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Preface

Climate change is a result of anthropogenic activities, and subsequently has
impacted all life on Earth. Scientists focus on the impacts of climatic changes on
humans, animals, natural ecosystems, and agricultural systems. One important
component of the impact of climate change on agricultural systems is the effect on
crop pests. This book discusses the effects of two important components of climate
change (global warming and rising carbon dioxide levels in the atmosphere) on
plant pests, particularly weeds, insect pests and plant disease pathogens (including
fungi and bacteria).

The chapter “Agriculture and Crop Protection; Its Global Importance and
Relationship with Climate Change” explains the current state of climate change
and its relationship with agriculture and crop protection, and the chapter “Assuring
Crop Protection in the Face of Climate Change Through an Understanding of
Herbicide Metabolisms and Enhanced Weed Control Strategies” addresses the
changes in the behaviour of herbicides in response to elevated carbon dioxide in
the levels of atmosphere and suggests strategies for weed control under climate
change. The chapter “Climate change and Weeds of Cropping Systems”, “Climate
Change: Impact on Plant Pathogens, Diseases, and then suggests management” and
“Potential for an Impact of Global Climate Change on Insect Herbivory in Cereal
Crops” elaborate the interactions of climate change with weeds, disease pathogens
and insect pests, respectively, and then suggests management strategies for these
pests under climate change. The chapter “Crop Protection Under Drought Stress”
and “Impact of Climate Change on Crop Production: Effects and Management”
narrate the relationship between drought and crop production, and the impact of
climate change on crop yields, respectively. The final chapter “Impacts of Climate
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Change on Weeds, Insect Pests, Plant Diseases and Crop Yields: Synthesis” is a
summary of the book and provides a synthesis of the book’s contents.

Nigde, Turkey Khawar Jabran
Mt Helen, Ballarat, VIC, Australia Singarayer Florentine
Gatton, QLD, Australia Bhagirath Singh Chauhan
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Agriculture and Crop Protection; Its
Global Importance and Relationship
with Climate Change

Check for
updates

Singarayer Florentine, Bhagirath Singh Chauhan, and Khawar Jabran

Introduction

Agricultural practice, which includes well-established systems of cropping, pasture
and forestry, represents a continual and essential dependence on healthy arable land
across the globe and requires safeguarding with sustainable fertilization and pest
control measures. This natural resource system must be continually protected from
deliberate and inadvertent damage, in order to provide a suitable source of current
and future amenities for all inhabitants of the planet. In this respect, it is morally and
ethically necessary that we strive to manage the productivity and well-being of agri-
cultural land in a way that will fulfil the necessities of the present generations and
do not compromise needs of the future generations (Bruntland et al. 2012).

To put the magnitude of this issue in perspective, it is estimated that approxi-
mately 1.5 billion ha of fertile area is being used for cropping purposes alone and
that 49% of the world’s food requirements now come from this crop production
activity (Tramberend et al. 2019). Because of this increasing reliance on crops as
staple foodstuffs and because of its historical propensity for periodic failure
(Mendelsohn 2007), this work will be specially focused upon the needs and prob-
lems experienced in both maintaining and expanding the quantity and quality of

S. Florentine
Centre for Environmental Management, Federation University Australia,
Mt Helen, Ballarat, VIC, Australia

B. S. Chauhan (<)

The Centre for Crop Science, Queensland Alliance for Agriculture and Food Innovation
(QAAFI), The University of Queensland, Gatton, QLD, Australia

e-mail: b.chauhan@uq.edu.au

K. Jabran
Department of Plant Production and Technologies, Faculty of Agricultural Sciences
and Technologies, Nigde Omer Halisdemir University, Nigde, Turkey

© Springer Nature Switzerland AG 2020 1
K. Jabran et al. (eds.), Crop Protection Under Changing Climate,
https://doi.org/10.1007/978-3-030-46111-9_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46111-9_1&domain=pdf
https://doi.org/10.1007/978-3-030-46111-9_1#DOI
mailto:b.chauhan@uq.edu.au

2 S. Florentine et al.

crop yields. In particular, it is noted that a characteristic of grain crops is that they
are particularly sensitive to variation in growth conditions and attacks by aggressive
pest species, and therefore crops require continual monitoring and attention to pre-
vent poor harvests and, in extreme cases, from catalyzing widespread famine condi-
tions (Anderson et al. 2019; Gaupp et al. 2020).

In order to achieve the productive and protective balance required of a sustain-
able crop situation, there are two key concerns which must be constantly addressed.
First, studies have shown that the global population will continue to increase and
will most likely reach 9.7 billion towards the middle of this century (UN DESA
2019). Although diets obviously vary widely across the world in terms of quantity,
quality and constituent materials, it is clear that as a result of this expanding demand,
to maintain reasonable and healthy levels of food consumption, there will be increas-
ing pressure for production of all types of edible foodstuffs, including seafood, veg-
etables, various meats and, in particular, staple crops. This situation will become
increasingly acute even though research and development in agricultural industries
have been continually developing innovative and novel approaches to food produc-
tion and diet change (Ciceri and Allanore 2019; Guerrero et al. 2019; Kristinsson
and Jorundsdoéttir 2019; Ruben et al. 2019). An important implication here is that
fertile agricultural land will become under increasing production pressure and will
require constant replenishment of minerals and organic material in order to ensure
quality levels of plants are maintained.

A second concern, which has more recently become apparent, is that of increas-
ingly severe and variable weather conditions, in conjunction with raised levels of
atmospheric CO,. The combined effects of this phenomenon, known as climate
change, are already beginning to evidence unanticipated pressures on the food pro-
duction industry. These pressures have been identified as having two main foci: the
direct effect of raised CO, levels on plant biochemistry and the indirect effects on
insect pests and weed species which impact on plant production. It has been noted
(Elias et al. 2019; Lehmann et al. 2020) that this is an extremely complex area of
concern because the flora and fauna involved in reaction to climate change are sys-
temically linked with the condition of the soil, making reductive studies of this issue
increasingly problematic. This complexity suggests that attempts at control of exter-
nal pressures on crops, or restoration of soil in previously affected areas, should thus
be approached with some caution.

This second concern, particularly when viewed through the lenses of crop pro-
duction, protection and management, will be the special focus of this section. In
order to begin to put this pressing issue of crop protection, in the face of climate
variations, in a workable context, a brief review of pertinent literature is given here
in order to establish what is currently known about the actual physical and bio-
chemical changes catalyzed by climate change. This book chapter has been pro-
vided as a foundation for the following sections which report on current investigations
into the practical issues involved with (i) the control and management of agronomic
crop weeds and (ii) the implications of potential insect pest species expansion on
crop production.
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The Physical and Biochemical Manifestations of Global
Climate Change

Prior to the industrial revolution, it has been estimated that, for about 1000 years,
atmospheric CO, concentration was relatively stable at about 270 pmol mol™!
(Leakey et al. 2009). However, with the rapid increase in industrialization, CO, lev-
els began accumulating at an alarming rate in the global atmosphere, and in the last
decade, a growing number of scientific papers have considered the broad effects of
climate change on a range of agricultural sectors across the globe. It is now widely
recognized that global climate change will be growing as a problem into the fore-
seeable future, with atmospheric carbon dioxide concentrations predicted to rise to
between 540 and 970 ppm over the next century (Prentice et al. 2001).

Of particular concern here is that it has been well documented (Thomson et al.
2010; Battisti and Larsson 2015; Ziska et al. 2019; Sharma and Dhillon 2020) that
climate change and the damaging activities of pest species (both weeds and insects)
are linked, and in this brief chapter, we will provide some essential descriptions of
the basic effects of climatic changes which might influence pest distribution and
expansion. In later sections, the chapter will look more closely at (i) the effects on
weed biology, growth and control, particularly those found within crop plantations,
and (ii) change in insect activities, together with their altered distribution and expan-
sion, in the vicinity of crop production.

Direct Effects of Increased Atmospheric CO, Levels

It has been established that these increases in atmospheric CO, are directly respon-
sible for changes to atmospheric temperature and ocean acidity, both of which cause
arange of complex interacting flow-on effects to climate, weather and ocean chem-
istry (Houghton 2001). It has been postulated that this will stimulate the increase of
mean global temperature, leading to the stimulation of climate change events
including more frequent drought and heat waves (Mpelasoka et al. 2008). Indeed,
the International Panel for Climate Change reports that the global average surface
temperature will continue to increase by a further 1.4-5.8 °C by 2100 (IPCC 2013).
As a consequence, much more extreme natural events such as fire, flooding and
drought will be expected in Australia (Bureau of Meteorology 2014), which will
have significant implications for the agricultural industry. It has also been estab-
lished that, other than atmospheric CO, increase, drought, salinity and extreme tem-
peratures are the most important environmental factors that affect the healthy growth
of plants.! Current efforts at the prediction of the effects on climate and weather

'The increase in stratospheric ozone (O;) is another concerning key factor in future atmospheric
changes as it can cause visual plant injuries (Benton et al. 2000). The thinning in protective ozone
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through the modelling of future climate scenarios (Najafi and Kermani 2017;
Fernandez et al. 2019) indicate that temperature change is more likely to be accu-
rately provided than changes to rainfall patterns. It is likely that, in the future, the
number and magnitude of extreme weather events will increase in frequency and
severity and will continue to be highly unpredictable (Hughes 2003). Given this
situation, investigating the responses evidenced by weeds and pest insects to extreme
weather conditions (flood and drought and heat and cold) is likely of importance to
those charged with the management of the impact of climate change on Australian
agriculture. Such investigations must be of high priority, particularly in the context
of crop production concerns, to ensure continuity of supply.

Reactions of Plants to Increased CO, Levels

As a first consideration of the ways in which living organisms will respond to cli-
mate change, it has been opined that plants are likely to have greater influence on
insects than vice versa (Dukes and Mooney 1999); thus we have taken a discussion
of the possible effect of climate change on plants as an appropriate starting point.

It has been observed (Warren et al. 2018; Schleuning et al. 2020) that climate
change effects will act in complex ways on plants, and this will affect plant fitness
at a species level as well as setting the environmental cues for successful germina-
tion, growth, maturity, seed set and seed dispersal. The direct effects on plant physi-
ology of elevated CO, levels include increased plant biomass, reduced water uptake
from the soil, alteration in the C-N ratios found in plant tissues and increased resis-
tance to herbicides (Ziska and Bunce 1997; Ward et al. 1999; Patterson 1995; Wand
et al. 1999; Nicotra et al. 2010; Walther et al. 2009; Mahajan et al. 2012). This is, of
course, occurring in parallel with the indirect effects of climate change, which is the
influence of elevated atmospheric CO, on atmospheric and oceanic temperatures
and the consequent changes in rainfall and wind patterns (Hughes 2003). This will
contribute to the complexity of understanding the potential effects on plant develop-
ment since the combined result of endogenous and exogenous pressures on plant
development needs to be considered.

Another important element in this equation is plant type. There are at two differ-
ent metabolic plant types, divided according to their mode of carbon metabolism,
and these are known as C; or C, types. It has been found that each of these types is
adapted to different climatic conditions; C; species are termed cool season plants,
and C, species are called warm season plants (Pearcy and Ehleringer 1984). In
Australia, C; and C, grass species, for example, are distributed according to climate,
with C; types found in regions with a cool, wet spring and C, types in areas with a
hot, wet summer (Hattersley 1983). In stable weather conditions, therefore, it would

layer also can lead to increased levels of ultraviolet (UV) radiations causing implications for crop
cultivars and plants (Krupa et al. 1998).
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be expected that plants with the same carbon metabolism will flourish in separate
regions, but any significant alterations in these climatic zones will begin to influence
changes in species distribution.

In this respect, the southern region of Australia has been typically Mediterranean
in character, comprising cool, wet winters and spring and warm, dry summers. By
contrast, the northern region of the continent is mostly tropical, with hot, wet sum-
mers and cooler, dry winters. However, changes in climate driven by mechanisms
known as El Nifio and La Nifa (Philander 1985), and as recorded by the Southern
Oscillation Index and Indian Ocean Dipole patterns (Saji and Yamagata 2003),
appear to be signalling changes to long-term weather patterns in Australia. These
changes are manifest as an increase in the magnitude and frequency of heavy rain-
fall events, as well as longer and deeper drought conditions. This evidence of cli-
mate change is, therefore, presaging a potentially damaging interference with the
stability of long-term climate trends in Australia (Hughes 2003). Consequently, the
traditional distributions of C; and C, plants, including agricultural weeds, may
become significantly altered over time due to this variability and thus have consider-
able implications for future agricultural management.

Effects of Climatic Changes on Weed Distribution, Biology,
Growth and Control

As commented earlier, the overall effects on plants from these anticipated changes
in climate are a result of a number of interacting responses. Changes to temperature
and moisture availability act as stressors for all plants and are due to changes in
seasonal temperature and precipitation event variations across large geographic
regions. Of particular concern to agricultural practice is that these climatic changes
subsequently result in the changed distribution patterns of weeds as they react to
their physiological responses to these external stresses, and, at the same time, this
manifestation of genetic fitness may enable them to begin to aggressively adapt to
the new conditions (Nicotra et al. 2010; Clements and Ditommaso 2011; Gallagher
et al. 2013).

As a consequence of this changing climatic situation, alterations in the distribu-
tion of weeds across tropical and temperate regions will ultimately be determined
by a combination of climatic effects and geographic factors. In the Northern
Hemisphere,? there has been a trend for polewards movement of some plant popula-
tions with increasing temperatures (Walther et al. 2009), and it is anticipated that
this shift is also likely to occur in Australia. Traditional ‘tropical’” weeds can be
expected to expand their ranges southwards as will also be the case with warm-

2For example, weeds such as itchgrass (Rottboellia cochinchinensis), which is currently restricted
to the Mediterranean region, with its tropic and sub tropic conditions, are expected to expand their
range to temperate regions with the expected future climatic conditions (Fuhrer 2003).
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adapted temperate species, but, conversely, the ranges of cool-adapted temperate
species will likely be reduced (Gallagher et al. 2013). It has been suggested (Ref)
that some species of weeds may become extinct under these change conditions since
the Australian continent does not cover the same extreme latitudinal range as
Northern Hemisphere land masses. This will consequently deny some cold-adapted
species sufficient area of refuge for survival, and, in addition, distribution changes
and survival of weeds will also be challenged by the availability of suitable soil
types for each particular species. Factors such as soil pH and nutrient availability
are strong drivers for the ability of weeds to become established and to thrive, and
if these conditions are not appropriate or limited in extent, despite other factors of
temperature and moisture availability being suitable, changes in the range of such
weeds may be unlikely to occur. It might be commented that plants grown under
predicted future climate changes have shown a variety of phenotypic differences
(Edwards et al. 2010; Kriticos et al. 2010). One of the most obvious changes in
plants under elevated CO, levels is the increase in above and/or below ground bio-
mass, higher photosynthetic output and increased seed production (Long et al.
2004) which is typical of invasive weed species.

Notwithstanding the negative effects of these stressors on weed species, because
of the adaptability and development of their biochemical and physiological strate-
gies, it has been widely observed that weed species can become remarkably well
adapted to environmental stress conditions (Patterson and Flint 1990). These adap-
tive strategies, which give weeds their characteristic abilities for re-establishment in
widely varying agricultural situations, are based on either avoidance of potentially
damaging factors and/or the acclimatization of the plant’s system to the altered con-
ditions. They manage this by offsetting the novel biochemical and physiological
conditions by such modes as the accumulation of antioxidants, osmoprotectants and
heat shock proteins, together with signalling cascades and transcriptional control
(Hasanuzzaman et al. 2013). The success of these strategies is clearly evident, as it
is well-known that weed species usually outcompete crop plants in terms of the use
of available resources, even under changing and challenging climatic conditions. In
terms of the focus of this discussion, it has been specifically observed that the extent
of this competition between crop and weed species particularly depends on the level
of atmospheric CO, (Patterson and Flint 1990).

In this latter respect, it has been observed that, depending upon the plant’s func-
tional group, yield response and degree of plant growth vary with CO, availability
(Taub et al. 2008); at the same time, plant growth rate also depends on the ambient
temperature of the air, available soil nutrients and water interactions (Kimball et al.
2002). This multifaceted situation implies that not all plant species are evenly ben-
efited by increases in atmospheric CO,, but, in the majority of cases, weeds evi-
dence greater advantages than crop plants. These reactive abilities are likely to make
weeds an increasing challenge for economic crop cultivation under predicted cli-
matic conditions in the future. It has also been clearly demonstrated that aggressive
weeds can indirectly determine the crop yield potential of a crop plant, as many the
weed species are excellent in adapting to changing environmental conditions,
including stresses such as water deficit and high temperatures (Patterson and
Flint 1990).



Agriculture and Crop Protection; Its Global Importance and Relationship with Climate... 7
Functional Differences in C; and C, Plants

It has also been established that, under changing climatic conditions, C; and C,
plants differ in their competitive adaptability. This is thought to be due to the differ-
ences in the biochemical processes involved in their photosynthetic pathways.
Whilst under elevated atmospheric CO, levels, the water use efficiency of both C;
and C, plants is enhanced due to reduced stomatal conductance (Ainsworth and
Long 2005), an added advantage for C; plants is that they are capable of enhancing
their photosynthetic capacity, a feature of which C, plants are not capable. Further,
evidence suggests that, in the absence of other stressful conditions, many C; species
have evidenced a strong response to increased atmospheric CO, (Leakey et al. 2009;
Long et al. 2004; Ziska 2000; Ziska and Bunce 1997). Investigations have deter-
mined that in C, plants, the CO, fixation mechanism becomes saturated at a CO,
concentration of 360 ppm, leaving no leeway for further CO, fixation (Leegood,
2002). As 95% of the world crop plants belong to the C; photosynthesis pathway,
they are potentially more advantaged when competing with C, weeds under ele-
vated atmospheric CO,.

In the study by which was carried out under elevated atmospheric CO, levels, an
increase in biomass has been observed in both C; and C, species. In a similar inves-
tigation, according to Fernando et al. (2017), Lolium rigidum (annual ryegrass)
responded to conditions of elevated CO, with increased total biomass production,
clearly demonstrating its competitiveness in these conditions. Increased biomass of
plants under elevated CO, has also been evidenced by in a long-term free-air CO,
enrichment (FACE) experiment involving Toxicodendron radicans (poison ivy),
implying an increase in rate of growth and biomass, photosynthesis and water use
efficiency under enhanced atmospheric CO, levels. A significant study by Ziska
(2000) has shown that either C; or C, weeds which have infested soybean crops
could reduce the soybean yield under both ambient and elevated CO, conditions.
This study has also revealed that the ability of soybean crops to respond positively
to growth conditions has been reduced under elevated CO,, especially when com-
peting with C; weeds. This has been suggested to be due to the success of weeds to
aggressively compete for available resources including nutrients, water and
minerals.

However, it must be noted that, in contrast, elevated CO, concentration can also
have a negative impact on the growth and biomass of some species. According to the
study of Hovenden et al. (2008), the quality of seed, its weight, germination and
seedling growth of Austrodanthonia caespitosa (wallaby grass) have been signifi-
cantly sensitive to increased CO, levels (550 ppm) and warming (140 W m~2), with
reduced parameters under elevated CO, conditions. Warming has also reduced the
seed germination success and subsequent seedling growth. It is also somewhat sur-
prising to note that C, species within the prairie plant communities have unexpect-
edly responded more positively to elevated CO, concentrations than C; species. In
this situation, the changes in the biomass and seed production are mainly driven by
nitrogen availability.
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With these confounding observations in mind, it is clearly necessary to consider
management strategies as being subject to case-specific reactions to climate change.
Nonetheless, there are some tentative approaches which are emerging. Adjustments
in resource management could be one key aspect in facilitating the optimal condi-
tions. For example, careful adaptation of irrigation techniques to cope with chang-
ing precipitation patterns in order to preserve optimum soil conditions is essential.
Also, approaches to managing nutrient availability will be important, as the increas-
ing atmospheric CO, levels and air temperature can influence nitrogen cycling. It
has been pointed out that advanced genetic breeding and screening methods will
also be advantageous in producing high yielding and competitive crop types to com-
pete with weeds, which, in general, can outcompete most crop species (Kobiljski
and Dencic 2001).

Increasing Herbicide Tolerance Issues

It has also been suggested that herbicide tolerance in weeds might be affected by
changes in future climatic conditions (Fuhrer, 2003). In a recent study, the C; weed
species, Lamb’s quarters (Chenopodium album L.), has shown to be more herbicide-
tolerant when treated with glyphosate under elevated CO, levels than when it is
applied under ambient conditions (Ziska and Teasdale 2000; Ziska et al. 1999). This
suggests that careful herbicide application strategies should also be implemented in
cropping systems when dealing with weed control under expected future climatic
changes. Unless cautious attention is given to intensive agriculture and manage-
ment, the problems associated with weeds are expected to become greater in future,
with weeds becoming progressively immune to herbicide control.

Some Comments on Predictive Modelling

It has been recommended that the use of predictive modelling, such as CLIMEX
which can characterize the weeds that may increase their ranges into particular
cropping regions, will assist in designing management actions to address new out-
breaks of particular weeds if and when they are detected (Wilson et al. 2009,
Gallagher et al. 2013). However, unless such models include factors that are not
directly climate related, such as soil type, or else if preferences for such factors are
unknown in the species of weeds being modelled, their future distributions cannot
be accurately predicted. Genetic variability of weeds is another factor that could
cause inaccuracies of modelling future weed distributions under climate change
(Clements and Ditommaso 2011). Genetic makeup is fundamental for the responses
to environmental stimuli at individual and population levels of these organisms, and
genetic plasticity will enable some weeds to respond more effectively to climate
change than others.
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Reactions of Insects to Increased CO, Levels

Although changes in the distribution of host plants of pest insects will significantly
influence insect distribution under future climate change, insects may also respond
independently according to factors such as temperature and rainfall. However, it is
agreed that they will be less directly affected by the amount of atmospheric carbon
dioxide than plants. As with changes in the distribution of weeds, most research on
the effect of climate change on insects has been conducted in the Northern
Hemisphere. For example, observations of butterflies, moths and ants have been
recorded and correlated with increased temperatures and changes to rainfall patterns
in Europe and North America (Walther et al. 2002, 2009). However, it seems that the
findings are broadly applicable to Australia (Andrew et al. 2013) since the expected
changes in climate and weather patterns are global.

Insects are useful indicators of human-driven climate change, due to the observ-
able effects in their distribution, phenology, population structure, and evolutionary
changes at population levels (Menendez 2007). Like all other living organisms, each
insect species is adapted to a particular set of climatic conditions. Their life cycle
cues are intimately linked to seasonal patterns, including, for example, variations in
photoperiod and the occurrence of low temperatures, which may induce periods of
diapause, and elevated temperature thresholds for activity such as mating and egg
laying. Disruptions to these processes can be expected to have profound effects, but
may not necessarily be disadvantageous in all cases. For example, elevated seasonal
temperatures can drive rapid population growth by increasing the number of genera-
tions per year or season (Rosenzweig et al. 2001; Thomson et al. 2010; Sutherst
etal. 2011), and changes in the timing of breeding may allow other species to avoid
predation by natural enemies (Harrington et al. 2001; Rosenzweig et al. 2001;
Fuhrer 2003; Thomson et al. 2010). Alternatively, increases in drought may reduce
the effectiveness of fungi as biological control organisms of insects (Sutherst et al.
2011), and other such negative impacts may be a reduction of effectiveness of insect
biological controls, due to changes in emergence times of their prey species
(Thomson et al. 2010).

To illustrate the possibilities for the impact of insect pests on Australian agricul-
ture, it is useful to find examples that are a result of possible climate change effects
from the Northern Hemisphere. Such an example from the United States is the
observation that major pest outbreaks appear to be strongly correlated with El Nifio
and La Nifia events. For instance, extensive damage to soybean crops from two-
spotted mite, Tetranychus urticae, occurs during drought, and similar major out-
breaks of insect pests have been observed to occur during more favourable (to crops)
weather conditions (Rosenzweig et al. 2001).

Other effects of a warming climate include (i) the overwinter survival of larger
numbers of insect pests or (ii) their earlier seasonal emergence from hibernation
following cooler times of the year. Larger early season numbers of pest insects may
significantly reduce their host plant species’ survival, due to alterations in the timing
of insect attacks occurring during more vulnerable life cycle stages of the plants.
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However, subsequent higher temperatures during summers may also increase mor-
tality or pose other challenges for breeding of insects (Sutherst et al. 2011). It can
be reasonably expected that different insect species, but which have similar prefer-
ences for crops in Australia that are grown elsewhere, will respond in the same
manner as those in the Northern Hemisphere to climate change.

For example, the Queensland fruit fly is expected to move from tropical regions
to more southerly parts of the continent as seasonal temperatures and rainfall pat-
terns change to become more similar to its current range (Sutherst et al. 2011). This
is expected to impact not only agricultural production but also backyard growers
(Sutherst 2000). Unless appropriate management strategies are available, which
include, first and foremost, biosecurity to prevent incursions, this insect will cause
significant economic damage to the fruit growing industry of southern Australia.

The threats by pest insects to agricultural systems are predicted to continue under
the predicted future climatic changes, but this issue has been rarely taken into
account compared to the significant focus on the importance of weeds. However,
future climatic changes can affect insects in both direct and indirect ways as they
can influence environmental conditions, chemical composition, host physiology,
predators, pathogens and competitiveness (Patterson 1995). With atmospheric
warming, insect pests in the mid- to high-latitude regions are expected to signifi-
cantly increase in number in the future, since temperature plays a major role in the
insect life cycle, and thus climate warming is expected to directly affect their life
cycles (Fuhrer 2003). Indeed, it has been claimed that, in the temperate zone, it is
expected that insect winter survival will increase, and at the northern latitudes, phe-
nological shifts including growth and reproduction will be the main effects of cli-
mate warming (Bale et al. 2002).

The geographical range of many insect populations is also expected to be changed
due to changes in climatic conditions. However, expansion of range is somewhat
dependent on the host’s ability to support an invasion of new species (Fuhrer 2003).
It is suggested that migrant pests are able to respond more quickly than native spe-
cies, as they can quickly colonize the existing crops in distant places (Cannon 1998).
Other authors have indicated that the host plants may get affected by the predicted
future drought conditions, making them more attractive to pest species; excessive
precipitation, on the other hand, may lead to water logging conditions affecting the
soil dwelling insects (Watt and Leather 1988). Indirect effects can also arise and can
involve insect pathogens, predators and parasites (Raulston et al. 1992). In Australia,
as the insect population size and quality are highly dependent on the high variability
in rainfall, it is anticipated that drastic changes in such aspects are expected as the
rainfall patterns change over time. (Drake 1994). For insect outbreaks in places far
from their normal range, extreme triggers such as droughts and floods are important.
Therefore it is expected that the shifts and increased frequency of these triggers will
affect many agricultural ecosystems.

As aresult of elevated CO, levels, it is predicted that the plant chemical composi-
tion, including C-N ratio, allelochemical concentrations and starch and fibre content
may be altered (Lincoln et al. 1993). The reduced N and elevated carbohydrate con-
centration in plants under elevated CO, levels make them preferred diets for insects,
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as they are more easily digestible (Goverde et al. 1999). However under such condi-
tions, the leaf chewers are suggested to compensate their low N intake by increasing
the quantity of food ingested, whilst leaf miners are affected to a lesser degree and
seedeaters being not affected at all (Bezemer and Jones 1998). As the elevated CO,
levels can increase the thickness of plant leaf epidermis and specific leaf weight, the
response of leaf-sucking insects, including mites, is expected to be negatively
affected (Joutei et al. 2000), but as suggested by Heagle et al. (2002), elevated CO,
levels can increase the leaf temperature, positively affecting the fecundity of insects.

In summary, based on this survey of recent studies, it appears that the impact of
climate change on insect pests is expected to include issues such as increase in
population size and growth rate; facilitated overwintering ability; an upturn in the
number of generations, distribution range and migration habits; and expanded host-
pest synchronization. However, all the above changes will largely depend on the
species genotypic and phenotypic flexibility. The effect of temperature on insects is
also dependent on the species, their ability to adapt to change and also their life
histories (Bale et al. 2002). It is clear that long-term predictions have become
increasingly difficult as the understandings of interactions among ecosystem pro-
cesses, human influences and environmental conditions, which play a major role,
continue to emerge.

Section Two: Agronomic Crop Weeds’ Responses to Climate
Change

As indicated earlier, increased levels of atmospheric carbon dioxide are likely to
have both direct and indirect effects on plants, including a range of agricultural
weeds related to crop production upon which this work is focused. In the first
instance, it is noted that the likely observable responses of weeds to climate change
are faster growth and earlier maturation than the crops they infest (Ziska 2016),
increased changes to seed longevity (Nicotra et al. 2010), increased overall biomass
(Ziska and Bunce 1997; Wand et al. 1999; Ward et al. 1999, Ziska 2010) and
increased root biomass (Mahajan et al. 2012, Bansal et al. 2014). All of these altera-
tions allow increased competition advantages for weeds over crops for moisture and
nutrients (Patterson 1995; Wand et al. 1999; Ward et al. 1999).

Section Three: Implications for Crop Protection due to Pest
Species Expansion Stimulated by Conditions Arising
from Climate Change Factors

It is asserted here that although the impacts of anthropogenic climate change have
been observed in changes to the geographic distribution and life cycles of plants and
animals in many regions of the world (Hughes 2003), globally, modelling for future
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scenarios of these impacts on life forms is at a relatively early stage and is not yet
well defined for more than a few species. In particular, we note that in Australia this
work is at a relatively early stage, but it is relevant to point out that multiple param-
eter models are beginning to be employed for making predictions about selected
species (Andrew et al. 2013).

Effects of Climatic Changes on Pest Insect Activities, Their
Distribution and Expansion

There is a high potential of multiple changes in the activities and distribution of pest
insects, including population densities, timing of life cycle events and feeding
behaviour (Pelini et al. 2009; Getahun 2020). These may occur when already estab-
lished pest species undergo adaptation in situ and cause more damage to crops or as
a result of temperature and rainfall changes opening up niches in new locations
(Battisti and Larsson 2015). Additionally, more rapid dispersal of pest species newly
introduced to some regions may also occur because of an increase in the number
extreme weather events, such as hurricanes (Hellmann et al. 2008). More rapid
reproductive rates of species that can take advantage of increased resources or an
absence of low temperatures that would normally induce a reproductive diapause
may also be expected under a scenario of increased year-round temperatures.
Therefore, pest species that typically undergo an overwinter diapause may have
opportunities to breed all year round, potentially increasing crop damage to previ-
ously unseen scales (Pareek et al. 2017). Such events will require management
agencies to respond more urgently than previously required, in order to minimize
crop damage. These climatic variables are also unlikely to operate as the sole poten-
tial drivers for changes in distribution, population and life cycles of pest insects,
however. Changes in plant biology, phenology and distribution in response to
changes of atmospheric carbon dioxide levels, temperature and rainfall patterns will
also influence pest insect behaviour and distribution (Chander et al. 2016). However,
not all changes may be beneficial for the survival of some species. The life cycle
traits of species closely attuned to particular temperature ranges and rainfall pat-
terns may be negatively impacted under significantly altered cycles of drought and
above average rainfall (Yan et al. 2017). For example, some generalist insect spe-
cies’ survival may be reduced when either extreme drought or flood events occur at
life cycle stages during which the insect population is relatively vulnerable, such as
during the larval or pupal stage (Rai et al. 2018). Additionally, alterations in climate
variables impacts may also affect beneficial insects, such as honeybees (Getahun
ibid.), as well as insects used as biocontrols (Thomson et al. 2010).
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Introduction

It is essential to recognize that the current increasing levels of atmospheric carbon
dioxide (CO,), coupled with rising surface temperatures and aberrant weather situ-
ations such as excess rainfall, drought, and windstorms are becoming major con-
cerns for those charged with the management and development of sustainable crop
production. The negative impacts of these climate change dynamics on the growth
of economically important crops are in addition to the increasing problems of weed
infestations. In the latter case, it has been suggested that many weed species are
likely to be better adapted to the effects of changes in climate than economic crop
plants, due to their rich biological diversity, their inherent hardiness in the face of
external climate events, and their significant persistence, even when challenged by
anthropogenic control strategies.
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As a consequence, a better understanding of the climate change effects on weed
control strategies is urgently required to support global agricultural industries.
In particular, the changes in growth mechanisms for weeds under changing climate
events needs to be appreciated, and a detailed knowledge of herbicide activity will
thus be essential for effective weed control under increasing evidence of raised
resistance for many weed species. Accordingly, in this chapter, we have reviewed
aspects of weed growth, competition, and control under a changing climate scenario
to more clearly appreciate the central issues which will concern future crop man-
agement strategies. After a brief overview of the weather effects of climate change
and their consequences on agriculture, five focussed sections will offer a detailed
discussion of the impacts of climate change on (i) the metabolism of various herbi-
cides, (ii) the physiological attributes of weed species related to external weather
conditions, (iii) weed growth behaviour in variable climate conditions, (iv) aspects
of crop-weed competition, and (v) the ensuing implications for weed management.
We have finally provided a review of anticipated actions in these areas which may
enhance our understanding of the impact of climate change on the practice and
future of weed management and crop production.

