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Abstract Accelerated climate change affects com-

ponents of complex biological interactions differen-

tially, often causing changes that are difficult to

predict. Crop yield and quality are affected by climate

change directly, and indirectly, through diseases that

themselves will change but remain important. These

effects are difficult to dissect and model as their

mechanistic bases are generally poorly understood. A

combination of integrated modelling from different

disciplines and multi-factorial experimentation is

needed to advance our understanding and prioritisa-

tion of the challenges. This will help prioritise

breeding objectives. Food security brings in additional

socio-economic, geographical and political factors.

Enhancing resilience to the effects of climate change

is important for all these systems and functional

diversity, particularly in tolerance traits for abiotic

and biotic stress, is one of the most effective targets

for improved sustainability.

Keywords Resilience � Complex interactions �
CO2 � Ozone � Temperature � Extreme events �
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Introduction

Climates continually change and there is evidence for

the effect of recent accelerated warming on many

biological systems (IPCC 2007). Not least of these

are the effects on the geographic distributions of pests

and pathogens (e.g. Woods et al. 2005; Admassu

et al. 2008; Elphinstone and Toth 2008), with

potentially serious implications for food security.

However, cropping systems will also change in

response to climate, with consequent impacts on

their interactions with pests and pathogens.

The focus of many assessments of climate change

effects on crops has been the direct effects on

potential yields driven largely by changes in temper-

ature, CO2 and water (Gregory et al. 2009). Pests and

pathogens have major effects in determining actual

yields in practice (Gregory et al. 1999) and the

effects of climate change on pests and pathogens

have been evaluated in some experimental and

modelling studies (Garrett et al. 2006), but their

consequences for yield were rarely assessed (e.g.

Evans et al. 2008). Although in intensive monocul-

ture a few major pathogens tend to cause the

dominant epidemics, most crops are not only affected

by a single pest or pathogen, but each will be affected

in different ways.

To evaluate effects of climate change effectively

we should consider the whole crop system, recogn-

ising multiple trophic levels of organisms, each of

which may be affected differently by climatic
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variables. Not least are the effects on the community

of organisms in the soil upon which the overall health

of the crop substantially depends. As these comprise

complex and dynamic communities of pests, patho-

gens, mutualists and parasites (degrees of symbiosis)

that change in response to environmental triggers

(Newton et al. 2010b), one might expect difficulty in

being able to predict the consequences of climate

change and therefore difficulty in prioritising climate

change breeding objectives. The complexity of these

interactions is illustrated in an ecological context

where, in an extensive synthesis of published studies,

various sub-sets of microbe-plant interactions are

placed in several strength/frequency influence sce-

narios (Tylianakis et al. 2008). However, as these

show how the main drivers of change alter compet-

itive interactions and generally increase pathogen

infection, durable disease resistance will assume ever

greater importance as an objective in crop breeding.

To grasp the true picture of the complexity of

biological interactions in crop systems and how they

might interact, and to contribute effectively to the

food security and climate change debates, we must

also comprehend issues of scale and how to translate

findings at the plot-scale over a few seasons used in

breeding and agronomic experimentation to larger

spatial and temporal dimensions and subsequently

their implications for food systems (Tubiello et al.

2007). The interacting driving forces of population

increase, income growth, urbanization and globaliza-

tion on food production, markets and consumption

have changed food and agricultural systems world-

wide (Von Braun 2007). Climate change and its

increased variability compound the effects of these

changes and have serious consequences for food

production and food security (Parry et al. 2004).

In this paper, we review the effects of climate

change on some diseases and on the incidence and

severity of some pathogen vectors, focussing on

implications for yield and how this information

might affect crop breeding methodologies and objec-

tives. In particular we consider crop systems where

organisms interact, possibly resulting in outcomes

that differ from those predicted from responses of the

organisms singly. It is in this latter context that

outcomes must be considered in terms of impli-

cations for food security which also encompass

important geographic, socio-economic and political

considerations.

Local scale climate effects on crop production

systems

As climate change has already affected crop produc-

tion and predictions are of accelerated effects, we will

look at how climate change affected one region local

to the authors (Scotland) where detailed records were

kept since the 1960s (Barnett et al. 2006). These

show not only changes in line with those predicted

for Scotland, but also seasonal and regional shifts that

can change field operations and thereby agricultural

production in practice. For example, winters have

become over twice as wet in western regions, but in

the east the increase in precipitation has been smaller

and restricted to the autumn. Summers have become

drier in some regions, particularly the main arable

areas, but there has been no change or an increase in

rainfall in others. Temperature changes also vary both

regionally and seasonally, with no change in western

areas in autumn, but up to a 2�C increase in the south-

east during winter. Air frost and days with snow

cover also show spatial and temporal variation, with

changes ranging from no reduction to around 40 days

less.

