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Abstract Climate change affects all segments of the agricultural enterprise, and there is
mounting evidence that the continuing warming trend with shifting seasonality and intensity
in precipitation will increase the vulnerability of agricultural systems. Agricultural is a
complex system within the USA encompassing a large number of crops and livestock systems,
and development of indicators to provide a signal of the impact of climate change on these
different systems would be beneficial to the development of strategies for effective adaptation
practices. A series of indicators were assembled to determine their potential for assessing
agricultural response to climate change in the near term and long term and those with
immediate capability of being implemented and those requiring more development. The
available literature reveals indicators on livestock related to heat stress, soil erosion related
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to changes in precipitation, soil carbon changes in response to increasing carbon dioxide and
soil management practices, economic response to climate change in agricultural production,
and crop progress and productivity. Crop progress and productivity changes are readily
observed data with a historical record for some crops extending back to the mid-1800s. This
length of historical record coupled with the county-level observations from each state where a
crop is grown and emerging pest populations provides a detailed set of observations to assess
the impact of a changing climate on agriculture. Continued refinement of tools to assess
climate impacts on agriculture will provide guidance on strategies to adapt to climate change.

1 Introduction

Climate change impacts all sectors of the natural and human ecosystem; however, climatic
impacts on the basic human needs of water and food are among the most threatening. Food
security depends upon our ability to adapt agricultural systems to climate change. Agricultural
systems represent the ability to efficiently produce food, feed, and fiber, and disruptions due to
climate change impact our capability to feed the future world population. Agricultural systems
are multi-faceted and complex because of the range of plant and animal commodities affected
by the interactions between climate and management. This agricultural social ecosystem
system described by Walthall et al. (2012) defined linkages among decision making compo-
nents driven by the perceptions of risk, personal experience and preferences, knowledge of
production capacity of the system, and a multitude of external factors, e.g., market demand,
government policies, climatic variation, and land tenure. Coupling these linkages with the
uncertainty of the impact of climate change on agricultural systems requires a robust method-
ology for indicators of the agricultural system in response to climate. Recent climate assess-
ments (e.g., Melillo et al. 2014) incorporate agriculture as one of the key sectors impacted by
climate change, and these assessments highlight many of the components vulnerable to climate
change and require robust indicators to determine if the impact is increasing and our food and
natural resource security is at risk. The goal of this paper is to integrate a conceptual model of
climate interactions with agricultural systems to identify potential indicators and indicators
currently available and those requiring more development in order to provide a robust
methodology for future assessments. The approach the group utilized was to assess different
indicators relative to the ability to quantify the impact of climate change on different segments
of the agricultural system.

2 Concepts of agricultural systems and climate change

Agricultural systems represent the primary linkage between the climate system and production
from grasslands, crops, or livestock (Fig. 1). The direct linkages among these components and
climate have been summarized in recent articles by Hatfield et al. (2011), Izaurralde et al.
(2011), and Walthall et al. (2012). In this conceptual diagram, climate regulating services, e.g.,
temperature, carbon dioxide, solar radiation, or precipitation, directly impact grassland,
cropping systems, livestock production, and pest dynamics. Precipitation directly affects water
supply because of the feedback through the evaporation process which returns water vapor to
the climate system (Fig. 1). The water cycle is a critical part of agricultural systems, and
variation in precipitation governs the amount of water available to the grassland or cropping

@ Springer



Climatic Change (2020) 163:1719-1732 1721

system. Variation in water availability is direct related to variability in production and is
tempered by variation in temperature (Hatfield et al. 2011; Izaurralde et al. 2011). Linkages
and feedbacks among the components in the conceptual diagram encompass the direct effects
of climate on production and pests and the indirect effects induced by societal demands on
ecosystem services and responses to energy and food production (Fig. 1). In this analysis, we
evaluated potential indicators using this framework and considered such factors as the changes
in the length of the growing season, onset of spring, chilling hours over the winter, and
increased heat stress for livestock. We also considered the potential for mitigation of CO, and
greenhouse gases under soil carbon dynamics as a link between adaptation and mitigation
strategies. One of the critical feedbacks to the climate system is the release of greenhouse gases
into the atmosphere; mitigation strategies to increase soil carbon sequestration will increase the
resilience of agricultural systems to climate stressors (Walthall et al. 2012). There were several
potential indicators considered in the course of this effort, and the ones shown here encompass
those representing a direct linkage to climate and the interactions shown in Fig. 1. Indicators
meeting these criteria and assessed for their potential as viable indicators to detect agricultural
response to climate change are described in Table 1.