An Overview of Agricultural Pressures

It is well known that agricultural productivity has increased markedly since the
green revolution was made possible through (i) the widespread use of high-yielding
varieties, (ii) adoption of inorganic fertilizers, and (iii) the introduction of efficient
irrigation facilities (Hedden 2003). Later, with the increasing infestation of crops by
weed species, a fourth contribution, chemical herbicides, allowed the continuation
of the expansion of the agricultural industry to meet increasing world demands.
However, the world’s population is expected to exceed 9 billion by 2050
(FAOSTAT 2018) which is already putting an increased pressure on agricultural
productivity and will require an increase in grain yield of about 44 million metric
tons per year to meet an almost doubled food demand (Rivers et al. 2015).
Exacerbating this problem is that, in the first years of the twenty-first century, sus-
taining the rate of agricultural growth is being challenged by many new factors such
as shrinking availability of cultivable land, diverse and complex pest problems, ris-
ing production costs, diminishing economic returns, aggressive weed infestations,
and the overlying effects of climate change. Clearly, pre-emptive action on all these
issues needs to be taken, and we begin our discussion by looking at (i) the notion of
climate change and (ii) what are its important manifestations, and then we consider
the key implications for crop productivity which are within our means to regulate.
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The Notion of Climate Change

Climate change is a change in the climatic variables that will persist for decades or
longer periods (IPCC 2007), and one significant tracer to such change is global
warming. Indeed, in this respect, Arrhenius, in the year 1896, first proposed that
man-made activities (such as CO, emissions from coal, other fossil fuels, and land-
use change) might be responsible for global warming (Weart 2003), which strongly
suggests that some proactive strategies need to be developed in order to avert further
damage. In the meantime, in an attempt to more clearly understand aspects related
to climate change and to tackle the potential threat posed by the now evident onset
of global warming, two agencies, namely, the United Nations Environment
Programme and the World Meteorological Organization jointly established the
Intergovernmental Panel on Climate Change (IPCC) in 1988. From their work, it
has become evident, based on prehistoric climate records, that global temperatures
far higher than those observed currently are indeed possible in situations of high
atmospheric CO,. We thus are concerned that this continuing and accelerating trend
of warming is a stentorian warning signal for the agricultural sector. There is a
widespread recognition that greenhouse gases (GHGs), such as CO, and methane,
which are emitted due to human activities, have the potential to influence the envi-
ronment in their own way, and these will have a cuamulative and disastrous effect on
agricultural food production and public health (Ziska et al. 2009).

Agricultural Manifestations of Climate Change

It is widely anticipated that a rise in atmospheric CO, levels will affect global crop
production in two ways. First, there will be elevated surface temperatures due to the
trapping of infrared radiation in the atmosphere, and secondly, there will be a posi-
tive increase in photosynthesis by plants due to the ‘fertilization effect’ (Adams
et al. 1998; Valerio et al. 2011), and it is understood that these effects will interact
synergistically to alter plant growth in diverse ways.

Various anthropogenic causes such as fossil fuel combustion, rice cultivation,
land-use change, and the development of large herds of ruminants result into emis-
sion of GHGs. It has been reported that increases in the concentration of GHGs such
as CO,, nitrogen oxides, and methane (CH,) closely follow the pace of growth of the
global population. The atmospheric CO, level has risen by 24% to the current level
since 1958 (IPCC 2007), but it is estimated that there has been a 35% increase in
atmospheric CO, levels since 2000, which presents an alarming scenario (Canadell
et al. 2007). It is notable that atmospheric water vapours, also a by-product of fossil
fuel combustion, are the most important GHG after CO, and account for 60% of
rising earth’s temperature.

Overall, the cumulative radiative energy effect of man-made GHGs has been
estimated to be 3 W/m? (IPCC 2007) which is equal to the effect of the earth being
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moved closer to the sun by a million miles. As a consequence, there will be more
extreme weather conditions such as frequent heat waves and droughts, which will
be generated through vagaries of the ‘butterfly effect’” (Mpelasoka et al. 2008).
Further, projections indicate an increase in CO, concentration between 600 and
1000 ppm by the year 2100 (IPCC 2007) which will intensify this situation. It is
estimated that the rise in global surface temperature will be between 3 and 12 °C
(IPCC 2007), and this rise will vary both on a temporal and geographic scale
(Cushman 1999). Global warming is predicted to occur in the winter season, and
also it is anticipated that night (minimum) temperatures are going to increase pro-
portionally more than the (maximum) day temperatures.

It is thought that moisture stress will increase due to (i) too much rainfall, as the
frequency of heavy precipitation events will increase and (ii) too little rainfall,
which will cause increases in aridity. Water will be more available (between 10%
and 40% more) in higher latitudes, whereas sub-tropical areas will receive reduced
(10-30% less) rainfall events (Gustafson 2011). The current deserts of Southern
Africa, Western Australia, the Mediterranean, Eastern Brazil, Southwestern North
America, and Southeast Asia will thus be expected to expand due to climate change.
Such a phenomenon will necessitate the development of drought-tolerant varieties
of crops which are to be grown in these areas if they are to have any chance of reach-
ing sustainable crop production levels.

Finally, CO, emissions have been observed to have another serious consequence
on the oceans. Dissolved CO, causes the formation of carbonic acid, which, although
weakly dissociated, increases the acidification of sea water. This acidification, in
turn, increases the solubility of a key component of the skeletons of marine organ-
isms (calcium carbonate). Whilst the full effects of this acidification are still to be
determined, it has been noted that there are reports of a recent 40% decrease in the
concentration of marine phytoplankton (Boyce et al. 2010).

Climate Change and Agriculture

Whilst it is known that plants produce food from four abiotic resources, sunlight,
water, nutrients and CO, via photosynthesis process, it is not commonly understood
that it has been estimated that agricultural activities are responsible for roughly 25%
of all man-made GHG emissions (Burney et al. 2010). It is the main source of N,O
(mid-season drainage) and methane emissions from rice fields (flooding), and CO,
emissions due to general changes in land use (Gustafson 2011). The assessment of
emission of methane from irrigated rice cultivation corresponds to 625 million tons
of CO, equivalent (CO,e). The emissions due to conventional crop chemical pro-
duction (such as fertilizers, pesticides) is roughly 20 kg (CO,e) per kg of crop chem-
ical utilised (Wang et al. 2007).

During the time of the evolution of plants (prior to 400 million years ago), atmo-
spheric CO, levels were 4-5 times greater than the present level. Concentrations
have subsequently been lowered during the last 25-30 million years (Bowes 1996)
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with CO, being absorbed and used by plants during their growth cycle. However,
records show that the burning of fossil fuels and land-use changes over the last two
decades have increased CO, availability from the pre-industrial era concentration of
280 parts per million (ppm) to 379 ppm in 2005. Estimates indicate that this will
increase 700 ppm by 2100 (IPCC 2007). Whilst CO, is beneficial for plant biology,
as it is the sole supplier of carbon for photosynthesis, this sharp CO, enrichment
might result in unforeseen physiological, morphological, and anatomical changes in
the plant biome, a prediction which has its genesis in the mechanisms underpinning
the relative delicate nature and balance of the natural ecosystem.

It is known that atmospheric temperature decreases by about 1 °C for every 2°
increase in latitude or for each 100 m increase in altitude and that plant growth rates
and rate of development processes are largely controlled by ambient air or soil tem-
peratures. In this respect, the production of essential annual crops has been shown
to be badly affected by increases in mean ambient temperatures of 2—4 °C, and thus
their production is expected to decrease further towards the end of the twenty-first
century in the face of further global warming. It has been estimated that the area-
wise average yield of essential crops is forecasted to decrease under the slowest
warming scenario by 30-46% and under the most rapid warming scenario by
63-82% by the end of the twenty-first century (Schlenker and Roberts 2009). Due
to global warming, crop yields are already declining at lower latitudes and will con-
tinue to suffer more due to a consequent shortening of crop duration (Wheeler et al.
2005). In higher latitudes, it is expected that crop productivity will be enhanced
until the middle of the century, whereupon increasing warming will then begin to
harm the yield (IPCC 2007). It has been noted that the pattern of climate change in
terms of temperature, CO, increase, and precipitation change is non-uniform (IPCC
2007), and thus impacts on agriculture would be expected to be highly site-specific.
Of concern in this respect is that Malthus, a nineteenth-century philosopher, fore-
warned that unavoidable food shortages in the future would be the source of signifi-
cant human catastrophe (Dyson 2001).

Climate Change and Weed Infestation

Weed infestation in cropping areas is the major biotic production problem and has
been estimated to cause 34% of crop yield losses, which is a considerable effect on
agricultural output (Oerke 2006). Aggressive weeds are troublesome, persistent
invaders, as they are ecological opportunists and are commonly hardy and resilient
plants, which show a much greater biological diversity than crop plants. They out-
compete crop plants for essential resources like light, water, nutrients, and space
and thus markedly reduce the crop yields. The presence of weed material in crop
produce leads to a deterioration of its quality and consequently lowers the market
price. It is known that yield losses due to weeds are variable depending upon the
type of weeds, crop, and farming practices and that weeds also act as alternate hosts
for various plant pathogens and disease organisms (Boydston et al. 2008). These
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factors make weed management a recognized necessity for higher crop productivity
and for the maintenance of market quality (Ziska 2001).

The Impact of Climate Change on Weed Composition
and Infestation Areas

Whereas it is clear that crop production is directly affected by the direct effects of
climate change (temperature and water stress), there are important indirect effects
related to effects of increased competition from weeds and other pest species
(Korres et al. 2016). In this respect, climate change will have a marked impact on
the intensity of weed pressure and will also significantly influence their range of
infestation. It has also been shown that an increase in extreme events like storms,
rainfall, cyclones, and associated floods may increase the rate and range of weed
dispersal over considerable distances (Singh et al. 2011). In addition, due to
enhanced CO, fertilization, generally more growth will lead to more productive and
prolific plants, suggesting that insect pests, plant diseases, and weeds will all get
direct and indirect benefits from global warming (Chauhan and Ramesh 2015). The
sturdy and well-fed plants will attract more insect pests, and diseases will flourish
under the moist and warmer seasons. Summer season crops and associated weeds
will have longer growing seasons, and the survival of summer annual weeds has
been predicted to increase due to global warming (Hanzlik and Gerowitt 2012). In
agroecosystems, increased gene exchange may lead to an introduction of non-
desired traits (such as pesticide resistance) and the development of an unwanted
biotype. Further, there will be more generations of pests due to lengthened growing
season, which will have a direct implication on resistance management and gene
flow (Ziska et al. 2012).

Because extreme weather events like strong wind currents (Ziska et al. 2011),
snowfall variability (Blumenthal et al. 2008), and high temperatures (Sasek and
Strain 1990; Bunce and Ziska 2000; Ziska and Runion 2007) may aid in migration
and long-distance seed dispersal through wind and water, there will be more expan-
sion of invasive weeds to new areas (Song et al. 2009). This will result in an extra
burden of weed control (Korres et al. 2016) besides other peripheral damages related
to fire frequency (Blank et al. 2006) and reduction in rangeland and aquatic produc-
tivity (Ziska et al. 2011). The infestation by perennial weeds will be greater than
that of annual weeds (Ziska 2014), and plant community composition will change
significantly with climate change.

Adding to the complexity of this issue, it is noted that climate change can result
in a positive change (such as migration of pest plants to other areas or indeed to
extinction of the species) or a negative change (which will include aggressive inva-
sion and subsequent domestication) which will have major economical and environ-
mental consequences (Ziska and McConnell 2016). Further, due to their inherent
genetic variation and plasticity, weed plants may be able to evolve ‘climate change-
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smart’ attributes (such as tolerance of extremes) more quickly than crops (Baker
1965). Climate change may also reduce or enlarge the fitness and competitive abil-
ity of the weeds and is likely to change the composition of an arable ecosystem by
weed migrations. It is widely appreciated that climate, land use, and agronomic
management practices all contribute to the ultimate determination of weed compo-
sition at different scales of landscape and community (Tanaka and Koike 2011).
However, with changing climatic conditions being added to this mix, there may be
elimination of some weed plants from the scene (local extinction) or addition of
new invasive weed species (colonization). Furthermore, there may be a significant
change of the ‘keystone’ weed species (the major or dominant weed species of an
area), which will markedly transform the weed community composition (Martinez-
Ghersa et al. 2000; Booth and Swanton 2002), and, by implication, also lead to a
transformation of traditional management practices. It has been observed, for
instance, that in one study area, weeds that were of minor importance and were
opportunistic weeds such as Stellaria media and Geranium sp. and weeds belonging
to Brassicaceae family have now increased their density and frequency to become a
major threat (Meissle et al. 2010). Of considerable importance and concern is the
finding that weed plants may adapt to a changing climate scenario by evolving new
morphological, physiological, and genetic processes, resulting in evolutionary trait
shifts over the population scale (Tungate et al. 2007).

Climate change, mainly through temperature increase, has induced considerable
shifts in the preferred location of many species (McDonald et al. 2009) and thus
caused niche and trait shifts of arable weeds (Peters et al. 2014). An outstanding
example of this range shift is with Rottboellia exaltata, a C, weed, which has
responded to increasing temperatures not only in terms of its increased growth, tiller
production, and flowering in situ but has actively spread to previously cooler regions
of the United States such as the Gulf Coast states, the lower Midwest, the South
Atlantic states, and the southwest (Patterson et al. 1979).

Trait shifts are primarily seen with respect to phenology, morphology, physiol-
ogy, and reproduction of a plant and are a prerequisite for niche shifts and indeed
may cause range shifts by forming climatic ecotypes. Range shifts have been seen
in weed plants equipped with dispersal mechanisms for migration over the land-
scape scale to favourable climates (Jump and Pefiuelas 2005). With rise in tempera-
ture, many C, weeds may be encouraged to extend their geographical boundaries
towards the poles or into generally cooler climates (Clements and Ditommaso
2011). For example, Stellaria media, Chenopodium album, and Sisymbrium irio
possess strong traits for wetter and milder winters and survival, and thus popula-
tions of these weeds may increase and migrate under changing climate scenario and
changed agronomic practices (Froud-Williams 1996; Fried et al. 2010; Hanzlik and
Gerowitt 2012).

It is apposite to note here that the climate change-induced range shifts of weed
plants cannot be clearly differentiated from man-made dispersal through transport
routes or trade (Milakovic et al. 2014; Korres et al. 2015), nevertheless the weed
composition of particular niche may change as a result of acclimatisation of the
weed species to alternative climatic conditions in a new area, resulting in infestation
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shifts at the community scale (Pearman et al. 2008). It has been noted that the weed
flora composition of arable ecosystems has changed due to climate change, as ther-
mophile weeds like Amaranthus retroflexus and Abutilon theophrasti, as well as
late-emerging weeds like Chenopodium album, Digitaria sp., and Sorghum
halepense, have become more abundant in maize-based cropping systems (Peters
et al. 2014).

As indicated earlier in this chapter, significant weed management strategies are
necessary to maintain the potential yield of crops, and various weed control tactics
such as cultural, mechanical, biological, and chemical have been adapted to main-
tain weed populations below critical threshold levels. Weed management options
vary greatly depending upon the cropping system and the environment and are often
dictated by cultural practices, education levels of farming groups, and available
natural resources. We anticipate that the effects of climate change will seriously
affect the management of weeds, notwithstanding the type of approach currently
employed (Chauhan et al. 2014). For example, chemical control methods have been
widely used in developed nations for many years, but with increasing community
wealth, the use of these herbicides for weed control has also increased in developing
regions in recent years (Gianessi 2013). However, the efficacy of chemical weed
control does depend upon the choice of chemical being used, together with its dose,
quality, target weed spectrum, time of application, and on its eventual fate in the
environment and plant system. With climate change, the inevitable increased envi-
ronmental variations, such as heavy rains, cyclones, and high temperatures, may
markedly reduce the opportunities to chemically control weeds by changing herbi-
cide effectiveness and persistence and increasing the potential injury to nontarget
individuals (Ziska et al. 2004; Ziska and McConnell 2016).

The Metabolism of Various Herbicides

Chemical weed management is currently the most economical and widely practiced
weed management practice in intensive agriculture across the world. It has multiple
benefits, as it saves time, energy, and labour costs and eliminates early crop-weed
competition. These chemical herbicides are classified into 26 groups based on their
mode of action (Table 1, HRAC 2018 catalogue). Herbicide ‘mode of action’
depends upon plant functions and physiological processes required for plant growth
and development and characteristically targets only a few proteins or processes like
growth, amino acid synthesis, fatty acid synthesis, mitosis, and photosynthesis from
the wide range of possibilities present in the intended plants. As a consequence of
this mode of action strategy which targets a specific compound or process, diverse
environmental conditions that affect these plant processes will naturally adversely
affect the efficacy of the herbicide. However, we note here that herbicides from dif-
ferent groups, which are different chemical compounds, have different physico-
chemical properties, and thus the effect of climate change on herbicide efficacy can
vary. For example, it has been suggested that any climate change effects which are
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Table 1 Herbicide classification by mode of action according to the Herbicide Resistance Action

Committee (HRAC)
HRAC
group Mode of action Chemical family
A Inhibition of acetyl CoA carboxylase Aryloxyphenoxypropionates (FOPs)
(ACCase)
Cyclohexanediones (DIMs)
Phenylpyrazoline
B Inhibition of acetolactate synthase ALS Imidazolinones
(acetohydroxyacid synthase AHAS)
Pyrimidinylthiobenzoates
Sulfonylaminocarbonyltriazolinone
Sulfonylureas
Triazolopyrimidines
Cl Inhibition of photosynthesis at photosystem | Phenyl-carbamates
11
Pyridazinones
Triazines
Triazinones
Triazolinone
Uracils
Cc2 Inhibition of photosynthesis at photosystem | Amides
11
Ureas
C3 Inhibition of photosynthesis at photosystem | Benzothiadiazinones
I
Nitriles
Phenyl-pyridazines
D Photosystem-I-electron diversion Bipyridyliums
E Inhibition of protoporphyrinogen oxidase | Diphenylethers
(PPO)
N-phenylphthalimides
Oxadiazoles
Oxazolidinediones
Phenylpyrazoles
Pyrimidindiones
Thiadiazoles
Triazolinones
Fl1 Bleaching: Inhibition of carotenoid Pyridazinones
biosynthesis at the phytoene desaturase
step (PDS)
Pyridinecarboxamides
F2 Bleaching: Inhibition of 4-hydroxyphenyl- | Callistemones
pyruvate-dioxygenase (4-HPPD)
Isoxazoles
Pyrazoles

(continued)
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Table 1 (continued)

HRAC
group Mode of action Chemical family
Triketones
F3 Bleaching: Inhibition of carotenoid Diphenylethers
biosynthesis (unknown target)
Isoxazolidinones
Triazoles (in vivo inhibition of lycopene
cyclase)
G Inhibition of EPSP synthase Glycines
H Inhibition of glutamine synthetase Phosphinic acids
Inhibition of DHP (dihydropteroate) Carbamates
synthase
K1 Microtubule assembly inhibition Benzamides
Benzoic acids
Dinitroanilines
Phosphoramidates
Pyridines
K2 Inhibition of mitosis/microtubule Carbamates
polymerization inhibitor
K3 Inhibition of cell division (inhibition of Acetamides
very long chain fatty acids)
Chloroacetamides
Oxyacetamides
Tetrazolinones
L Inhibition of cell wall (cellulose) synthesis | Benzamides
Nitriles
Triazolocarboxamides
M Uncoupling (membrane disruption) Dinitrophenols
N Inhibition of lipid synthesis — not ACCase | Benzofurans
inhibition
Chloro-carbonic-acids
Phosphorodithioates
Thiocarbamates
(6] Synthetic auxins (action like indoleacetic | Benzoic acids
acid)
Phenoxy-carboxylic-acids
Pyridine carboxylic acids
Quinoline carboxylic acids
P Inhibition of auxin transport Phthalamates
Semicarbazones
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manifested in carbohydrate production within the plant can affect herbicides which
act on photosynthesis or amino acid production (Varanasi et al. 2015).

Herbicide Metabolism and Its Implications

It is known that, currently, more than 60% of the global herbicide market, in terms
of economic value, is represented by herbicides from only four mechanisms of
action. These are based on (i) enolpyruvate shikimate-3-phosphate, (ii) auxins, (iii)
acetolactate synthase, and (iv) acetyl coenzyme-A carboxylase. Further, it has
recently been commented that the herbicides belonging to these mechanisms of
action have more chances of evidencing resistance development in weed species
(Kraehmer et al. 2014), which could presage a significant problem for the use of
chemical herbicides under climate change scenarios.

A major proportion of the reported cases of herbicide resistance in weeds to date
involve herbicides belonging to Group M (glyphosate), Group A (acetyl CoA car-
boxylase inhibitors), and Group B (acetohydroxyacid synthase inhibitors) which are
related to enhanced herbicide metabolisms (Délye 2013). It has been seen that crop
plants such as wheat and maize detoxify herbicides due to enhanced activity of
glutathione-s-transferase (Noctor et al. 2012) and cytochrome P450 monooxygen-
ase enzymes (McFadden et al. 1989), and it has been predicted that similar and
related detoxification mechanisms may lead to herbicide resistance in weeds (Délye
et al. 2013; Han et al. 2013). It is understood, at a more detailed level, that the
mechanism of development of resistance in weeds is either exclusionary resistance
or target-site resistance (Dekker and Duke, 1995). In exclusionary resistance, the
herbicide is not allowed to reach the site of action by physical means such as dif-
ferential absorption, translocation, compartmentation or by detoxification. Herbicide
uptake or absorption may be influenced by altered morphology of the plants in the
form of reduced leaf area and increased waxiness of leaf surface, whereas herbicide
translocation within the plant system depends upon the rate of plant growth and may
be reduced under low or high temperatures due to changed water relations. The
required quantity of herbicide may not reach the site of action due to compartmenta-
tion in vacuoles or enhanced metabolic detoxification by enzymes within the plant
system. In each of these cases, target site resistance is achieved with either an altered
site of action (e.g. an alteration in a single nucleotide in the gene encoding the pro-
tein to which the herbicide binds) or by overproduction of the site of action which
leads to a considerable dilution of the effect of the herbicide. In each of these situa-
tions, plants can manage to carry on their normal metabolic activities.
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Herbicide Metabolism Under Global Warming

The efficacy of chemical weed control depends on the environmental conditions
before, during, and after the herbicide application. In this respect, reduced stomatal
conductance of plants growing under elevated CO, may change the efficacy of both
soil uptake and foliar uptake of herbicides. In addition, temperature variability has
a direct effect on herbicide efficacy as it affects herbicide absorption, translocation,
and metabolism (Robinson et al. 2015). Indeed, all plant physiological processes,
including photosynthesis, respiration, and translocation, are dependent upon tem-
perature and any change in the rate of these processes indirectly affects herbicide
absorption and translocation. In this way, global warming may increase the risk of
evolution of nontarget site resistance mechanisms against herbicides in the weed
plants and thus decrease herbicide efficacy. Recently, decreased sensitivity to
ACCase inhibitors was observed in the grass weeds such as Avena sterilis,
Alopecurus myosuroides, Lolium rigidum, and Setaria viridis under elevated tem-
peratures and, as a result, plant survival rate after herbicide application increased up
to 80% (Matzrafi et al. 2016). Enhanced temperatures may also increase abiotic and
enzymatic hydrolytic processes in plants, which directly affect the rate of herbicide
metabolism and breakdown (Fantke et al. 2014). The levels of herbicide resistance
in Conyza sp. to glyphosate (Ge et al. 2011), Hordeum glaucum to paraquat (Lasat
et al. 1996), and Lolium rigidum to chlorsulfuron (Han et al. 2013) may all change
depending upon ambient growth temperature. The level of sensitivity of the plants
to the applied herbicide in a herbicide-resistant crop may also alter under varying
growth temperatures. Glyphosate, a non-selective herbicide, is widely used in North
America where Roundup Ready corn, cotton, soybean, canola, flax, and sugar beet
are grown, and this compound has virtually replaced all other weed control methods
in the production of these crops. In Australia, too, glyphosate is used widely to man-
age weeds in fallows and glyphosate-tolerant cotton. Indicating the importance of
this sensitivity, it has been shown that genetically modified corn becomes more
sensitive to metolachlor (Viger et al. 1991) whilst glufosinate metabolism increased
in glufosinate-tolerant cotton (Mahan et al. 2006) under elevated temperatures.

Herbicide Metabolism Under Elevated CO,

Plants adapt to elevated CO, through changes in plant hormonal metabolism and
plant water relationships, together with alterations to carbon and nitrogen metabo-
lism functions. It has been claimed that changes in physiology, morphology, and
anatomy of plants will result in altered weed growth, crop-weed competition, and
herbicide efficacy under elevated CO, (Ainsworth and Long 2005; Taub et al. 2008),
and these changes are likely to affect the uptake, translocation, and metabolism of
herbicides and thus the overall herbicide efficacy. The absorption of foliar herbi-
cides is mainly through stomata, and decreased stomatal conductance under ele-
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vated CO, may result in reduced herbicide uptake of water-soluble herbicides (Ziska
et al. 1999).

Atmospheric CO, enrichment increases the ratio of CO,-to-O, at the site of CO,
fixation and favours the photosynthetic carbon reduction cycle to produce more
photosynthates and carbon intermediates (Seneweera et al. 2005). The enzymes
may be present in large numbers under elevated CO,, which is an essential require-
ment for other biosynthetic pathways like amino acid and fatty acid biosynthesis.
This overproduction of target sites may result in the reduced efficacy of herbicides,
as more copy numbers of EPSPS enzyme were observed in glyphosate-resistant
plants than the susceptible plants (Gains et al. 2011). Under elevated CO,, starch
content per gram of plant tissue may be increased, but the protein content may be
reduced (Bowes 1996). This suggests that there may be less demand for amino acids
which may result in reduced efficacy of herbicides acting on the biosynthetic path-
ways of protein (Ziska et al. 1999; Varanasi et al. 2015). Further, it has been deter-
mined that increased starch content in leaves may interfere in herbicide activity
(Patterson 1993).

The Physiological Attributes of Weed Species Related
to External Weather Conditions

The responses of plants to rising atmospheric CO, levels in terms of physiological
processes is dependent upon the photosynthetic pathway, and it has been shown to
be highly species-specific (Ziska 2004). About 95% of the known 250,000 plant
species are C; plants (the primary intermediate is a 3-C compound), and 3—-4% are
C, plants (the primary intermediate being a 4-C compound). The rest of known
plants belong to a crassulacean acid metabolism (CAM). Of particular concern is
that plants like Parthenium hysterophorus, which have a C;-C, intermediate photo-
synthetic pathway, would pose severe crop-weed competition under a climate-
change scenario (Chamberlain and Gittens 2004).

The oxygenation reaction catalysed by Rubisco results in 25-30% loss of fixed
carbon, and this loss increases under high temperature and drought (Portis and Parry
2007). Both C; and C, plants show an increase in photosynthetic rate, but this is
more pronounced in C; plants, since Rubisco is substrate-limited at the current
atmospheric CO, levels. The C; plants have carboxylation kinetics, which is evi-
dence of a high degree of carbon loss through photorespiration, and these respond
to a greater extent relative to plants possessing a C, photosynthetic pathway. It is
postulated that C, photosynthesis was evolved to adapt to high light intensities, less
soil moisture, and atmospheric CO, (Hatch 1987), and most of the world’s most
aggressive weeds belong to this photosynthetic pathway (Sage et al. 2011). The C,
photosynthetic pathway is exhibited in approximately half of the monocot species
(grasses and sedges) and almost 2000 dicot species. Twelve crops out of the 15
crops which supply 90% of the world’s calories are C; plants, and 14 weeds out of
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the18 world’s worst weeds are C, plants (Patterson 1985). There are differences in
reaction to raised CO, levels between the C; and C, species, with the intercellular
CO, in C; species being 250 ppm, whilst in C, species it is 2000 ppm (Yoshie 1986).
In addition, the carbon fixation mechanism of C, plants is saturated at 360 ppm
(Leegood 2002) whilst that of plants belonging to the C; photosynthetic pathway
get significantly more benefits of elevated CO,.

It is fair to say that our understandings in this area are, as yet, far from clear.
Earlier research on crop-weed competition under elevated CO, was based on the
assumption that some of the world’s the most noxious weed species possess the C,
photosynthetic pathway and are often observed in C; crops (Edwards and Huber
1981). Under CO, enrichment, in one study, it was found that a significant increase
in photosynthesis of C; plants was seen along with no change in photosynthesis of
C, plants (Ziska et al. 1999), but in a separate investigation, a similar increase in
photosynthesis of both C; and C, plants was observed (Ziska and Bunce 1997).
Further, photosynthetic stimulation was observed to be doubled in C, weed plants
compared to C; crop plants at the higher CO, environment (Ziska and Bunce 1997).
As a consequence, the generalized assumption that a C; plant will get more benefit
from CO,-enriched environment may not be accurate. Barnaby and Ziska (2012)
have reviewed the variable relative responses of C; and C, species in term of photo-
synthetic stimulation, but the physiological basis for the variability is unclear, and
the stimulation may continue for weeks or months (Ziska and Bunce 1997).

There are other examples of the complexity of this area. Whilst it should be
appreciated that CO, enrichment will influence vegetation dynamics irrespective of
whether it is a crop or weed (Kimball et al. 2002), the theoretical increase in net
photosynthesis was estimated to be 38% in C; plants (Long et al. 2004). However,
in free-air CO, enrichment experiments (FACE), only a 14% increase in photosyn-
thesis was observed under a CO,-enriched environment (Long et al. 2006). There
was no effect of CO, enrichment on the photosynthetic rate of C, plants like Cyperus
rotundus and C. esculentus, but it did increase their instantaneous water use effi-
ciency (Rogers et al. 2008). It has been observed that there are definite changes in
competitiveness between C; weed, common cocklebur (Xanthium strumarium L.),
and C, crop (Sorghum bicolor L.) under high CO, as the reduction in single leaf
photosynthesis was less in C; weed than C, crop plant under CO, enrichment when
grown in a mixture (Ziska 2001). It is also known that elevated CO, has enhanced
maximum photosynthetic rate, net photosynthetic efficiency, and water use effi-
ciency of P. hysterophorus (Pandey et al. 2003), and it has been stated that the plant
growth reduction of crops and weeds is mainly due to a reduction in leaf area dura-
tion and less due to net assimilation ratio under CO, enrichment when grown in
competition (Patterson et al. 1984).