In practice, this means longer growing seasons but

the lack of chill can affect development of some

crops. For example, blackcurrants suffer uneven bud

break and therefore lack of synchrony in ripening due

to insufficient cumulative temperature below 7�C

(Jones and Brennan 2009). This can reduce yield and

quality as the whole crop is harvested by machine on

one date. Therefore cultivars with a lower chilling

requirement have become an active breeding objec-

tive. High summer temperatures can cause sterility in

wheat ears (Porter and Gawith 1999) so again this has

become a breeding selection criterion. Wetter autumn

or winters in some regions can affect access to the

land for both harvest and sowing (Cooper et al. 1997),

consequently it may not be possible to take advantage

of the longer growing season and early-maturing

cultivars retaining good yield have a clear market

niche and therefore are a breeding criterion. Summer

drought can also severely limit yield in sensitive

crops like potato, and cause premature senescence, so

water use-efficiency has gone on the breeder’s

selection priority agenda. The date of first or last

frost also does not necessarily correlate with total

frost days. The spatial variation in change may affect

cropping patterns in different ways in different

4 Euphytica (2011) 179:3–18

123



regions. Furthermore, year to year variability is very

large so it is difficult to capitalise on changes over

shorter periods. However, the requirements for

breeding varieties suitable for resilience to such

conditions are clear.

Macro-scale implications of climate change

for agriculture and food security

Agricultural systems worldwide over the last 40–50

years have responded to the effects of the interacting

driving forces of population increase, income growth,

urbanization and globalization on food production,

markets and consumption (Von Braun 2007). To these

forces can be added the twin elements of climate

variability and climate change which have direct

effects on both food production and food security

(Parry et al. 2004).

Although climate change may benefit crop produc-

tion in northern latitudes above about 55�, where

warmer temperatures may extend the growing season,

in the developing world (especially sub-Saharan

Africa) the projected changes are likely to have

negative impact and will further complicate the

achievement of food security. This is due to the

observed and predicted deleterious impacts of climate

change on agriculture, in particular in tropical and sub-

tropical countries (Fischer et al. 2001; Parry et al. 2004;

Stern 2007). Fischer et al. (2001) modelled the spatial

variation in effects of climate change anticipated in

2050 on potential yields of rain-fed cereal crops

worldwide and demonstrated that cereal producing

regions of Canada, and northern Europe and Russia

might be expected to increase production, while many

other parts of the world would suffer losses, including

the western edge of the USA prairies, eastern Brazil,

Western Australia and many, though not all, parts of

Africa. Overall, the results of this and subsequent work

demonstrated that climate change would benefit the

cereal production of developed countries more than the

developing countries even if cropping practices

evolved to allow more than one rain-fed crop per year

(Fischer et al. 2002, 2005). They concluded that

production losses in some 40 poor, developing coun-

tries (mainly in sub-Saharan Africa) with a combined

population of 2 billion, including 450 million under-

nourished people, could drastically increase the num-

ber of those under-nourished.

There are three main factors underlying concerns

about food security and climate change in the devel-

oping world. Firstly, many parts of the developing

world are expected to experience significant changes in

temperature and rainfall patterns. Climate assessments

for southern Africa, for instance, conclude that the

region will become warmer and drier (Hulme et al.

2001). A temperature increase of 2–5�C is predicted

over coming decades (IPCC 2007) and increasingly

variable rainfall is anticipated, with the region becom-

ing generally drier, especially in the east (Scholes and

Biggs 2004). An increase in extreme events (both

droughts and floods) is also anticipated (Tyson et al.

2002). The consequence of these combined changes is

expected to be reduced yields of several staple food

crops (Jones and Thornton 2003; Lobell et al. 2008). It

is noteworthy, though, that seasonal rainfall variation

in semi-arid Africa is already large, raising the question

as to whether, in the medium-term, farmers will have to

cope with anything that they are not already dealing

with (Cooper et al. 2009). Secondly, developing

economies are particularly sensitive to the direct

impacts of climate change given their often heavy

dependence on agriculture and natural resources, and

because of their high poverty levels and geographic

exposure (Stern 2007). Thirdly, many people in the

developing world depend directly on agriculture as

their primary source of food, and negative impacts on

crop yields will affect total crop production and

thereby overall food supply at the local level.

How plant breeding can contribute directly to such

large-scale problems is difficult to specify as the

resilience requirements to cope with such variability

are often not present in the germplasm used in elite

breeding programmes. Biotechnological solutions

together with agronomic practice changes may be offer

some potential. However, landrace-based participatory

breeding using germplasm from the regions already

more stressed may represent valuable sources of

resilient traits for exploitation in elite breeding pro-

grammes too (Ceccarelli 1994; Newton et al. 2010d).

