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Abstract Climate change will pose risks for the world’s food
supply in the coming decades; this comes at a time when the
global demand for food is expected to soar based on 2050
world population estimates. It is important to recognize that
climate change will necessitate temporal and geographical
shifts in food production, but will most likely not result in
the collapse of our food systems. However, because of differ-
ences in the severity of how climate change will affect agri-
culture, regional and temporal changes in production and
harvest-time will challenge the existing and sometimes out-
dated agricultural infrastructure with respect to collection,
storage, transportation, and distribution of food. Increasing
regional and global urbanization will further perturb these
systems. Adaptation to climate change with respect to crop
and food animal production will have to occur at multiple
temporal, seasonal, and geospatial levels. Other major adap-
tation measures will have to occur with respect to crop selec-
tion, genetics, CO2 and temperature sensitivity, and resilience
of crops and food animals, water resources, and mitigation of

invasive species. Technology, including sophisticated Geo-
graphic Information Systems (GIS)-based modeling, coupled
with publically available soil and weather data that help
farmers optimize production and conservation will be essen-
tial toward adaptation. Communication of this type of local-
ized technical information to agricultural stakeholders by na-
tional, federal, and state entities is beginning to occur in order
to help farmers adapt and prepare for extreme events associ-
ated with climate change. As the largest agricultural state in
the USA, California has developed a robust mitigation and
adaptation strategy that may be useful for other nation-states.
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Understanding the Significance of Climate Change
and Agriculture

Climate change will have variable impacts on agriculture
based on multiple factors including changes in temperature,
precipitation, and humidity. The magnitude and significance
of these changes will be dependent on geography (e.g., sum-
mer temperatures will increase more in southern Europe,
while winter temperatures will increase more in northern
Europe) [1]. These abiotic changes will select for different
biotic organisms from micro-organisms to insects, to plants
and livestock and poultry. Such changes are already affecting
our current agricultural production systems. For example,
increases in temperature in California’s Central Valley [2, 3]
and a corresponding loss of winter chill hours associated with
temperature increases [4, 5] will lead to inhomogeneous and
reduced crop yields for several major tree fruit crops [6•].

A second example of the impact of climate change is
phenology (i.e., seasonal timing) and the potential for pheno-
logical mismatches (i.e., shift in phenologies that negatively
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affect an interaction) [7]. Because climate is one of the major
factors that affect habitat and carrying capacity, it can there-
fore have different impacts on the spatial and temporal distri-
bution of animals and plants that have an agriculturally sig-
nificant symbiotic relationship. For example, warmer spring
temperatures could shift wild bee population dynamics out of
synchrony with plant development, thereby reducing the po-
tential for bee nutrition, plant pollination, and fruit production
[8]. These same phenological mismatch scenarios exist for
herbivorous migratory livestock [9]. Globally, foraging live-
stock are an important source of protein and fertilizer. There-
fore, these types of phenological mismatches could have
significant effects on food security and even urbanization in
that “traditional” farming techniques may no longer be viable
or may require increased resources. For example, globally,
increased acreage is allocated to producing pollinator-
dependent crops; this is an input that may increase costs for
farmers [10].

Production and welfare of food animals (i.e., livestock,
poultry, and fish) will also be affected in several different
ways. Insects are ectotherms, and therefore temperature is a
major factor in reproduction. An increase in the temperature of
2˚C could result in up to five additional insect life cycles per
season [11]. Changes in climate and humidity in northern
Europe over the last 30 years have created a favorable habitat
for certain insects that can be vectors for disease in humans or
livestock [12]. For example, vector-borne diseases such as the
Blue tongue and Schmallenberg viruses have recently affected
the morbidity and mortality of livestock in northern latitudes
due to the northern expansion of the biting midge Culicoides
that, historically, has been limited to tropical and subtropical
areas of the world [12, 13]. In addition to the introduction of
new diseases, climate change could have a negative impact on
production efficiency with respect to feed conversion ratios
for meat, milk, and egg production [14, 15]. For example, a 1-
week long heat wave in California in 2006 was responsible for
the deaths of more than 30,000 dairy cows. In addition, as a
consequence of the heat wave, milk production dropped by
more than 20 %. Finally, in the oceans, climate change is
expected to shift water temperature, salinity, ocean acidity,
and water column structure, resulting in habitat shifts to dif-
ferent latitudes and deeper waters [16].