Stomatal conductance and transpiration rate decreased with an increase in CO,
from 375 ppm to 675 ppm (Patterson et al. 1982), and leaf osmotic potential
decreased at a faster rate under elevated CO, levels than for the ambient CO, coun-
terparts (Sionit et al. 1980). Water use efficiency increased with reduced transpira-
tion, and this was thought to be due to stomatal closure under CO, enrichment. The
net assimilation rate was also seen to increase, and this is possibly due to the diffu-
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sion pathway of water vapour and CO, being very similar. Whilst with CO, enrich-
ment, stomatal number, and conductance decreased in both C; and C, plants
(Ainsworth and Long 2005), the effect of CO, enrichment on photosynthesis is
variable in C, plants (Ziska and Bunce 1997). The C; plants obtain benefits both
from improved photosynthesis function and water use efficiency, whilst C, plants
get advantage only from improved water use efficiency under elevated CO,.
Improved water use efficiency may result in the evolution of more drought-tolerant
plants (Valerio et al. 2011).

Nutrient Variations

In the anticipated future carbon-rich environment, the relative availability of nitro-
gen and phosphorus will become limiting factors to plant growth (Hall and Allen Jr
1993). It has already been observed that whilst the carbohydrate content per gram of
plant tissue increased under CO, elevation, the content of protein was reduced
(Kimball et al. 2002). This suggests that the nutritive value of plants, in particular
essential crops, may decrease.

Of concern is that whilst transpiration rate and stomatal conductance were not
affected by nutrient levels, the leaf chlorophyll content was significantly decreased
under low nutrient supply (Patterson et al. 1982). This suggests that elevated CO,
may intimately affect nutrient cycling and microbial activity (Patra et al. 2012), and
it has been claimed that the effect of variation in the nutrient level on plant develop-
ment was higher and more consistent than variation in CO, levels (Patterson et al.
1982). It has also been noted that reductions in stomatal conductance and transpira-
tion have evidenced a negative effect on water and nutrient uptake, and this could
mean that C4 plants will respond more positively under a reduced N availability
scenario since they have an inherently higher nutrient use efficiency than C; plants
(Bleier and Jackson 2007). In addition, it has been shown that the photosynthetic
nitrogen use efficiency is greater for C, plants than C; plants under higher tempera-
tures (Long 1999).

Effects of Warming on Physiological Parameters

Climatic change is associated with a higher frequency of extreme weather events,
and it is generally agreed that this will have a drastic impact on ecosystem produc-
tivity and biodiversity. Plant growth rate depends upon the ambient temperature,
which is the primary factor determining early plant growth (Storkey and Cussans
2000). As mentioned earlier, a characteristic of weed species is that they adapt well
to all climatic stresses due to their inherent hardiness, and this indicates that they
can develop various strategies including accumulation of heat shock proteins, osmo-
protectants, antioxidants, and alterations at the molecular level to offset stress-
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induced biochemical and physiological changes (Hasanuzzaman et al. 2013). It has
been noted that the complex interaction between elevated CO, and temperature may
limit the antitranspirant effects of CO,, and rising temperatures may override the
stimulating effects of elevated CO, on plant growth in C; plants (Batts et al. 1997).
In comparison, the C; photosynthetic pathway will provide plants with a major
advantage under hot, arid, and high light conditions, but it is less efficient at tem-
peratures below 25°-28 °C under light-limiting conditions (Lara and Andreo 2011).
Recent work has suggested that ambient warming may lead to increased solution-
phase nitrogen and N mineralization, and this will have a marked effect on plant
growth (Patra et al. 2012). In addition, elevated ambient temperatures will result in
higher transpiration rates, less biomass production, and shortened reproductive
development leading to lower seed production (Adams et al. 1998).

These findings suggest that the growth of weed plants may significantly increase
under higher ambient temperatures, which indicates that infestations of weeds can
become seriously problematic for agricultural systems in a warmer environment. In
this respect, the plant biomass of Imperata cylindrica increased when plants were
grown at 29/23 °C than at 23/17 °C, and this change was suggested to be due to the
significant effects of heightened warming on the leaf area (Patterson et al. 1980). In
a similar experiment, it was shown that two weedy grass species, Panicum texanum
and Panicum miliaceum, which are used as food grain and forage, responded well to
warming, with greater tiller numbers and biomass being produced when plants were
grown at 30/24 °C than at 24/18 °C (Patterson et al. 1986). As a consequence, it is
predicted that these weeds are likely to invade the new areas at higher latitudes and
also to expand their geographical range with the expected rise in temperatures.

Effects of Water Stress

More frequent and severe drought stress events are predicted as a result of increas-
ing climate change. Of relevance here is that stomatal conductance in plants has
been shown to be reduced by 20% when grown under a CO,-enriched environment
(Long et al. 2006). Water deficit may also result in stomatal closure which will
result in a reduced CO,/O, ratio in leaves and photosynthesis (Griffin et al. 2004).
Because weeds inherently possess excellent drought tolerance, they could clearly
pose an increased risk for crop production under water-scarce conditions. An exam-
ple is with Parthenium plants, which have a demonstrated higher water use effi-
ciency, suggesting that this species will become a noxious weed under a
climate-change scenario (Moore et al. 1987; Pandey et al. 2003; Shabbir et al.
2014). Also, it has been noted that there was a greater relative increase in stomatal
resistance in C, plants than C; plants under elevated CO, levels (Akita and Moss
1972), and a well-watered C, weed (A. retroflexus) exhibited increased photosynthe-
sis under elevated CO, levels. In general, C, plants have an advantage over C; plants
in response to elevated CO, and more frequent and severe droughts (Ward et al.
1999; Valerio et al. 2011). In a separate investigation, a well-watered C; weed
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(Abutilon theophrasti) exhibited a significant increase in leaf area under elevated
CO, levels, but, under drought conditions, it appears that C; plants had more leaf
area when grown at pre-industrial CO, levels than C; plants grown at elevated CO,
levels (Ward et al. 1999; O’Donnell and Adkins 2001).

Weed Growth Behaviour Under Variable Climate Conditions

It is generally agreed that environmental stresses affect a plant’s ability to achieve
its potential growth and yield (Patterson 1995a), and it is common that, in a normal
agroecosystem, each crop will need to compete with 8—10 troublesome weeds. This
is a stressful situation because weeds have high biological flexibility and ecological
adaptability, and the experienced increase in CO, will have a direct and important
influence on plant growth. Since C; systems are deficient in carbon, CO, enrichment
will cause a ‘fertilization effect’ and markedly increase plant growth for both C;
crops and weeds (Patterson and Flint 1980). It is known that whilst many weed spe-
cies possess the C, photosynthetic pathway, most crops are based on the C; pathway.
This perspective meant that earlier studies in weed research were focused mainly on
the outcomes of C; crop-C, weed interactions. Studies indicated that the growth of
C, plants can be either stimulated (Bazzaz et al. 1989; Manea et al. 2011) or remain
unaffected (Erickson et al. 2007) or indeed even decline (Belote et al. 2003).
Nevertheless, generally under elevated CO, levels, the relative increase in plant bio-
mass was more in C; weeds than for C, weeds (Bazzaz and Carlson 1984; Ziska
2000). However, later work, looking at the interplay between drought and high tem-
peratures, has indicated that these conditions favour the competitive ability of C,
weeds over C; weeds (Fuhrer 2003), which again highlights the innate complexity
of this area.

Further work has indicated that there was 55% and 62% increase in plant bio-
mass and leaf area, respectively, in red/weedy rice (Oryza sativa) biotypes when
subjected to an increase in CO, level to about 550 ppm (Ziska and McClung 2008).
The effects of elevated CO, may be due to an altered phenology of plant develop-
ment phases such as is shown by the accelerated maturity rate in Avena fatua
(O’Donnell and Adkins 2001). Research has indicated that there is greater genetic
diversity and physiological plasticity amongst weedy and wild lines relative to
domesticated crops (Treharne 1989), and this implies that any change in abiotic
resources should favour weeds over crop species (Vengris et al. 1955; Carlson and
Hill 1985). Further, genetic diversity exists amongst biotypes of same weeds (near-
isogenic lines), and in this circumstance a variable plant growth response (increase
in plant dry weight from 32% to 87%) was observed in A. fatua to elevated CO,
level (O’Donnell and Adkins 2001). It is suspected that this problem of weedy rice
may increase in Asian countries under a climate-change scenario (Chauhan et al.
2014), and this suggests that more options for controlling this weed may be required
in future.
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Further complications in understanding this area is illustrated by the observation
that the response to CO, fertilization decreases with the plant age in annual plant
species (Stitt 1991; Ziska and Bunce 1995), and, additionally, more vegetative
growth is observed relative to reproductive growth. Also, the reproductive capacity
in weeds may increase in response to CO, fertilization (Patterson et al. 1999; Ziska
2004, Ziska and Runion 2007), and elevated CO, may cause more flower production
[e.g. in Amaranthus viridis (Naidu and Paroha 2008)] and pollen production [e.g. in
Ambrosia artemisiifolia (Wayne et al. 2002)]. It has been shown to be a significant
increase in vegetative biomass of plants grown in a CO,-enriched environment, but
this increase may not be reflected in a higher seed yield, and, indeed, inconsistent
effects on seed yield have been observed (Ziska and Goins 2006).

It is becoming clearer therefore that perennial weeds might be a greater concern
for crop production under elevated CO, levels than annual weeds. Moreover, peren-
nial weeds have been observed to flourish more frequently under continuous zero-
till fields than annual weeds (Gibson et al. 2005). Evidence to this effect comes from
the observed stimulation of photosynthesis and growth under long-term exposure of
elevated CO, levels which was sustained in Elytrigia repens, a perennial C; weed
(Ziska and Teasdale 2000). In this work, no photosynthetic acclimation was
observed, unlike with experiments with other herbaceous agronomic perennials
such as alfalfa (Medicago sativa) and orchard grass (Dactylis glomerata) (Bunce
1995). The increase in weed biomass of Cyperus rotundus was 33—40% whilst that
of C. esculentus was 10-15% when exposed to elevated CO, (Rogers et al. 2008).
With CO, levels elevated from 380 to 670 ppm, a significant increase in aboveg-
round biomass of Cirsium arvense was observed, and the establishment of C. arvense
was found to be more as a function of CO, levels as 30% less number of cuttings
were required to reestablish the weed over time (Ziska 2010). The root to shoot ratio
was improved with increasing CO, in C; plants, but no such effect was observed in
C, plants (Patterson and Flint 1980). There was more partitioning of photosynthates
to roots than shoots under elevated CO, in perennial weeds like Cyperus spp.
(Rogers et al. 2008) and Cirsium arvense (Ziska et al. 2004), and an increased root
to shoot ratio was consequently observed.

The growth of invasive weed species is dependent upon climate change and is
consequently found to be increasing (Ziska et al. 2011). The variable rate of stimu-
lation of plant growth of six invasive weed species of the United States, Cirsium
arvense, Convolvulus arvensis, Euphorbia esula, Sonchus arvensis, Centaurea
maculosa, and Centaurea solstitialis (all C; plants), was observed when grown
under a CO,-enriched environment with the largest response observed in Cirsium
arvense (Ziska 2003a). The invasive weed species like Bromus tectorum respond
strongly to CO, enrichment and is responsible for firebreaks (Ziska et al. 2005).

Although the role of weeds in the economically important agricultural produc-
tion system is an essential topic for weed scientists to study, it is also relevant, and
indeed crucial, for studies to be intensified in the area of growth behaviour of those
weeds which cause human health problems (Ziska and Caulfield 2000; Ziska
2003b). In this respect, the pollen production of Ambrosia artemisiifolia was
enhanced by 131% and 320% when plants were exposed to 370 ppm and 600 ppm,
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respectively, relative to 280 ppm of CO,. This clearly indicates that continuous
increase in atmospheric CO, will directly affect public health (Ziska and Caulfield
2000), in this case in the exacerbation of asthmatic conditions. P. hysterophorus
plants, which are recognized as being injurious to human health, were 52% taller
and had 55% more weed biomass when observed under elevated CO, (Shabbir et al.
2014). Future elevated CO, levels are likely to expand the area of land under
Toxicodendron radicans, and the plant growth, rate of rhizome elongation, and
production of urushiol (oil) content (which is responsible for dermatitis) will be
stimulated (Ziska et al. 2007).

Effects of Warming on Weed Proliferation and Growth

Along with CO, increase, the temperature of the earth is seen to be increasing, and
this temperature change is anticipated to significantly affect the geographical distri-
bution of weeds (Patterson et al. 1999). The ambient temperature plays a key role in
deciding the new environments for colonization of a plant species (Woodward and
Williams 1987), and it has been noted that increasing temperatures affect plant phe-
nology more than the elevation of CO, levels (Lee 2011). It has been established
that, under increasing ambient temperatures, weed plants move forwards to higher
latitudes (Patterson 1995a) and upwards to higher altitudes (Parmesan 1996). In this
respect, the minimum temperature in winter may be a significant driver of weed
shifts (Ziska et al. 2011), and, in addition, warming could make weed plants more
competitive than crop plants (Rosenzweig and Hillel 1998). Higher temperatures
strongly affect the biomass production at the reproductive stage compared to the
vegetative stage (Lee 2011), but they have a negative effect on pollen viability, pol-
len tube germination, fertilization, and seed formation. The growth of P. hysteroph-
orus in term of crop biomass, crop growth rate, relative growth rate, net assimilation
rate, leaf area duration, leaf area index, and numbers of flowers and seeds was
improved at elevated temperature. During this work, the maximum photosynthetic
response was observed at 25-35 °C, whilst the net photosynthesis was appreciably
reduced at the lower temperature of 7 °C (Pandey et al. 2003).

Elevated temperatures affect the growth of C; plants to a greater extent than for
C, plants, but this adverse effect for C; plants can be attenuated by elevated CO,
(Lee 2011). The simultaneous effects of warming and elevated CO, levels will more
positively favour C, plants relative to C; plants, a phenomenon illustrated by a study
that showed that at mild temperatures, elevated CO, levels favoured rice, a C; crop,
whilst, at a higher temperature and CO, levels, Echinochloa glabrescens, a C4 weed,
was favoured (Alberto et al. 1996). Rising temperatures may result in altered phe-
nology of plant growth phases like leaf development, flowering, fruiting, and ver-
nalization period (Baldocchi and Wong 2008) and thus was also shown by seedling
emergence being advanced by 26 days in C; (Chenopodium album) and by 35 days
in C, (Setaria viridis) weeds (Lee 2011) under warmer conditions. The warmer
temperature may accelerate the growth phenology and hasten the plant’s maturity
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(Singh et al. 2011). It is clear that temperature increase favours the growth of C,
weed species, as there was 68% and 88% increase in leaf area and biomass of
Rottboellia cochinchinensis with an increase in temperature by 3 °C (Ziska and
Bunce 2007). It has been further shown, in Southern India, that there is more growth
partitioned to the underground plant parts of Prosopis juliflora with an increase in
temperature (Walter and Armstrong 2014; Kathiresan 2017), whilst the abundance
and growth of the parasitic weed, Striga lutea, may increase under the elevated
temperature conditions in the United States (Patterson et al. 1982).

The Effects of Water Stress on Weed Distribution

Water deficit has been demonstrated to lower the amount of dry matter accumula-
tion by crop plants and to shorten the life style of plants, particularly those belong-
ing to the C; photosynthetic pathway (Blum 1996). In separate studies, deep-rooted
plants, for example, perennial weeds, were shown to be at a competitive advantage
relative to shallow feeder plants under water stress (Stratonovitch et al. 2012),
whilst in areas receiving higher precipitation, anoxic conditions will be created and
shallow-rooted plants will be favoured (Patterson 1995a). Under conditions of soil
moisture stress, the relative increase in plant dry weight and root dry weight was
more than elevated CO, level of 480 ppm than at the lower 357 ppm CO, (O’Donnell
and Adkins 2001). An increase in water use efficiency was also observed at elevated
CO, levels, but it was found that these increases did not mean that plants will neces-
sarily use less water over the whole growing season (Morrison and Gifford 1984).
Further, whilst the negative effect of water stress on plant growth was observed at
both 20/16 °C and 23/19 °C, the amount of plant height was greater at the higher
temperature. As a result of such observations, it is expected that weeds like wild oats
will continue to grow and complete their life cycle under predicted harsher and drier
extremes in future, although there will be a concomitant reductions in plant growth
and fecundity (O’Donnell and Adkins 2001).

From a plant ecology point of view, it has been established that the typical suc-
cession trajectory is always from ruderals to competitive plants, then finally to
stress-tolerant species. It is also known that under any type of challenging habitat,
weed plants can dominate under high-stress intensity due to their inherent hardiness
(Korres 2005). In such conditions, CO, enrichment may reduce the negative effects
of water stress and increase the growth of both C; and C, plants by improving their
water economy, but it has been noted that growth stimulation was more evident in
C; plants (Patterson 1986).
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Aspects of Crop-Weed Competition Under Stressful Climatic
Change Situations

Climate change may have a differential effect on the growth and fitness of weeds
and crops and will thus change the nature of crop-weed competitive interactions
(Patterson 1995a). The particular responses to climate change depend upon the
characteristics of the crop-weed association and the competitive abilities of the
plant in mixed cropping situations. Naturally, any factor which aggravates the stress
on crop plants may make them more vulnerable to intense weed competition, whilst
the response of weeds is typically more resilient. However, climate change is also
associated with atmospheric CO, increase, which has the previously mentioned fer-
tilization effect on crops belonging to similar photosynthetic pathways and an
improved weed to crop biomass has been observed in some instances (Ziska and
Runion 2007; Ziska et al. 2011). This observation was consistent with the com-
monly accepted axiom that C, weeds will show minimal response to CO, enrich-
ment, a finding that was based on earlier C; crop-C,weed competition investigations.
Overall, these published reports confirmed that C; crops became more competitive
relative to C, weeds in response to CO, enrichment (Patterson and Flint 1980;
Patterson et al. 1984; Patterson 1986; Alberto et al. 1996; Rosenzweig and Hillel
1998; Ziska 2000; Bunce and Ziska 2000).

However, notwithstanding the body of evidence that suggests that weed competi-
tion in a C; crop-C, weed scenario will decrease under elevated CO, concentration,
this should not be viewed as a universal crop/weed axiom, since the situation is very
complex. It appears that plant species belonging to similar photosynthetic pathways
(Patterson 1995b; Wand et al. 1999; Ziska and Bunce 1997; Miri et al. 2012) or
families (Wand et al. 1999; Diksaityte et al. 2014) may respond differently to abiotic
resources such as CO, enrichment, soil water content, and N supply (Kimball et al.
2002; Zhu et al. 2008). Legumes, for example, can respond more positively to ele-
vated CO, concentration than other plant species due to the presence of large carbon
sink (N fixing bacteria) in their roots (Rogers et al. 2009; Leakey et al. 2009). Some
studies, which have examined the crop-weed competition between C, crops and C;
weeds, have actually observed more weed competition under elevated CO, levels
(Ziska 2001, 2003c¢). For example, the vegetative biomass of Xanthium strumarium,
a C; weed, was increased relative to that of sorghum, a C, plant, at elevated CO,
(Ziska 2001). The grain yield and biomass of sorghum was significantly reduced
when grown in C, crop-C; weed (Sorghum bicolor-Abutilon theophrasti) or a C,
crop-C, weed scenario (Sorghum bicolor-Amaranthus retroflexus) under CO,-
enriched environment, indicating that there will be potentially more yield loss of a
C, crop in weedy environments as atmospheric CO, increases (Ziska et al. 2003c).
Finally, it has been seen that elevated atmospheric CO, levels may enhance toler-
ance of rice against parasitic weeds, namely, Rhamphicarpa fistulosa, Striga her-
monthica, S. aspera, and S. asiatica, in Sub-Saharan Africa (Rodenburg et al. 2011).
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Crop/Weed Competition Under Global Warming Conditions

It has already been observed that increased surface temperatures will accompany
elevated atmospheric CO, concentrations (IPCC 2007). Whilst this elevated CO,
has been seen to increase the crop biomass of C; crops relative to C, weeds in dif-
ferent studies, it is suggested that abiotic stresses such as increased temperature
could negate this advantageous effect in C;-C4 competitions (Knapp et al. 1993).
For example, the grain yield of rice was reduced at 37/29 °C compared to that at
27/21 °C irrespective of CO, concentration, and the competitive ability of E. glabre-
scens, a C, rice weed, was enhanced (Alberto et al. 1996). It has been seen that
simultaneous increases in both factors resulted in increased pollen sterility in rice,
and the competitiveness of rice relative to C, weeds was decreased under elevated
CO, levels and increased warming (Alberto et al. 1996). In tomatoes, warming
(from 21/12 to 26/18 °C) resulted in increase in crop losses from competition by
weeds from 33% to 55% and 32% to 61% under ambient and elevated CO,, respec-
tively, this loss being irrespective of photosynthetic pathway of the weed. The crop
duration was also shortened (Valerio et al. 2013). Cotton was a strong competitor to
Anoda cristata at a day/night temperature of 32/23 °C, whereas Anoda cristata was
a superior competitor at 26/17 °C (Flint et al. 1983). The biomass of cotton increased
by 38% and 61% when grown at 26/17 °C and 32/23 °C, respectively, and elevated
CO, concentration of 700 ppm as compared to 26% and 41% increase in associated
Anoda cristata weed (Patterson et al. 1988), indicating that cotton will be at a com-
petitive advantage in CO, rich environments even under suboptimal temperatures.

Crop/Weed Competition Under Water Stress Conditions

Generally, crop-weed competition for water increases under low soil moisture con-
ditions, and thus weed management remains important under water-scarce condi-
tions, even though under limited water conditions, the actual impact of weed
competition on crop yield appears to be lowered (Mortensen and Coble 1989).
Nevertheless, the critical period of crop-weed competition has been shown to be
more under wet conditions rather than dry periods (Coble et al. 1981). Wiese and
Vandiver (1970) reported that plant species grown in irrigated conditions were most
competitive under moist conditions, whilst those grown in drier conditions were
least competitive at high moisture levels. C; species were least productive under dry
conditions, whilst the productivity of C, species declined at high water availability
(Ozturk et al. 1981). Elevated CO, under well-watered conditions increased plant
height, leaf area, and biomass of tomato, a C; crop, more than A. retroflexus, a C,
weed, both in monoculture and competition situations, but the reverse was true
under water-limited conditions (Valerio et al. 2011). There was non-significant
effect of CO, and water stress on C, weeds under a monoculture scenario, but when
grown in competition, C, weeds benefitted from elevated CO, due to high leaf water
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potential compared to C; crops under drought conditions (Knapp et al. 1993; Valerio
et al. 2011).

Effects of Variable Nitrogen Supply

Weed growth is generally stimulated under application of nitrogenous fertilizers
(Vengris et al. 1955), and numerous studies have confirmed that whilst there is a
stimulatory effect of CO, on rice (a C; plant) growth and yield in monoculture, crop
response to elevated CO, depends upon N supply (Anten et al. 2003; Zhu et al.
2008). However, there is possibility that growth of C, species might be less depen-
dent upon nitrogen supply due to their inherent greater nitrogen use efficiency (Sage
and Pearcy 1987; Zhu et al. 2008). In the future, it is anticipated that there will be
elevated concentration of nitrogen in soils (due to change in carbon and nitrogen
mineralization pathways under elevated temperatures) and CO, in the atmosphere
and, in this respect, elevated levels of CO, from 400 ppm to 700—1400 ppm increased
the photosynthetic parameters and growth of C; pea crops (Pisum sativum L.),
whilst stimulatory effects of increased N supply was observed in Melilotus alba
Medik of the same family (DikS3aityte et al. 2014). In competition studies of C; crop
(rice) and C, weed (Echinochloa crus-galli), the proportion of crop biomass
increased with elevated CO, under adequate N supply relative to weed, but under
low nitrogen supply, it was observed that elevated CO, significantly reduced the leaf
area and root biomass of rice crops in comparison to the C4 weed (Zhu et al. 2008).
The role of nitrogen in moderating the stimulatory effect of elevated CO, has not
been fully understood, but it has been proposed that it might be required for sink
production (output such as seed, rhizome) (Ziska et al. 1996), since there is down-
regulation of photosynthesis even under elevated CO, in the absence or low supply
of nitrogen due to lack of sinks in C; crops (Anten et al. 2003). These types of stud-
ies confirm the fact that rising atmospheric CO, could still aggravate the crop-weed
competition under limited nitrogen supply.

Effects of CO, Enrichment

In most common agroecosystems, economic crops compete with approximately
8—10 dominant weeds (Bridges 1992), and these weeds will belong to C;, Cy, or
CAM pathways. Most studies on crop-weed competition in CO, elevated conditions
have focused on the alterations to the photosynthetic pathway systems of the crops
with respect to weeds. In a typical study, the crop yield loss observed for soybean
production increased from 28% to 39% when the crop was grown in competition,
under elevated CO, levels, with Chenopodium album, which is a C; weed. By com-
parison, the reduction in yield declined from 45% to 30% when the crop was grown
in competition with A. retroflexus, a C4; weed (Ziska 2000). In a separate study,
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soybean, a C; crop, responded better to CO, elevation than C; weeds under mono-
culture conditions, but the relative yield of soybean decreased when in competition
with C. album, a C; weed (Miri et al. 2012). An earlier study had indicated that
soybean growth increased in competition with Sorghum halepense, which is a C,
weed (Patterson et al. 1984). Wheat, a C; crop, responded more to CO, enrichment
in competition with some C; weeds, but the response was variable depending upon
the nature and type of associated C; weed species (Naidu and Varshney 2010). The
plant relative yield of millet, a C, crop, increased both in monoculture and in com-
petition with Amaranthus sp., a C, weed, with increased CO, concentration (Miri
et al. 2012).

The relative plant performance in term of shoot biomass and leaf area of C; weed
improved significantly when grown in competitive mixture with a C, crop under
elevated CO, concentrations (Ziska 2001). Also, a significant reduction in seed
yield and crop biomass of a soybean crop was observed in presence of Cirsium
arvense, and this reduction was even higher under elevated CO, levels (Ziska 2010),
whilst elevated CO, levels from 400 to 800 ppm in tomato crops exacerbated the
weed competition from both C; and C, species (Valerio et al. 2013).

We note here that it is important to appreciate that the crop and weed may have
similar genetic, developmental, or phenotypic characteristics such as in the case of
oats (Avena sativa L..) and wild oats (A. fatua) or taxonomical and biochemical simi-
larities like rice (Oryza sativa L.) and weedy/red rice (Oryza spp.). There was a
significant decrease in relative plant yield of cultivated rice seed yield in the pres-
ence of weedy rice with an increase in CO, level from 300 to 500 ppm (Ziska et al.
2010), and it was commented that the higher growth yield was observed in response
to increasing CO, level in the vegetative rather than the reproductive stage in crop
lines (Ainsworth et al. 2002).

The Ensuing Implications for Weed Management Under
Climatic Changes

It has been clearly stated that weed management strategies must adapt to both weed
biology and ecology and impacts of climate variability (Singh et al. 2011). In these
considerations, it must be appreciated that the effectiveness of chemical weed con-
trol depends upon the amount of herbicide applied, the growth stage of weeds, and
the nature of the surrounding environmental factors before, during, and after the
herbicide spray (Ziska and Dukes 2011). Climatic factors such as temperature, rain-
fall, wind, and relative humidity affect the herbicide efficacy, particularly in the case
of foliar uptake herbicides (Kudsk and Kristensen 1992). It has also been claimed
that unfavourable weather may either reduce herbicide effectiveness or increase the
risk of crop phytotoxicity due to herbicides (Patterson et al. 1999).

Crops and weeds respond differently to climate change pressures, and under
these changing conditions, it must be recognized that competing weed composition
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may also change. The variable response of plants to climate changes have been seen
to be due to morphological, anatomical, and physiological changes under climate
change, depending upon the photosynthetic pathway, available soil nutrients, and
soil water profile. As a consequence, the fecundity and evolutionary rate of feral
plant species will be altered, and the resultant management of wild/weedy plants
will thus be difficult under climate change (Shivrain et al. 2007, 2009). It has been
seen that there is more genetic diversity and phenotypic plasticity in weedy rice
biotypes, and these have been shown to be able to exploit available abiotic resources
far more than the cultivated rice biotypes (Ziska and McClung 2008). Of particular
concern is that herbicide resistance problems in weeds are increasing at an alarming
rate and many resistant cases related to common herbicides are being reported from
around the world (Heap 2018). In this respect, it is thought that the sole reliance on
weed management with herbicides, usually with repeated applications of single her-
bicide in a single season and a lack of integration with other biological and cultural
methods, has contributed to the accelerated evolution of herbicide resistance.

Problems Arising from CO, Fertilization

The morphological, physiological, and anatomical changes in the plant system due
to CO, enrichment could result in altered absorption, translocation, or metabolism
of herbicides and overall effectiveness of herbicides (Ziska and Teasdale 2000;
Ziska 2016). Water-soluble herbicides are absorbed mainly through stomata and
cuticles, and CO, enrichment results in stomatal closure due to increased guard cell
Ca?" concentration (Webb et al. 1996) and reduced stomatal conductance, which
may reduce the absorption of water-soluble herbicides. The lowered stomatal con-
ductance leads to reduced transpiration rates (Ainsworth and Long 2005), thus the
apoplastic movement of herbicide may be negatively affected in plants grown under
elevated CO,. Plants grown at elevated CO, have more leaf cuticular thickness and
leaf pubescence (Ainsworth and Long 2005), and this has been shown to retard
herbicide absorption. There is also a greater development of leaf area, a faster rate
of leaf development, and more biomass production in plants grown under elevated
CO, (Conroy et al. 1994), which will lead to more absorption of foliar herbicides.
More photosynthesis will lead to more translocation of assimilates from source to
sink tissues (Fernando et al. 2016) which, in turn, will enhance the symplastic
movement of herbicides in the plant system. CO, enrichment increases the starch
content in leaves (Robinson et al. 2012) and decreases N concentration of leaves
(Hogy et al. 2009; Robinson et al. 2012) and in grains (Hogy et al. 2009; Fernando
et al. 2015). The importance of this finding is that more starch in leaf tissues may
hamper the diffusion of herbicides to a specific site of action (Ziska and Teasdale
2000), thus affecting herbicide translocation. There may be less demand for amino
acids due to low protein in plant tissues which will reduce the efficacy of herbicide
acting on amino acid biosynthetic pathways. This may have serious implications
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beyond weed control as less gluten protein in wheat grains will result in lowered
bread quality and poor nutritional quality (Fernando et al. 2015).

In higher CO, environments, there will be a change in plant phenological devel-
opment, such as a reduced length of the seedling stage (early vegetative growth),
synchronicity in flowering, and spatial proximity. The weed plants cross the
herbicide-sensitive stage very rapidly due to rapid vegetative development (Ziska
et al. 1999), which also may decrease herbicide efficacy. The changed flowering
pattern under changing biotic and abiotic factors can lead to gene transfer between
crop and related wild/weedy species (Ellstrand et al. 1999). The weedy rice can be
controlled with transplanting nursery in flooding fields or by cultivating non-
transgenic imidazolinone-resistant rice cultivars (Gealy et al. 2003), but CO, enrich-
ment will affect the management of this weed due to changed plant phenology. A
0.22-0.71% increased flow of genes was observed from wild, weedy rice to
herbicide-tolerant rice when atmospheric CO, level was increased from 300 to
600 pmol mol~, and this increased outcrossing in response to rising CO, was due to
advancement in flowering time for the wild rice by 8 days (Ziska et al. 2012).