Effects of climate change on crop diseases

Disease complexes

Taking a traditional pathologist’s approach, we might

focus on pathogens, the ‘causal agents’ of disease and
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the effect of climate change on them. However, crop

loss is attributable to direct and indirect effects of

pathogens together with the effects of other biotic and

abiotic agents. Direct effects of pathogens or other

organisms can be the induction of resistance or

susceptibility and its associated cost or benefit to the

host plant (Newton et al. 2010a). Disease symptoms

such as development of necrotic lesions can be due to

a combination of a pathogen or pathogenic complex

and in some circumstances non-pathogens of that

crop such as bacterial species, exploiting an advan-

tageous trophic environment (Newton and Toth 1999;

Newton et al. 2004). Each component of the host-

pathogen/microbe interaction and the pathogenic

complex will have a different interaction with the

environment, and thus will change under different

climates (e.g. Stonard et al. 2008; Xu and Nicholson

2009). However, such associations of organisms in

the disease complex are very variable due to their

opportunistic nature and therefore represent another

area of uncertainty in predicting the effects of climate

change. Deploying resistance reliably-affecting a

broad spectrum of organisms with common trophic

mechanisms (Newton et al. 2010b), where available,

will be advantageous, but there is no effective

substitute for selection under more extreme environ-

ments where these complexes occur naturally.

Many climate change experiments involve the

manipulation of single parameters such as tempera-

ture or CO2 and therefore do not simulate likely

change scenarios where several parameters change

simultaneously. These parameters will probably

affect the host, disease and pathogen/pest complexes,

in different ways through different mechanisms.

Nevertheless, some trends can be shown that high-

light where more resilience needs to be built into the

system. Furthermore, the effects of many stresses are

interactive, so it is frequently not possible to

generalise.

For the major arable crops, particularly under

intensive monoculture, a few pathogens often dom-

inate. Epidemics can be both fast and severe where

epidemiologically successful races of pathogens have

adapted to the prevailing resistance mechanisms

deployed. These are likely to have the most damag-

ing economic impact, particularly rusts on cereals

(Chakraborty et al. 2011) and are likely to have a

large impact in terms of food security under climate

change scenarios. The fact that the above examples

are from monocultures under high input situations

underlines the vulnerability of such systems to

change. Polygenic resistance, where many genes

each contribute small effects likely to be non-race-

specific but together expressing effective resistance,

should always be used by breeders in preference to

major genes, where available. The major epidemio-

logical and food security issues resulting from the

spread of the stem rust race ‘Ug99’ (Chakraborty

et al. 2011) demonstrate the serious consequences of

relying on a very few major resistance genes,

especially when a false sense of security was

obtained from the medium-term durability of Sr31.

Temperature effects

There is evidence of the growing season being

extended in many places, i.e. number of day-degrees

(e.g. Barnett et al. 2006). In many countries this will

enable earlier sowing and more crop species to be

grown, but generally greater opportunities for

increased disease pressure (Peltonen-Sainio et al.

2009). The effect of this is shown in the number of

days after planting when the first outbreak of late

blight occurs on potato in Finland, which decreased

progressively over the 1990s (Hannukkala et al.

2007). However, it is difficult to find other examples

of changes in disease incidence or severity that can be

attributable directly to climate change rather than

changes in cultivar, crop protection, agronomy or

atmospheric pollution. For example, the abundance of

the two common ‘septoria’ diseases of wheat, caused

by Phaeosphaeria nodorum and Mycosphaerella

graminicola, were studied from archive samples

dating back to 1844 and, whilst seasonal variability

could be attributable to weather factors, the only

long-term variation was correlated with national SO2

emissions (Shaw et al. 2008).

Many pathosystems, and it seems the cereal rusts

in particular, are affected by temperature. At times

about half of the wheat cultivars on the UK Recom-

mended List (e.g. HGCA 2003) showed differential

resistance expression when tested against isolates of

brown rust (leaf rust) (caused by Puccinia triticina),

either effective at 10�C and not at 25�C or vice versa

(Jones and Clifford 1986–2002; Jones 2004–2007).

The effect was not necessarily attributable simply

to resistance gene expression response to tempera-

ture as isolates too showed differential temperature
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responses independent of resistance responses, and

other authors reported similar effects (Dyck and

Johnson 1983; Browder and Eversmeyer 1986).

These differential responses to disease expression at

different temperatures were also found against other

rusts such as stripe rust (Gerechter-Amitai et al.

1984) and oat stem rust (Martens et al. 1967). In

wheat stem rust the classical temperature sensitivity

of the Sr6 gene was extensively reported by

Samborski and co-workers (e.g. Harder et al. 1979).

However, such examples are not unique to rusts on

cereals, but extend to other pathosystems involving

monocot and dicot hosts and very different pathogens

(Gregory et al. 2009). In rice, for example, some

resistance genes, such as Xa7 effective against some

Xanthomonas oryzae pv. oryzae races, are more

effective at high temperatures than low, whereas

other resistance genes are less effective (Webb et al.

2010). There is a case for breeders to ‘stress-test’

their parental sources of resistance as well as

advanced breeding lines under a range of possible

temperatures as well as temperature extreme events.

This should preferably be carried out together with

likely scenarios for other environmental changes such

as CO2 concentration.