A less-explored area of climate change with respect to
agriculture is the effect of increased urbanization on the agri-
cultural sector. Historically, increased crop yields have helped
facilitate urbanization. However, increased urbanization in-
creases the dependence of consumers on food importation.
With increasing urbanization and geographical shifts in ur-
banization in the developing world, demand for food will
increase in Sub-Saharan Africa and Asia. The distribution of
this food to densely populated areas will strain existing trans-
portation systems. This shift could lead to increased food
wastage due to the lack of infrastructure noted.

What is Adaptation and How Does it Differ
from Mitigation?

Because agriculture and climate are so inherently linked,
multiple strategies are being considered and adopted by stake-
holders. Mitigation involves reducing the overall significance
of climate change primarily via emissions reductions and/or
retention of agricultural land as opposed to conversion to
urban land (a recent study showed that urban land use in Yolo
County in California had average emissions of more than 70
times that of irrigated cropland [17]). In contrast, adaptation
involves efforts to limit our vulnerability to the effects of
climate change without necessarily addressing the underlying
cause [18]. Figure 1 shows potential seasonal adaptations for
crops and generic adaptations for food animals. It is important
to recognize that adaptation scenarios are usually focused on
modifying a particular crop or controlling a pest versus ad-
dressing an entire ecosystem, which can be a counterproduc-
tive approach because of the inherent complexity of each
system. However, one advantage of adaptation is that adaptive
changes can typically be made independent of government as
opposed to mitigation which often requires regulatory man-
dates (e.g., carbon tax and/or cap and trade system) for wide-
scale adoption. That being said, an overall strategy that in-
volves both mitigation and adaptation appears to have the
greatest potential toward reducing climate change vulnerabil-
ity [19]. In reality, large agriculture production states, such as
California, are already doing both. For example, California is
in the process of updating its adaptation plan titled
“Safeguarding California: Reducing Climate Risk,” as well
as a research plan and a climate change mitigation plan titled
the “Climate Change Scoping Plan Update.” As part of the
state mitigation efforts, a cap and trade system has been
designed and implemented to reduce California’s total anthro-
pogenic greenhouse gas (GHG) emissions to 1990 levels by
2020. Water conservation and other voluntary agricultur-
al efforts are already occurring through the deployment
of high-tech irrigation systems and improved grower
knowledge about evapotranspiration (ET) and soil mois-
ture management.

It is important to recognize that adaptation doesn’t come
without consequences. Competing goals need to be studied
and considered; when adaptation decisions are made, there
may be negative tradeoffs. For example, creating harborage or
habitat for beneficial species in an integrated pest manage-
ment (IPM) plan is not ideal, from a food safety perspective,
for controlling rodents which carry disease and use harborage
as their habitat. We need to be prepared to make difficult
decisions about tradeoffs that may negatively affect food
safety, habitat, and our environment.

In this paper we briefly address major impacts of climate
change to agriculture (e.g., temperature changes, water short-
age, and increased pests), identify the methods of adaptation
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for each of those impacts and, finally, identify scientific and
policy challenges associated with each.

Existing Vulnerabilities and Technological Opportunities

Agriculture’s largest vulnerabilities exist in the extreme depen-
dence on a few crops, species of food animals, and select
species of pollinators. Currently, approximately 12 crops and
15 mammal and bird species provide approximately 75 and
90 % of our total food and meat supply, respectively [20].
Genetic diversity reduces the potential for cataclysmic plant
and food animal failure. Understanding the genome and tran-
scriptome of crops and food animals is essential toward defin-
ing vulnerabilities and mitigating/adapting to risk. Application
of this knowledge can result in hybrid generation, genetic
modifications (GMOs), and synthetic biology, which can be
used to improve the response to climate change-associated
stressors. These technologies are already being used in order
to reduce pesticide use for agricultural crops including so-
called Bt (i.e., cloning of insecticidal toxin genes from the
bacterium Bacillus thuringiensis into the corn genome) cotton
and corn, which have demonstrated higher yields with lower
pesticide usage rates than their non-GMO equivalent [21].
Furthermore, similar analysis needs to be conducted on
“neglected” plant and animal species that are not widely used
for food production in order to identify potential candidate
species that can be resilient to changed climate. It is important

to recognize that these (i.e., GMOs) types of approaches have
potential negative impacts. For example, Bt corn and cotton
plants can affect non-target insects [22].