The efficacy of glyphosate has been reported to decrease under elevated CO,
levels for C; weeds (Ziska et al. 1999, 2004; Ziska and Teasdale 2000; Archambault
2007; Ziska 2010) and C, grasses (Manea et al. 2011), but growth and management
of A. retroflexus, a C, broadleaf weed, was not affected by CO, enrichment (Ziska
et al. 1999). The reasons for decreased efficacy of glyphosate appear to be numer-
ous, including the decreased length of the herbicide-sensitive weed stage (Ziska
et al. 1999), more aboveground weed biomass resulting in a dilution effect (Ziska
2010; Manea et al. 2011), an increased root-shoot ratio (Ziska et al. 2004; Rogers
et al. 2008), more regeneration capacity of perennial weeds from vegetative means
under elevated CO, levels (Donald 1990; Ziska 2010), or reduced need of aromatic
amino acids (Bowes 1996).

It has been found that perennial weeds are more effectively controlled with
mechanical methods like tillage and removal using cutting and hoeing. However,
elevated CO, will increase root to shoot ratio, and this will facilitate more regenera-
tion of new plants from tubers, rhizomes, suckers, runners, and plant fragments.
This increased regenerative capacity and more belowground plant biomass under
elevated CO, may then lead to poor control of these perennial weeds with mechani-
cal methods, and the physical process of tillage may help in dispersal of these weeds
over space and time instead of helping to control them (Ziska and Bunce 2007,
Rodenburg et al. 2011).

It is suspected that biological weed management will also be affected by climate
change, and the actual efficacy of biocontrol agents may also be disrupted by altered
weed biology and ecology under elevated CO, levels. Insects, when used as biologi-
cal control agents, may also fail to control the weeds due to more vegetative growth
in response to elevated CO, levels. However, it has been noted that the stem galling
moth (Epiblema strenuana) reduced the biomass production of P. hysterophorus
both at ambient (by 36%) and elevated CO, (by 45%), indicating that this biological
control agent would remain effective for controlling the weed in CO,-enriched envi-
ronment (Shabbir et al. 2015). Disease pathogens are likely to perform more effec-
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tively as biological control agents to manage the weeds under CO,-enriched
environment. For example, it was observed that winter rust (Puccinia abrupta var.
partheniicola) infected plants of P. hysterophorus exhibited decreased photosynthe-
sis and water use efficiency under elevated CO, levels (Shabbir et al. 2014).

Difficulties Arising from Ambient Condition Warming

Environmental conditions like temperature and relative humidity at herbicide appli-
cation time can change the herbicide efficacy either by changing absorption or
translocation by altering the fluidity of cuticle and plasma membranes (Sharma and
Singh 2001; Johnson and Young 2002; Ramsey et al. 2005). High temperatures may
also increase the metabolism rate of herbicide within the plant system (Johnson and
Young 2002), and an increased temperature level may cause stress to plants and
alter the leaf cuticular composition and absorption of the herbicide (Ziska and
Bunce 2006). Warming of moist soil causes more volatilization losses of surface-
applied chloroacetanilide herbicides (Beestman and Deming 1974) and degradation
of imidazolinone herbicides (Mcdowell et al. 1997). Indeed, herbicide degradation
is also faster under high soil temperature conditions, thus reducing the herbicide
availability from the soil. In these circumstances, the control of Alternanthera
philoxeroides was reduced from 92% to 80% when penoxsulam was applied at tem-
peratures of 21/11 °C and 27/18 °C, respectively (Willingham et al. 2008). Warming
may also reduce herbicide persistence in the soil and the efficacy (Bailey 2004) of
soil-applied herbicide.

Dealing with Problems Caused by Water Stress

In the future, water scarcity in Asia may arise from both physical and economic
causes by 2025 (Tuong and Bouman 2003), and in Africa, rainfed agriculture sys-
tems will be more vulnerable to drought (Rodenburg et al. 2011), and these are
concerning scenarios for cultures which survive on agricultural output. For exam-
ple, it is known that C, plants are dominant under dryland soils and C; plants are
dominant in submerged soils, and this difference may be the reason that submer-
gence protects Asian rice crops from competition by weeds of C, photosynthetic
pathway (Matsunaka 1983). In rainfed areas, drought periods may cause thick cuti-
cle development on leaves, increased leaf pubescence and closure of stomata
(Patterson et al. 1999) or reduced leaf area and change in leaf orientation (Zhou
et al. 2007). These changes will severely decrease the ability for herbicide uptake
and thus damage crop production, particularly in Africa. Generally, in dryland agri-
culture, crop-weed competition will become more severe and timely management
of weeds will attain importance when attempting to realize crop potential yields (Le
Houerou 1996).
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Some Pointers Towards Future Crop Production Management

Innovative Crop Breeding Efforts

In the future, it will be essential to develop a new suite of crops with efficient germ-
plasms which will exhibit desired traits like drought/heat tolerance and weed-
smothering potential. In parallel with this development, there will be the potential
for adaptation of advanced agricultural technologies which will mitigate the amount
of GHG emissions with their adoption. In addition, selection of crop cultivars which
have high-yield potential under a changing climate scenario and have weed-
suppressive potential (or compete well with weeds) is of major importance (Korres
etal. 2016). Of continuing concern, however, is that the greater innate genetic diver-
sity present in weedy lines will allow them to develop adaptability to rising tem-
peratures and increased atmospheric CO, levels. On the other hand, although crops
have been bred and selected for high yields in different climate scenarios, there may
be a future novel source of resistance to biotic and abiotic stresses which can be
extracted from weedy lines, and this may be used to develop new varieties of hardier
crop varieties (Ziska and McClung 2008).

Advanced breeding techniques utilize the continuously adapting germplasm of
current crops to ongoing climate change and are evaluating the emergent crops at
multiple locations of varied environments (Barnaby and Ziska 2012). Of high prior-
ity is to develop strains with increased drought tolerance, which will reduce irriga-
tion water requirements and pumping energy. Such efforts will clearly contribute to
the possibility of achieving sustainable crop yields in areas receiving less rainfall.
Breeding crops for evolutionary traits, such as increased nitrogen use efficiency,
should be a top priority since this will improve the GHG profile of crop production
on the basis of reduction in nitrogen oxide emissions. Also, under enhanced CO,
levels, the nutritive value of crop plants will be needed to be re-examined, as plants
will have more starch but less protein content and will evidence reduced digestibil-
ity (Taub et al. 2008).

Conservation Agriculture Systems

Conservation agriculture is an adaptation and mitigation strategy which is currently
being practiced in many countries as a response to climate change conditions. To
address the obvious difficulties introduced by the weather effects and other varia-
tions to farming practice, systems referred to as climate-resilient agriculture, zero
tillage, or conservation agriculture have been recommended. One mitigation strat-
egy has been to sequester additional carbon in the soil (Lal et al. 1998), either as
buried gaseous CO, or as mulched material. However, the success of conservation
agriculture will critically depend upon successful chemical weed control. The culti-
vation of herbicide-tolerant crops has facilitated conservation agriculture systems
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(Brookes and Barfoot 2008), and conservation tillage techniques have reduced
GHGs emissions, especially CO, due to reduced fuel use. Carbon sequestration
using crop residue management techniques have been seen to be useful, although
nitrogen oxides emissions have been seen to rise with the introduction of CA sys-
tems due to more soil moisture and less porosity (Holland 2004). Nevertheless,
adherence to the three principles of conservation agriculture, namely, zero tillage,
crop rotation, and retention of residues on the surface, and use of cover crops or
mulches will help in maintaining adequate weed control when used in conjunction
with reduced chemical use.

Improved Agronomic Practices for Chemical Weed Control

The use of improved varieties of crops, coupled with refined agrotechnology prac-
tices, have resulted in the achievement of higher crop productivities. However, it is
anticipated that to attain a state of sustainable crop production, more precision agri-
cultural techniques will be needed to be adopted. These will include infrastructure
such as modern planters, sprayers, and other harvest equipment. In particular, her-
bicide spray technology will have to be refined in term of time of spray and amount
of herbicide delivered. This will be in concert with a need for integrated weed man-
agement methods which will be required to be developed in order to (i) prevent
ingress of weeds into new areas, (ii) interfere with weed population reproduction,
(iii) and to prevent the further dispersal and establishment of weeds.

Weeds Which Cause Allergic and Toxic Reactions

As a final remark, we note that the impact of climate change on growth, phenology,
and pollen production of weeds with known allergic reactions to human systems
and to other economically important plants needs to be studied in depth (Ziska et al.
2009). It is already known that respiratory allergies are caused by weeds like
Ambrosia spp., Betula spp., and P. hysterophorus and contact dermatitis has been
shown to be caused by Toxicodendron spp./Rhus spp. (Ziska 2003b). Such weeds
will present immediate problems for agricultural workers, but there can also be
wind-borne material which will create wider difficulties for populations near crop-
growing situations. In this respect, both the increase in production of pollen under
climate stress conditions, together with the attendant increase in strength of wind
gusts will combine to exacerbate these problems. In addition, some commonly
encountered weeds, such as Ricinus communis and Rheum rhabarbarum, are
directly toxic to plants and will therefore be responsible for unavoidable crop mor-
tality. Unless immediate steps are taken to curtail the spread of such species, signifi-
cant economic implications will arise — coming both from acute weed control
actions and significant crop yield decreases.
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Conclusions

It is recognized that weeds are extremely dynamic in nature and thus will most
likely be able to acclimatize effortlessly to all forms of climate change. Indeed,
there has been some research suggesting that weeds are able to aggressively flourish
in higher CO, atmospheres, warmer weather, and increased water stress conditions.
However, with respect to competition in practical cropping situations, the picture is
not yet clear, since the limited number of research studies have mainly dealt with
single crop/weed pairs, based on an investigation of the efficacy of C; vs a C, pho-
tosynthetic pathway under controlled environments. Notwithstanding these valu-
able contributions, in a field situation, crop plants are inevitably surrounded by an
assemblage of C; and C, plants, and it is known that there is a considerable variation
in the growth response of competing plants to climate change. Given the wisdom of
the old adage ‘Forewarned is forearmed’, it seems prudent that, faced with the pro-
jected changes in multiple climatic parameters and soil resources, a multifactor
approach will be needed to study the effects of climate change on a variety of weed
growth and management situations and on an equally large set of crop-weed inter-
ference mechanisms. In addition to this type of programme, because the nature and
severity of the outcomes of concurrent changes in CO, and other physical parame-
ters on crop-weed competition are still unclear, there is urgency for a deep under-
standing of the interactive effects of climate change parameters. Data regarding the
interactions of air temperature, CO,, ozone, precipitation pattern, soil nutrition and
water availability with respect to plant growth, are paramount. At a practical level,
studies of a range of crops and weed species grown in monoculture and mixed-
species communities will be required to allow a systematic development of crop
management strategies to emerge.

Emphasising the complexity of this task, we note that the differential response of
C; and C, plants to elevated CO, and ambient warming will have important implica-
tions on the future distribution and spread of weed species. In addition, the genus
shift in weed flora from annuals to perennials in continuous zero-till fields, coupled
with the reduced efficacy of many herbicides used for weed control, could signifi-
cantly negate the beneficial effects of zero tillage on carbon sequestration. Indeed,
for the development of sustainable and effective weed management with herbicides,
new strategies will have to be adopted to address weed infestations under changing
climate scenarios. A number of tentative suggestions have been made in this regard
including the increase of the active ingredient concentration in a herbicide, increas-
ing the number of herbicide applications, or moving to the addition of surfactants to
allow more penetration of applied herbicides.

Howeyver, it is feared that this over-reliance on herbicides will add an extra bur-
den to the management task with respect to both the economics of production and
the surrounding environment. It will also significantly increase the risk of acceler-
ated herbicide resistance evolution in weeds. In addition, it is anticipated that those
weeds with asexual/vegetative propagation means, such as perennial weeds, will
pose a further major hurdle in sustainable crop production as these weeds become
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progressively harder to control with chemical and mechanical weed control meth-
ods in a higher CO, world. This problem will be exacerbated by the expected
increase in gene flow between cultivated crops and their wild relatives under a cli-
mate change scenario, which will resoundingly decide the future of herbicide-
tolerant crops. Finally, we assert that there is a compelling requirement to conduct
extensive research to assess the potential consequences of climate change on the
efficacy of different herbicide families, in order to allow considered selection of
herbicide types in specific climatic situations. In this respect, there seems to be no
alternative but to plan and conduct long-term field experiments with multiple cli-
mate variables to prepare crop managers to adequately face the multiple challenges
of weeds for economic crop production.
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Introduction

The impact of weeds is diverse and multifaceted, the consequences of which are
experienced from across all levels of society. Weeds impact our society in the form
of direct expenditure (i.e. financial resources devoted to biosecurity, quarantine and
control measures), reduced economic output (i.e. lower yields, livestock losses,
reduced quality of farm products, forgone production, etc.) and welfare costs (i.e.
impacts on human health, damage to natural assets and biodiversity). Economic
losses due to introduced weeds in cropping and pasture systems in Australia, the
United States (US), Brazil, South Africa, India and the United Kingdom (UK) have
been estimated at US$ 94.92 billion per year and their environmental costs at US$
178 million (Pimentel et al. 2001). However, because there is no data available for
many invasive weed species on damages and control costs (Jardine and Sanchirico
2018), and welfare costs are often omitted from economic estimates, the true soci-
etal cost of weed invasion remains unquantified. Weeds in cropping systems, which
are the focus of this chapter, represent a major challenge to global food production.
In developing economies, where farmers typically employ traditional weed control
practices such as animal-powered cultivation and hand-weeding, crop losses due to
weeds can be high. In India, estimated yield losses incurred due to weeds amounted
to 35.8% in peanut (Arachis hypogaea L.), 31.4% in soybean (Glycine max (L.)
Merr.), 30.8% in green gram (Vigna radiata (L.) R. Wilczek, 27.6% in pearl millet
(Pennisetum glaucum (L.) R. Br., 25.3% in maize (Zea mays L.), 25.1% in sorghum
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(Sorghum bicolor (L.) Moench), 23.7% in sesame (Sesamum indicum L.), 21.4% in
mustard (Brassica nigra L.), 21.4% in direct-seeded rice (Oryza sativa L.), 18.6%
in wheat (Triticum aestivum L.) and 13.8% in transplanted rice in experiments
where weeds were controlled according to standard farming practice (Gharde
et al. 2018).

In more advanced economies where modern weed control methods are applied,
weeds still impose heavy yield penalties and control costs. In US agriculture, weeds
cause a 12% reduction in crop yields, equivalent to US$ 33 billion in lost crop pro-
duction annually based on the potential value of all US crops being in excess of US$
267 billion/year (Pimentel et al. 2005). In Australian grain cropping systems, aver-
age cost on weed control was estimated to be AU$ 113/ha. Weeds cost Australian
grain growers AU$ 146/ha in expenditure and losses, with this annual loss in yield
amounting to 2.76 million tonnes of grain (Llewellyn et al. 2016).

These estimates clearly demonstrate that weeds reduce the profitability of crop-
ping systems, even in situations where weeds are subjected to high levels of control.
In the absence of control measures, weeds have greater potential to reduce global
crop production than any other type of crop pest (Oerke 2006). For example, soy-
bean is grown over 32 x 10° hectares in North America and valued in excess of US$
33 billion, but soybean production and economic value would be halved if weeds
were left uncontrolled (Soltani et al. 2017). Similarly, uncontrolled weed presence
in maize across the United States and Canada has potential to cause 50% yield loss,
equating to an amount of 148 million tonnes of maize worth over US$ 26.7 billion
annually (Soltani et al. 2016). For dry bean (Phaseolus vulgaris L.) production in
North America, decrease in yield because of uncontrolled weeds resulted in an aver-
age yield loss of 71.4%: a reduction of 941 x 10 and 184 x 10° kg for the United
States and Canada, valued at approximately US$ 622 and US$ 100 million, respec-
tively (Soltani et al. 2018). These estimates clearly illustrate the importance of con-
tinued research and extension of support for effective weed management in
the future.

In this chapter, we review the relevant literature with the objective of summaris-
ing the key ways in which weeds and crop species are predicted to respond to cli-
mate change in the context of cropping systems. We then outline the likely
implications for crop-weed competitive interactions and discuss how climate change
could influence which weed control technologies will remain viable and effective in
the future.

Climate Change and Cropping Systems

Temperature changes are among the foremost concerns associated with climate
change. The Earth is experiencing rising temperatures due to the combustion of fos-
sil fuels which emit carbon dioxide (CO,) (Wijffels et al. 2016). Anthropogenic
emissions of non-CO, greenhouse gases, such as nitrous oxide and methane, also
contribute considerably to warming (Montzka et al. 2011).
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Temperature is a primary factor affecting plant development. Reproductive pro-
cesses and pollination, in particular, are sensitive to temperature extremes across all
species of crops, greatly affecting production systems (Hatfield and Prueger 2015).
Warmer temperatures are already causing yield loss in major crops (Chen et al.
2016; Gourdji et al. 2013), and in the absence of adaptation on an unprecedented
scale, extreme heat will have a significant effect on productivity of agriculture
(Burke and Emerick 2016).

Additionally, increased heat leads to greater evaporation, hence increasing the
duration and intensity of drought. From 1964 to 2007, production losses due to
drought were associated with a reduction in both harvest area and yield, whereas
extreme heat mainly decreased cereal yields. Furthermore, recent droughts have
been the most damaging, with developed countries suffering greater production
losses than developing ones (Lesk et al. 2016). Globally, by 2100, the disaster area
affected by drought will increase from 15 to 44%. The average cropland drought
risk index will double from 53 to 105 under 2050 projections, increasing to 129 by
2100. Correspondingly, future climate change (related to drought disaster) will sig-
nificantly increase the yield reduction rates for major crops: by >50% and almost
90% in 2050 and 2100, respectively (Li et al. 2009).

In addition to these challenges, the occurrence of warmer air with greater water
holding capacity is producing more intense precipitation events. Increased water
vapour in the atmosphere has resulted in the increase of extratropical rain, thunder-
storms or snow storms and tropical cyclones of greater severity. Even where total
precipitation is decreasing, such events are observed to be widely occurring, render-
ing true the saying that ‘it never rains but it pours!” (Trenberth 2011). Recent flood-
ing events have greatly damaged crop production worldwide. US production losses
in maize caused by frequent occurrence of extreme weather events may become
twice during the next 30 years, causing additional damages estimated at $3 billion
per year (Rosenzweig et al. 2002).

Elevated atmospheric CO, may have some positive effects to the otherwise nega-
tive impact of rising temperature and reduced soil moisture (Lobell and Gourdji
2012). Higher CO, has been shown to have a fertilisation effect in C; species such
as wheat and rice. Biomass increase has been forecasted to augment marketable
yield by 8=70% for C; cereals and by 20—144% for cash and vegetable crops (Korres
et al. 2016). However, there is concern that lower protein concentrations in harvest-
able yield associated with CO, fertilisation may reduce the nutritional quality of
crops (Taub et al. 2008).

Responses of Crop Weeds to Climate Change

The large body of scientific evidence in support of climate change leaves little doubt
that global temperature, precipitation and CO, levels are already considerably dif-
ferent from pre-industrial levels. Considering the limited response of humans to
mitigate against the causes of climate change, there is every reason to expect current
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trends to continue. Modern plant taxa have been persisting for the last 2.5 million
years of climate variability (Davis and Shaw 2001). Whether plant species have the
capacity to respond fast enough to keep pace with the current rapid pace of climate
change remains to be seen. Generally, plant species have three options to avoid
extinction in a changing environment: migrate, acclimate or adapt (Lavorel and
Garnier 2002; Pautasso et al. 2010; Peters et al. 2014). The discussion below will
consider each of these responses in terms of weeds in cropping systems, based on
the available literature.

Migration

The term migration is used here to describe the landscape-scale expansion of plant
species. Weeds that migrate into new areas are commonly referred to as invasive or
alien plant species. For certain invasive species, climate change is anticipated to
increase the area occupied (Bradley et al. 2010; Kumaratilake and Preston 2005;
McFadyen and Skarratt 1996). However, empirical evidence for landscape-scale
range expansion due to climatic factors alone is scarce for arable weed species. The
paucity of evidence may be due in part to the difficulty of separating any direct cli-
mate effect from changes driven by human-mediated processes. Indeed, compared
with the impact of human activities in facilitating the movement of species into new
areas, range expansion due to climate factors alone is likely to be minor. Moreover,
in addition to crossing geographical barriers and entering a new area, plant species
must also become established in a new location, a process which may take many
years to become evident. Similarly, where an increase in range is observed, it is
often very likely to be the consequence of natural expansion of populations, rather
than a direct result of climate change (Hulme 2017). Practitioner management strat-
egies will largely dictate the extent to which weed migration will impact arable
systems. Climate change will no doubt require adaptation of cropping systems,
including changed rotations, new crops and different management practices (e.g.
irrigation, nutrient application, etc.), and these changes will have direct conse-
quences for weeds, both new and naturalised species.

Acclimation

Elevated CO, stimulates photosynthesis and growth in C; weeds and reduces stoma-
tal aperture, resulting in increased water use efficiency in both C; and C,; weeds
(Patterson 1995). Moreover, weed acclimation responses may render them more or
less susceptible to herbicides, depending on characteristics of both the herbicides
and weed species. This will be explored in more detail later in this chapter.

The ability of an introduced plant species to acclimate to an environment is influ-
enced by phenotypic plasticity, increasing both the invasive risk and the ability to
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influence which weeds will come to dominate a cropping system (Scheiner 2016).
Phenotypic plasticity is the ability of a population to express different phenotypic
traits under varying environmental conditions (Bradshaw 1965). Richards et al.
(2006) described three basic strategies that can assist plant species in becoming suc-
cessful invaders. The first is a ‘jack-of-all-trades’ strategy, which promotes success
under conditions that would generally be considered unfavourable for plant growth.
Examples of crop weeds with a jack-of-all-trades genotype include knapweed
(Centaurea diffusa) (Turner et al. 2015) and Johnsongrass (Sorghum halepense)
(Atwater et al. 2016). A ‘master-of-some’ succeeds only under favourable environ-
mental conditions. The ‘master-of-some’ category is well-illustrated in the context
of arable fields. For example, in a study Agrostemma githago and Bupleurum rotun-
difolium were only found in winter cereal fields in arable lands of Western Europe
(Fried et al. 2010). The third category mentioned by Richards et al. (2006) is the
‘jack-and-master’ strategy which, by tying the other two strategies together, can
have a non-plastic fitness yet is flexible enough to increase its fitness by utilising
favourable environments and so succeeds under all conditions. In this study, intro-
duced Phragmites outperformed the native North American conspecific by a factor
of 2-3 under every global change scenario (Mozdzer and Megonigal 2012).

Evolution

Many species of weeds are capable of relatively rapid genetic change. A classic
illustration of this is the evolution of resistance to herbicides in cropping systems,
including alarming cases in which weed species have developed multiple resistance
to herbicides with different modes of action (Chhokar and Sharma 2008; Owen
et al. 2007; Yu et al. 2007). Such capacity for rapid evolution enhances the invasive
potential of a weed as well as its responsiveness to anthropogenic ecosystem modi-
fication. It has been speculated that invasive species experience a lag phase, which
could be due to the time needed for them to evolve to fit the new habitat. This
implies that many invasive species or their biotypes during this climate change
period may be in the process of evolving adaptations that could lead to a high popu-
lation growth in the near future (Clements and Ditommaso 2011).

Consequences of Climate Change for Weed Control in Arable
Ecosystems

Competition Between Weeds and Crop Plants

As we have already discussed, crop productivity is already being directly impacted
by climate change. The increase of environmental stress on crops reduces their com-
petitive ability against weeds while also exposing them to increased vulnerability to
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attack from insects and plant pathogens (Patterson 1995). Climate change is likely
to cause an extensive shift in patterns of photosynthetic limitation in higher plants.
A lot of research and discussion has centred on the relative importance of C; and C,
photosynthetic pathways in determining the competitive advantage of crop-weed
interactions under climate change. Higher CO, has a fertilisation effect in C; species
such as wheat and rice, given that photo respiratory costs in the C; photosynthesis
pathway are eased by higher levels of CO, (Lobell and Gourdji 2012).

Because most of the world’s major crops are C; species, while many major agri-
cultural weeds are C, species, it is plausible that an increase in atmospheric CO,
could alter the balance of competition in favour of crops. C, photosynthesis enhances
carbon gain in hot environments; however, certain characters unique to C, photo-
synthesis may reduce phenotypic plasticity possibility compared with C; photosyn-
thesis (Sage and McKown 2005). It is difficult to clearly ascertain whether a C; or
C, photosynthetic pathway is advantageous under climate change due to the interac-
tion of climatic factors among themselves. Alberto et al. (1996) reported that ele-
vated CO, alone could increase competitiveness in a C; crop (e.g. rice) relative to a
C, weed (e.g. Echinochloa glabrescens); the C, weed could be favoured with the
simultaneous increases in CO, and temperature. Similarly, Valerio et al. (2011)
observed reduced weed competition when tomato (C;) and redroot pigweed
(Amaranthus retroflexus, C,) were grown under well-watered conditions, but red-
root pigweed performed better when drought and high CO, occurred synchronously.
In contrast, in a study comparing three C, grass weeds (Digitaria ciliaris,
Echinochloa crus-galli and Eleusine indica) and soybean (C; crop), elevated CO,
increased the growth of both C; and C, plants under drought conditions by improv-
ing their water economy, but CO, enrichment growth stimulation was greater in the
C; crop (Patterson 1986).

Weed-crop competition will be influenced by interactions between climatic vari-
ables and other factors important for plant growth. In rice (C;), biomass increased
with elevated CO, relative to E. crus-galli (Cy), but only in the presence of adequate
soil nitrogen (Zhu et al. 2008). In the nitrogen-limited condition, the competitive
ability of rice relative to E. crus-galli was reduced under enriched CO,. There are
also situations where the crop and co-occurring weed species have the same photo-
synthetic pathway. Research comparing maize and S. halepense, both C,, reported
that maize had higher competitive ability when soil water was at field capacity (FC),
but reducing soil water content to 75% FC reduced competitiveness of maize, and
S. halepense populations collected from subhumid regions became more competitive
under drought conditions (Leguizamén et al. 2011). The suggestion here is that
genetic or phenotypic differences between weed populations could be more impor-
tant than photosynthetic pathway in determining the extent of crop-weed
competition.
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Weed Invasion

Climate change will have a significant effect upon the processes that regulate weed
invasion, in particular growth and reproduction (Hulme 2017). For example, longer
periods of drought and elevated CO, are likely to significantly increase the growth
and seed production of Parthenium hysterophorus and may ease the further invasion
of this damaging weed in tropical and subtropical agro-ecosystems of Australia
(Nguyen et al. 2017), assuming the existence of suitable dispersal pathways.

At this stage, it is relevant to point out that agricultural weeds evolve in response
to crop management practices, and considerations such as crop type, agronomy and
weed control exert strong selection pressures that may in some cases outweigh
changes in climatic factors that could otherwise support weed invasion. Weed popu-
lations have demonstrated a capacity to evolve rapidly in response to intense,
human-derived selection pressures (e.g. herbicide resistance), and it is reasonable to
assert that such evolution could occur simultaneous to climate-driven adaptation.
This highlights a need for studies on evolutionary biology so that weed adaptation
and their spread could be minimised (Neve et al. 2009).

Herbicide Efficacy

In modern agriculture, herbicides play a crucial role in farm productivity and profit-
ability, especially in systems that have adopted conservation agriculture (CA).
Conservation tillage, which is central to CA, is vital to protecting soil structure and
preventing erosion and is advocated as a means to reduce greenhouse gas emissions
from agricultural land use (Busari et al. 2015). In conservation tillage systems, the
ability to plant into unploughed soil, leaving crop residues on the surface, is enabled
by herbicides that provide an alternative to cultivation for controlling weeds. The
efficacy of many herbicides could be affected by climate change parameters, which
could make weed management a difficult task for sustainable crop production in
modern CA systems.

There is already sufficient evidence to suggest that climate change could signifi-
cantly reduce herbicide efficacy due to direct effects on plant biochemistry and
morphology, as well as field access and spray coverage being impacted by climatic
extremes (Ziska 2016). Environmental factors such as temperature, soil moisture
and CO, affect the uptake, translocation and efficacy of different herbicides.
Furthermore, interactions among these environmental factors may have unpredict-
able effects on herbicide efficacy (Varanasi et al. 2016).

Existing literature (Table 1) on commonly used herbicides suggests that the
impacts of climate change on herbicide resistance not only will vary according to
the mode and type of herbicide but will also differ between species and within bio-
types of the same species (i.e. resistant versus susceptible weed biotypes).
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Table 1 Impact of climate change on herbicide efficacy (HE)

Climate
change
element Herbicides Weed species Result References
Elevated CO, | Glyphosate 14 species Species-specific Waryszak
and (grasses, herbs, et al. (2018).
fluroxypyr- shrubs and vines)
meptyl
Glyphosate 15 species No clear relationships Waryszak
and (grasses, herbs, between species’ responses | et al. (2018)
metsulfuron | shrubs and trees) | to herbicide
methyl
Glyphosate Cyperus rotundus | Nil reduction in HE Marble et al.
and L. and (2015)
halosulfuron | C. esculentus L.
Glyphosate Four C, invasive | Higher tolerance in 3 out of | Manea et al.
exotic grasses 4 grasses when mature, due | (2011)
to increased biomass
production resulting in a
dilution effect
Glyphosate Cirsium arvense | Weed species more Ziska (2010).
competitive with soybean
crop and harder to control
chemically in response to
elevated CO,
Glyphosate Cirsium arvense | Reduction in glyphosate Ziska et al.
efficacy in the enriched (2004).
CO, treatment, attributed to
a dilution effect
Glyphosate C; perennial Sustained growth and Ziska and
(Elytrigia repens) | increased tolerance to Teasdale
glyphosate at elevated CO, | (2000).
in intermediate and older
plants
Combination | Cyhalofop- Multiple-resistant | HE not reduced in Refatti et al.
of increased | butyl (MR) Echinochloa | susceptible plants. (2019)
temperature colona High CO, and high
and elevated temperature increased the
CO, resistance level of MR
E. colona
Glyphosate Bromus tectorum | Nil impact on HE Jabran and
L., Hordeum Dogan
murinum L. and (2018).
Lactuca serriola
L.
Temperature | Glyphosate Kochia scoparia | Decreased dicamba Ou et al.
and dicamba translocation and reduced | (2018)

glyphosate absorption
contribute to poor control
at high temperature

(continued)
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Climate
change

element Herbicides

Weed species

Result

References

Glyphosate
and 2,4-D

Ambrosia
artemisiifolia and
Ambrosia trifida

HE of glyphosate and
2.,4-D for control of both
species can be improved if
applied at warm
temperatures

(29/17 °C day/night) due to
increased absorption and/or
translocation compared
with applications during
cooler temperatures

(20/11 °C day/night),
regardless of susceptibility
or resistance to glyphosate

Ganie et al.
(2017).

Saflufenacil

Glyphosate-
resistant (GR) and
glyphosate-
paraquat resistant
Conyza
bonariensis

Saflufenacil- and
glyphosate-alone provided
better control at 15/10 °C
and 25/20 °C than under
35/30 °C. Under 35/30 °C,
a tank mixture of
saflufenacil + glyphosate
provided the best control

Dennis et al.
(2016)

Herbicides
that inhibit
acetyl-CoA
carboxylase
(ACCase)

Alopecurus
myosuroides,
Avena sterilis,
Lolium rigidum,
L. multiflorum and
Setaria viridis

Temperature-dependent
herbicide sensitivity based
on metabolic
detoxification, suggesting
higher risks for the
evolution of herbicide-
resistant weeds under
predicted climatic
conditions

Matzrafi et al.
(2016).