Greenhouse gas effects

In a majority of the examples reviewed by

Chakraborty et al. (2000) disease severity increased

with elevated CO2 concentration, but in some exam-

ples it decreased. There can also be direct effects on

pathogen growth; for example. the enhanced growth

of Colletotrichum gloeosporioides infecting Stylo-

santhes scabra at high CO2 (Chakraborty and Datta

2003). CO2 can also affect pathogen fecundity which

was shown to increase under elevated CO2 levels

leading to enhanced rates of pathogen evolution

(Chakraborty and Datta 2003). Arabidopsis thaliana

was more susceptible to Erysiphe cichoracearum

under high CO2 concentration, correlated with

increased stomatal density and guard cell length,

but there were inherent differences between ecotypes

in this response (Lake and Wade 2009). In rice,

enhanced susceptibility to Magnaporthe oryzae under

elevated CO2 was attributed to lower leaf silicon

content (Kobayashi et al. 2006). Elevated CO2 also

reduced expression of induced resistance (Pangga

et al. 2004) or affected expression of resistance more

directly (Plazek et al. 2001; Plessl et al. 2005), but in

resistant cultivars it also enhanced resistance by

boosting phytoalexin production (Braga et al. 2006).

In soybean elevated CO2 increased Septoria brown

spot but reduced downy mildew (Eastburn et al.

2010). Pathogen-specific effects are common, and

different stages of infection can be affected differen-

tially with the cumulative effects resulting in changed

disease levels (Plazek et al. 2001; Plessl et al. 2005).

These cumulative effects may be due to specific

differential responses to climate change at different

stages of infection (Hibberd et al. 1996).

Elevated ozone can have a similar range of effects

(Plazek et al. 2001; Plessl et al. 2005), such as a 3- to

5-fold increase in rust infection on poplar, but this

response is reduced by elevated CO2 (Karnosky et al.

2002). However, wheat stem rust was found to be

strongly inhibited by ozone but unaffected by CO2

(Tiedemann and Firsching 2000). High CO2 also

compensated for the negative effects of ozone on

plant growth, but not the negative effects of the rust

on yield. Thus there are clearly no particular green-

house gas tolerance traits that can be easily selected

for in breeding programs. However, testing parental

lines and advanced selections, although unlikely to be

useful under greenhouse gas future climate change

scenarios alone, would be worthwhile in conjunction

with other likely parameter changes such as

temperature.

Water, other effects and extremes

Debilitated crops under drought stress can have

reduced impact or symptoms from pest or pathogen

attack because they have reduced trophic value

(Pennypacker et al. 1991; Huber and Gillespie

1992). However, resistance expression can also be

changed and in particular reduced (Christiansen and

Lewis 1982). Loss of resistance expression can be

temporary due to stress or stress relief. For example,

in barley a sudden relief of drought stress compro-

mised the effectiveness of the mlo resistance gene

against powdery mildew (caused by Blumeria

graminis f. sp. hordei) (Newton and Young 1996).

The significance of this is that speed of pathogen

recognition and response is often crucial to effective

defence and this effect is probably common to other

resistance sources, but notably in mlo as it is

particularly critical for its efficacy of expression.
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Stress-related and defence-related gene expression

were shown to be compromised in stress-relieved

barley plants compared to non-stressed plants (Barker

1998), with the differences in accumulation of

defence gene transcripts correlated with levels of

resistance breakdown in different barley genotypes

(Stewart 2002). Enhanced levels of free radicals were

found under drought-stressed conditions in the barley

genotype showing the greatest loss of resistance,

whereas other genotypes did not differ significantly

(Goodman and Newton 2005). The same breakdown

problem occurred in response to sudden relief of cold

stress but not salt stress (Stewart 2002). We cannot

therefore assume that resistance genes currently in

use will continue to be equally effective under

environments with changed abiotic stress such as

water stress, as found in the temperature response of

many rust resistance genes cited above.

Actions need to be taken to counter the effects of

drought stress and to improve drought stress tolerance

of crops generally, and the effects on resistance

mechanism expression in particular. A first step will be

for breeders to carry out more screening under stressed

environments, and there is a degree of commonality at

the molecular level between responses to a range of

stress factors (Fujita et al. 2006). A limitation of such a

strategy is that the pathogen isolates used will be

current ones as opposed to adapted genotypes them-

selves arising from prolonged stress selection. How-

ever, we should also consider the role of other

organisms in the crop environment or within the crop

itself. For example, the grass Elymus virginicus was

only half as much affected by drought if infected with

an endophyte Epichloe elymi (Rudgers and Swafford

2009). Endophytes have largely been excluded by the

approaches used in major crop breeding programs as

well as common agronomic practices.

Pathogen adaptation

Plant pathogens are generally highly adaptable and

likely to exploit any compromise in plant defence

caused directly or indirectly by climate change. At a

population level, the adaptive potential of pathogens

may prove to be the most important predictors of the

magnitude of climate change effects (Garrett et al.

2006). However, some changes, such as increased

drought, may result in fewer periods with good

infection conditions as the presence of free water,

high humidity or open stomata is required by many

pathogens for initial infection.

Instability of variation is common in many patho-

gens, although the mechanisms are often not known

(Newton 1988). Under stressed conditions some

organisms enhance their ability to generate variants

by, for example, stimulation of retrotransposon activ-

ity in pathogens such as Fusarium oxysporum, Oph-

iostoma ulmi and Ophiostoma nono-ulmi (Anaya and

Roncero 1996; Bouvet et al. 2008), and certain

transposon activity regulation mechanisms in response

to particular stress factors are known (Twiss et al.