3 Candidate indicators
3.1 Livestock heat stress
Livestock are impacted by climate change, and the potential occurrence of extreme tempera-

ture events can disrupt the ability of animals to produce. Economic losses from reduced
performance of livestock experiencing severe environmental stress exceed losses associated
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Fig. 1 Conceptual diagram of potential indicators of climate impacts on agricultural systems
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Table 1 Indicators for agricultural response to climate change

Agricultural  Climate factor Impact on agricultural system  Indicator
component
Livestock Extreme cold/heat events Lost productivity, mortality Annual sum of

temperature-humidity index
values and wind chill index
values for a given location

Livestock Extreme climate events Lost productivity, mortality Annual sum of comprehensive
climate index for a given
location

Soil Intense rainfall events Soil erosion and loss of topsoil, Increase in R value, rainfall

nutrient runoff intensity

Soil Carbon sequestration, Soil quality, water infiltration, ~ Organic carbon changes

greenhouse gas exchange nutrient cycling, soil
aggregation, carbon
sequestration

Soil Precipitation Soil water content and Water availability for plant

infiltration production

Plants Temperature Phenological development Changes in onset of

phenological development,
e.g., bud break, first flower

Plants Temperature Chilling hours for perennial Sufficient exposure to
plants temperatures below a species
specific threshold to induce
flowering
Plants Temperature Growing degree days and plant Plant hardiness zone map

development, phenology,
average annual minimum

temperature
Plants Temperature, precipitation,  Gross and net primary Productivity of ecosystems
and CO, productivity
Plants Temperature, precipitation,  Yield, biomass Productivity and economic
and CO, return of crop production
systems
Pests Temperature and humidity ~ Increased insect or diseases Shifting ranges and populations
pressures of insects and diseases
Pests Temperature and Increased weed pressures Invasive weed distribution
precipitation
Economics  Extreme events in Loss of productivity, crop, or ~ Crop or livestock insurance
temperature and livestock losses claims and indemnities
precipitation

from cattle death by 5- to 10-fold (Mader 2012). Each year, environmental heat stress alone
costs the dairy industry over $900 million and beef and swine industry over $300 million (St.
Pierre et al. 2003). Exposure to heat stress has a large impact on livestock performance and
well-being. Moisture and heat content of the air, thermal radiation, and airflow impact total
heat exchange between the atmosphere and an animal. Thus, the effective, or apparent,
temperature that an animal responds to is a combination of environmental variables. In the
case of humans, the useful effect is the sensation of comfort; for animals, this effect is on
performance, health, and well-being. Indices, because they combine several environmental
components, are much more robust for characterizing environmental effects on animal pro-
ductivity and well-being. To overcome the shortcomings of using ambient temperature as the
only indicator of animal stress, thermal indices have been developed to better characterize the
influence of multiple environmental variables on the animal. The temperature-humidity index
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(THI) has been extensively applied in moderate to hot conditions, even with recognized
limitations related to airspeed and radiation heat loads. For cold conditions, the wind-chill
index (WCI), relating air temperature and wind speed to the time required for freezing a small
cylinder of water, serves as a rough guide for measuring cold stress.

These indices are only relevant under either hot or cold conditions, but not both, because
simpler indices do not incorporate major environmental components experienced over a range
of hot or cold conditions. In addition, appropriate environmental stress thresholds are needed
that are flexible and measure stress levels based on environmental conditions, management
practices, and physiological status. Mader et al. (2010) developed the comprehensive climate
index (CCI) and comparable thresholds utilizing multiple environmental variables that are
incorporated into a continuous index. The CCI incorporates relative humidity, wind speed, and
solar radiation to produce an “apparent temperature” that adjusts ambient temperature (Ta) for
the effects of environmental variables.

Aside from the benefits of obtaining an apparent temperature for assessing comfort level,
climate change effects on livestock can now be assessed over a large range of environmental
conditions utilizing the CCI. Physiological and metabolic responses can also be better assessed
based on apparent temperature. For strategic decision-making, the CCI can be applied across
various life stages and species, in order to maximize the utility of probability information.
Multi-factor indices are needed that are comprehensive in nature, which allow for greater
application across a range of conditions and have potential for use in assessing environmental
effects on animal health, welfare, and productivity. Increased probabilities of extreme events
and the impact on livestock productivity increase the potential use of an indicator capable of
quantifying the extent of disruption in livestock production. Annual sums of the THI, WCI, or
CCI serve as an indicator of the changing environment for livestock for a given location.