Glyphosate

Echinochloa
colona

Reduced glyphosate
efficacy at high
temperatures on resistant
E. colona biotypes, making
them harder to control in
summer

Nguyen et al.
(2016)

Mesotrione

Amaranthus
palmeri

Sensitivity drastically
increased when
temperature decreased
from 32.5/22.5 to

25/15 °C day/night.
Sensitivity was reduced
when grown under

40/30 °C day/night
compared to 32.5/22.5 and
25/15 °C

Godar et al.
(2015)

(continued)
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Climate
change
element Herbicides Weed species Result References
Glufosinate | Raphanus Low temperature reduces | Kumaratilake
raphanistrum glufosinate activity and and Preston
translocation. Control (2005).
efficacy higher under
warmer conditions
Pyrithiobac | Amaranthus Pyrithiobac efficacy was Mabhan et al.
palmeri highest for the application | (2004)
within the thermal
application range 20-34 °C
and significantly reduced at
temperatures above and
below
Isoproturon | — Based on modelling using | Bailey (2004)
real weather data,
accelerated decline in
herbicide residues was
attributed to higher soil
temperature and would
result in shorter duration of
weed control
Temperature | MON 37500 | Bromus tectorum, | Cool air temperatures Olson et al.
and soil Avena fatua and decreased the herbicide (2000)
moisture (SM) Aegilops metabolism in all species,
cylindrica whereas SM had no effect
Temperature | Mesotrione Xanthium Changes in temperature Johnson and
and RH (RH) | (foliar strumarium L., and RH can significantly Young (2002)
applied) Amaranthus rudis | alter the efficacy of
Sauer, Digitaria | mesotrione in foliar
sanguinalis application, but the degree
L. Scop., Ipomoea | and nature of the effect is
hederacea (L.) species dependent
Jacq., Abutilon
theophrasti (L.)
Medic.
Glyphosate Desmodium Uptake and translocation Sharma and
tortuosum were reduced at high Singh (2001).
temperature or low RH
Glufosinate- | Setaria viridis (L.) | HE was significantly Anderson
ammonium Beauv. decreased by low RH et al. (1993)

(continued)
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Climate
change
element Herbicides Weed species Result References
Soil moisture | 11 pre- Chenopodium The efficacy of linuron, Jursik et al.
(SM) emergent album, E. pethoxamid and (2015)
herbicides for | crus-galli, prosulfocarb was strongly
sunflower A. retroflexus, affected by SM and was
(Helianthus | Mercurialis annua | reduced under dry
annuus) and Solanum conditions. For
physalifolium flurochloridone,
phytotoxicity increased due
to irrigation after herbicide
application
Bispyribac E. crus-galli Increasing SM conditions | Koger et al.
resulted in greater efficacy | (2007)
Imazethapyr | E. crus-galli (L.) | High SM conditions Zhang et al.
Beauv., Oryza reduced efficacy of (2001).
sativa L. imazethapyr for control of
E. crus-galli and O. sativa
when applied as preplant
incorporated. POST
activity unaffected by SM
conditions
Fenoxaprop, | Setaria viridis Low soil moisture for 10 to | Boydston
fluazifop-P, 14 days before and 7 days | (1990)
haloxyfop, after herbicide application
sethoxydim reduced weed control with
fenoxaprop, fluazifop-P,
haloxyfop and sethoxydim.
The activity of sethoxydim
was reduced less by SM
than the other herbicides. If
plots were irrigated at the
time of application, normal
rates of these herbicides
were effective
Relative Fluroxypyr Kochia scoparia | Kochia control was not Lubbers et al.
humidity (L.) Schrad, affected by RH, but control | (2007)
(RH) and soil Amaranthus was greater when plants

moisture (SM)

palmeri (S.) Wats.

were grown in moist soil
than in dry soil.
Conversely, A. palmeri
control was greater when
plants were grown at 90%
RH than at 35% RH, but
control did not differ
between moist and dry
soils
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Of particular concern is the potential effect of climate change on glyphosate
efficacy. Glyphosate-resistant (GR) weeds are already a major problem in field
crops and present a significant threat to future global food production. There are
concerns that climate change, particularly elevated CO, concentrations, could
enhance glyphosate resistance mechanisms. A better knowledge of the biochemical,
molecular and genetic processes by which weeds evolve resistance to glyphosate
and how CO, affects these processes will be essential to maintaining effective weed
control using glyphosate (Fernando et al. 2016). Further, there is need to investigate
the effects of various climatic changes on commonly used herbicides and for all
major weed species (especially resistant biotypes) (Varanasi et al. 2016).

Looking Forward: Crop Weed Management in a Changing
Climate

Competitive Cultivars

Damages incurred under climate change could be more costly for agricultural pro-
duction than any other human activity. Yield losses will occur due to the direct
effects of climate change on crops, as well as the resulting indirect effects such as
more costly and difficult to control weeds. Because competitive crops are better at
sequestering light, water and other resources that are otherwise available to augment
weed growth, the use of crop cultivars adapted to conditions of high climatic vari-
ability and extremes could be a solution to both climate change and pest challenges
(Korres et al. 2016).

The mechanism of plant breeding presents a vital opportunity for cropping sys-
tem adaptations under climate change. Atlin et al. (2017) reviewed this topic, noting
that breeding for climate change has been focused on the phenology and stress toler-
ance of plants according to genes with large effects on heat and drought tolerance,
both of which are highly polygenic. They suggested that adaptation will occur
incrementally via the development of cultivars adjusted for allele frequencies at
many loci through rapid-cycle breeding.

Weed-competitive cultivars have gained interest due to the challenge of manag-
ing herbicide-resistant weeds. Interest in weed competitive cultivars has been
increased with the increasing challenge of managing herbicide-resistant popula-
tions. They offer the opportunity for a cost-effective component of an integrated
weed management (IWM) system. Such cultivars are a recent priority for breeders
and for farmer selection despite the identification of those with high competitive
potential in cereal crops. Crop traits that assist in weed suppression include plant
height, high biomass, speed of development (fast germination, rapid growth and
canopy closure), root-shoot characteristics, canopy architecture (large leaf area),
self-supportive allelopathy and partitioning of resources (Andrew et al. 2015; Dass
et al. 2017; Sardana et al. 2017). Competitive crop cultivars present a tool for both
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negating climate change and contributing to IWM. Realising the complementarity
of both areas of potential should be prioritised in breeding programmes in order to
either serve both purposes or serve one without heavily penalising the other. This
will most likely occur through the capture of the combined effect of multiple traits
rather than that of a single trait (Andrew et al. 2015). These criteria, once identified,
could be transformed into a protocol to equip researchers and agronomists to select
the strongest candidates from among new and existing cultivars, to test under local
conditions and against key weed species. The development of competitive cultivars
will be greatly influenced by local environmental conditions and the specific chal-
lenges presented by weeds there. Such local screening should use varieties devel-
oped in the last 10 years, as older varieties were developed under a climate that is
different from today, potentially placing farmers at risk (Atlin et al. 2017). By com-
bining rapid breeding and varietal replacement with research targeted towards local
regional weed challenges, farmers would have the benefit of knowing which of the
available cultivars are most likely to sustain production in their particular environ-
ment, against their major weed flora.

Diverse Cropping Systems

Crop rotation is an important tool for achieving diversity in crop production. In a
rotation, weeds are affected by the diversity of plant resource demands, alterations
to crop management timing and allelopathy. Rotations should include crops sown in
different seasons, of annual and perennial varieties, managed under different herbi-
cides and should come from various crop families (Nichols et al. 2015). A number
of crop species (e.g. rye (Secale cereale L.), sorghum, rice, sunflower, rape seed
(Brassica napus L.) and wheat) are known to produce allelochemicals that have
potential for weed suppression. Rotating a routine crop with an allelopathic crop
cultivar for one season is one way to increase diversity in weed management and
potentially reduce herbicide use. Further, several types of allelopathic plants can be
used for intercropping to smother weeds (Jabran et al. 2015). At present, monocrop-
ping is the prevalent form of cropping system, but the stability of monocropping
systems is being degraded by climate change. Intercropping (IC) has been shown to
have higher yield stability and higher yield levels for cereals and grain legumes
compared to growing the component crops in monoculture.

Cover crops, including those with allelopathic potential against weeds, provide
multiple benefits to cropping rotations though soil, agricultural production and envi-
ronmental factors. Studies in temperate soils by Blanco-Canqui et al. (2015) found
that cover crops increased soil organic C stocks, reduced runoff and sediment loss,
diminished wind erosion potential, alleviated soil compaction, improved soil struc-
tural and hydraulic properties, moderated soil temperature, improved microbial
properties, recycled nutrients and suppressed weeds. However, the magnitude of
such benefits varies according to location. Whether there is any benefit to crop yield
is still debatable, and cover cropping can reduce yields in water-limited regions by
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reducing available water for subsequent crops. Adoption of cover cropping has been
slow among conventional growers. Cover crops are becoming an important tactic
for managing GR A. palmeri in cotton and soybean in the southern United States,
though its use as a single, season-long tactic is not recommended (Wiggins et al.
2015). Further integration of cover crops into cropping systems will require ongo-
ing research to evaluate their multi-functionality for different climates and manage-
ment scenarios, as well as the relevant short- and long-term economic returns
associated. The development of germplasm with better characteristics, such as cover
crops that self-destruct after suppressing weeds and prior to competing with crops,
presents one area of potential in plant breeding (Shaner and Beckie 2014).

Manipulating Crop-Weed Competition

Seeding rate, row spacing and row direction are underutilised yet impactful, envi-
ronmentally sustainable weed control methods (Sardana et al. 2017). In aerobic rice,
narrow row spacing (Chauhan and Johnson 2011) and increased seeding rate (Anwar
et al. 2011) have shown the potential to reduce weed pressure without sacrificing
yield. While not sufficient to suppress weeds completely, these practices can achieve
up to a 50% reduction in herbicide use (Dass et al. 2017). Use of wide row spacing
in soybean requires earlier weed management programmes due to reduced crop
tolerance in the early growth phase (Knezevic et al. 2003); however, doubling the
seeding rate for conventional wide row planting can improve weed suppression
(Liebert and Ryan. 2017). Research in canola has demonstrated that higher seeding
rates resulted in greater emergence, early crop biomass and seed weight and oil
content. It also reduced the number of days to start flowering and for reaching matu-
rity, as well as stubble density at harvest (Harker et al. 2015). Because higher seed-
ing rates speed up flowering and reduced the number of days to maturity, this
strategy could also lower the risk of exposure to high temperatures that can nega-
tively affect flowering and pod development in canola.

In Australian winter cropping systems, where management of herbicide-resistant
Lolium rigidum is a major challenge, the weed species was suppressed at higher
wheat densities but was not affected by row spacing (Lemerle et al. 2013). Sowing
wheat and barley crops in an east-west (EW) direction reduced the availability of
photosynthetically active radiation (PAR) compared with a north-south (NS) direc-
tion and resulted in reduced L. rigidum fecundity (average of 2968 and 5705 L. rigi-
dum seeds m~? in the EW and NS crops). In the same study, it was found that
seeding rate did not affect PAR despite the occurrence of reduced fecundity in
L. rigidum under conditions of high seeding rate (average of 3354 and 5092 seeds
m~ in the crops with high and low seeding rate) (Borger et al. 2016). De Vita et al.
(2017) examined the combined effects of row spacing and wheat cultivar type (tall
and semi-dwarf cultivars) and found that reduced inter-row spacing resulted in less
weed biomass in both the tall and semi-dwarf cultivars. While weed presence
reduced grain yield in the semi-dwarf cultivars, yield and N uptake increased under
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narrow row spacing. In contrast, yield of the tall wheat cultivar did not vary with
weed biomass or inter-row spacing (De Vita et al. 2017).

Competitive planting strategies may not be suitable in all situations. In maize,
narrower row spacing does not appear to affect weed density or growth (Johnson
and Hoverstad 2002) and likewise has no impact on the critical period for weed
control (CPWC) or crop competitiveness with late-emerging weeds (Norsworthy
and Oliveira 2004). In organic wheat and barley farming systems, increased seeding
rate and the use of two-pass sowing to achieve more even crop distribution can pro-
mote greater competitiveness against weeds relative to standard production practice
(Kolb et al. 2010, 2012). Additionally, the use of wide rows with inter-row hoeing
was recommended due to the higher input cost of organic seed (Kolb et al.
2010, 2012).

Sowing strategies such as increased seeding rates, row spacing and row orienta-
tion recognise that crops and weeds share the same above-ground resources, com-
peting for sunlight and space. However, weeds also compete with crops for
underground (soil) resources: chiefly water and nutrients. The below-ground com-
petition between weeds and crop plants could be managed according to fertiliser
application and water management for achieving higher net returns (Kaur et al.
2018). For example, high amounts of N fertiliser, as well as the proper selection of
herbicides, were found to help suppress individual weed species in soybean fields
(Pinke et al. 2016). However, providing additional fertiliser and/or water to com-
pensate for weed interference will often prove unfeasible. There is, however, benefit
in understanding how soil resource pool diversity may mediate below-ground com-
petition between weeds and crops (Smith et al. 2010). Due to technological advance-
ments, farmers in modern farming systems have increasing levels of access to highly
detailed spatial information about the soil in their fields that can be used to build an
understanding of where soil resources are distributed in a cropping field (i.e. areas
of high, intermediate or low nutrient/soil moisture) and how this overlaps with spa-
tial information on yield and weed density. Applying information in this manner has
potential for strategic weed management in precision agriculture, targeting weed
control measures where there is the greatest cost-benefit ratio. As climate change is
already resulting in reduced precipitation, higher temperatures and prolonged
droughts, judicious management of soil water resources will become increasingly
important.

Improved Tillage

Mechanical or physical weed control has been practiced since ancient times, and
traditional practices such as hand-weeding and using animals to drag tillage imple-
ments are still common practice in many less developed parts of the world. In mod-
ern cropping systems, the importance of mechanical weed control has declined in
the wake of CA. CA is a more sustainable, environmentally friendly crop manage-
ment system that utilises cropping rotations, minimal soil disturbance (low-tillage
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or NT) and permanent crop residue soil cover (Hobbs et al. 2007). There are, how-
ever, side effects attributed to the adoption of continuous NT practices such as the
build-up of herbicide-resistant weed populations (Dang et al. 2015). A return to
deep tillage using a mouldboard plough is becoming increasingly commonplace in
the management of major herbicide-resistant weeds, such as Alopecurus myosuroi-
des Huds. in the United Kingdom, L. rigidum in Australia or A. palmeri in the
southern United States. Deep tillage operations can have devastating impacts on the
quality of fragile or poorly fertile soils. With many farmers returning to tillage in
order to manage problems associated with continuous NT, there is a need to develop
technologies for less intensive tillage before the gains in soil quality as a result of
CA are lost (Shaner and Beckie 2014).

Rather than returning to routine use of tillage, the implementation of targeted
tillage (strategic tillage) presents a potential tool for weed management in CA sys-
tems (Chauhan and Walsh 2017). It appears that, at least in some soils, strategic
tillage can be practiced for weed control without consequences for productivity or
soil health. The use of either a chisel cultivator or disc chain on a Grey Vertosol
managed under NT for 15 years found that strategic tillage, irrespective of tillage
timing, could be used for weed management without impacting agronomic produc-
tivity or damaging the physical, chemical or biological characteristics of the soil
(Liu et al. 2016).

Further, simulation modelling has shown that even occasional strategic tillage to
help control weeds in Dermosols and Sodosols may increase their susceptibility to
water, sediment and nutrient losses in runoff after heavy rainfall (Melland et al.
2017). This is an important consideration given that increased frequency and sever-
ity of extreme weather events are a feature of climate change. Climate change mod-
elling also identified strategic tillage to cause significant increases in CO, emissions
from the Sodosol as well as decreased CH, absorption from both soils (Melland
et al. 2017).

It should be stated that the discussion above relates to tillage as it is practiced on
a paddock scale. Technologies are being developed with the potential to deploy till-
age at the scale of 1 to several weed plants, using robotic technology equipped with
camera sensors. Application of tillage on such small areas is less likely to have
negative repercussions for soil health or plant available water and represents a valu-
able tool for patch management of herbicide-resistant populations.

Harvest Weed Seed Control

Originally pioneered in Australia 30 years ago, harvest weed seed control (HWSC)
practices target the weed seed collected and concentrated in harvest residues.
Despite low initial adoption rates, 43% of Australian grain farmers now utilise
HWSC since the introduction of new weed seed targeting systems (Walsh et al.
2017). Research in North America has demonstrated the potential of HWSC for
A. palmeri and tall waterhemp (Amaranthus tuberculatus) in soybean (Schwartz
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etal. 2016, 2017). The inclusion of HWSC tactics such as narrow-windrow burning,
chaff tramlining, chaff decks, chaff carts, bale-direct and seed destruction/termina-
tion when integrated with other management strategies has been shown to diminish
subsequent crop interference and is an important tactic in managing herbicide-
resistant weed populations (Walsh and Powles 2014).

Because HWSC tactics target weed seeds in harvest residues, they are used to
best effect on weeds that bear their seeds at harvest time and at harvest height.
Based on these criteria, the seed bank of many weed species can be reduced through
the use of HWSC. However, even for these species, seed retention at harvest will
vary. For example, in weeds such as Avena spp., which can emerge in multiple
cohorts over the growing season, there is a strong possibility that a proportion of
plants will mature ahead of crop harvest. Sowing date and season will also impact
the rate of weed seed maturity in relation to crop maturity. Furthermore, it is possi-
ble that climate change could drive modifications to cropping systems, including
altered time of sowing, and that this would impact the amount of weed seed present
at harvest and hence the efficacy of HWSC systems. Such considerations should be
factored into weed control decisions.

Agricultural Robotics

Precision weed control is a nascent industry built upon the use of automation, mech-
anised vision and global position system information to identify weeds in cropping
systems (Westwood et al. 2018). In certain crops, it is possible to use drones for
monitoring weed populations at early growth stages or to define zones of high risk
of infestation based on drone images obtained at the end of the growing season
(Fernandez-Quintanilla et al. 2018). Ground robots have tremendous potential for
precision weed management. Agricultural equipment such as tractors and sprayers
have been robotised over the last few years through the introduction of auto-
guidance systems and are becoming increasingly autonomous (Vougioukas 2019).
Robotic smart implements mounted to farm machinery are revolutionising herbi-
cide application. For example, rather than continue to apply herbicide over an entire
field, the French company Bilberry has developed a precision spraying system
incorporating camera networks embedded directly onto spray booms together with
software which can recognise and accurately spot-spray weed plants present within
crops. This occurs simultaneous to the gathering of data that is automatically tran-
scribed into maps for future processing and/or follow-up weed control operations
(Bilberry 2019). Such application of spatial data lends itself to site-specific weed
management in precision agriculture.

There is a general trend towards building lightweight robots to replace heavy
machines. A small number have been released commercially for application within
specialty crops. Many specialty crops do not have safe, effective herbicides, and
producers have been heavily dependent on hired labour for hand-weeding to achieve
commercially acceptable weed control.
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Labour shortages and higher manual weeding costs have driven a search for
other solutions. Already commercially available intrarow robotic weeders are prom-
ising tools. These tools are less regulated and more cost-effective (Fennimore and
Cutulle 2019; Fennimore et al. 2016). There is also promising research on the devel-
opment of robotic in-row control that can control weeds with a very limited amount
of herbicides, including glyphosate and iodosulfuron (Utstumo et al. 2018). Small
robots for scouting and weed control have also been released for application in
broad acre situations. For example, ‘SwarmFarm robots’, equipped with WeedIT
optical sprayer technology, have also been commercially released in Australia and
have been deployed on grain farms and turf farms and in environmentally sensitive
mining areas (Weedsmart 2017).

While there is still progress to be made towards the realisation of fully automatic
weed control machines, the rapidity of recent advances implies that realisation of
this goal may not be far off, at least in modern-precision agriculture systems.
Important improvements include the development of algorithms to recognise more
weed species at different growth stages and varying densities, in different crops as
well as under variable environmental conditions. Agricultural environments impose
challenges for robots, including the diversity and complexity of plant canopy struc-
tures (Vougioukas 2019). This last point is significant with respect to climate
change, because weed species may present different characteristics through accli-
mation or adaptation.

Automatic weed removal technology would be improved by the additional
capacity to use herbicides and non-chemical weed tactics. Currently, most available
robotic weeders and advanced prototypes rely on herbicides to control weeds.
Climate change has the potential to diminish weed control efficacy using herbicides,
thus making robotic weeders that can selectively deploy multiple, diverse weed con-
trol tactics (e.g. cultivation, lazers, microwaves and abrasives) more responsive to
climate driven limitations for weed control.

Engineers and scientists developing automation and robotic solutions to improve
weed detection and control efficacy should also be guided by economic and social
research. Cost-benefit analysis data associated with the use of automation and
robotics on farms is needed. Such research needs to consider not only in the context
of intensive agriculture in the modern cropping systems of developed countries but
also for the reality of the developing world vulnerable to significant crop losses as a
result of climate change (Lowenberg-DeBoer et al. 2018; Lesk et al. 2016).

Nanotechnology

Nanotechnology is emerging as a significant tool in modern agriculture.
Nanotechnology presents opportunities for a targeted and an efficient application of
herbicides that will make it possible to control weeds with low doses. The use of
nanocoatings, biosensors and weed seed coating penetration presents different weed
management opportunities in nanotechnology (Shaner and Beckie 2014).
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Nanopolymer coating could put crop seeds on more equal footing with weed spe-
cies, many of which are already equipped with similar abilities due to genetic diver-
sity and plasticity.

Biological Weed Control

It is anticipated that biological weed control methods will play a greater role by
2050 thanks to their relatively low research and usage costs, their long-term efficacy
and reduced environmental impact compared to several herbicides (Westwood et al.
2018). The management of regularly disturbed soils in cropping systems is gener-
ally not suitable to classical biocontrol. Bioherbicides, however, present a number
of opportunities in cropping systems through increased target specificity, rapid
weed degradation, seedbank management and delayed weed growth (Westwood
et al. 2018). Fewer than 20 bioherbicides are currently available in the market, and
the market share of bioherbicides represents less than 10% of all biopesticides
(Cordeau et al. 2016); however, their share will grow in the future (Cordeau
et al. 2016).

Aside from the extension-related challenges for widespread adoption of this
technology, there are other challenges to the use of bioherbicides. The capacity to
control multiple rather than single weed targets is not yet available, hindering the
relevance and usage of microbial herbicides. Improvement in technical aspects is
also required, such as product’s half-life, storage requirements and the need for
specialised application technology (in some cases). Perhaps the most pressing need
is for the uncontrollable reaction of the biotic agent with climate conditions to be
more robust in bioherbicides.

Herbicides

Present-day cropping systems are under threat due to the presence of weeds resis-
tant to glyphosate and other herbicides. Instances of weed resistance are present in
all modes of action (MOA) for current herbicides, all of which are over 20 years old.
New herbicides with old MOA and the development of transgenic crops that are
resistant to a wide range of existing herbicides are only short-term solutions
(Westwood et al. 2018). The discovery of new herbicide MOA has long been
desired, although there have been recent developments towards the commercial
release of products with two new MOA. It is extremely unlikely that the discovery
of novel herbicides will occur with sufficient frequency to keep pace with burgeon-
ing herbicide resistance in major crop weeds. There is, however, cause for optimism
that herbicide-resistant populations can be better managed through improved herbi-
cide formulations (in combination with other non-chemical practices). As discussed
earlier, nanotechnology can be utilised to develop better formulated herbicides.
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Another emerging potential is the use of RNA interference (RNAi) technology.
Such technology could eventually be used to kill weeds outright, with current
emphasis on the use of RNAIi to enhance susceptibility of herbicide-resistant weeds
to glyphosate and other herbicides.

While it is not within the remit of this chapter to detail how herbicides should be
applied for maximum efficacy, it is worth noting that in a changing climate, consid-
erations such as the strategic timing of herbicide application will become increas-
ingly important. Field and growth chamber experiments determined control of
velvetleaf (A. theophrasti) to be consistently improved with glyphosate applications
during light periods (Waltz et al. 2004). Field applications of flumiclorac at different
times (6 am, 2 pm and 10 pm) strongly affected soybean tolerance and weed control.
Herbicide application in the morning caused the greatest soybean injury (Fausey
and Renner 2001). Herbicide efficacy is also affected by season, growth-stage and
temperature. For example, glyphosate and saflufenacil alone provided higher effi-
cacy on C. bonariensis at cooler than under warmer temperature conditions (Dennis
et al. 2016).

Other Tools for Resistant Weed Management

While research into relationships between climate and weed resistance is still in the
early stages, there are indications that efficacy of herbicides could be reduced in
response to elevated CO,, warmer temperatures and water scarcity. Moreover,
changes in CO, and temperature have been shown to increase the resistance level of
MR E. colona (Refatti et al. 2019). For this reason, any discussion of weeds and
climate change needs to consider tools with potential to assist in predicting, if not
overcoming, weed resistance.

Shaner and Beckie (2014) have conducted a detailed review of herbicide-resistant
weed management (RWM) according to the intersection of weed control and tech-
nology. In addition to the tools and strategies already mentioned in this chapter,
their review highlights the potential of ‘omics’ (e.g. genomics, metabolomics, etc.)
to usher in a wide range of novel weed management strategies. Further, weed man-
agement programmes can benefit by predicting the long-term responses of weed
species and their biotypes to changing global climate. Adding data on intrapopula-
tion and interpopulation variability is an important first step towards assessing the
potential for weed adaptation, as well as for improved accuracy of forecast which
weeds are likely to present the greatest challenges in a changing climate (Neve
et al. 2009).
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Integrated Weed Management

The challenge of managing herbicide-resistant weeds, in combination with height-
ened social and regulatory pressure to reduce chemical use in food production,
necessitates a move towards crop protection programmes based on integrated weed
management (IWM) principles. Through integrating a suite of chemical and non-
chemical weed control tactics, IWM has the potential to maintain manageable pop-
ulation levels, decrease the environmental severity of singular tactics, enhance the
diversification and sustainability of cropping systems and lower herbicide resis-
tance evolution risk by reducing selection pressure (Harker and O’donovan 2013).

However, implementation of IWM without herbicides has been poor, and there is
little evidence of reduction in herbicide use at a global scale. Compared with herbi-
cides, there are perceptions that non-chemical methods provide little visual evi-
dence of success, are complex to manage and are less effective, more variable and
expensive, and not able to reduce the requirement for herbicides (Moss 2010).
Moreover, while there has been a notable increase in research into non-herbicidal
weed management, chemical weed control remains on top (Harker and O’donovan
2013). As is the case of herbicide-resistant weed management, major obstacles
remain for broad-scale implementation of IWM. The willingness and prioritisation
of researchers, growers’ decisions to accept recommended practices, the marketing
influence of agrichemical bodies, commitment from government and a multidisci-
plinary approach to further research and development all impact the future trajec-
tory of IWM (Shaner and Beckie 2014). Further, the optimal rate of engagement and
adoption of IWM require a public-private partnership representing growers from all
practicing countries where all essential entities are fully consulted and adequately
resourced (Young et al. 2017).

Conclusion

Changes in atmospheric CO,, global temperature and precipitation are occurring at
a rate exceeding previous climate change forecasts. These climatic factors are key
drivers of plant growth; and weeds, like all other plant species, will need to respond
to climate change in order to survive. Weed species are by their very nature survi-
vors, able to relocate, acclimate or adapt to changing environmental conditions.
While it is yet unknown what the exact consequences of climate change will be for
crop, weed interactions, it is likely that weeds, with their superior capacity for sur-
vival, will have natural competitive advantages over crop species.

The outcome for plant life in general is a matter of deep concern, as few plant
species can thrive under conditions where extreme weather, including drought, will
occur with greater frequency. In the future, climate change will produce an environ-



78 A. Ruttledge and B. S. Chauhan

ment that is more inhospitable to crop growth than has previously occurred in
Earth’s history. Under such conditions, it has never been more important to provide
crops with every possible advantage over weeds. The development of crop cultivars
that are more resilient to climate change conditions is key for ensuring sustainable
food production. These crops are also central to weed management, as healthy crops
provide better competition against weeds.

While there are exciting opportunities for improved weed control through inno-
vations such as robotics, nanotechnology and RNAi herbicide formulations, their
true potential (and true costs) remains largely unknown. Weed research has already
delivered a large suite of available tools that, if properly integrated, can drive down
weed numbers and manage the risks of herbicide resistance. Diversity in cropping
systems needs to be emphasised, incorporating the rotation of a range of species.
Competitive planting strategies such as narrow row spacing, row orientation and
increased seeding rate can support both crop yield and weed competitiveness.
Harvest weed seed control strategies, where weed seeds mature with the crop and
are captured in harvest residues, have the demonstrated capacity for managing
herbicide-resistant species. Strategic tillage is another potentially valuable tool for
patch management, as returning to full tillage would increase agricultural emissions
of greenhouse gases. Additionally, the risks of devastating soil loss and structural
decline are significant considering projections that drought and extreme weather
events will occur with greater frequency and intensity. Herbicides will continue to
play an important role in weed management for the foreseeable future; however,
there exists a very real possibility that climate change will reduce herbicide efficacy,
especially in weed species that have already evolved tolerance or resistance to
herbicides.

In closing, though systems dependent on monocropping and herbicide reliance
continue to dominate modern food production, increasing diversity in cropping sys-
tems presents the best defence against weeds under current and future climate sce-
narios. Without adoption of IWM at unprecedented rates, from both practitioners
and researchers alike, the dual challenges of climate change and herbicide resis-
tance are likely to seriously undermine the sustainability of crop production for
future generations.
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Introduction

Anthropogenic emissions (combustion of fossil fuels resulting in the release of car-
bon dioxide [CO,] as well as the release of other gases such as methane) and anthro-
pological shifts in demographics, economics, technology and social behaviour have
contributed significantly to climate change. With earth’s temperatures that have
already been increased by more than 1 °C since the 1880s, the Intergovernmental
Panel on Climate Change (IPCC) has projected that global temperatures will have a
further increase of 1.5 °C between 2030 and 2052 (IPCC 2014). The IPCC further
predicts that increase in global mean temperature from 1 to 3 °C above 1990 levels
will have either positive or negative impacts depending upon the region, with net
annual cost set to surge as the temperature increases. The shared interactions
between plant hosts, pathogens and their environment in causing plant diseases are
described by the disease triangle (Garrett et al. 2006; Grulke 2011; Nazir et al.
2018), with environment playing a key role to determine the outcome of these inter-
actions. Changes in climate such as increase in temperature and atmospheric CO,
and the frequency and intensity of extreme weather fluctuations such as drought and
flooding affect host plant resistance to pathogens (Dossa et al. 2015). The changes
in these climate variables may reshape host-pathogen interactions and influence
spatial and temporal development of disease epidemics (Chakraborty 2005; Burdon
etal. 2006; Garrett et al. 2006; Crowl et al. 2008; Eastburn et al. 2011). Understanding
the effects of climate change on disease dynamics is crucial in adopting appropriate
control measures and identifying sources of resistance to diseases (Chakraborty and
Pangga 2004; Ghini et al. 2008). Weather is a key driver of endemic bacterial dis-
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eases and the transient temperature shifts predicted to be increased during this
century; these have potential to either suppress or cause disease outbreaks (Anderson
et al. 2004; Fischer and Knutti 2015).

Although the outcome of host-pathogen interactions is driven by a number of
different climate variables, temperature is the most important factor. Increase in
temperature may result in greater crop vulnerability to disease (Coakley et al. 1999)
due to the interactive effect of temperature on both the host plant and pathogen. In
addition, elevated CO, has also shown substantial effect on disease development
under controlled conditions. Most diseases studied by Chakraborty and Pangga
(2004) increased in severity under the CO,-enriched environments that resulted in
alterations to the host-pathogen relationship. Within this context, we aim to consoli-
date information on the effects of different drivers of climate change on different
groups of pathogens, on host-pathogen interactions and on disease management
strategies with a primary focus on two key drivers: elevated CO, and temperature.