2005). Elevated mutation rate mechanisms in response

to stress have been found in other fungi (Hastings et al.

2000), particularly in response to increased reactive

oxygen species (Blanco et al. 1995). Other mecha-

nisms found in fungal pathogens might include

alternative intron processing (Costanzo et al. 2007;

Ho et al. 2007), alternate splicing of mRNA (Hal-

terman et al. 2003) and other post-translational

regulatory mechanisms, all of which may be a way

of generating enhanced levels of variation for adap-

tation without adding to a disadvantageous mutation

load (Newton 1988). This leads to enhanced genome

plasticity enabling organisms to respond rapidly to

environmental changes. Such changes can later

become fixed through conventional mutation and

recombination. In summary, pathogens are highly

adaptable and they will often respond to climate

change very rapidly within the limits of their funda-

mental biology (Gregory et al. 2009).

Effects of climate change on vectors of crop

pathogens

The effect of climate change on invertebrate pests

and vectors is gradually becoming better character-

ised, based largely on evidence from both historical

records and experimental manipulation. In the case of

historical records, the best studied examples have

examined past trends for phenological events and

prevailing air temperatures (Harrington et al. 1995;

Zhou et al. 1995). In particular, aphid vectors of crop

diseases have been recorded over several decades

using suction traps across Europe (http://www.

rothamsted.ac.uk/insect-survey/) (Harrington et al.

2007). This has established clear linkages between

winter temperatures and first emergence of key aphid
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pests, with those that overwinter in non-egg stages

(e.g. as adults or larvae) being particularly tightly

correlated with winter temperatures (Harrington et al.

1995, 2007). For example, date of first recorded

occurrence of the peach-potato aphid (Myzus persi-

cae) was negatively correlated with mean January

and February temperatures across 14 sites in the U.K.

(Fig. 1). Amongst this extensive dataset, important

vectors of cereal diseases include the bird cherry-oat

aphid (Rhopalosiphum padi) and the grain aphid

(Sitobion avenae). Since winter temperatures are

widely predicted to increase (IPCC 2007), it seems

inevitable that some aphid vectors will arrive, or

become active, earlier (Harrington et al. 2007). In

terms of managing plant diseases, this will require

increasingly early pest management procedures (e.g.

pesticide applications). This is problematic, not only

because of increasingly restrictive pesticide legisla-

tion (e.g. Directive 91/414/EEC) (Copping 2008), but

also the unfavourable logistics and costs of treating

crops earlier in the season (e.g. water logged fields).

Whilst not explicitly concerned with crop pests

and disease vectors, examination of historical records

recently showed the earlier emergence of numerous

animal and plant species between 1976 and 2005

(Thackeray et al. 2010). Many of the invertebrates

included in the study were likely pests of crops and

vectors of plants diseases, but many were also likely

natural enemies and parasitoids which may help to

control populations of such pests. In particular, this

study suggested that such secondary consumers were

slowest to respond to advances in timing, which may

therefore lead to asynchrony between the life-cycles

of predators and prey (Thackeray et al. 2010). To our

knowledge, the effects of climate change on such

eco-system services have not been explicitly consid-

ered, but understanding how populations of antago-

nists of crop pests will respond to changes in prey

density and attendant changes in the climate must

warrant further attention. Gregory et al. (2009) point

to the dramatic escalation in the numbers of ladybird

predators in the U.K. following increases in aphid

numbers during particularly warm summers of 1975

and 1976, so the extent to which these will be

affected by extreme events should also be considered.

In terms of experimental approaches to investigat-

ing how climate change will affect plant diseases

vectored by insect pests, there are still surprisingly few

examples (Gregory et al. 2009). However, there is

evidence that elevated CO2 could compromise crop

resistance to some insect pests (Zavala et al. 2008,

2009). Most recently, this has been reported for resis-

tance in red raspberry (Rubus idaei) to the European

large raspberry aphid (Amphorophora idaei) (Martin

and Johnson 2010). As a vector of at least four plant

viruses (including black raspberry necrosis virus,

Fig. 1 Date of the first

record of Mysus persicae
(regression lines shown) in

relation to mean

temperature in January and

February at different

latitudes across the U.K.,

indicated on the map (1)

55.2� Newcastle, (2) 55.5�
Ayr, (3) 56.5� Dundee, (4)

55.9� Edinburgh, (5) 50.6�
Starcross, (6) 52.1�
Hereford, (7) 51.2� Wye (8)

52.3� Broom’s Barn, (9)

52.9� Kirkton, (10) 51.8�
Rothamsted, and (11) 51.7�
Writtle. Reproduced from

Harrington et al. (1995)
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raspberry leaf mottle virus, raspberry leaf spot virus and

Rubus yellow net virus) A. idaei is considered to be the

most significant disease vector of this crop (McMenemy

et al. 2009). Martin and Johnson (2010) reported that

under elevated CO2, the number of aphids on a cultivar

containing A1 resistance (McMenemy et al. 2009)

became equivalent to an entirely susceptible cultivar

(Fig. 2a), with corresponding increases in body mass

(Fig. 2b). Plants with A10 resistance (McMenemy et al.