3.2 Soil erosion and land use

Soils are a foundation for agricultural production, and soil erosion through water or wind
erosion reduces the capacity of the land to efficiently produce feed, food, or fiber.
Several processes, both natural and anthropogenic, degrade soils. These processes in-
clude erosion, compaction, salinization, toxification, and loss of organic matter. Of these,
soil erosion is most directly impacted by climate change and the most pervasive.
Excessive rates of erosion decrease soil productivity, increase loss of soil organic carbon
and nutrients, and reduce soil fertility.

Soil erosion rates respond to climate change for a variety of reasons, including climatic
effects on plant biomass production, plant residue decomposition rates, soil microbial activity,
evapotranspiration rates, soil surface sealing and crusting, and shifts in land use necessary to
accommodate a new climatic regime (Williams et al. 1996). However, the most consequential
effect of climate change on water erosion will be in changes in erosive power, or erosivity, of
rainfall. Studies using erosion simulation models show that erosion response is much more
sensitive to the rainfall amount and intensity than other environmental variables (Nearing et al.
1990). Warmer atmospheric temperatures associated with greenhouse warming are expected to
lead to a more vigorous hydrological cycle, including more extreme, and hence erosive,
rainfall events (Kundzewicz et al. 2007). Atmosphere-Ocean Global Climate Models also
indicate potential changes in rainfall patterns, with changes in both the number of wet days and
the percentage of precipitation coming in intense convective storms as opposed to longer
duration, less intense storms. Daily rainfall amounts have increased across much of the USA
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over the last century, as measured by the percentage of rainfall that falls in heavy (>95th
percentile) and very heavy (>99th percentile) events (Soil and Water Conservations Society
2003). Increasing heavy downpours, as defined by greater than 1.25 in., has also been
observed in Iowa (Walthall et al. 2012).

Rainfall erosivity is correlated to the product of total rainstorm energy and maximum
30 min rainfall intensity during a storm (Wischmeier and Smith 1978). The relationship first
derived by Wischmeier and Smith has proved to be robust and is still used today in the Revised
Universal Soil Loss Equation (Renard et al. 1997), which is the current technology applied in
the USA for conservation planning and compliance. Studies using a physically based, contin-
uous simulation model of erosion have also substantiated the geographic trends of published
R-factors for several parts of the USA (Baffaut et al. 1996).

A direct computation of the rainfall erosivity factor, R, for the RUSLE model requires long-
term data for rainfall amounts and intensities. Precipitation rate data at the hourly time interval
is archived by the National Centers for Environmental Information (www.ncei.noaa.gov) and
provides monthly and annual total precipitation across the USA to estimate rainfall erosivity.
Increases in rainfall intensity and total rainfall may not remain consistent under climate change
and care will be required when using these relationships.

Renard and Freimund (1994) evaluated erosivity at 155 locations within the continental
USA and developed statistical relationships between the R-factor and total annual precipitation
at the location and a coefficient calculated from monthly rainfall amounts. These relationships
have been used to estimate rainfall erosivity changes in response to projected future rainfall
changes (Nearing 2001). An annual calculation of R based on precipitation data could be used
to track changes in rainfall erosivity across the USA. If both rainfall amount and intensity were
to continue to change together in a statistically representative manner as they exhibit under
current observations, assuming temporally stationary relationships between amounts and
intensities, predicted erosion rate would increase on the order of 1.7% for every 1% increase
in total annual rainfall (Pruski and Nearing 2002). There is an increasing concern that current
conservation practices may not be sufficient to ensure that the soils are protected from
excessive erosion and further degradation is reduced (Garbrecht et al. 2015).

3.3 Soil organic matter changes

Soil organic carbon, a key indicator of ecosystem productivity and health, is affected by abiotic
and biotic factors. Soil organic carbon monitoring in agricultural fields can serve as an
indicator of how agriculture might be affected by climate variability and change and how
these effects and changes affect carbon reservoirs as part of mitigation strategies. However,
differentiating the interacting effects of climate and management has proven difficult.