Impact of Climate Change on Plant Pathogens

A disease occurs only when a virulent pathogen attacks a susceptible host under
suitable environmental conditions at an appropriate time (Agrios 2004). Climate
change can change host resistance towards pathogens by altering host physiology
and pathogen aggressiveness. Increases in global temperature will shift agroclimatic
zones towards the poles, thereby changing the geographic distribution of current
diseases by introducing pathogens into new areas. The quick acclimatization of
pathogens in a region depends upon how the pathogen disperses, how it survives in
the off-season and its ability to adapt to any change in its host’s biology in a new
environment. Concurrently, new pathogens and diseases may emerge in existing
agroecosystems. More aggressive, climate-resilient strains of existing pathogens
may emerge. The impact on different groups of pathogens may vary depending
upon their biology, level of host-specialization, survival and dispersal modes and
ability to cope with climate change. Here we discuss the impact of climate change
on major groups of plant pathogens, viz. fungal, bacterial and viral.

Impact on Fungal Pathogens Fungi are the most dominant group of plant patho-
gens, displaying diverse modes of parasitic interaction with their host plants. Fungal
pathogenesis is greatly influenced by prevailing atmospheric conditions, particu-
larly temperature and moisture. Temperature is a critical factor during different life
stages of a fungal pathogen, and any change in temperature will significantly influ-
ence fungal reproduction, rate of infection, number of infection cycles, long and
short distance dispersal as well as off-season survival. Change in temperature might
lead to activation of dormant races of pathogens, thus leading to sudden outbreak of
an epidemic. Increase in temperature coupled with high soil moisture creates a
warm and humid climate highly favourable to soilborne pathogens and foliar dis-
eases. For example, increase in ambient temperature has increased potential for rice
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blast (Magnaporthe grisea) incidence and epidemics for both cooler and subtropical
rice-growing regions. Similarly, the severity of Septoria leaf spot (Septoria lycoper-
sici) and stem rust (Puccinia graminis) in oat cultivars has also increased due to
temperature sensitivity. Using a free-air CO, enrichment, Kobayashi et al. (2006)
showed that elevating CO, by ~200-280 pmol mol~! above ambient levels poses a
potential risk for higher infection of leaf blast and sheath blight of rice in Japan.

Temperature regulates the reproduction rate of many plant pathogenic fungi
(Legler et al. 2012). Elevated temperature favours accelerated spore germination in
Puccinia substriata as well as the reproduction rate of Monosporascus cannonbal-
lus. Temperature increase will introduce the quick evolution of fungal pathogens
due to longer seasons. It will also lead to the development of more aggressive fungal
strains due to hastened gene recombination through overwintering sexual stages.

In recent years, changes in disease scenario have affected wheat production and
have caused severe yield losses and reduced grain quality. Outbreak of yellow rust
in the northern Indian state of Punjab in recent years is attributed to the new pathot-
ype 78S84 which can cause infection at higher temperatures. In recent years, wheat
yellow rust has started appearing in late December due to favourable weather condi-
tions of increased temperatures (Prashar et al. 2007; Jindal et al. 2012). The inci-
dence of powdery mildew and foliar blights has also increased in northern regions of
India. The UG99 race of stem rust, a new threat to wheat production, has entered the
Middle East and presents the potential for wide-scale yield losses. Powdery mildew
has been predicted to cause serious losses in winter wheat in China under simulated
elevated temperature conditions (Tang et al. 2017). Additionally, rice blast disease
was not present in Punjab before the year 2000; however, neck blast has become a
serious problem in Basmati rice in recent years.

Elevated CO, levels in the atmosphere cause physiological changes in plant mor-
phology such as increases in leaf size, leaf thickness, and number of leaves (Pritchard
et al. 1999). A thick canopy leads to increased duration of leaf surface moisture,
presenting a highly favourable environment for spore germination and penetration
in foliar pathogens leading to disease development (Garrett et al. 2006). Deutsch
et al. (2008) suggested that warming may enhance fitness of pathogens in their envi-
ronment on the host causing increased risk of disease epidemic outbreak. Elevated
CO, levels (780 ppm) have been shown to increase the susceptibility of wheat vari-
ety Remus to Fusarium head blight and Septoria tritici blotch (Vary et al. 2015). In
contrast, elevated concentrations of CO, and O; reduced downy mildew (Peronospora
manshurica) severity but increased brown spot (Septoria glycines) severity in soy-
bean (Eastburn et al. 2010). Elevated CO, and O; levels have also been shown to
increase resistance in barley against powdery mildew (Blumeria graminis) through
formation of papillae and silicon accumulation at sites of appressorial penetration.
Greater fecundity in some pathogens as a result of increased levels of atmospheric
CO, could lead to polycyclic epidemics in crops (Chakraborty and Datta 2003). It is
difficult to generalize the effect of elevated CO, on a particular pathogen as it also
depends on the effect of elevated CO, on the host plant, suggesting that the effect
can be either positive or negative (Gautam et al. 2013).
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Climate change leads to an increase in tropospheric ozone that hinders plant
photosynthesis, resulting in poor growth due to water-soaked lesions. This also pre-
disposes plants to biotic attack, particularly in the presence of necrotrophic and
root-infecting fungi. It has been shown that Botrytis cinerea causing grey mould is
more aggressive on onions exposed to ozone (Wukasch and Hofstra 1977).

Impact on Bacterial Pathogens For every disease to occur, there is optimal tem-
perature range, e.g. Xanthomonas oryzae pv. oryzae (Xoo), that fails to efficiently
colonize rice xylem when the daytime temperature exceeds 35 °C (Horino et al.
1982). Ralstonia solanacearum, a major cause of bacterial wilt and brown rot in
potato, fails to survive the high summer temperatures of Punjab, India. More than
40 genera of bacteria are reported to be associated with plants as pathogens. The
emergence of a number of bacterial genera as a serious problem worldwide could
possibly be due to global warming. Examples include Acidovorax avenae subsp.
avenae infecting upland rice in southern Europe, Burkholderia andropogonis on
jojoba in eastern Australia, B. glumae on rice in the southern United States and
Dickeya zeae in rice in north India especially under high temperatures. Elevated
temperature interferes with bacterial physiology, genetics and bacterial-plant
interactions.

Exposure to high temperatures may increase the fitness of plant pathogenic bac-
teria on their respective host. Plant pathogenic bacteria, especially the xanthomo-
nads and pseudomonads, produce copious amounts of extracellular polysaccharides
(EPS) during their interaction with the host plant. This production is usually trig-
gered by biotic and abiotic signals. Under natural conditions, bacteria use EPS to
aggregate themselves and to make biofilms in order to protect themselves from
unfavourable environmental conditions, antimicrobial compounds, etc. In addition,
bacteria also use EPS for communication, adhesion, energy storage, etc. (Wingender
et al. 1999; Vardharajula and Ali 2015). Exposure to high temperatures has been
shown to trigger evolution of mutant strains with elevated levels of EPS (Nandal
et al. 2005). High EPS producer strains of Xoo have been shown to be highly aggres-
sive in rice (Kumar and Sakthivel 2001; Hunjan et al. 2014). High temperature
(34.5 °C) attenuated the virulence of soft rot bacterium (Erwinia carotovora subsp.
carotovora), but not in the particular strain EC153 that produced high levels of
rRNA, N-acyl homoserine lactone and extracellular proteins causing extensive mac-
eration of celery petioles and Chinese cabbage (Hasegawa et al. 2005).

Temperature also affects expression of effector genes in plant pathogenic bacte-
ria and their recognition events in host plants during pathogenesis. Pathogen-
associated molecular patterns (PAMPs) are conserved microbial signatures that
evoke basal or PAMP-triggered immunity (PTI) in hosts upon recognition by PAMP
recognition receptors in the host. PTI has been shown to be increased when
Arabidopsis was exposed to 28 °C for short periods (Cheng et al. 2013), whereas R
gene-based effector-triggered immunity (ETI) through Arabidopsis RPM1, RPS2
and RPS4 against Pseudomonas syringae is compromised at temperatures above
30 °C (Wang et al. 2009). An exception to this is rice R gene Xa7, which is more
effective at high temperature against bacterial blight disease (Webb et al. 2010).
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Virulence of Agrobacterium strains on Kalanchoe is attenuated at or above 32 °C
possibly due to reduced Vir gene expression (Jin et al. 1993). The level of accumula-
tion of virulence proteins in Agrobacterium tumefaciens was strongly reduced, and
T-pilus assembly failed to occur at 28 °C as compared to 26 °C (Baron et al. 2001).

Impact on Viral Pathogens and Their Vectors Viral pathogens infect their plant
hosts through their close association with vectors, thereby adding a new dimension
to the disease triangle. The outbreak of a virus disease epidemic is therefore limited
by the climatic requirements of virus vectors (Malmstrom et al. 2011). Climate
change may affect both host plants and the type of vectors associated with them,
determining the severity of its impact on viruses associated with that host (Jones
2009). It may also affect the range of vectors, their migration and biology (Canto
etal. 2009). Jones and Barbetti (2012) have authored a comprehensive review where
they tried to establish the possible effects of direct and indirect climate change
parameters on the many vectors, viruses and host factors. Migrations of viruses such
as potato leaf roll virus (PLRV) and potato yellow vein virus (PYVV) that are
adapted to warmer regions are common at higher altitudes (Jones 2014). Elevated
temperatures hastened yellow dwarf disease development and symptom expression
in wheat infected with barley yellow dwarf virus-PAV (BYDV-PAV). BYDV-PAV
inoculated wheat seedlings grown at higher temperatures (10.0-21.1 °C, night-day)
showed higher titre than those grown at ambient (5.0-16.1 °C, night-day) tempera-
tures (Nancarrow et al. 2014). In another study, elevated CO, (650 pmol mol~") was
also shown to aggravate yellow dwarf disease and BYDV-PAV titre in wheat
(Trebicki et al. 2015). High virus titres may not always result in enhanced symptom
expression. Del Torro et al. (2015) reported that Nicotiana benthamiana plants inoc-
ulated with cucumber mosaic virus, PVY or potato virus X under elevated CO, did
not affect symptom expression although virus titre was high. Elevated CO, reduced
disease development and enhanced plant resistance in tobacco plants against potato
virus Y (Matros et al. 2006) and in tomato against tobacco mosaic virus (Zhang
etal. 2015) and tomato yellow leaf curl virus (Huang et al. 2012). Elevated tempera-
ture and CO, can significantly alter plant biochemistry, and hence plants may
respond differentially to express defence responses towards insect vectors of viruses.
It can affect insect fecundity, feeding rates, off-season survival and dispersal
(Trebicki et al. 2017).

Most of the published reports on aphids have suggested that aphids will react
strongly to environmental changes. Aphids have shorter generation times, and an
increase in the number of virus carrying populations will eventually lead to higher
viral load in planta. The aphid transmissible complex of BYDV in wheat and PVY
in potato are amenable to show significant effects on the prevalence of infection
because of elevated temperature and CO,. In mild winters, high levels of aphid
movement during spring have resulted in greater levels of PVY infection in pota-
toes. Greenhouse adapted viruses such as the pepino mosaic virus (PepMV) have
moved out and became predominant in field conditions due to climate change.
Natural climatic barriers in more temperate regions are deteriorating under changes
in early winter temperatures, allowing for the natural spread of diseases, pests and
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vectors at prolific rates. Increased likelihood for the outbreak of plant disease vec-
tors such as aphids, whiteflies, thrips and beetles may cause severe epidemics in
these regions.

Impact of Climate Change on R Gene-Mediated Disease Control The defence
mechanism of R genes is considered the major source of resistance in various crop-
breeding programs. Pathogen populations are subjected to selection pressure due to
changing environmental conditions, thus affecting the durability of a deployed R
gene. R genes can be sensitive to temperature and are only effective at either high or
low temperatures (Dyck and Johnson 1983; Eizenberg et al. 2003; Webb et al. 2010;
Dossa et al. 2015).

The wheat stripe rust resistance gene Y736 imparts resistance to a wide spectrum
of Puccinia striiformis f. sp. tritici (Pst) races. The gene is reported to be effective
at high temperatures (25-35 °C) although unable to resist fungal attack at tempera-
tures below 15 °C (Uauy et al. 2005). Understanding the interconnectivity of envi-
ronmental factors, pathogen evolution and R gene effectiveness requires knowledge
of R gene function mechanisms and how a particular function is affected by various
weather parameters. Loss of function in an effector protein through a single muta-
tion may lead to loss of recognition by plant R proteins, resulting in evolution of
new races or widening of the pathogen host range. In another context, a mutation in
the effector protein can also result in reduced pathogenic fitness (Burdon et al.
2006). Effectiveness of bacterial blight resistance gene Xa7 has been correlated with
mutations in Xoo that resulted in reduced pathogenic fitness of the bacterium due to
its reduced aggressiveness on susceptible host cultivars. These mutations in Xoo
have occurred specifically in the pathogen effector gene avra7, and thus selection
pressure imposed on the bacterium population by the Xa7 gene resulted in reduced
pathogenic fitness (Vera Cruz et al. 2000; Webb et al. 2010). The pathogen effectors
block MAPK-mediated signalling pathways invoked by PRRs, however incite
R gene-mediated effector-triggered immunity (ETT).

Elevated temperatures affect ETI in many pathosystems. At lower temperatures
(10-23 °C), ETI signalling is preferentially activated, whereas PTI signalling is
activated at higher temperatures (23-32 °C). The tobacco N gene against tobacco
mosaic virus (Samuel 1931); tomato Cf against Cladosporium fulvum (de Jong et al.
2002); Arabidopsis RPW8 against powdery mildew (Xiao et al. 2003); Arabidopsis
RPM1, RPS2, and RPS4 genes against P. syringae; or potato Rx fail to impart ETI at
elevated temperatures (Wang et al. 2009). Although elevated temperature could
inhibit ETI, Xa7, a rice disease resistance protein against Xoo, is more effective at
higher temperatures (Webb et al. 2010).

Temperature also affects the pathogen fitness traits as well as genotype-
environment interactions in case of Pst causing stripe or yellow rust of wheat. The
pathogen shows increased aggressiveness on exposure to high temperatures, sug-
gesting that rust fungi can adapt to warmer climatic conditions (Mboup et al. 2012).
Some of the R genes are effective either at high or low temperatures. During a study
conducted at Punjab Agricultural University, India), it was found that high tempera-
ture decreases the effectiveness of the bacterial blight resistance gene Xa4, while
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Xa7, another bacterial blight resistance gene, was effective at high temperatures.
The phenotypic results were corroborated by reduced production of different
defence-related proteins in rice near isogenic line IRBB-4 at high temperatures.
Hartleb and Heitefuss (1997) suggested that disease resistance can also be depen-
dent on temperature, for example, phoma stem canker (Leptosphaeria maculans) of
rapeseed mustard where resistance is expressed at 15 °C but not at 25 °C. Cohen
et al. (2017) found certain differentially expressed genes as temperature responsive
in rice cultivars containing Xa7 using RNA-Seq technology. They suggested that
plant hormone abscisic acid plays an important role in response to high temperature
and pathogen attack. Tolerance to abiotic stresses may also induce enhanced resis-
tance to biotic stresses.

Development of New Races and Diseases in an Ecosystem

Pathogens and their plant hosts are forever engaged in a co-evolutionary arms race.
Pathogens evolve to evade recognition by plant hosts, while the latter evolve to rec-
ognize a wide array of pathogen effectors. To evolve new pathogenicity traits,
pathogens undergo horizontal gene transfer where new mutations arise and the gene
pool is widened through crossing of genetically diverse individuals leading to natu-
ral selection and subsequent adaptation of new variants. Plant pathogens are spread-
ing globally with latitudinal shifts in their distribution for the last 60 years, largely
in line with climate change projections. The damage imposed by these organisms
may have serious consequences on economies of the developing world because of
greater dependence on agriculture in these countries, as well as limited resources
and technological interventions to manage crop diseases (Bebber et al. 2014).

Pst, the wheat pathogenic fungi with global prevalence and huge potential for
long-distance migration, poses a serious invasion threat to new areas (Dean et al.
2012; Beddow et al. 2015; Ali et al. 2014; Chen et al. 2014). Often considered as a
cold-loving pathogenic fungi (Brown and Hovmoller 2002), it has recently been
able to invade wheat grown in warmer regions, demonstrating the thermal adapta-
tion in it. New aggressive races of Pst (PstS1/S2) possessing broader virulence
spectra suited to higher temperatures have been described (Milus et al. 2009; Walter
etal. 2016). Incursion of a close lineage of PstS2 was also observed in Mediterranean
growing regions in 2004 (Bahri et al. 2009). Additionally, a warm temperature-
loving race of Pst 78584 broke down the resistance of R genes Yr9 and Yr27 in
wheat mega variety PBW 343 in northwestern India.

Lyon and Broders (2017) stated that temperature and precipitation affect spore
germination, infection and survival of Pst. Although Pst prefers temperatures
between 7 and 12 °C, (Chen et al. 2014), temperature range adaptation has been
observed among isolates (Sharma-Poudyal et al. 2014). Experiments conducted at
increased temperature (18 °C) revealed that races PstS1/S2 had shorter latent peri-
ods and higher germination rates as compared to pre-2000 US Pst isolates (Milus
etal. 2006, 2009; Walter et al. 2016). The post-2000 Pst populations were genetically
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distinct (Ali et al. 2014) and coupled with phenotypic plasticity. This genetic dif-
ferentiation might have resulted in their high temperature adaptation. Similarly,
local thermal adaptation was also reported in French (Mboup et al. 2012) and
Australian (Loladze et al. 2014) isolates. The warrior race of Pst that invaded north-
western Europe in 2011 showed wider adaptation to a range of temperatures due to
its presence in both warm (Spain) and cold (Sweden) areas (Hovmoller et al. 2016).
The strains of Warrior were categorized as thermal generalists as they showed the
highest infection efficiency under optimal temperatures of 10 °C and 15 °C (de
Vallavielle-Pope et al. 2018).

Mariette et al. (2016a) reported local thermal adaptation of Phytophthora infes-
tans isolates in different climatic zones of western Europe. Their findings challenge
the common notion that invasive behaviour is linked to increased aggressiveness for
this pathogen (Mariette et al. 2016b). Their observations also predicted stable or
reduced risk of late blight epidemics in future decades as already hypothesized by
Sparks et al. (2014).

In the last century, Panama disease (Fusarium oxysporum f. sp. cubense Race 1)
wiped out the banana industry in Central America. However, this was overcome by
planting Cavendish bananas. However, Cavendish bananas succumbed to new race
FocTR4 of this pathogen in Laos, Myanmar and Vietnam which has since spread
from Southeast Asia across the Indian subcontinent, the Middle East and into Africa
(Ordonez et al. 2015; Zheng et al. 2018). Climate change provided favourable tem-
perature conditions and increased canopy wetness for spore germination and growth
of Pseudocercospora fijiensis, the causal agent of black Sigatoka disease. The dis-
ease has been described as an emerging threat to banana cultivation (Churchill
2011) and is responsible for huge yield losses in banana plantations worldwide
(Bebber 2019). Bebber (2019) parameterized an infection model on this disease that
revealed an increased (44.2%) risk of infection in banana-growing areas of Latin
America and the Caribbean since the 1960s.

Spatial and temporal dynamics of plant diseases are poorly understood, although
models to forecast the impact of climate on crop production have been around for
the last 40 years. Bregaglio et al. (2013) applied current climate as baseline and
projected their simulations on potential infection events of fungal infections of
wheat, rice and grapes in Europe. They forecasted brown rust (Puccinia recondita)
to increase in wheat by 20—100%, whereas yellow rust was projected to increase by
5-20% in cold areas. Rice blast (Pyricularia oryzae) and brown spot (Bipolaris
oryzae) were postulated to increase in all European rice-growing areas, specifically
in northern Italy by almost 100%. Infection of Plasmopara viticola, the causal agent
of grapes downy mildew, was estimated to increase by 5-20% throughout Europe.
Their findings suggested presumed disease pressure on crops under changing cli-
matic conditions and eventually the future challenges that farmers will face.
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Impact of Climate Change on Disease Management Practices

Changing Planting Date Climate change may influence the sowing or planting
date of many crops. Cultural practices and changing weather patterns influenced
Septoria tritici blotch (STB) caused by Zymoseptoria tritici. The severity of the
disease was decreased with low temperatures at —2 °C in the early stages of crop
growth. Stewart’s wilt, (E. stewartii), vectored by the corn flea beetle (Chaetocnema
pulicaria) is highly dependent upon the survival of the beetle through winter. A
forecast model based on winter temperatures predicted that the survival of vector is
higher in warmer winters (Petzoldt and Seaman 2006).

Altering Fungicide Schedule Septoria tritici blotch (STB) is the major pathogen
problem for wheat in the United Kingdom. Climate conditions have changed from
the last decade and efforts have been made for forecasting of STB. The decision
system for the timing of fungicide application has been made based upon different
climate variables. There is a need to evaluate new broad-spectrum multi-target site
antifungal treatments. In north-east of the United States, it was predicted that for
each 1 °C rise in temperature, potato late blight would occur 4-7 days earlier, and
the susceptibility period would be increased by 10-20 days. There may be a need
for adding 1-4 fungicide foliar applications which would increase both farmer costs
and environmental risks. In northern latitudes, a higher number of fungicide appli-
cations are required under frequent rainfall causing difficulty in retention of contact
fungicides on the plant (Wolfe et al. 2008). The introduction of new fungicides with
a larger effect under rainfall conditions might help to minimize this problem
(Hannukkala et al. 2007). In response to higher CO, and elevated temperature, plant
morphological characteristics like smaller stomatal openings or thicker epicuticular
waxes on the leaves could reduce or delay the uptake and translocation of systemic
fungicides (Juroszek and Tiedemann 2011). The efficacy of fungicides can be
increased with proper timing of fungicide application (Bedos et al. 2002). Stem rot
(Sclerotium rolfsii) of peanut managed by applying fungicide early in the morning
improved spray deposition in the lower canopy of the plant (Augusto et al. 2010).
The higher number of fungicide applications could be needed to control problem-
atic diseases under high CO, and increased temperature. Additional fungicide sprays
are required as rice plants become increasingly susceptible to leaf blast under higher
CO, concentrations (Kobayashi et al. 20006). It was predicted that two extra applica-
tions of fungicide might become essential in order to manage downy mildew of
grapevine under elevated temperatures in the northwestern part of Italy by the end
of the twenty-first century (Juroszek and Tiedemann 2011).

Efficacy of Fungicides A high range of temperature and CO, concentrations sup-
port vegetative growth of plants (Gutierrez et al. 2008) that lowers the availability
of pesticide per unit area in plants. It is accompanied by reduced pesticide uptake by
the roots from the upper soil layer as they penetrate deeper soil layers. Temperature
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increase, reduced rainfall and high concentrations of atmospheric CO, can develop
fungicide resistance in pathogens resulting in an increased number of fungicide
applications (Delcour et al. 2015).

Fungicide uptake and translocation in plants are influenced by precipitation and
will be limited under dry conditions due to a reduced rate of transpiration
(Keikotlhaile 2011).

Impacts of Climate Change on Food Safety Threats to food safety posed by the
climate change can be predominantly categorized into three:

(i) Food-borne contamination: It has been reported that a warmer climate in
combination with inappropriate food handling may contribute to increased
incidences of food-borne diseases (IPCC 2014). In many countries, the main
food-borne pathogens are Salmonella, Campylobacter and Escherichia coli.
In temperate countries, strong seasonal patterns to the incidence of food-
borne diseases have been observed (Seguin 2008). The links between ambient
temperature and food-borne pathogen infections have been demonstrated
(Seguin 2008).

(i) Mycotoxin contamination of food grains: Mycotoxins are toxins produced
by Alternaria, Aspergillus, Fusarium and Penicillium. Probably the most com-
monly known mycotoxin is the highly carcinogenic aflatoxin, which is pro-
duced by Aspergillus flavus. Mycotoxins are highly dependent on appropriate
temperatures and water availability. Cool and temperate climates result in
increased presence of aflatoxin due to increased Aspergillus occurrence, while
tropical climates may experience a decline due to unsuitable high temperatures
for Aspergillus (Paterson and Lima 2010). The major problem with the interac-
tive effect of climate change on fungal growth and mycotoxin production is
that mycotoxins may contaminate staple cereals such as wheat or corn (Medina
2017) which have an enormous importance for food security.

(iii)) Contaminants and residues: Climate change will also affect the contamina-
tion of food sources with chemicals, such as plant protection product residues.
As already discussed in this chapter, the increased use of pesticides on crops
may lead to excessive residues and acute food safety risks.

Conclusions and Probable Strategies to Mitigate Effect
of Climate Change on Plant Diseases

Over the next 100 years, global temperatures are expected to rise along with increas-
ing levels of atmospheric O; and CO,. Severe weather events like heat waves, erratic
rainfall patterns and drought will probably become more common. Due to tempera-
ture rise, there may be an increase in crop production because of longer growing
seasons in temperate regions. Simultaneously, climate change will affect diseases.
There will be an increase in plant disease intensity, frequency of outbreaks and the
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introduction of pathogens to new areas. According to Helfer (2014), increases in
temperature had a beneficial effect on survival of the wheat leaf rust pathogen
depending on the availability of leaf wetness and humidity. Contrary to this, the
effect of increased CO, varied among susceptible cultivars, while increased O; had
a negative effect. Stem rust resistance due to R gene Sr3/ is also in danger under
threat of the Ug99 race of stem rust caused by P. graminis f. sp. tritici due to climate
change. There is a threat perception of potato late blight and major diseases of rice,
namely, sheath blight (R. solani) and blast (P. oryzae) due to elevated CO, concen-
trations and high temperatures. In arid, hot conditions, incidence of M. phaseolina
is higher, and there are chances for the introduction of this pest to new areas under
changing climatic conditions (Fones and Gurr 2017).

The geographical and temporal distribution of diseases and management meth-
ods will have to be modified according to climate change scenarios. The fungicide
residue dynamics in foliage can be altered by temperature change and variable rain-
fall. The degradation of products can also be altered. Plant physiology or morphol-
ogy changes because of high concentration of CO, in the atmosphere and variations
in precipitation and temperature. Therefore, it is important to devise strategies for
plant disease management in respect to climate change. The major consequence of
climate change in the pathogen-host interaction is genetic resistance to diseases in
plant. Plant physiological changes lead to modification in the resistance mecha-
nisms of plant cultivars obtained as a result of genetic engineering and traditional
methods. Current disease resistance breeding programs should include traits for
tolerance to abiotic factors such as heat stress, elevated CO, and water stress. In
addition, genome-wide association mapping can be used to understand and target
quantitative trait loci for complex traits for abiotic and biotic stresses.

New climate-resilient strains of biocontrol agents with high competitive ability
to survive in introduced environment may be needed. Region- and crop-specific
strains may have to be incorporated and integrated into pest management approach.
IPM is an ecosystem-based strategy, which emphasizes the long-term prevention of
pests or their damage through a combination of methods such as cultural practices,
habitat management, use of resistant varieties and biological control (Strand 2000).
Detailed evaluation of different cropping systems can suggest changes in planting
dates and cultural and other agronomic practices to avoid coinciding the susceptible
stage of hosts with the virulent phase of the pathogen. While well-developed models
for major crops exist, in the case of plant diseases, models are limited to a few major
pathogens (Newbery et al. 2016). De Wolf and Isard (2007) suggested disease-
forecasting models with improved quality are needed to guide farmers. This type of
prediction tool may allow farmers to respond timely and efficiently with public-
private partnership. Under changing climatic conditions, crops and varieties may
spread to regions and locations where they have not been grown previously.

It is important to understand the potential effects of climate change on disease
epidemics on a spatial and temporal scale. However, due to lack of multifactor plant
disease simulation models, it is difficult to predict how climate variability will affect
disease development and their management. In general, high temperatures and an
increased concentration of atmospheric CO, will lead to changes in pathogen popu-
lations as well as an increased level of susceptibility to plant diseases.
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Introduction

Weather and climate affect multiple aspects of arthropod biology, behavior, and
ecology (Cannon 1998; Bale et al. 2002). Despite the tremendous ecosystem ser-
vices (e.g., pollination, decomposition, and pest regulation) provided by arthropods
in agroecosystems, research into the possible implications of global climate change
for crop production has focused predominantly on the disservices of insect herbi-
vores (Cannon 1998; Rosenzweig et al. 2001; Hull€ et al. 2010; Kocmankov4 et al.
2010; Svobodova et al. 2014; Battisti and Larsson 2015). A number of researchers
have predicted increased pest incidences under future climate scenarios, and global
climate change is frequently implicated as a cause of increasing damage to crop
plants from pests (Hongyi et al. 2010; Hu et al. 2010b; Kocménkov4 et al. 2010; Hu
etal. 2011; Lu et al. 2012; Hong et al. 2019). However, these ideas are beginning to
be challenged by more holistic research and models (Zhao et al. 2016; Pecl et al.
2017; Sanchez-Bayo and Wyckhuys 2019; Tougeron et al. 2019; Tougeron and Tena
2019). The ecology of agroecosystems is complex, and the effects of even simple
changes to crop management, such as adding fertilizer or deploying new crop vari-
eties, are already difficult to predict (Horgan et al. 2016; Horgan et al. 2019a).
Predicting the possible consequences of global climate change is therefore even
more challenging, particularly since climate change occurs together with several
other complex global changes (e.g., industrialization, globalization, and increasing
data capture) (Horgan 2017a, 2017b; Sdnchez-Bayo and Wyckhuys 2019).

This chapter addresses the implications of climate change for the complex inter-
actions between plants and arthropods in agricultural systems. The chapter suggests
that predictive models of the potential effects of climate change on crop pests should
be developed using holistic frameworks that allow investigation of possible
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alternative, and sometimes more credible, hypotheses. The chapter suggests that
without careful consideration of the combined effects of compounding global
changes — many of which are more easily amended than global climate — a changing
climate could indeed accelerate the growth of pest populations and dramatically
reduce production stability. Examples will be drawn from published studies of
arthropod interactions with maize, wheat, and rice. These crops have been selected
as three of the most important crops globally that together represent ~60% of global
food consumption (Lobell et al. 2011). Furthermore, wheat is a predominantly tem-
perate crop, whereas rice is predominantly tropical and subtropical (Fig. 1). Wheat
and rice are also C3 crops with maize representing a C4 crop (Lobell et al. 2011).
Each of these crops has an extensive associated literature related to key insect her-
bivores and other arthropods (Bosque-Pérez 1979; Hatchett et al. 1987; Ortega
1987; Heinrichs 1994). The chapter does not consider climate effects on decompos-
ers or pollinators and the services they provide for agriculture; however, the follow-
ing studies are good sources of information on potential climate effects on pollinators
(Hegland et al. 2009; Byers 2017) and other beneficial arthropods (Menéndez et al.
2014; Coyle et al. 2017; Sanchez-Bayo and Wyckhuys 2019). The chapter high-
lights the need to acknowledge the ecological complexity of arthropod communities
if we are to better develop future, climate-resilient production systems that avoid
potential pest problems and maintain or increase agricultural productivity.