2009) were seemingly more resistant at ambient and

elevated carbon dioxide conditions (Fig. 2), but this

still represents a potentially worrying development in

terms of disease transmission in raspberry. This again

illustrates the need for breeders to test putative resistant

parental lines and selections under climate change

scenario environments and stresses.

In cereals the trend will be for earlier and

more severe aphid-borne virus losses as the climate

A

B

Fig. 2 Performance of

European large raspberry

aphid (Amporophora idaei)
on three cultivars with

different levels of

resistance; susceptible

(Malling Jewel), A1 gene

(Glen Lyon) and A10 gene

(Glen Rosa) at ambient and

elevated CO2 conditions.

a Total population size and

b Individual adult mass.

Mean values ± SE shown

(N = 6). Lowercase

superscripts indicate

statistically significant

(P \ 0.05) differences.

Reproduced from Martin

and Johnson (2010)
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changes (Harrington et al. 1995, 2007). This may be

balanced by the fecundity of parasitic wasps and other

predatory insects that feed on them; however, the

population dynamics of these species may not respond

to climate in the same way. On cereals, damage is

caused more from the viruses they carry, but like the

wasps, these may multiply at different rates. In

addition to the increased fecundity of the aphid

vectors and viruses, elevated temperatures also will

likely shorten virus acquisition, latent period, and

transmission times, regardless of whether it is culti-

vated as an autumn or spring sown crop. Such effects

of climate change on populations of vectors and hosts

have recently been reviewed by Canto et al. (2009). In

practice we have seen diseases such as Barley Yellow

Dwarf Virus becoming much more severe and exten-

sive in unusually warm summers, but aphid predators

tend to lag in their increased numbers.

Multi-trophic effects on pathogen vectors

While the vectors of plant pathogens are the focus of

this review, it should also be recognised that plants

are seldom attacked by these vectors alone, and that

other insect pests sharing a host plant may affect the

behaviour and performance of such vectors. In

particular, there are many examples of root-feeding

insects changing the susceptibility of crops of vector

aphids living aboveground (Johnson et al. 2008). For

example in a cereal system, R. padi performance can

be significantly increased when barley (Hordeum

vulgare) is simultaneously attacked by root-feeding

wireworms (Agriotes spp.) through changes to plant

chemistry (Johnson et al. 2009). Likewise, virus

vector aphids such as the large raspberry aphid,

discussed above, can perform better when red rasp-

berry (R. idaeus) is also fed on by root-feeding vine

weevils (Otiorhynchus sulcatus) (McMenemy et al.

2009). Given that root-feeding insects are often

influenced by climate change (Staley and Johnson

2008), it seems likely that they may moderate the

effects of climate change in pathogen vectors. For

example, vine weevils are negatively affected by

elevated CO2 (Johnson et al. 2011) so it seems

possible that the net effect of climate change on

pathogen vectors is likely to influenced by the effects

of climate change on other herbivores sharing the

host crop too.

Direct effects of climate change on yield

and quality

The major emphasis of climate change/food security

research over recent years has been concerned with

the impacts of climate change on crop yield. For

example, Gregory et al. (1999) summarized experi-

mental findings on wheat and rice crops that indicated

decreased crop duration (and hence yield) of wheat as

a consequence of warming, and reductions in yields

of rice of about 5% per �C rise above 32�C. More

recently, the modification of crops and management

systems to cope with changed temperatures demon-

strated what adaptation might be possible. For exam-

ple, simulation of production for cropping systems in

northern and central Italy showed that the combined

effects of increased [CO2] and climate change would

depress crop yields by 10–40% if current management

practices were unamended largely because the

warmer air temperatures would accelerate the phe-

nology of current cultivars (Tubiello et al. 2000).

Through a combination of early planting of spring and

summer crops and the use of slower-maturing winter

cereal cultivars, though, the model indicated that it

should be possible to maintain present yields. This

demonstrates a clear breeding target for climate

change adaptation. However, a major caveat to

this conclusion was that 60–90% more irrigation

water was required to maintain grain yields under

conditions of climate change; this water was assumed

to be available (Tubiello et al. 2000). More recently,

elements of crop adaptation to extreme weather

events have been explored with genotypic variation

and adaptation able to compensate for several of the

negative impacts on unadapted productivity (e.g.

Fuhrer 2006; Challinor et al. 2007).