Reliance on pollinator species is essential for both modern
and subsidence farming. Due to the potential for phenological
mismatching in wild pollinators and colony collapse disorder
in honey bees, reliance on pollination is risky. However,
because most pollinating plants can be pollinated by an array
of species, the potential for adaptation exists. Therefore, new
mutualisms need to be identified. Several pollinator studies
show higher pollination rates from native pollinators com-
bined with managed pollinators versus 100 %managed honey
bee populations [23, 24•].

Other potential vulnerabilities exist in the limited ability to
recognize and understand at a more granular level (as opposed
to a global level) the regional changes that climate change will
have on agricultural production. Weather and climate data
from satellite and in situ remote sensing technologies can be
used to measure crop yields and gaps in crop yield [25].
Understanding this geography will help us identify new geo-
graphical “Goldilocks zones” for current and novel crop cul-
tivation. For example, researchers have identified crops such
as almonds thatmay increase in yield, and other crops such as
wine grapes and cherries that could decline dramatically with
predicted changes in climate [26, 27]. Describing this shift,
agronomist Christopher Seifert recently stated for the New
Yorker that “by 2050 wheat could be planted rarely in Kansas
but widely in Alaska” [28]. Aside from production, how this

Areas of Vulnerability 

Inadequate winter chill (i.e. cool 
temperatures required in the winter 
for successful  fruit and nut trees cultivation

Phenological mismatch (i.e. asynchronous 
shifts in symbiotic relationships)

Heat stress/drought

Endodormancy entered (i.e. phase of  
dormancy where plants will not grow 
under any conditions thus preventing 
growth during warmer periods). 

Adaptation Measures 

Existing: Management, sprays
Needed: Develop new hybrids and 
identify new temporal and 
geographical farming locations

Existing: Management to decrease heat.  
Needed: Identify new pollinators 

Existing: Irrigate for heat management
Needed: Breed to increase heat 
tolerance

Existing: Cut irrigation, fertilization early, 
defoliate.
Needed: Shift location of crops. 

P
la

n
ts

Winter 

Spring 

Fall 

Summer
A

n
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Other adaptations: adjust planting dates, switch to more heat and drought tolerant crops

Existing: Management  
Needed: genetic selection for 
heat tolerance

Existing: Management, changing 
reproductive cycles 
Needed: genetic selection for 
disease resistance 

Heat tolerance

Vector-borne disease

Fig. 1 Table of seasonal
vulnerabilities and some potential
adaptations to climate change for
crops and food animals
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geographical shift in farming will affect storage, transporta-
tion, and distribution of food to urban areas is also significant.

Adaptation to Increased Atmospheric CO2

and Temperature for Crops and Livestock

Although some studies have shown that agricultural production
may increase in an environment with greater CO2, crop protein
content appears to decrease under such conditions [29]. Bloom
and fellow researchers [29] determined the inhibition of nitrates
(the most abundant form of nitrogen in agricultural soils) into
organic nitrogen in wheat andArabidopsis. Potential adaptation
measures may have to include increasing nitrogen fertilization
rates. However, the economic and environmental impacts could
be significant. A greater understanding of nitrate assimilation
into multiple crops is critical. In addition, plant acclimation
(i.e., diminishing of photosynthetic rates over time in a high
CO2 environment) is also poorly understood with respect to
potential adaptations.