Trends in Global Climate Change

Changes in the global climate have included responses to fluctuations in solar irradi-
ance and to decreased global volcanic activity, as well as feedbacks in the climate
system that began in the mid-nineteenth century (Overpeck et al. 1997); however,
changes in the current postglacial climate have accelerated in recent decades due to
anthropogenic emissions of greenhouse gases (GHG) (Pachauri et al. 2014). Most
of these emissions are directly related to the burning of fossil fuels (Herzog 2009);
however, other factors, including deforestation, contribute ~20% of current global
carbon dioxide (CO,) emissions (Baccini et al. 2012). In recent years (since 2017),
atmospheric CO, concentrations have surpassed 400 ppm. This is thought to be
higher than at any time in the Earth’s previous 800,000 years (Fig. 2). This CO,
concentration continues to increase at a largely constant rate despite recent calls for
reduced emissions (NASA 2019). The Intergovernmental Panel on Climate Change
[IPCC] has selected four representative concentration pathways [RCPs] for climate
modeling to predict future CO, concentrations (Pachauri et al. 2014). The first,
RCP2.6, represents a scenario where global annual GHG emissions peak between
2010 and 2020 and decline thereafter. The RCP4.5 scenario represents a peak at
around 2040 and the RCP6.0 a peak at around 2080. Based on the most probable
RCPs, global CO, concentrations are expected to double before the end of this cen-
tury [i.e., > 700 ppm under RCP6.0: (Pachauri et al. 2014)] (Fig. 2).
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Fig. 1 The global distribution of wheat, rice, and maize redrawn with data from the FAO (2019).
Estimated changes in production of each crop are indicated for (a) North and Central America; (b)
the Caribbean and South America; (¢) western and southern Europe; (d) eastern and northern
Europe; (e) North Africa; (f) sub-Saharan Africa; (g) Central and Eastern Asia; (h) Western,
Southern, and Southeast Asia; and (i) Oceania, using data presented by Ray et al. (2019) based on
linear regression models using weather and crop data to estimate climate impacts from 1974 to
2008
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Fig. 2 Atmospheric CO, concentrations over the past 800,000 years based on ice core sampling.
Concentrations of atmospheric CO, exhibit a series of peaks and troughs that represent interglacial
and glacial (ice age) periods, respectively. Current levels are higher than at any period in the past
800,000 years and surpassed 400 parts per million (ppm) in January 2017. Current high concentra-
tions are due to massive CO, emissions from the burning of fossil fuels, deforestation, agriculture,
and industry. Estimates of CO, concentrations for the year 2100 based on three representative
concentration pathways (RCPs) as proposed by the IPCC are indicated using orange (RCP2.6),
brown (RCP4.5), and red (RCP6.0) lines. Under RCP4.5 and RCP6.0, estimates are that the CO,
concentrations will increase to between 600 and 700 ppm by 2100. [Figure adapted using data
from Liithi et al. (2008) and with projections by the IPCC (Pachauri et al. 2014)]

Increased atmospheric CO, concentrations since the industrial revolution are
associated with increasing global temperatures (Herzog 2009). Since records began
in the 1800s, 18 of the warmest years on Earth have occurred after 2001, with 2016
representing the hottest year on record until the present (time of writing). The 2016
global annual temperature represented a high temperature anomaly of 0.98 °C rela-
tive to the 1951-1980 average (NASA 2019) (Fig. 3a). Under the IPCC RCPs,
global warming is estimated to reach between 1.61 °C (RCP2.6) and 1.91 °C
(RCP4.5) in 2046-2065 and between 1.61 °C and 2.81 °C (RCP6.0) in 2081-2100
(relative to the 1850-1900 reference period) (Pachauri et al. 2014). Increases in
global temperatures have resulted in the retreat of glaciers and melting of polar ice
to cause a rise in sea levels (Fig. 3b). It is estimated that globally, sea levels have
risen by about 20 cm since the industrial revolution (Nicholls and Cazenave 2010;
Pachauri et al. 2014). This has increased the frequency of flooding and saltwater
intrusion in lowland coastal regions (Rozema and Flowers 2008; Hoeppe 2016).
According to the RCP4.5 and RCP6.0 models, sea levels are expected to rise by
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Fig. 3 (a) Global temperature anomalies redrawn using data from Brohan et al. (2006) with recent
temperatures added according to NASA (2019). (b) Changes in sea level redrawn using data from
NASA (2019). (¢) Anomalies in global precipitation redrawn according to the EPA (2019). (d) The
frequency of Atlantic hurricane activity redrawn according to Mann and Emanuel (2006)

between 0.40 m and 0.48 m before 2100 [from base levels during the period
1986-2005] (Pachauri et al. 2014).

Historical records also indicate a gradual increase in global precipitation since
the early 1900s, with the wettest years largely coinciding with periods of sustained
high temperature (1940-1950 and 2000-2020) (Fig. 3c) (EPA 2019). However, this
increase in precipitation has not been experienced uniformly over the planet but,
rather, has been concentrated in temperate regions. For example, rainfall in the
Sahel of northern Africa has declined dramatically since the 1970s (JISAO 2019).
The distribution of rainfall largely follows changes in global cloud cover, with
trends reflecting a poleward retreat of midlatitude storm tracks and an expansion of
subtropical dry zones (Norris et al. 2016) (Fig. 4a). High temperatures and a
decrease in rainfall in arid regions have led to the expansion of dryland areas. Huang
et al. (2015) estimate that >50% of the total land surface will be covered in drylands
by 2100. This will lead to a reduction in carbon sequestration that will further accel-
erate regional warming.

Changes in global climate include complex positive feedback systems, including
albedo effects due to snow melt and to changes in vegetation cover (Gildor and
Tziperman 2003; Gibbard et al. 2005) (Fig. 5). Changes in climate also interact with
land cover change to exacerbate the impacts of habitat loss, which magnifies weather
effects on abiotic and biotic components of the environment at local or regional
scales (Mantyka-Pringle et al. 2015). For example, hot, dry conditions together with
deforestation and the clearing of scrublands increase atmospheric dust loads. It is



106 F. G. Horgan

Fig. 4 (a) Cloud trend patterns from 1983 to 2009 redrawn and simplified from a simulation
model presented by Norris et al. (2016) reflecting a polar migration of clouds (red) and reduced
cloud cover (green) over the expanding subtropical dry zones. (b) Estimated areas of increasing
(brown) and decreasing (green) dust flux (g/m?/year) including natural and cultivated soils between
the periods 1970-1980 and 2070-2080. The image (b) is simplified from a simulation model pre-
sented by Tegen et al. (2004). See original papers for full details related to changes in clouds and
dust

estimated that over half of the current estimated dust loads originate from anthropo-
genically disturbed soils and > 10% is generated by agricultural activities (Tegen
et al. 2004). Climate change and land-use change will further alter dust emissions
with decreases predicted in some areas but increases, largely influenced by culti-
vated soils, in others (Tegen et al. 2004) (Fig. 4b). These dusts will be transported
by future winds.

Changes in sea temperatures have influenced the strength and direction of winds
and the occurrence of typhoons and hurricanes (Mann and Emanuel 2006; Knutson
et al. 2015; Takagi and Esteban 2016). It is estimated that global wind speeds have
decreased by 5-15% over the last 30 years and are expected to continue to decrease
into the future (Barton 2014). However, whereas average wind speeds have
decreased, the frequency and intensity of storms have increased in some areas
(Knutson et al. 2015). For example, the number of tropical cyclones making landfall
around Leyte Island in the Philippines has been steadily increasing since the begin-
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Fig.5 Whereas much of the literature on climate effects on crops has focused on increasing global
temperatures and increasing CO, concentrations, other related effects such as the concentration of
particulate matter in the air (dusts), or changes in wind speed and direction, can have significant
effects on crop plants and affect the nature of plant-herbivore interactions and community interac-
tions at higher trophic levels. Global climate change includes a range of global effects (indicated
on the left) that produce other more localized changes in agricultural environments (indicated on
the right). These are influenced by a range of positive feedback systems (indicated by curved
arrows) that further accelerate changes

ning of the millennium (Takagi and Esteban 2016), and there has been a noted
increase in the incidence of Atlantic hurricanes that appears largely correlated with
temperature anomalies in recent decades (Mann and Emanuel 2006) (Fig. 2d). Apart
from the increasing intensity of storms, there have also been shifts in rainfall pat-
terns and in the trajectories of storm tracks and consequently in the relative vulner-
abilities of different coastal areas to storms and storm surges (Knutson et al. 2015;
Loo et al. 2015).

Together these trends depict global changes that are not linear, but a combination
of gradual changes together with an increasing frequency and magnitude of extreme
weather events. Harris et al. (2018) refer to this as a press-pulse system and suggest
that to be more realistic, predictive models should be based on press-pulse
frameworks.

The Impacts of Climate Change on Crop Yield Potential

Based primarily on crop physiology, a number of studies have modeled the potential
effects of recent and predicted future climate conditions on crop productivity.
Several of these models indicate a general decrease in the global production of key
food crops, including wheat, maize, and rice, as well as increasing temporal vari-
ability in crop yields (Lobell et al. 2011; Challinor et al. 2014; Ray et al. 2019). For



108 F. G. Horgan

example, Lobell et al. (2011) have indicated that changes in the global climate
between 1980 and 2008 may have already resulted in a decrease in maize (about
3.8%) and wheat (ca. 5.5%) production, with little change or some increase in
global rice production. Changes in temperature alone are estimated to have caused
a 3.1% and 4.9% decline in the yields of maize and wheat, respectively (0.1%
increase in rice yields). Changes in precipitation are estimated to have caused a
0.7%, 0.6%, and 0.2% decrease in maize, wheat, and rice production, respectively.
However, CO, fertilization (related to higher concentrations on CO, in the atmo-
sphere) is estimated to have produced an average 3% increase in the yields of wheat
and rice globally and had no effect on maize (Lobell et al. 2011).

Challinor et al. (2014) conducted a meta-analysis of over 1700 published simula-
tions to evaluate the potential impact of future climates on crop yields. Their analy-
sis suggests that rice, wheat, and maize, without adaptations, will incur variability
and increased losses to yields in both temperate and tropical regions under a 2 °C
warming. Some of the losses, particularly in wheat and rice, may be countered by
adaptive management (that increased simulated yields by 7-15%). Based on the
projected variability and declines in future crop yields, pest management is likely to
play an increasingly prominent role in future farm operations regardless of whether
crop damage from insect pests increases or not. This is because farmers will often
attribute to insects and diseases variability in yields that is actually due to weather
or poor crop management (Horgan 2017b). Such farmers will mistakenly respond to
variable yields by increasing their investments in pest management actions.

Climate Change and Arthropod Herbivory

Arthropods are predominantly ectotherms that regulate their body temperatures
using environmental heat sources (Bale et al. 2002; Bale and Hayward 2010). As
such, the behavior and ecology of arthropods are heavily influenced by ambient
temperatures. Other aspects of weather and climate that influence arthropod behav-
ior include precipitation and relative humidity, winds and thermal drafts, and solar
radiation or light intensity, including photoperiods (Rosenberg and Magor 1987,
Eizaguirre et al. 1994; Barton 2014; Wu et al. 2018). Researchers have explored the
influence of weather on the physiology, behavior, and population dynamics of syn-
anthropic arthropods for several decades. A large number of case studies have cor-
related weather data with insect populations or crop damage (Mochida et al. 1987,
Isichaikul and Ichikawa 1993; Fang et al. 2013; Ali et al. 2019) and herbivore out-
breaks (Hu et al., 2010a; Chen et al. 2013; WMO/FAO 2016). For example, studies
have indicated that population fluctuations of aphids are correlated with tempera-
tures in the years previous to field observations (Brabec et al. 2014). Ambient tem-
peratures have been correlated with populations of skippers, Pelopidas mathias
(Patel et al. 2011), and leaf folders, Cnaphalocrocis medinalis, in rice (Kaushik
2011; Patel et al. 2011). High springtime temperatures associated with El Nifio/
Southern Oscillation (ENSO) events have been linked to outbreaks of forest cater-
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pillars (Horgan et al. 1999; Myers 2000; Horgan 2005) and rice planthoppers
(Homoptera: Delphacidae) (Morishita 1992; Susanti et al. 2010). Outbreaks of
migratory insects, such as the desert locust, Schistocerca gregaria, are associated
with wind patterns and storms (WMO/FAO 2016). Observations such as these can-
not be attributed to global climate change, although they do indicate the potential
for a changing climate to impact arthropod populations. Historical records indicate
that weather-related outbreaks of insects have predated large-scale anthropogenic
increases in CO, and other greenhouse gases [e.g., planthoppers in Japan (Dyck and
Thomas 1979) and locusts in Africa (WMO/FAO 2016)]. Furthermore, just as high
temperatures are associated with high densities and outbreaks of pests, adverse
weather — including floods and drought, heavy rains, high winds, or unseasonably
cold spells — can also cause declines in herbivore populations (Kaushik 2011; Patel
etal. 2011; Zhang et al. 2013; Lacoste et al. 2015).

Because of an increasing emphasis on global climate change, researchers should
be vigilant against confirmation bias when investigating the relation between cli-
mate and recent changes in pest populations. Some criteria for attributing pest popu-
lations to climate change are therefore necessary. In recent decades, data has begun
to accumulate on the large-scale and long-term dynamics of pest insects; therefore,
it is now possible to examine correlations between weather parameters and insect
populations that encompass several years of directional change in weather (Hullé
etal. 2010; Ali et al. 2014, 2019; Brabec et al. 2014). In most cases, such correlation
techniques (with their limitations due to cause-and-effect issues) can only be used
to generate hypotheses and not to test them. Increasing the temporal or spatial scales
of research and incorporating an increasing number of factors to address possible
alternative hypotheses will strengthen the inferential power of statistical models.
Indeed, if climate change is a result of anthropogenic activities, then multiple paral-
lel changes are to be expected as a general rule (e.g., climate and landscape change,
climate and industrial output, or climate and global travel). The most realistic mod-
els of the possible effects of climate change on insect populations will, therefore,
necessarily be the most complex. A perusal of current literature on climate change
indicates that models are, indeed, becoming more holistic and have begun to incor-
porate other factors together with weather data (Hu et al. 2010a; Zhao et al. 2016).
Furthermore, an increasing number of research papers report the results of manipu-
lative experiments, and there is a tendency for researchers to include increasing
numbers of independent factors (e.g., temperature and humidity, temperature and
atmospheric CO, concentration, or temperature and natural enemies) in their experi-
mental designs (Kim et al. 2001; Fantinou et al. 2003; Fang et al. 2013; Shi et al.
2014; Xu et al. 2019). Nevertheless, in terms of predicting future pest scenarios, the
state of the art is still at its infancy, and there is ample space to improve on current
knowledge.

The following sections will examine evidence for the potential effects of climate
change on arthropod herbivores (mainly insects) bearing in mind the many limita-
tions inherent to this type of research as outlined above. The potential effects of
climate change can be divided into four main categories: (1) direct effects of climate
on arthropod herbivores, (2) indirect plant-mediated climate effects on arthropod
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herbivores, (3) indirect biodiversity-mediated climate effects on arthropod herbi-
vores, and (4) indirect crop management-mediated climate effects on arthropod
herbivores. These categories are not exclusive. For example, crop management will
have large effects on natural enemies (part of the biodiversity-mediated component)
and also influence plant-mediated effects. To provide information relative to the
large assemblages of arthropod herbivores affecting crops and the wide range of
local regional climates under which crops are attacked, each section will also con-
sider four key herbivore attributes that determine broad categories of responses to
climate. These key attributes are (1) whether the herbivore population is predomi-
nantly tropical or temperate, (2) whether the population is migratory or nonmigra-
tory, (3) whether the species is specialist or generalist, and (4) whether populations
occur in the species’ native or introduced range.

Direct Effects of Climate on Arthropod Herbivores

Temperature is the principal climatic factor directly influencing arthropod herbi-
vores. As outlined in a review by Bale et al. (2002), CO, and radiation do not directly
affect arthropods and evidence for the direct effects of precipitation is scarce. Much
of the current knowledge of temperature effects on insect herbivores has been
derived from measurative experiments conducted in climate chambers. However,
the application of such information to climate change models is limited. For exam-
ple, arthropod species have greater genetic variability and genotypic flexibility than
can be observed from laboratory experiments based on small, often laboratory-
reared populations (Krysan et al. 1984; Levine et al. 1992a; Levine et al. 1992b).
Arthropods also display varying degrees of phenotypic plasticity in their responses
to temperature (Lu et al. 2016), and many species can acclimatize to temperature
extremes through gradual exposure to suboptimal conditions during development
(Gillyboeuf et al. 1994; Ma and Ma 2012; Piyaphongkul et al. 2014). These mecha-
nisms of resilience to climate change are inherent to arthropods but often over-
looked in modeling studies. Finally, most arthropod herbivores are mutualists that
require a variety of endosymbiotic microorganisms, including bacteria and yeasts,
in order to survive (Hansen and Moran 2014; Ferrater et al. 2015; Horgan et al.
2019b). Evidence suggests that endosymbionts can sometimes determine herbivore
responses to temperature (Chen et al. 2009; Horgan and Ferrater 2017). For exam-
ple, in a study by Chen et al. (2009), the primary endosymbiont Buchnera aphidic-
ola was sensitive to high temperatures (> 35 °C), but its aphid host, Aphis craccivora,
was most sensitive to low temperatures (< 10 °C). A recent study has shown that
two bacterial symbionts in the aphid Acyrthosiphon pisum confer tolerance to high
temperatures, whereas a third bacterium was a liability at the same temperatures
(Russell and Moran 2005). Endosymbionts could therefore also promote herbivore
resilience to a changing climate and may undergo more rapid directional selection
for heat tolerance than their insect hosts.
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Climate and Arthropod Range Expansion

Changes in climate, particularly increasing winter and springtime temperatures,
will create conditions that are more favorable for tropical, subtropical, and warm
temperate species to increase their ranges poleward (Hu et al. 2015; Forrest 2016;
Tougeron et al. 2019). Considerable evidence of the poleward range expansion of
herbivores and other arthropod functional groups has been gathered over recent
decades (Tougou et al. 2009; Forrest 2016; Pecl et al. 2017). Much of this evidence
is based on species with relatively restricted distributions. In some cases, such nar-
row range species have become less common at lower latitudes presumably due to
their limited tolerance of high temperatures or low humidity (Franco et al. 2006).
Because many of the most important crop pests are species with wide distribution
ranges and many are not native in their current distribution ranges, observations of
poleward extensions in the distribution of crop pests are rare. Only two cases have
been documented in recent years. The range of the southern green shield bug,
Nezara viridula, had apparently shifted 85 km northward in Japan between the
1960s and 2008, probably because of more favorable overwintering conditions. The
species also declined in parts of its southern range (Tougou et al. 2009; Yukawa
et al. 2009) (Fig. 6a). In China, there has been a northerly shift in outbreaks of the
orange blossom wheat midge, Sitodiplosis mosellana. Outbreaks and damage to
wheat shifted northward at a rate of 58.8 km per decade between the 1950s and
2010s. Furthermore, phenological matching between adult emergence and wheat
heading in the new range has apparently increased midge-related losses to wheat
production (Wu et al. 2019) (Fig. 6b).

Crops may also be attacked by a greater diversity of herbivores as the distribu-
tions of several different species shift poleward. For example, the number of aphid
species identified at eight sites ranging from Scotland to southern France (extending

Original range
E, Extended range

" Former range

Fig. 6 (a) Northward range expansion of Nezara viridula in Japan based on light trap catches
reported by Tougou et al. (2009) and Yukawa et al. (2009); (b) original (1950s) and expanded
(2010s) outbreak range of the orange wheat blossom midge, Sitodiplosis mosellana [redrawn from
Wau et al. (2019)]. Cross hatching indicates rice production areas and wheat production areas in a
and b, respectively
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over 2000 km) of the EXAMINE [aphid observation] network had increased by
over 20% in the 30 years prior to 2010. The increase in diversity followed local
temperature increases over the same period. This represented an increase of 15 spe-
cies for every °C increase in temperature (Hullé et al. 2010) (Fig. 7). Whether this
will translate into increased damage to crops and consequent yield losses is not
clear. Agroecosystems typically include a diversity of arthropod herbivores, but
only a few species will directly affect yields. Indeed, evidence suggests that a greater
diversity of herbivores can lead to greater stability of arthropod communities and
potentially reduce pest outbreaks (Ings et al. 2009; Horgan et al. 2019a). Furthermore,
herbivores represent only a portion of the arthropod community that has increased
its distribution range. As will be discussed in Sect. 7, climate-related changes in
distribution ranges of the natural enemies of crop pests will also reduce the risks of
increased herbivore damage. In the same way that arthropods respond to warmer
temperatures by increasing their ranges poleward, many species are predicted to
expand their ranges to higher elevations. For example, the spotted stalk borer, Chilo
partellus, has spread rapidly in Africa since its introduction in the 1930s, in some
regions displacing the endemic maize stalk borer, Busseola fusca (Kfir 1997).
Predictive models based on life-stage responses to elevated temperatures indicate
that the spotted stalk borer could further expand its distribution to maize-intensive
farmlands in the highland tropics of East Africa (Khadioli et al. 2014).
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Fig. 7 (a) The number of aphid species captured each year between 1974 and 2000 at Preston
(UK) with (b) corresponding mean annual temperatures at the site. (Redrawn using data from
Hullé et al. 2010)
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Species range expansion either poleward or to higher elevations will occur as a
progressive establishment of populations over several generations. Therefore, as
climate change occurs, arthropod monitoring programs such as the EXAMINE net-
work will record species at successive stages of range expansion, including sterile
invasions, temporary isolated populations that may eventually become extinct, or
established populations that are disjunct from the original continuous distribution
(Gorodkov 1986) (Fig. 8). As global temperatures increase, some species may also
undergo range reductions at lower latitudes or lower altitudes. Tropical and sub-
tropical insects in particular may be less tolerant of predicted climate changes than
temperate species. For example, using temperature profiles and simulation models,
crop damage from the fall armyworm, Spodoptera frugiperda, is predicted to decline
in the southern USA and much of South America (Ramirez-Cabral et al. 2017), and
brown planthopper, Nilaparvata lugens, and pink stem borer, Sesamia inferens,
populations are predicted to decline in some parts of India as a result of reduced
fecundity and lower survival under higher temperatures (Sujithra and Chander
2013; Krishnan and Chander 2015). Furthermore, many tropical montane species
with narrow distribution ranges will be vulnerable to extinction where opportunities
for redistribution from high elevations at low latitudes to similar biomes at higher
latitudes are restricted by inherent physiological limits (Janzen 1967).

Increasing global temperature

O

O

O

Continuous distribution

El Sterile invasion

Temporary isolated populations

Disjunct (established) populations

Fig. 8 Successive stages of invasion and establishment of species during range expansion.
(Adapted from Gorodkov 1986)
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Climate and Voltinism

A warmer climate can affect populations of multivoltine species by increasing the
number of generations they complete each cropping season. For example, predicted
higher temperatures of 2 °C in northern Europe are expected to increase the number
of generations for some aphid species by as many as five per year (e.g., from 18 to
23 in the UK). This is partly because many aphids in northern Europe presently
occur under suboptimal temperature conditions, because aphid populations can sur-
vive and remain active all year and because higher temperatures favor parthenogen-
esis (Hull€ et al. 2010). Based on climate models, brown planthopper voltinism is
predicted to increase by <0.5, 0.5-1.0, and 1.0-1.4 generations in the period between
2021 and 2050 in northern, central, and southern China, respectively (Hu et al.
2015). Other factors that will increase arthropod voltinism under global warming
include earlier migration, earlier egg hatch or an earlier break in diapause after win-
ter, as well as increased development rates. Already, ~ 95% of aphid species from
the EXAMINE network have displayed increasingly early spring migrations since
records began in the 1970s (Hullé et al. 2010).

Studies of crop pests in Europe suggest that as temperatures continue to rise,
important pests, including the European corn borer, Ostrinia nubilalis, and the
aphids Rhopalosiphum padi and Sitobion avenae, will increase the number of gen-
erations they complete in northern regions but will complete fewer generations in
southern regions as ambient humidity declines (Kocménkova et al. 2010; Brabec
et al. 2014, Svobodova et al. 2014). Furthermore, gradual increases in temperature
that favor rapid arthropod development will not always result in increased crop
damage; indeed, rapid changes in temperature could produce “ecological traps” for
some species. For example, in some areas of northwestern Europe, populations of
the wall brown, Lasiommata megera (a non-pest butterfly), are affected by a poten-
tial development trap under higher temperatures because they produce a third gen-
eration without diapause. During unfavorable autumn conditions, larval mortality is
sufficiently high to drive populations of the wall brown to extinction (Van Dyck
et al. 2015). Furthermore, in northern Japan, warmer winters with increased snow
melt — as expected under future climates — are associated with the submergence and
drowning of green leafhopper, Nephotettix cincticeps, nymphs (Oya 1979), thereby
reducing the survival of late season generations.

Climate and Arthropod Migration

Migratory insects use air currents to travel large distances between continents.
Often alighting during warm mornings or evenings, arthropods will travel using
high-altitude jet streams to track warmer weather and avoid predators (Riley et al.
1994, 1995; Kisimoto and Sogawa 1995; Sedlock et al. 2019). This strategy allows
some insects to benefit from constant temperatures and new plant growth during
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tropical wet seasons and from emerging vegetation as temperatures increase and
photoperiods extend during the subtropical and temperate spring or summer.
Migration plays an important role in determining pest population traits such as viru-
lence against resistant crop varieties and insecticide resistance (Matsumura et al.
2008; Horgan et al. 2017a). A number of important crop pests undergo such migra-
tions. Among the best studied are populations of brown and white-backed (Sogatella
Jurcifera) planthoppers that feed on rice in East Asia (Riley et al. 1994; Kisimoto
and Sogawa 1995) (Fig. 9).

The key role of wind transport in planthopper migration has been highlighted
through a number of studies that traced migration routes by backtracking wind con-
ditions, landing dates, and insect development stages (Otuka et al. 2008; Otuka et al.
2012). Because planthoppers converge during cyclones and are deposited during
storms and rain (Kisimoto and Sogawa 1995), a changing climate could have sig-
nificant effects on migrating populations. For example, climate models depict direc-
tional changes in wind patterns that have already been noted in the South China Sea
(Wang et al. 2009a; Loo et al. 2015), an important region for planthopper migration
(Fig. 9). Furthermore, an increase in the number and strength of typhoons in the

P Southeast Asia overwintering ﬁ Spring northward migration =~ -=---- COA 2020s

East Asia migration v/ Autumn southward migration COA 2050s

. South Asia population /:/_“‘ South Asia migration %:2200280055
. South-central Asia population seseeesses |OA 2050s
——— |0A 2080s

Fig. 9 Populations of brown planthopper, Nilaparvata lugens, in South, Southeast, and East Asia
based on evidence from trapping programs and virulence data reported from a range of studies
(Wada et al. 1987; Riley et al. 1994; Kisimoto and Sogawa 1995; Horgan et al. 2017a) (arrows
indicate successive generations of migration). The inset map presents the estimated northward
extension of the constant overwintering area (COA > 16 °C isocline) and intermittent overwinter-
ing area (IOA > 10 °C isocline) based on future climate scenarios (Hu et al. 2015)
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north Pacific (Wang et al. 2009a; Takagi and Esteban 2016) could result in more
frequent outbreaks of planthoppers and other migratory pests because of converging
winds and a more rapid displacement of populations.

A further factor that could affect planthopper migrations is a potential northward
extension of the species’ overwintering boundaries (Fig. 9). Planthoppers are inca-
pable of overwintering at temperatures below ~10-16 °C. Using data from 289
meteorological stations and published temperature thresholds for overwintering
survival, recent models have predicted that between 1951 and 2010, the overwinter-
ing range of the brown planthopper has extended by 2-3 degrees of latitude (about
90 km) in some regions and that the northward progression of the overwintering
boundary (represented by the 10 °C isocline) has accelerated in recent decades (Lu
et al. 2012). In a similar study aimed at predicting the future limits of the overwin-
tering boundary using standard IPCC climate prediction models, the intermittent
overwintering area (represented by the >10 °C isocline) was predicted to increase
by 11, 24, and 44% and the constant overwintering area (represented by the >16 °C
isocline) by 66, 206, and 477% during the 2020s, 2050s, and 2080s, respectively
(Hu et al. 2015). There is still little direct evidence of extended planthopper over-
wintering ranges in China (Luo et al. 2013); however, evidence from light trapping
suggests an increasingly early arrival of migratory planthoppers and other rice pests
(e.g., leaf folders) to China during recent decades (Wang et al. 2009b; Hu et al.
2011; Hu et al. 2014) as predicted by extended overwintering ranges.

Indirect Plant-Mediated Climate Effects on Herbivores

The effects of a changing climate on arthropod herbivores will ultimately be deter-
mined by the herbivore’s interactions with its biotic environment and, principally,
with its plant host. Many of the most significant effects of climate on arthropods
will therefore be indirect. For non-pest species, one of the principal determinants of
whether an invasion during range expansion becomes sterile or results in a disjunct
population (Fig. 8) is whether the dispersing population encounters a suitable host
in its expanded distribution range (Cannon 1998; Hickling et al. 2006). For pest
herbivores, this is less important because of the wide distribution of most crop spe-
cies (Fig. 1). Crop-herbivore interactions can be divided into three main categories.
These are resistance, tolerance, and vulnerability (Horgan 2012; Horgan et al. 2016;
Horgan et al. 2018c). Evidence suggests that the nature of each of these interactions
could be altered under a changing climate.
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Effects of Changing Climate on Host-Plant Resistance

Resistance is a plant’s ability to defend against attacking herbivores and reduce
damage. Resistance is normally divided into antixenotic components that deter
insects from ovipositing or initiating feeding on the host and antibiosis components
that reduce the fitness of herbivores feeding on the host (Horgan 2012). These com-
ponents are determined by the physical and biochemical properties of the plant,
including the presence/absence of trichomes and surface waxes, the composition of
volatiles emitted from the plant, the presence/absence of toxins or antifeedants, and
other factors (Salminen et al. 2005; Pelletier et al. 2013; Xu et al. 2019). Because
resistance is a relative term, the effects of a changing climate on resistance can only
be assessed through comparative experiments. Research on the potential impacts of
climate change on resistance has mainly focused on the effects of increasing (high)
temperatures, CO,, dusts, and salt on the ability of crop plants to defend against
herbivores. Condition-dependent changes in resistance are best detected in experi-
ments as significant interactions between “climatic conditions” and “host plant”
where physical condition (optimal and extreme) and host plant (susceptible and
resistant) have at least two levels. However, very few studies have taken this
approach. Instead, most studies have assessed whether changing conditions affect
herbivore fitness on a single host genotype. These studies have indicated that
changes in temperature may increase, decrease, or have no impact on the relative
strength of resistance depending on the host species and the arthropod species
involved. For example, in studies with tomatoes and sorghum, resistance to various
insect herbivores declined under low temperatures (Schweissing and Wilde 1979;
Stamp and Osier 1998). Cold weather has also been associated with a decline in the
resistance of flowering wheat to the aphid Rhopalosiphum padi because of a reduc-
tion in the levels of potassium and copper in flowers during frost events (Lacoste
et al. 2015). Wang et al. (2010) suggested that the rice variety IR36 had an optimal
temperature for resistance at about 25 °C. The authors largely associated declining
resistance at higher temperatures (above 25 °C) with increases in the content of
soluble sugars in the plant tissues. The effects of temperature on resistance can also
be the result of complex interactions between insects, plants, and other elements of
their biotic environment. For example, resistance of tall fescue and perennial rye-
grass against the fall armyworm, Spodoptera frugiperda, increases as plant growth
temperatures increase from 15 to 25 °C. Higher anti-herbivore resistance was due to
increases in the concentrations of alkaloids produced by the plants and by endo-
phytes located in the plant roots. In the absence of endophytes, resistance declined
(Salminen et al. 2005).