New cropping systems which are resilient to

changed climate conditions are required. It is highly

probable that the changes of climate and [CO2] will

occur sufficiently slowly that changes to sowing date,

cultivar, crop and other management practices will

allow at least some adaptation of the production

system by farmers. Several adaptations are conceiv-

able in the timescale available including:

• Crop selection to determine mechanisms and

sources of durable disease resistance

• Crop selection to identify mechanisms and

sources of resistance/resilience to abiotic stresses

including drought and cold
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• Genetic enhancement to cope with more variable

growing conditions

• Development of new crops to take advantage of

more favorable growing conditions

Extreme events may also become more frequent in

the future increasing the risks to crop yields, although

this is not always so and is often dependent on the

precipitation scenario that is considered (Porter and

Semenov 2005). The effect of extremes is illustrated

by events in the summer of 2003 in parts of Europe,

where temperatures were 6�C warmer than long-term

means and precipitation deficits of up to 300 mm

were recorded (Tubiello et al. 2007). As a conse-

quence, parts of the European Union such as the Po

valley in Italy, reported a record reduction in maize

yield of 36% (Ciais et al. 2005).

Whilst model predictions of crop responses to

projected climate changes are numerous, relatively

few assessments have been made of the effects on

crop quality. Quality is a complex issue involving the

whole food chain from growth through storage and

processing to cooking and consumption (Porter and

Semenov 2005) and its stability under climate change

should be as a high priority as yield and disease

resistance for breeders. One of the few quality traits

investigated was that of rheological properties of

wheat flour for bread-making (the Hagberg Falling

Number, HFN). HFN is a measure of a-amylase

activity in which a high HFN indicates a low

activity—a desirable property of wheat for bread-

making. Kettlewell et al. (1999) demonstrated how

climate variation, expressed in terms of the North

Atlantic oscillation (NAO, linked to sea surface

temperatures) from year-to-year influenced the HFN

of wheat in the U.K. during the period 1972 to 1996.

HFN was positively correlated with NAO index for

January and February and this had major conse-

quences for the bread-making industry. In years of

low NAO and HFN (wet years) about 45% of UK

milling wheat was imported decreasing to 25% in

years of high NAO and HFN.

Pests and diseases: implications

for food security

The impacts of pests and diseases on yield in current

conditions are well known, but the consequences of

climate change on pests and diseases are complex

and, as the preceding descriptions attest, are still only

imperfectly understood. Scherm et al. (2000) high-

lighted the importance of pests and diseases both as

important yield-reducing factors and as early indica-

tors of environmental changes because of their short

generation times, high reproductive rates and efficient

dispersal mechanisms. It is already clear that some

pests will be able to invade new areas and become

increasingly problematic for the maintenance of

biodiversity, the functioning of ecosystems and the

profitability of crop production. Some pests which are

already present, but only occur in small areas, or at

low densities, may be able to exploit the changing

conditions by spreading more widely and reaching

damaging population densities. Aphids for instance,

key pests of agriculture, horticulture and forestry

throughout the world, are expected to be particularly

responsive to climate change because of their low

developmental threshold temperature, short genera-

tion time and dispersal abilities (Sutherst et al. 2007).

Many assessments of climate change effects on

crops have focused on potential yields (e.g. Fischer

et al. 2001) but factors such as pests and pathogens

have major effects in determining actual yields

(Gregory et al. 1999). The importance of including

pathogens can be seen, for example, in the work of

Butterworth et al. (2010). They combined a crop

yield simulation model with a weather-based epide-

miological model and showed that under 2020 and

2050 climate change scenarios fungicide-protected

oilseed rape will increase in yield in Scotland by

15%, whereas in England yields could decrease by

50%.

Ingram et al. (2008) point out that more mecha-

nistic inclusion of pests and disease effects on crops

would lead to more realistic predictions of crop

production on a regional scale and thereby assist in

the development of more robust regional food

security policies. Economic and social issues are

often dominant determinants of household food

security, but changed pest and disease incidence

under climate change is an essential influence on

future regional food security.

Another aspect of disease control is the CO2 cost.

Yield has a cost in terms of inputs that can be

calculated in CO2 equivalents per hectare. It therefore

stands to reason that preventing yield loss increases

efficiency that can be given a value. If it is achieved

through use of crop protectants, their costs of
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production and application must be deducted, and

similarly any additional cost of elite germplasm if it

is achieved through plant resistance. It is calculated

that control of disease in oilseed rape in the U.K. by

fungicides reduces emissions by 100 kg CO2 eq t-1

of seed (Mahmuti et al. 2009). For wheat it is

estimated that in the U.K. fungicides save 59 kg CO2

eq t-1 of grain and that a further 14 kg CO2 eq t-1

could be achieved if all diseases were eliminated by

fungicides or resistance that carries no yield penalty

(Berry et al. 2008). It also means that the value of

breeding durable resistance germplasm can be esti-

mated in the same terms. Therefore efficient pest and

disease control is important for both adaptation to,

and mitigation of, climate change.

Managing crop systems for resilience

Biodiversity is regarded as a valuable source of novel

resistance. Whilst undoubtedly true, major resistance

genes obtained from alien germplasm are rarely

durable, but their value should be measured by the

opportunities they give for deployment, again poten-

tially estimable in kg CO2 eq t-1 of grain. This can

be through combining several different and prefera-

bly contrasting genes into a single genotype, but also

the ability to deploy many such different new

cultivars. In the latter case, this lessens the selection

pressure to overcome resistance in any one cultivar

(Newton et al. 2009). Therefore, the scale of cultivar

deployment should also be considered.

