationship between the rate of technical progress with the rate of population and income growth influencing the composition of agricultural demand.  Issues in the climate change arena related to this involve whether adaptation to climate change will divert attention from agricultural practice investments to climatic adaptation investments and the potential result possibility that food production could begin to lag demand growth. There are also major issues as to what extent we will see
· Altered intersectoral demand for water due to the implications of climatic change, population and economic growth, 
· Diversion of agricultural land into production of renewable energy in the face of today's energy security concerns and dwindling domestic energy supplies.  
· Enhanced or altered efforts devoted to environmental protection as opposed to food supply.
Any of these factors could enhance or a mitigation of the effects of climate change.

11.2.7 Globalization and shifts in trade regimes
Global climate change by its very nature is global and can affect US agricultural imports and exports.  Today the US imports a considerable amount of fresh fruit and vegetables along with other commodities from around the world.  Also US agriculture is an important generator of food exports sent through and out the world.  The availability of imported food supplies and the demand for exported goods will be subject to climate change influences and certainly poses an additional source of vulnerability.
11.2.8 Interactive Environmental Forces

Climate change discussions have raised the number of environmental issues that pose vulnerabilities including the effects of 

· Climate change on ozone which influences agricultural productivity, 
· Climate change on water runoff and water quality which influences the suitability of water for agricultural and nonagricultural usage, 
· Greenhouse gas mitigation activities as will be discussed in a companion paper, 
· Enhanced biofuel production.
· Climate change on the regions suitable for insects, weeds, diseases, plants, and animals.
11.2.9 Surprises
Finally, when regarding vulnerability one can only mentioned the surprise actor.  Certainly many unanticipated effects of climate change will occur, some of which will be positive, and some will be negative.
12 Major Results, Challenges and Opportunities

We investigated the impacts of climate change and enhanced CO2 on U.S. agricultural production and market conditions then considered potential vulnerabilities. Let us review these findings in terms of the physical effects on productivity and then the economic effects across the sector.  

12.1 Climate Change and Physical Productivity Effects 
· Climatic change as manifest in temperature, and precipitation coupled with the changes in CO2 concentrations has implications for crop and livestock productivity. 

· The effect of climate change on production varies by crop.
· Yield effects vary with region.  Yield improvement at higher latitudes has been found fairly consistently.  On the other hand, crop yields in warmer, low latitude and semi-arid areas like the US South and Southwest often are found to be reduced by climate change.
· If the climate changes, yields can generally be enhanced by producer adaptations. Farmers may adapt by changing planting dates, substituting cultivars or crops, changing irrigation practices, and changing land allocations among crop production, pasture, and other uses.
· Livestock will be affected in terms of appetite, productivity, pasture requirements and range productivity.
· Irrigation water availability is a critical issue but GCM inability to predict precipitation accurately limits confidence in the water supply results.  In this analysis we relied on the USGCRP water study that indicated water supplies varied regionally and, in the scenarios investigated here, were generally estimated to increase.  There is also a need to develop estimates on how nonagricultural water use might change in the face of climate change.
12.2  Climate Change and Sectoral/Economic Effects 

· Over the next century, climate change as now foreseen are not expected to result in large changes in US food production or any large economic disaster in total food production.  This likely occurs because the projected range of climatic alteration is less that the range of temperatures now experienced across productive areas of agriculture. 
· In this study, there were net benefits to US and global agriculture due to that climate effects on agriculture and these benefits increased in 2090 compared with estimates for 2030.

· Impacts on regional and local food supplies in some low latitude regions could amount to large changes in productive capacity and significant economic hardship. 
· Climate induced productivity changes generally resulted in consumer benefits from lower food prices, while producers tended to suffer net income decreases.
· Climate change and associated changes in water availability, yields, livestock productivity, and pest control expenditures influence commodity production and thus have further effects on planted acreage, decisions to irrigate, and use of other management practices. As a result, market-level changes in production are typically smaller than would be expected based on projected by biophysical changes alone.
· Climate change is likely to shift the comparative advantage of agricultural production regions, both within the US, other countries and internationally, altering patterns of trade in agricultural commodities among regions and countries.  This study, consistent with previous analyses, suggests that the US regions at greatest risk are those closer to the equator -- the Southern regions.

· The economic consequences of yield changes will be influenced by adaptations made by farmers, consumers, government agencies, and other institutions. Farmers may adapt by changing planting dates, substituting cultivars or crops, changing irrigation practices, and changing land allocations among crop production, pasture, and other uses. Consumers may adapt by substituting relatively low priced products for those that become relatively high priced as a result of climate change effects. 
· Pests are currently a major problem in US agriculture and climate change may exacerbate the problem.  We did find a general pattern of increased pesticide expenditures.
· Climate change may induce changes in climate variability and extreme events and this poses a significant vulnerability for US agriculture. For example, the results from a US level study of the welfare effects of shifts in ENSO frequency and strength would change what are positive net economic effects to negative net effects in two of the four climate scenarios evaluated here.  Unfortunately, economic implications of changes in climate variability and extreme weather events such as hurricanes, intense rain, or extreme drought have not been thoroughly examined.

· Changes in climate are expected to affect the productivity and aggregate demand for factors of production such as water, labor, energy, and equipment. The implications of these changes are largely unexplored but are potentially important.  
· While the climate scenarios investigated in this study led to positive effects in US agriculture, the same is not true for all regions of the world.  That said, the global results reviewed and used here, suggested a mostly neutral result due to losses in tropical regions and gains in low-temperature limited high latitude regions. 
· The detrimental effects of climate change on agriculture will more likely occur at regional levels.  Increased risks due to ENSO, to nitrogen loadings in the Chesapeake Bay, and to ecosystems dependent on the Edward’s aquifer in Texas were found to have detrimental effects.  The need to protect such environmental assets would require changes in agricultural practices that would, in turn, increase production costs. 
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� The original intent in the USGCRP assessment exercise of choosing these two periods was to provide some insight into nearer term changes and longer term changes, while keeping the exercise manageable giving the modeling tools that existed. 


� The common unit used for western grazing is an animal unit month (AUM),that reflects for a parcel  the amount of adult animals and associated calves that the parcel can support for one month.  This reflects a standardized amount of production on a parcel which is more relevant for market purposes than land area, reflecting forage density heterogeneity.


� As is evident from the yield results presented in the previous section, one should likely not smoothly interpolate if one wants results for intervening years.  In some cases, particularly in the Canadian climate scenario, yield results are negative in the 2030’s and then are positive in the 2090’s when climate has changed even more.  In other cases, one sees a strong effect by 2030 and little additional change in 2090.
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