Crops, pollinators, and food animals are sensitive to signif-
icant temperature ranges (i.e., minima and maxima). Risks of
temperature change to crops in general include altered phenol-
ogy (timing) of leafing, flowering, harvest, and fruit production,
decreased winter chill, asynchrony between flowering and
pollinating species, and changes to crop physiology such as
plant respiration, photosynthesis, and water use [6•, 30, 31].
Globally, data suggest yield increases with mild temperature
increases but that temperatures above those levels will signifi-
cantly decrease crop yields [31]. Expected changes in produc-
tivity of corn and soybeans will have a major effect on food
animal productivity because they are the major source of feed
grains for food animals. Ongoing research includes whole
genome sequencing and transcriptional analysis of these major
crops. The next challenge is to utilize this information for the
rapid development and commercial production of crops that
can better withstand climate change, pests, and disease, and
have high nutritional value. This is important for major crops
and livestock breeds but also for “neglected” crops (crops and
breeds of food crops that have been largely ignored by re-
searchers from developed countries because they are not widely
used in the west). These types of research may make it easier to
identify and develop new varieties of crops that are heat toler-
ant. From an adaptation perspective it is important to consider
breeding of crops resilient to drought and low-chill winters.
Due to climate trends in California, the breeding of low-chill
fruit tree varieties should be a priority because they are already
being impacted by decreased winter chill hours [6•].

For crops that are sensitive to increases in summer tempera-
tures, including tree and row crops, breeding to increase heat
tolerance is essential [32]. In addition, temporal shifts in planting
schedules could reduce the effects of heat on production. Spe-
cifically, a shift toward earlier planting of annual crops would

make for an earlier harvest in the summer, thus avoiding the
effects of heat. However, earlier planting would most likely
increase the probability of frost damage to seedlings [6•]. Other
options to consider include intercropping or cover-cropping,
which could have a cooling effect by increasing transpiration
[6•]. Research is needed to determine which crop combinations
could be effective. Management practices that can help crops
adapt to increased temperatures should be studied and cataloged
as a resource to growers. Some countries have already started to
incorporate management practices to adapt to climate change.

In food animal production the negative effect that increased
temperature has on production, feed conversion, and repro-
ductive rates has been well-chronicled. For example, rising
temperatures in California were found to reduce agricultural
production between 7 and 22% by the end of the century [33].

Adaptation to Water Shortages and Extreme Flooding
for Crops and Livestock

Climate change will affect the magnitude, timing, and fre-
quency of precipitation patterns. The effects of climate change
on ET are expected to vary regionally and seasonally. In
general, increased temperatures have a positive effect on ET,
which can deplete water from soil followed by a decrease in
transpiration. During drought conditions the significance of
ET is augmented. Because ET contributes to regional water
vapor, reduced ETcould reduce humidity and the potential for
rain. Therefore, developing highly productive and efficient
drought-tolerant plants is essential. Currently, there is exten-
sive research on the molecular biology of water stress in plants
and breeding drought-tolerant cereal crops (wheat, barley,
rice, corn) in terms of yield benefits [34].

Changes in temporal precipitation patterns will in turn
affect snow pack and the timing and magnitude of river runoff
(increased winter river flow and decreased spring river flow).
In short, changes in temperature can have a significant impact
on how we currently store water. In California most of the
water comes from melted snowpack [6•]. An increase in
temperature of 2 °C would cause significant changes in rain
versus snow, and snowmelt timing. Losing the ability to
“store” water as snowpack would require many billions of
dollars to increase reservoir capacity. From an agricultural
perspective, this change in water storage will affect water
availability, water quality, and the timing of water application,
which is significant because many crops are sensitive to
drought during specific development phases [35]. Globally,
semi-arid and arid regions are experiencing less precipitation
[6•]. With only 5% of African crops being irrigated, a massive
expansion of irrigated farm land in Africa is essential for crop
production and food security [36]. The money for the associ-
ated costs and infrastructure required to accomplish this cur-
rently do not exist. The likelihood of societies and their

46 Curr Sustainable Renewable Energy Rep (2014) 1:43–50



governments re-prioritizing capital infrastructure toward less
populated rural areas seems unlikely.