We propose a two-pronged approach to use soil carbon as an indicator. An integrated
approach outlined by Brown et al. (2010) to monitor soil organic carbon over large areas
combines remote sensing, modeling, and soil sampling technologies with agricultural data-
bases. This approach estimates soil carbon changes locally and regionally with the variation
partitioned into climate vs. technology change.

The approach envisions periodic measurements of soil carbon and other soil properties as
well as the monitoring of agricultural practices. These measurements and monitoring activities
would be implemented along the flight path of systems equipped with airborne (e.g., AVIRIS)
or (eventually) satellite-based (HyspIRI) hyperspectral remote sensing technologies. A variety
of plant growth and surface characteristics could be detected using these technologies such as
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vegetation indices, biomass, LAI, chlorophyll, residue cover, and albedo. Remote sensing and
field data can be used to test/improve crop and land-surface parameterizations. Soil carbon and
other properties would be monitored at different time and spatial intervals (daily, weekly,
monthly, yearly). Microsite testing approaches and hierarchical sampling planning should be
considered for crop and soil monitoring.

The second approach utilizes observations of soil carbon at well-documented benchmark
sites, where consistent management over decades provides a means to observe change driven
primarily by climate. Coupling these changes with estimates of soil carbon change derived
from biogeochemical crop models will allow changes in technology (including crop genomics,
tillage, and fertilization) to be factored out. MODIS remote sensing products could then allow
changes to be scaled via modeling to larger regions. Sites would be located at long-term
research sites such as those located in IL, OH, MO, OR, and MI (Paul et al. 1997) and
identified from emerging agricultural networks such as GRACEnet (Greenhouse Gas Reduc-
tion through Agricultural Carbon Enhancement), LTAR (Long-term Agroecological Research
Network), and AgMIP (Agricultural Model Intercomparison and Improvement Project).
Agricultural Ameriflux sites in IL, TA, MI, TX, and TN will facilitate calibration of
the simulation models.

The first approach requires the implementation of a multi-year, multi-site pilot project
utilizing an integrated use of technologies capable of monitoring soil carbon changes. Exam-
ples of these technologies include remote sensing of vegetation and surface conditions,
modeling plant growth, water balance, and nutrient dynamics. The second approach utilizes
the Natural Resource Inventory (NRI) to identify a set of well-documented sites at which soil
carbon can be observed under management conditions that change slowly and with well-
understood effects on soil carbon. The veracity of models that predict the effects of manage-
ment for each site will need to be evaluated to determine the accuracy of these models. There is
a need for a thorough assessment of soil carbon; however, this indicator requires further
development and evaluation before implementation.

Carbon exchanges are not isolated to changes in soil carbon and one indicator with potential
value to assess the changes in the land surface is the gross or net primary productivity. These
methods are based on either direct measurements of the carbon fluxes over different surfaces
using micrometeorological techniques (e.g., Ameriflux, OzFluz) or indirect estimates via
remote sensing methodologies (Gitelson et al. 2012, 2015). These hold promise as direct
methods to measure the impact of climate change on a large scale and require additional
assessment of this indicator in response to climate change variables.

3.4 Economic impacts of climate change on agricultural systems

Climate change projections suggest an increase in winter and spring precipitation across the
northern USA and an associated increase in the incidence of extreme weather events (Melillo
et al. 2014). One measure of the potential economic impacts of such extreme events within the
agricultural sector, as well as an indicator of whether such impacts are increasing as climate
conditions change, could be derived from crop insurance claims and payouts. While crop
insurance can cover a number of crop impacts, including hurricanes, hail, and pest damage, the
claims from agricultural production most directly linked to extreme events are those related to
drought, flooding, or excess moisture/precipitation/rain. One potential indicator of the magni-
tude and direction of change of agricultural impacts of extreme events would be fraction of
total indemnities paid out for drought, flood, and excessive wetness (Walthall et al. 2012).
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Developing indicators related to the change in the distribution of indemnities provide a
quantitative measure of the effect of changing climate; however, not all commodities are crop
insurance eligible, so the economic impact is more difficult to assess.