Epidemics are a feature of crop monocultures under

high input situations. Contrast the opposite extreme of

long-established natural ecosystems where plant, pests

and pathogens are all found in much greater genotypic

diversity, and we find small and localised epidemics

but an absence of large epidemics. Under climate

change we would expect such ecosystems to adapt,

using the wealth of diversity to confer resilience on the

system. We need to deploy this functional diversity

intelligently in agricultural systems to confer resilience

at appropriate scales (Newton et al. 2009). In the

context of pests and pathogens, this means heteroge-

neity of deployment of resistance at scales appropriate

to their dispersal mechanisms (Marshall et al. 2009).

This can easily be implemented within field or between

fields, but is difficult to implement at a regional scale

since cultivar breeding has become more international.

Changes in land use will have many implications

for climate change (Dale 1997). Introduction of crops

to regions where they were previously not grown and

consequent changes to crop rotations in response to

climate change may also influence the future prev-

alence and importance of specific pathogens. An

example would be growing maize for forage or grain

in more northern latitudes. In a rotation with cereals

this will leave residues in which pathogens such as

Fusarium species could build up high levels of

inoculum causing severe Fusarium Head Blight

(FHB) on subsequent wheat and barley crops

(Maiorano et al. 2008). Effective deployment of crop

diversity across all scales from individual plant

interactions to regions results in slowed progress of

crop epidemics, improved resource utilisation and

enhanced stability of yield and quality. These, in turn,

combine to enhance crop resilience to the effects of

climatic stress, and stresses in general, thereby

improving crop performance (Newton et al. 2009).

Phytosanitation will reduce Fusarium problems, but

not eliminate them. Pesticides can and should be used in

conjunction with effective resistance deployment strat-

egies to reduce pest and pathogen populations, but not in

a way that selects strongly for pesticide resistance.

International phytosanitation measures, plant passports,

and quarantine measures will slow the progress of

pathogens entering new areas, but rarely prevent them

for ever. However, all these measures—new disease

resistance, deployment of resistance heterogeneously,

and phytosanitation, all have roles to play in building

resilience to changes likely to accelerate due to climate

change. These need to be supported at local, national,

regional and international levels through policy and

extension service bodies where some degree of agree-

ment and co-ordination would be desirable, including

legislation (Fig. 3).

We noted above that a grass was only half as much

affected by drought if colonised by an endophyte

(Rudgers and Swafford 2009). Indeed endophytes may

confer both abiotic and biotic stress tolerance in

grasses, including cereals, and this feature could be

targeted as a breeding objective (Newton et al. 2010a).

Endophytes are a component of grassland breeding and

development, and are widely recognised as conferring

advantages for productivity. They are largely absent

from major crop varieties and high soil disturbance

agronomic approaches mitigate against their exploita-

tion. However, in minimum and no-tillage systems
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they might be exploited to enhance resilience to abiotic

stresses in general. Recent evidence show that under

long-established reduced tillage situations many geno-

types of barley respond differentially (Newton et al.

2010c). This is likely due not only to adaptation to

changed soil physical conditions including water

availability, but also the soil microbial environment

and its component balance of pathogens, parasites and

mutualists (symbionts) conferring enhanced resilience

on some crop genotypes (Newton et al. 2010b).

Conclusions

The implications of climate change for crop pests and

diseases cannot easily be summarised except to point

out that they are highly adapted to exploit opportu-

nities in general. Specific predictions will be difficult

because of the complex multi-trophic relationships

between many microbial organisms including patho-

gens, their vectors and their respective host plants.

Nevertheless, such mechanistic understandings under

likely multi-factorial climate change scenarios need

to be obtained through linked experimentation and

modelling.

The effects of disease on crops may be large but

climate change will also have direct effects, compli-

cating analyses. Diversity to give more options and

build spatial and temporal heterogeneity into the

cropping system, will enhance resilience to both

abiotic and biotic stress challenges. Other resilience

sources will include more robust genetic resistance

and biochemical response mechanisms. This can be

achieved through breeders selecting parental

gerplasm proven to be resilient under likely climate

change scenarios including extreme events. Resilient

parameters should include not only pest and disease

resistance and yield, but also quality. However,

testing response to climate change-adapted pest and

pathogen populations remains problematic. Broad

host-range biotechnological solutions will play a

part, as will participatory breeding selection in

marginal and high stress environments. The biodi-

versity thus produced should be deployed at spatially
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vice; SAC Scottish Agricultural College; FAO Food and

Agriculture Organisation; CABI Commonwealth Agricultural

Bureau International; UNESCO United Nations Educational,

Scientific and Cultural Organization
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heterogeneous scales to both maximise its efficacy

and protect its longevity.

Food security is a complex issue as it is the

summation of these effects and many other socio-

economic, geographic and political factors. However,

our understanding of the relative importance of these

factors is improving, particularly as models hitherto

discipline-bound are being linked together. Never-

theless, major epidemics in staple crops grown in

non-resilient agricultural systems can have large and

significant impacts on food security notwithstanding

these complexities.
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