In addition to increased irrigation, accurate real-time and
prospective information on climate and soil conditions are
essential. Using open-source temperature, moisture, and pre-
cipitation data from the NationalWeather Service and soil data
from the United States Geological Service (USGS), entrepre-
neurial companies are creating sophisticated models in order
to increase farming efficiency. This pairing of agronomics,
climatology, and Geographic Information Systems (GIS) is
essential toward identifying “yield gaps,”which allows for the
geographical identification of land with the greatest potential
for agricultural production [36].

Somewhat counter-intuitively, crop losses due to flooding
in the USA ranked second to drought in many of the of the
past 12 years [6•]. Because of the likelihood of more extreme
weather events with respect to drought and flooding, adapta-
tion strategies should consider options for better management
of excess flood waters and rainfall for use, reuse, storage, or
groundwater recharge.

Adaptation is ongoing for most agricultural areas. Imple-
mentation of water conservation plans, use of water-efficient
technologies and improved irrigation uniformity, soil moisture
and groundwater monitoring, water budgeting, better manage-
ment of flood waters, on-farm water storage, groundwater
recharge, increasing the water holding capacity of soil and
reservoirs, habitat restoration, and field leveling are already
occurring [37]. Growers can increase organic matter in the soil
(e.g., conservation tillage) to increase water moisture-holding
capacity and utilize new technology such as soil moisture
sensors, tensiometers, and field-level water meters to track
irrigation practices. These conservation measures are essential
and will be a critical tool as agriculture adapts to a changing
climate with unpredictable water supplies. Recycling water
practices on modern dairies (e.g., reusing lagoon water multi-
ple times for flushing free-stalls and then applying as a soil
amendment), if done appropriately with respect to food safety
and soil and groundwater management, can be an appropriate
management adaptation to address water shortages [38].

Adaptation to Increased Insects, Weeds, and Other
Diseases, and Impacts of Pollination for Crops
and Livestock

Insects, weeds, parasites, bacteria, and viruses are sensitive to
changes in climate. In general, climate change is expected to
drive pests, weeds, and pollinator populations to higher ele-
vations and latitudes depending on the species and location
[6•, 39]. For example, in California, global warming is pre-
dicted to increase the geographical distribution of the pink
bollworm (a pest of cotton) to a region that has previously
been inhospitable due to heavy frost, and shift the range of the

vine mealybug (a pest of grapes) further north [40]. Addition-
ally, increased atmospheric CO2 leads to increased perennial
weed root biomass, plant consumption by caterpillars, aphid
reproduction rate, and decreased insect development rates,
which can alter synchrony with host plants [41, 42]. Less
understood is how climate change will affect the ecology of
current IPM practices with respect to loss of biological control
[43]. The interface between harmful and beneficial insect
management is an essential component of IPM associated
with the farming of multiple specialty crops. However,
predicting how that interface will change as the climate chang-
es is difficult because climate change will affect both the pest
(i.e., weed or insect) and the control species [40]. One study
showed that for the control of St. John’s wort, one species of
chrysomelid beetle is more successful in regions of cold
winter while another species is better in areas with mild
winters [44]. Further research is required to understand these
interactions at a regional level.

Conventionally grown monocultures will likely be more
vulnerable to pest and pollinator changes. Currently, Califor-
nia averages six new invasive species per year, which are
thought to be introduced primarily via trade and travel [6•].
Increased temperatures have the potential to result in the
introduction of more invasive species through expanded hab-
itat range and, hence, lead to greater potential destruction [45].

Climate change could dramatically impact pollinators (both
insect and avian) by shifting the ranges of plants and insects [8].
Retaining a diversity of pollinators has the potential to confer
redundancy and resilience to climate change [24•].Therefore,
an essential adaptation tool is to provide habitat to native
pollinators and other beneficials in existing agricultural crop
production areas.

Studies show that improved landscape quality increases wild
pollinator abundance. Specifically, the highest bee abundances
occur on fields that have crop diversity and include some
surrounding natural habitats [46]. Cities and counties could
begin to incorporate pollinator habitat restoration into their
climate action plans. In addition, research is needed for self-
fertile varieties of some crops, starting with breeding species that
are currently completely reliant on pollination, such as almonds.