3.5 Crop progress and productivity

Production of food from crops and livestock is necessary to sustain life, and the continual need
to produce more food on a global basis to feed the expanding world population increases the
potential impact of disruption in production and food security. These projections of food
production do not account for the disruptions attributable to climate change and the indirect
effects from increasing insect, disease, and weed pressure. Impacts of climate change on plant
production can be summarized as being positive under the effects of increasing carbon dioxide
(CO,), negative with effects of increasing temperatures, and variable from precipitation timing
and amounts (Hatfield et al. 2011; Walthall et al. 2012). The effect of increasing CO, on plant
productivity is generally positive with enhanced production and improved water use efficiency
(Hatfield et al. 2011). Projections of temperature increase showed a large range in crop
productivity with estimates of around 5% with temperature increases of 1 °C (Schlenker and
Roberts 2009; Hatfield et al. 2011) to over 50% in maize and soybean under extreme warming
(Schlenker and Roberts 2009; Hatfield 2016). Rising temperatures increase the rate of
phenological development and reduced productivity because of the shortened growth cycle
(Hatfield et al. 2011). A portion of the productivity impact can be related to the vulnerability of
the pollination stage to extreme temperatures because of the sensitivity of the pollen to
dehydration under high temperatures (Hatfield et al. 2011).

Effect of increasing temperatures on plant growth has been evaluated through the use of
crop simulation models and statistical analyses. Lobell and Field (2007) showed maize yields
decreased 8.3% per 1 °C rise without any water stress. Asseng et al. (2015) used 30 different
wheat models to simulate wheat production and concluded grain production would decrease
6% per 1 °C rise and become more variable in space and time. The projections for wheat by
Asseng et al. (2015) are similar to the 5.3% yield reduction per 1 °C observed in Australia by
Innes et al. (2015) using a combination of experimental results coupled with simulation
models. There is a differential response of plants to temperature throughout the growth
cycle, and the recent results by Laza et al. (2015) for rice showed that high night temperatures
had no effect during the vegetative stage; however, high nighttime temperatures during the
reproductive stage reduced yields because of the increased dark respiration rate and spikelet
degeneration. This is similar to the results of Hatfield and Prueger (2015) and Hatfield (2016)
from their controlled environment studies with high nighttime temperatures (plus 3C
above normal temperatures) on maize yield which showed reductions of over 50% in
maize grain yield.

Warming temperatures decreased USA wheat yields as observed by Tack et al. (2015) using
historical yield trials and meteorological data for Kansas. They used a combination of freezing
and warming impacts in their regression model to evaluate yield trends and variation among
years. Their results showed a potential 40% reduction in wheat yields with a 4 °C temperature
increase and that newer varieties were less able to resist heat stress above 34 °C than older
varieties. They suggested that selection of newer varieties by producers to offset climate
impacts may not be effective. To offset the impacts of increasing temperatures, Rezaei et al.
(2015) suggested that cultural practices to create changes in phenological development for
winter wheat in Germany would prevent exposure to high temperature events at anthesis;
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however, this change in phenological development would not alleviate the potential impacts of
exposure to high temperatures on grain yield caused by shortening the grain-filling period.

Productivity of agricultural systems is the most used indicator of climate impacts, and
in the current literature, there has been the utilization of the yield gap concept to evaluate
climate and soil effects (Licker et al. 2010; Egli and Hatfield 2014a, b; van Brussel et al.
2015; Hatfield et al. 2018). This approach allows for a quantitative assessment of the
ability of the crop to achieve its potential yield and the inability of closing the yield gap
is ascribed to climatic stress.

Crop production systems respond to the weather conditions within a growing season and
over time show responses to changes in the climate (Ray et al. 2015). Crop yields are one of
the most utilized indicators of the impact of weather during the growing season, and county,
state, and national yields have been extensively used to evaluate weather effects through
statistical and simulation models. An example of statistical analysis approaches are provided in
Runge (1968), Muchow et al. (1990), Lobell (2007), Lobell and Field (2007), and Hatfield
et al. (2011) in which different parameters, e.g., temperature, precipitation, or solar radiation,
have been related to the variation in crop yield among years. The use of simulation models to
assess future effects of projected climate has been reported in Lobell et al. (2006) and Hatfield
et al. (2011), and there are ample references detailing the utility of different methods.

Indicators of climate impacts on agriculture are available from existing databases assembled
by the USDA National Agriculture Statistics Services (Www.nass.usda.gov) with weekly crop
condition and progress for major commodities, in comparison to the previous 4 years, and
county level yields at the end of the crop season. An example of the crop progress chart is
shown in Fig. 2 for Iowa comparing the 2017 corn growing season with previous seasons.
These records offer a comprehensive database for the analysis of climate effects showing the
effect of climate changes on planting dates and phenological development. A complement to
these databases is the planted and harvested area for each county allowing for a direct
determination of shifts in crop distribution across the USA. The area harvested and the yield
per area provide a direct measure of total productivity and potential stocks of grain, forage,
feed, fuel, and fiber. Phenological development of plants around the world has provided an
indication of the change in the growing season and in particular the date of the first leaf or
flower of indicator species.

Variation in production per area and total production for different commodities in
response to seasonal weather provides an indication of the trend in yields. The research
need is to develop improved relationships for different crops to quantify what amount of
climate stress causes a certain degree of production loss. Examples of the change in
production for maize, rice, wheat, and soybean are shown in Fig. 3. These data are
shown since 1950 since that is considered the modern technological era in agriculture
with the introduction of improved genetics, commercial fertilizers, and pesticides.
Coupled with these trends in production which details the large variation in production
among years due to the weather variation is the deviation of the production relative to the
trend line for these same grains (Fig. 4). This was obtained by fitting a regression line
through the yields and then subtracting the yields from the trend line to obtain the
percentage deviation in yields. Deviations from the trend line show that we continue to
have large deviations among years. This type of analysis allows for the identification of
the impact of extreme climatic events, e.g., drought in 1988 and 2012, floods in 1993
(Fig. 4). These types of analyses could be completed for all of these crops plus other
commodities to quantify the effects of a changing climate.
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Fig. 2 Crop progress and crop condition trajectory for lowa in 2017 compared to the previous four growing
seasons
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Fig. 3 Yield changes of corn, soybean, wheat, and rice for the USA for 1950-2017 with yield trend line for
through the data. (Data accessed from nass.usda.gov, accessed on Feb. 16, 2018)
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Fig. 4 Deviations of observed yield from the trend line for 1950-2017 for corn, soybean, wheat, and
rice in the USA

Observed yield encompasses a number of important components of cropping systems,
such as the effects of diseases, arthropod pests, and weeds, and the ability of farmers to
effectively manage these biotic stressors. Biotic stressors represent an important wild card
in the effects of climate change on agriculture, where cropping systems may need to adapt
to newly invasive pest species or species that evolve to adapt to new environments.
Developing indicators for climate change effects on biotic stressors is challenging due to
the many interacting factors that influence their effects (Garrett et al. 2015). However,
increasing emphases on the development and analysis of long-term data sets will facilitate
future implementation of indicators for biotic stressors. For example, the use of global
CABI records of pest and disease observations (Pasiecznik et al. 2005), even with
associated challenges for interpretation (Garrett 2013), provides an important perspective
on the spread of pests and pathogens under climate change (Bebber et al. 2013). Long-term
data sets related to biotic stressors in the USA will help to partition the effects on yield of
climate, crop genetics, and the effects of pests, diseases, and weeds.

4 Research needs

There are many potential indicators of climate impacts on agricultural systems (Table 1) that
quantify the interactions among climatic variables and biological and economic parameters as
depicted in the conceptual diagram (Fig. 1). Agricultural systems are composed of complex set
of biological components coupled with the natural resources (soil, water, and air), and any
robust indicator must consider how each of these factors responds to climate change. The
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indicators described in Table 1 have the potential to quantify the response of agriculture to
climate change in both the near term and the long term. Illustrative of this process is the
calendar assembled by Takle et al. (2014) for corn production in the Midwest, utilizing the
decisions made by producers in response to weather conditions during the growing season and
the long-term planning incorporating climate signals. Producers in the specialty crop and
livestock sectors have indicated the need for indicators as to the impact of climate change and
what changes need to be made in production systems to ensure both profitability and
productivity. To further develop effective indicators relative to climate change, all indicators
in Table 1 have the potential to increase the resilience of agriculture systems to climate change.
The primary research need is to relate these indicators to climate signals in the near term
(2020-2050) and long term (2050-2100). For example, there is a projection for chilling hours
to decrease and an indicator would be flowering and productivity of perennial trees. The utility
of this indicator would be transferred to perennial crop geneticists and production specialist to
develop either new varieties with reduced chilling requirements or management practices to
reduce this requirement. To achieve these goals will require the development of transdisci-
plinary teams to evaluate and perfect these indicators.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.
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