Reducing Food Wastage

One other adaptation that should be considered with respect to
agricultural efficiency is reducing food wastage. According to
the Food and Agricultural Organization (FAO), approximately
one third of all food produced for human consumption glob-
ally is lost or wasted. According to the same study, this
uneaten food occupies 30 % of the world’s agricultural land
area. Therefore, this wasted food not only represents a
“missed opportunity” with respect to calories of food lost
but also reflects the environmental impact of this wasted food.
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With the potential for decreased agricultural production asso-
ciated with climate change, reducing foodwastage is essential.
In one way the FAO report is good news, in that changes
designed to reduce food waste from “farm to fork” could have
a major impact on decreasing food wastage. In addition, this is
the first global report of its kind and will most likely bring
needed attention to the issue of food wastage from farm to
fork. Increased urbanization, if done in the context of intelli-
gent urban planning, could help facilitate this. In addition,
technology designed to extend the shelf life of fresh fruits and
vegetables, including modified atmospheric packaging and
biodegradable coatings, need to be considered and further
researched. Furthermore, large-scale composting and/or food
waste to energy systems could be utilizedwhere appropriate in
order to close the “food waste loop.”

Implementation of Policy for Adaptation

In the absence of global and national efforts to address GHGs
and address climate change, several US states have actively
engaged in activities to address climate change. California is
one such state and has adopted mitigation, adaptation, and
research strategies to address GHGs and climate change
(Fig. 2). Mitigation of GHGs is supported through several
policy-level actions, including the California Global Warming

Act (Assembly Bill 32), which will require California via a
“cap and trade” system to reduce anthropogenic GHG emis-
sions to 1990 levels by 2020. Revenue generated can be used
for research focused on the state’s clean energy goals. In
addition, California has developed a climate adaptation strat-
egy and reports such as the “Environmental Goals and Policy
Report” by the Governor’s Office of Planning and Research
[47]. Figure 2 shows the many entities involved in this col-
laborative effort. While California’s economy is different than
other nations and regions, the figure demonstrates the multiple
levels of integration between academia and the Government
with respect to mitigation and adaptation.

Given the financial and resource constraints of developing
nations with respect to identifying and implementing adapta-
tion protocols regarding climate change, we anticipate severe
disturbances in agricultural production as a result of climate
change [48]. Interestingly, because of the developed world’s
reliance on global trade (including global trade associated
with agriculture), it is in the developed world’s best interest
to facilitate agricultural adaptation and/or mitigation. Current-
ly, it appears that the policy of mitigation (i.e., carbon seques-
tration from agriculture and reducing deforestation) is more
often used in the developing world versus adaptation in part
because of the tangible economics of carbon offsets [49].

In a holistic sense, managing and adapting to climate
change is about mitigating risk. From a policy perspective,

Fig. 2 Use of mitigation, adaptation, and research strategies in California to address climate change. Each of the three strategies are applied through
numerous policies and supported and implemented by the different economic sectors, research facilities, and state departments
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our research and adaptation investments should reflect a
science-based agenda that prioritizes sustainable food produc-
tion in an altered climate. A “triage” approach at the global,
regional, and local levels could help identify the intersection
between the most important plants and animals and the geo-
graphical and temporal parameters essential for their optimal
productivity. On the basis of this information, modified crops
and animals could be grown on land predicted to be successful.
In order to accomplish this, multiple tools need to be offered
for farmers globally. Perhaps most importantly, farmers need to
be engaged and supported in the use of these practices.

Conclusions

In the coming decades climate change will pose significant
challenges on our current agricultural practices from “farm to
fork.” A “business as usual” approach in the way we grow
plants and raise food animals will result in decreased produc-
tivity. Increasing urbanization will place challenges on effi-
cient transportation of food and food waste. Adaptation is one
approach toward mitigating the effects of climate change on
food production. Adapting to climate change will require
temporal and spatial shifts in the way we grow crops and raise
food animals. Accessible, granular, real-time, and prospective
data will allow farmers to utilize resources more efficiently.
Appropriate selection and GMO in crops, pollinators, and
food animals are essential toward controlling disease and
maintaining productivity and nutritional quality.
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