Understanding the effects of atmospheric CO, concentrations on host-plant resis-
tance is complicated because CO, affects the nutritional quality of the host plant and
therefore, although it may reduce herbivore fitness, it can also increase the relative
damage caused by herbivores at high CO, concentrations. For example, in a study
by Li et al. (2013), elevated CO, reduced the fitness of leaf folders on rice. This was
associated with an increase in food consumption but a decline in the conversion
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Fig. 10 Separate and combined effects of elevated CO, concentration and nitrogen fertilizer on
maize defenses (a—d) and Asian corn borer (Ostrinia furnacalis) development (e=h). Jasmonic
acid concentrations in (a) control uninfested plants and (b) plants infested by corn borer and total
phenolics in (¢) control and (d) infested plants are indicated; Asian corn borer development is
represented by (e) larval duration, (f) pupal duration, (g) larval weight, and (h) feeding rate (weight
consumed). Results of full factorial analyses are presented as * = P < 0.05 and *x = P < 0.005 for
nitrogen (N), CO,, and the presence/absence of Asian corn borer (ACB). (Based on data in Xu
et al. 2019)

efficiency of food to body weight. Similar results were obtained in experiments with
the Asian corn borer, Ostrinia furnacalis, feeding on maize. Maize grown under
elevated CO, had a higher content of defensive phenolics and an increased activity
of defensive enzymes (Xu et al. 2019) (Fig. 10). Exposure to elevated CO, also
reduced fitness during several generations of bollworms, Helicoverpa armigera, in
experiments with wheat and maize. In each case, the bollworms consumed more
foliage to complete their development under elevated CO, conditions (Wu et al.
2006; Yin et al. 2010). Rice planthoppers lay more eggs under elevated CO, concen-
trations (Prasannakumar et al. 2012; Shi et al. 2014) (e.g., Fig. 11). Combining
elevated CO, with higher temperatures also increased planthopper fecundity (by as
much as 30%) and increased the rate of nymph development. These effects resulted
in 30% more damage to rice under the combined effects of elevated CO, and tem-
perature (Pandi et al. 2018). Newman (2004) suggests that elevated CO, could
increase aphid populations under specific circumstances, including high soil nitro-
gen (if nitrogen is a limiting factor for aphid development). Surprisingly, the effects
of elevated CO, on resistant varieties of grain crops (i.e., varieties with known anti-
herbivore resistance genes) have not been examined in detail; however, a study by
Qian et al. (2019) demonstrated that the resistance of beans against thrips,
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Fig. 11 Separate and combined effects of elevated temperature and CO, concentration on rice
(a—d) and planthopper (Nilaparvata lugens) development (e<h) in a climate chamber experiment.
Seedling development is represented by (a) dry shoot weight, (b) root/shoot ratio, (¢) water con-
tent, and (d) relative chlorophyll content; planthopper development is represented by (e) nymph
duration, (f) eggs laid, (g) adult weight, and (h) feeding rate (honeydew excreted). Results of full
factorial analyses are presented as # = P < 0.05, #* =P < 0.005, and #:#% =P < 0.001 for tempera-
ture (T), CO,, and/or their interactions. (Based on data in Shi et al. 2014)

Frankliniella occidentalis, increased at high CO, concentrations due to improved
callose deposition.

Other factors related to climate change that influence resistance include light
intensity, salinity, and dusts. High light intensity increases the resistance of wheat
and maize against the wheat stem sawfly, Cephus cinctus, and European corn borer,
respectively. This is mainly associated with an increase in the toughness of the
stems and leaves of plants grown under high light intensity (Roberts and Tyrrell
1961; Bergvinson et al. 1994, 2012). Salt spray has been shown to reduce plant
resistance to aphids, possibly due to increasing plant protein and sugar contents
(Braun and Fliickiger 1984). Finally dusts can have marked effects on plant-
herbivore interactions. Dusts will alter the phylloclimate and may affect photosyn-
thesis, plant respiration, and transpiration (Farmer 1993). Dusts can reduce the
effectiveness of defensive plant trichomes (Pelletier et al. 2013; Vanderstock et al.
2019) and deter insect feeding or reduce herbivore fitness through mandible wear or
by affecting food digestion (Lucas et al. 2014; LoPresti and Karban 2016). The
effects of dusts on cereal resistance to arthropod herbivores deserve increased atten-
tion given the increasing networks of non-covered roads through crop-producing
regions, particularly in developing countries.
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Effects of Changing Climate on Host-Plant Tolerance

Tolerance is a plant’s ability to withstand an herbivore attack and to compensate for
damage. Tolerance is largely determined by plant age, size, and structure, as well as
the plant’s ability to redirect resources between organs following attack. Tolerance
is also heavily influenced by the availability of limiting resources such as light or
nutrients (Horgan et al. 2016; Horgan et al. 2018c). In general, plant tolerance to
herbivores has received little research attention compared to resistance (Horgan
et al. 2016; Horgan 2017a). Plants stressed by high temperatures will lose water and
become flaccid, which can sometimes increase their susceptibility to arthropod her-
bivores (Larsson 1989), and is predicted to lower the plant’s tolerance to attack.
Under high temperatures, the ratio of root to shoot biomass of crop plants often
decreases (Kim et al. 2001; Shi et al. 2014; Xu et al. 2019), which could affect nutri-
ent acquisition and thereby further reduce tolerance (Horgan et al. 2016a; Horgan
et al. 2018c). Further research is required to better understand the potential effects
of increasing temperatures on crop tolerance to herbivores.

In C3 plants, elevated CO, generally increases carbohydrate concentrations in
the plant and therefore increases the carbon/nitrogen [C/N] ratio (demanding
increased food consumption by herbivores) (Kim et al. 2001; DeLucia et al. 2012;
Xu et al. 2019). However, the effects of elevated CO, on herbivores are strongly
dependent on the availability of nitrogen (Newman 2004). Despite increased food
consumption rates, herbivores on crop plants are unlikely to be limited by low nitro-
gen availability (i.e., high C/N ratios) because crops normally receive extra nitrogen
in the form of organic or synthetic fertilizers. Therefore, the predicted negative
effects of elevated CO, on plant tolerance will probably be lower for crop plants
than for non-crop species. The effects of nitrogenous fertilizers will also vary
between herbivore species. In general, plant-sucking insects can more effectively
acquire nitrogen from the plant phloem and will be less affected by elevated CO,
than chewing insects (Horgan et al. 2016a). Because nitrogen increases plant toler-
ance to herbivores (Horgan et al. 2016; Horgan et al. 2018c¢), then high C/N ratios
in plant tissues and competition for nitrogen between the plant and its herbivores
might be expected to reduce plant tolerance in some cases. Higher damage to leaves
per unit weight of herbivore and the availability of CO, in the atmosphere might
also improve plant tolerance in some cases (particularly for chewing insects). For
example, in a non-crop system, herbivore damage to leaves of silver birch increases
the uptake of CO,, particularly under high nutrition and at higher temperatures,
which has a positive impact on the ability of birch seedlings to compensate for her-
bivore damage (Huttunen et al. 2007). In an experiment with maize, a C4 plant,
elevated CO, alone (i.e., without high temperatures) increased plant starch content,
but did not affect the C/N ratio [although this differed from previous results by the
same authors: Xu et al. (2019)]. Without greatly affecting C/N ratios, elevated CO,
is therefore unlikely to affect the tolerance of maize and other C4 crops to herbi-
vore damage.
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Effects of Changing Climate on Host-Plant Vulnerability

Vulnerability is largely determined by the plant’s exposure to herbivore pressure.
Synchrony in the timing of attack by pests with favored stages of crop development
is a key aspect in the vulnerability of crop plants to herbivores. Warmer global tem-
peratures might increase or decrease synchrony, depending on the crop and herbi-
vore species in question (Forrest 2016; Wu et al. 2019). Unlike natural vegetation,
the phenology of crop plants is largely determined by sowing dates as decided by
farmers. This may be influenced by the capacity of different varieties to tolerate
extremes in temperature or light intensity. At higher latitudes, early sowing can
reduce herbivore damage by permitting crops to escape peaks in herbivore migra-
tion or by avoiding maximum egg hatch or the break of cold-induced herbivore
diapause. The importance of escaping herbivory has been recognized for decades
(Jacobson and Farstad 1952; Buntin et al. 1990). For example, damage to wheat
from the wheat bulb fly, Delia coarctata, is strongly influenced by sowing date.
Early sowing reduces vulnerability of the crop to the fly by advancing crop develop-
ment beyond the most susceptible stages before flies attack (Jones 1978). Late sow-
ing can also reduce the survival of pest populations. For example, late-sown maize
is associated with low levels of diapause in Sesamia nonagrioides in Spain leading
to higher mortality of the pest during winter months (Eizaguirre et al. 2007). Careful
monitoring of pest populations can therefore help farmers to better manage the tim-
ing of crops and disrupt synchrony between pests and favored growth stages under
changing climatic conditions [e.g., rice planthoppers in Asia (Horgan 2017a)].
However, nonmigratory pest species can adapt to changing crop phenologies to
maintain synchrony with their main crop hosts or with regional peaks in planting
(Krysan et al. 1984; Levine et al. 1992a).

Warmer climates could also increase crop vulnerability by altering the dynamics
of herbivore-vectored plant diseases. For example, high temperatures increase the
acquisition of rice waika virus by Nephotettix cincticeps, thereby potentially
increasing viral transmission (Inoue and Hirao 1980). In contrast, high rates of
transovarial passage of rice stripe virus (>90%) in the small brown planthopper,
Laodelphax striatellus, are associated with cooler temperatures such that viral
transmission is reduced under warmer climates (Raga et al. 1988). Avoiding long-
duration varieties will reduce crop vulnerability to herbivores and their viruses but
could be countered by increasing numbers of generations in multivoltine herbivore
species.

Indirect Biodiversity-Mediated Climate Effects on Herbivores

Crop herbivores are part of complex agroecosystems that include a wide variety of
natural enemies including entomopathogenic bacteria, fungi and nematodes, para-
sitic wasps and flies, and predatory spiders, bugs, and beetles (Settle et al. 1996;
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Dainese et al. 2019). The arthropod natural enemies of herbivore pests may respond
directly to climate change by expanding their distribution ranges, by increasing the
number of generations they complete in a season, and by changes in their overwin-
tering ranges, migration times, and migration paths in the same way as occurs with
herbivore species (Sect. 5). A key question is whether such responses by natural
enemies will be sufficient to counter any potential positive effects of climate change
on insect herbivore populations and thereby reduce the risks of increased crop dam-
age. In recent years, there has been an increase in the number of climate-related
studies that include three or more trophic levels (Hoover and Newman 2004;
Schuldiner-Harpaz and Coll 2013; Abbott et al. 2014; Barton 2014; Barton and Ives
2014) — particularly in crop-aphid-parasitoid systems (Bensadia et al. 2006; Guay
et al. 2009; Dong et al. 2013). Studies such as these can help predict the efficiency
of natural enemies in responding to climate-induced changes in herbivore popula-
tions and assemblages.

Range Expansion and Voltinism in Arthropod Natural Enemies

The maintenance of crop herbivores at low population densities often requires spe-
cialist natural enemies that track changes in herbivore populations and display
density-dependent attack responses (Horgan 2017b; Dainese et al. 2019; Damien
and Tougeron 2019). However, generalist natural enemies also play a key role in
herbivore population dynamics (Settle et al. 1996; Horgan et al. 1999; Horgan and
Myers 2004). For example, in rice, generalist natural enemies such as spiders and
predatory bugs protect early crop stages from herbivore attack by initially feeding
on decomposers and thereby maintaining high numbers in the rice paddies prior to
rice planting (Settle et al. 1996). Natural biological control therefore relies on both
specialists and generalists. For example, invasive species during post introduction
outbreaks will often experience high mortality from generalist predators, but are not
regulated by any specialist natural enemies and therefore display unstable popula-
tion dynamics (Horgan et al. 1999; Horgan and Myers 2004; Moreau 2006). This
suggests that crop herbivores that expand their distribution ranges in response to
climate warming could display similar instability in their populations unless spe-
cialist natural enemies are already present in the new environment. Spiders tend to
be generalist predators, and although they can disperse long distances using thermal
drafts and jet streams (Riley et al. 1994, 1995; Sedlock et al. 2019), they probably
have normally lower rates of range expansion than insect herbivores. Furthermore,
spiders and other generalists already present in the expanded range will probably
cause similar rates of herbivore mortality as spiders in the original range. Such gen-
eralists, although they contribute significantly to herbivore mortality, are often inef-
fective in regulating herbivore populations.

Specialists are highly mobile species and generally have high reproductive rates
including polyembryony in some species (Hance et al. 2006; Jeffs and Lewis 2013).
Specialist parasitoids may have difficulty in tracking their hosts over expanding
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ranges, particularly in the short term when host populations are likely to be patchily
distributed (Horgan et al. 1999; Jeffs and Lewis 2013). However, there are also pos-
sibilities that specialist natural enemies spreading poleward or to higher elevations
could more heavily impact already widespread herbivores. For example, the parasit-
oid Sturmia bella that was introduced into the UK has been associated with a decline
in populations of the non-pest butterfly Aglais urticae over the parasitoid’s intro-
duced range (Jeffs and Lewis 2013). Increasing voltinism in herbivores under
warmer climates could have negative or positive effects on specialist parasitoids.
For example, extra generations of host herbivores could offer a greater resource and
extended time for parasitoids to build up populations (Jeffs and Lewis 2013).
Alternatively, parasitoids might be prone to ecological traps where their herbivore
hosts are poorly synchronized with the crop plant or where parasitoids become
trapped during diapause in their insect host. Some parasitoids, particularly koinobi-
ont parasitoids (that allow the host to continue feeding after infested), display a high
degree of plasticity in their development rates and final body size (Klapwijk et al.
2010), which should allow them to rapidly adapt to climate-induced changes in the
population dynamics and/or quality of their herbivore hosts. However, there is also
evidence that compared to their hosts, some specialist parasitoids may be less plas-
tic in their ability to acclimatize to temperature extremes. For example, the stem
borer Chilo partellus displays greater plasticity compared to its parasitoid Cotesia
Sflavipes during temperature acclimation studies (Mutamiswa et al. 2018).

Under the future high temperatures predicted by climate models, generalist pred-
ators and established parasitoids will also increase the number of generations they
complete. Research from Japan suggests that many natural enemy species will
increase their generations by two or three generations under a mean monthly tem-
perature increase of 2 °C, whereas most rice pests will only increase their genera-
tions by one extra generation (Kiritani 1999). This suggests that unlike other
invasive herbivores, in response to climate change, widespread crop pests are
unlikely to display unstable population dynamics in expanded ranges and under
increased voltinism if natural enemies are already present and are adequately
conserved.

In Situ Responses by Natural Enemies to a Changing Climate

The natural enemies of crop pests display a wide range of physiological and behav-
ioral responses to climate extremes. These can result in an increased or decreased
efficiency in predation or parasitism and potentially affect regulation and the stabil-
ity of herbivore populations (Chiverton 1988; Runjie et al. 1996; Clercq 2001;
Jamshidnia et al. 2010; Ma et al. 2012). Synchrony between natural enemies and
their herbivore prey/hosts is a key determinant of regulatory efficiency. Insect her-
bivores may exhibit poor synchrony with favored stages of their host plant under an
increasingly variable climate (Sect. 6.3); however, for parasitoids that depend on
environmental, herbivore, and herbivore damage-related cues to guide activity
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cycles and find their hosts, poor synchrony is likely to be even more prominent. For
example, in an experiment from China, although population growth of the aphid
Sitobion avenae was accelerated in experimentally warmed wheat plots, parasitoids
failed to respond to high aphid densities in one of 2 years (Dong et al. 2013). These
results may be due to the small scale of the field-plot experiments; indeed, the aphid
and its parasitoids have been shown to be normally highly synchronized over larger
scales (Jeffs and Lewis 2013; Pérez-Rodriguez et al. 2015). Nevertheless, the study
does indicate the potential effects of herbivore-parasitoid mismatches in driving
pest population growth under a future, more variable climate.

Several studies suggest that natural enemies may display increased efficiency
under elevated temperatures. For example, ladybeetles (Coleoptera: Coccinellidae)
and carabids (Coleoptera: Carabidae) were more effective in reducing aphid num-
bers at high temperatures because of shorter prey handling times (Abbott et al.
2014) and increased searching efficiency (Chiverton 1988), respectively. The para-
sitoid Cotesia flavipes had higher rates of parasitism on the pink stem borer, Sesamia
inferens, at higher temperatures in studies from rice fields in Japan (Mia and
Iwahashi 1999), and the predatory bugs Podisus maculiventris and Podium nigrispi-
nus had improved attack efficiency on the beet armyworm, Spodoptera exigua,
under higher temperatures (Clercq 2001). In rice, the parasitoid Cardiochiles philip-
pinensis had increased functional efficiency when feeding on leaf folders (Runjie
et al. 1996), and the mirid predator Cyrtorhinus lividipennis and hymenopteran
parasitoid Anagrus nilaparvatae both had greater efficiency when feeding on plan-
thopper eggs under high temperatures (Song and Heong 1997; Ma et al. 2012).
Herbivores may also become more vulnerable to predators where they avoid high
temperatures (Roitberg and Myers 2012). For example, under hot weather condi-
tions, aphids drop to the soil where they become more vulnerable to edaphic preda-
tors. Studies with entomopathogens, including entomopathogenic nematodes, have
also indicated higher rates of herbivore mortality at elevated temperatures (Stacey
and Fellowes 2007; Gozel and Giines 2013).

It is still unknown how increased natural enemy efficiency, mainly reported from
laboratory studies, might affect herbivore populations under warmer or more vari-
able climates. Unsurprisingly, some of the same studies mentioned above have also
indicated that the efficiency of parasitoids and other natural enemies is reduced
under temperature extremes. For example, mortality of the rice leaf folder due to
Cardiochiles philippinensis and mortality of the beet armyworm, Spodoptera
exigua, from the predators Podisus maculiventris and Podisus nigrispinus, declined
at temperatures above 28 °C (Runjie et al. 1996; Clercq 2001). Several studies have
also indicated that hymenopteran parasitoids in particular are highly negatively
affected by temperature extremes (Thomson et al. 2010). The ultimate effects of
temperature-related increases in natural enemy efficiency probably depend more on
aspects of the herbivore and natural enemy life cycles than mortality rates. For
examples, at temperatures below 11 °C, the reproductive rate of the aphid
Acyrthosiphon pisum falls below the predation rate of the ladybeetle Coccinella
septempunctata (Hullé et al. 2010), such that the ladybeetle is more effective in
reducing aphid populations at lower temperatures. Furthermore, lower soil moisture
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contents associated with higher temperatures could reduce the efficacy of
entomopathogenic nematodes, fungi, or bacteria. A meta-analysis of parasitism on
(non-pest) lepidopterans has indicated a strong relation between variability in pre-
cipitation and parasitism rates, mainly due to a reduction in parasitism by
hymenopterans (Stireman et al. 2005).

To gain increased inference, future studies of natural enemy efficiency could be
conducted over longer time scales and more natural conditions, and they could
include multiple predator and prey generations. How differential responses to cli-
mate by herbivores and their natural enemies might affect herbivore population
regulation will be of particular interest. To date, experimental studies on the poten-
tial effects of climate change on herbivore population dynamics are rare. However,
Meisner et al. (2014) recently indicated that high temperatures that increased the
fitness of an aphid and its parasitoid Aphidius ervi and increased the attack effi-
ciency of the parasitoid were translated into complex effects on population cycling
in a multigeneration experiment. The authors indicated that increasing temperatures
would actually destabilize aphid populations by increasing the amplitude but
decreasing the period of population cycles.

Responses by herbivores and their natural enemies to climate change are often
complex, and the ultimate results of such changes can sometimes appear counterin-
tuitive. For example, in a field experiment with corn leaf aphids, Rhopalosiphum
maidis, the aphid-tending ant Prenolepis imparis, and the predatory ladybeetle
Harmonia axyridis, aphid abundance increased on corn under elevated temperatures
but declined in the presence of the ladybeetle (Fig. 12a). Aphid-tending ants protect
aphids from predators, receiving a food reward (honeydew excreted by the aphids)
in return (Fig. 12 b,c). Under ambient temperatures, the ants could sufficiently fend
off predators to maintain aphid populations; however, at experimentally elevated
temperatures, ants were incapable of protecting the aphids because of a reduction in
defense efficiency (Fig. 12c). In effect, warming had broken down the ant-aphid
mutualism leading to declines in aphid population growth under higher tempera-
tures (Barton and Ives 2014). In a similar multispecies interaction, clones of the pea
aphid, Acyrthosiphon pisum, that contain the endosymbiont Hamiltonella defensa,
are immune to attack by the parasitoid Aphidius ervi at 20 °C (but clones without
the endosymbiont are not). The same symbiont-bearing clones were highly suscep-
tible to the parasitoid at higher temperatures, presumably due to heat sensitivity of
the endosymbiont (Bensadia et al. 2006; Guay et al. 2009; Jeffs and Lewis 2013).

A few studies have examined the effects of other global changes on the natural
enemies of crop pests. Elevated CO, had negligible effects on predation by the lady-
beetle Harmonia axyridis on the aphid Sitobion avenae feeding on wheat, but the
abundance of a braconid parasitoid, Aphidius picipes, was higher under elevated
CO,, resulting in increased aphid parasitism under elevated compared to ambient
CO, (Chen et al. 2007; Thomson et al. 2010). Elevated CO, could affect the devel-
opment of koinobiont parasitoids by reducing the quality of the insect host; how-
ever, the extended development time of herbivores feeding on plants under high CO,
and greater damage by herbivores to host foliage could also increase parasitism
rates by extending the time available to attack the herbivore and by enhancing host-
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Fig. 12 Abundance of corn leaf aphids, Rhopalosiphum maidis, in field plots with (a) the preda-
tory ladybeetle Harmonia axyridis and (b) the aphid-tending ant Prenolepis imparis at ambient
(T°C: blue bars) and elevated (T + °C: red bars) temperatures. The relative abundance of the aphids
in the presence of both the ants and ladybeetles is presented in (c). Note that aphid-tending ants
protected aphids from predation at ambient temperatures but were incapable of protecting aphids
at elevated temperatures. (Figure drawn using data presented by Barton and Ives 2014)

finding cues. Finally, in a field study by Barton (2014), predation of aphids by the
ladybeetle Harmonia axyridis was higher under reduced wind conditions, as pre-
dicted for future climates, because of a reduction in the movement of plants.
Blocking wind in experimental field plots resulted in a 40% decline in aphid abun-
dance compared to control plots.

Indirect Crop Management-Mediated Climate Effects
on Arthropod Herbivores

In Sect. 6.3, crop management and host-plant ontogeny (age-related changes in
plant physiology) were seen to interact and potentially determine crop vulnerability
to insect herbivores under a changing climate. Much of these effects could be miti-
gated by altering sowing or planting times, adjusting crop duration, or scheduling
crop management activities based on the results of local or regional herbivore moni-
toring programs. Crop nutrient management (i.e., the application of nitrogenous
fertilizers) was also seen to have a major influence on the resistance and tolerance
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of crops to arthropod herbivores and could counter the potential reducing effects of
elevated CO, on herbivore populations. In this section, the potential impacts of other
crop management activities will be addressed. The effects of these activities are not
plant-mediated, or where they are plant-mediated, the activities are practiced by
farmers primarily as a method to control pest damage. These activities include land-
scape modification, the application of fertilizers and other soil amendments, and the
application of pesticides.

Climate change has already affected the way that farmers manage their crops.
Farmers in many regions have adopted crops that are better suited to their recent,
local climatic conditions (climate adaptation) (Reidsma et al. 2010; He et al. 2015).
This includes shifts toward increasing production of forage maize and warm winter
crops in northern Europe (Olesen et al. 2011), changes in crop rotation and other
cropping practices (Nelson et al. 2009; Kuntashula et al. 2014), moves to drought-
or flood-tolerant crop varieties (Yamano et al. 2013; Singh 2017), or the abandon-
ment of land due to salinity intrusion or soil deterioration (Singh and Singh 1995;
Horgan et al. 2018b). Increasing variability in weather may also cause some farmers
to abandon crops as conditions change within a growing season (Fig. 13). Changes
in climate occur at the same time as other global changes (e.g., increases in mecha-
nization, increased urbanization, and increases in the production and use of agro-
chemicals), and many of these will also affect crop management. To assess the
impact of climate change on crop production and herbivore pressures, some statisti-
cal models have included factors related to crop management such as planting times,
cropping patterns, landscape heterogeneity and composition, or fallow management
(Hu et al. 2011; Hu et al. 2014; Zhao et al. 2016). Models have been less likely to
include predominant crop varieties, the number of pesticide applications and the
types of pesticides used, or predominant fertilizer regimes. This data is often

Fig. 13 Climatic variability. Farmers in Java, Indonesia, plant rice and maize in a paddy field as
they struggle to anticipate the best crop for the coming season’s weather conditions (Photo
F. Horgan)
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difficult to come by, but such factors could be key to causing major shifts in herbi-
vore dynamics.

Changes in landscape structure can have significant effects on arthropod com-
munities (Zhao et al. 2016; Sanchez-Bayo and Wyckhuys 2019). Changes in land-
scape have been associated with often phenomenal declines in arthropod biodiversity
(Sanchez-Bayo and Wyckhuys 2019). Because many herbivore pests are monopha-
gous or oligophagous species that specialize on crops, landscape is unlikely to
greatly influence their life cycles and development. Changes in landscape will, how-
ever, affect many species that are the natural enemies of important crop pests (Gurr
et al. 2016; Horgan et al. 2017b, 2017c; Dominik et al. 2017, 2018; Dainese et al.
2019). Whereas many of these are also more common in open field crops than in
native vegetation, others rely on alternative food resources to sustain their popula-
tions during times when crop pests are not active (i.e., before migrants arrive) or
where crops are not yet planted (Settle et al. 1996; Gurr et al. 2016). For example,
mortality of grain crop pests due to hymenopteran parasitoids has been associated
with the availability of nectar-producing flowers in the landscape that increase para-
sitoid fecundity and attack efficiency (Gurr et al. 2016; Vu et al. 2018; Horgan et al.
2019a). Pest mortality due to natural enemies often declines at greater distances
from non-crop vegetation (Gurr et al. 2016; Vu et al. 2018). A study by Zhao et al.
(2016) highlighted that damage to crops from six different herbivore pests in China
between 1951 and 2010 increased significantly with increasing areas of arable land
in the landscape. Only damage from two pest species, the rice leaf folder and the
armyworm, Mythimna separata, was more closely associated with climate; how-
ever, in both cases, these species caused less damage under higher mean tempera-
tures (Zhao et al. 2016). Linked with the expansion of arable land and the consequent
reduction in spatial landscape complexity, farmers in many regions have also
increased the number of crops they produce each year — thereby also reducing tem-
poral complexity. For example, improved irrigation in many parts of Southeast Asia
has allowed farmers to plant an extra rice crop each year (i.e., double or triple crop-
ping) (Qiu et al. 2003; Sakamoto et al. 2006). In some parts of Indonesia, farmers
can plant seven rice crops every 2 years (personal observation). Crop-free fallow
periods are important to break pest and disease cycles (Horgan 2017a). By eliminat-
ing fallows and expanding crop areas, farmers will exacerbate the effects of
increased voltinism in pest species under warmer climates.

It is reasonable to predict that because of the widespread distribution of most
crop pests, the addition of nutrients to crop soils, the role of generalist predators in
suppressing pest populations, and the parallel responses by pests and natural ene-
mies to changing climate conditions, crop damage from most pests will not appre-
ciably increase under future climates (Fig. 14). However, where the diversity and
abundance of natural enemies are reduced, pest populations could exhibit large
increases in outbreak severity and frequency. There is now considerable evidence to
indicate that pest outbreaks in grain crops are frequently the result of poor crop
management including excessive fertilizer use, a poor choice of crop varieties, and
the use, misuse, or overuse of pesticides, particularly insecticides (Godfray and
Chan 1990; Hardin et al. 1995; Guedes and Cutler 2014; Horgan et al. 2017c).



Potential for an Impact of Global Climate Change on Insect Herbivory in Cereal Crops 129

Plant virus

2) Crop plant

(1)

N
B
>

-——-—

~ Endosymbiont
-~

-
~ -
~ -
i
-~

-

. Endophyte

Parasitoid

(8)
Vertebrate predator
Predator

Fig. 14 Potential effects of climate change on herbivory in a complex agroecosystem. [1] Evidence
suggests that the brown planthopper (Nilaparvata lugens: BPH) could complete a greater number
of generations and cause increasing damage (indicated by a red arrow) to rice under a warmer
(+2 °C) climate and elevated CO, (>500 ppm) (Shi et al. 2014) — although this depends on the
geographical location of the population — and could result in declining populations at lower lati-
tudes (indicated by a green arrow) (Sujithra and Chander 2013). [2] Planthoppers may also acquire
and transmit plant viruses at a greater (green arrow) or lesser (red arrow) rate (Inoue and Hirao
1980; Raga et al. 1988). [3] Yeast-like endosymbionts in the planthopper abdomen are sensitive to
high temperatures and could delay planthopper growth and development (red arrow) which indi-
rectly benefits the rice plant (broken green arrow) (Ferrater et al. 2015). [4] Endosymbionts may
also determine levels of parasitism — as occur in aphids (Bensadia et al. 2006) — with high tempera-
tures benefiting parasitoids. [5S] Endophytes can have increased activity under higher temperatures
directly promoting crop development (green arrow), increasing resistance, and indirectly (broken
red arrow) reducing planthopper fitness as detected in other plant-herbivore systems (Salminen
et al. 2005). [6] Arthropod predators like Cyrtorhinus lividipennis, [7] parasitoids like Anagrus
spp., and [8] vertebrate predators will have greater efficiency in attacking planthopper, and many
will complete a greater number of generations than the planthoppers during the growing season
(Song and Heong 1997; Kiritani 1999; Ma et al. 2012), thereby indirectly protecting the crop. [9]
Temperature-dependent and CO,-dependent competition can alter the outcome of interspecific
competition [as occurs with some lepidopteran pests (Ntiri et al. 2016)] potentially benefiting
brown planthoppers at low competitor densities [through feeding induction (Srinivasan et al.
2016)] but reducing populations in favor of a less virulent species at high competitor densities

Among the best-studied cases of management-induced outbreaks are those relating
to rice pests — including planthoppers, leaf folders, and stem borers — that reach high
densities in the enemy-free space created by broad-spectrum insecticides (Godfray
and Chan 1990; Horgan et al. 2017c; Wu et al. 2020). Outbreaks of these pests have
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been associated with direct and plant-mediated insecticide-induced changes in pest
physiology that increase the feeding rates, survival, development, and fecundity of
pests (hormesis) in the absence of natural enemies (Hu et al. 2010c; Zhou et al.
2019; Wu et al. 2020). Outbreaks can also result from pesticide-related reductions
in the diversity, abundance, or efficiency of predators and parasitoids or their elimi-
nation from the agroecosystem (Cuong et al. 1997; Preetha et al. 2010; Wu et al.
2020). Over long time scales, crop management and the application of pesticides
can change the natural enemy assemblages that impact crop pests (Folcher et al.
2011). These effects are likely to be more severe where pests evolve resistance to
common pesticides. Furthermore, there is ample evidence that many insecticides
may become less effective in controlling target pests under increasing global tem-
peratures; however, this depends on the product in question and the target insect
(Sparks et al. 1982; Punzo 1993; Musser and Shelton 2005). Resistance to insecti-
cides and hormesis may also be affected by changing temperatures and other cli-
mate factors. For example, the selection for aphid resistance to insecticides in the
UK is countered by selection for cold tolerance. Insecticide-resistant aphids are
therefore more abundant after warmer winters (Foster et al. 2009). Already insecti-
cide use in crops has shown phenomenal increases since the early 2000s. This has
largely been due to effective marketing and an increase in the availability of agro-
chemicals (Rosenzweig et al. 2001; Horgan 2017a, 2017b; FAO 2019). Increased
variability in crop yields as predicted under future climates and an increasing influ-
ence of the private sector in discourse around climate change (Capstick et al. 2015;
Farrell 2016) could sway farmers’ behaviors toward even further increases in pesti-
cide use. These effects will greatly destabilize crop pest populations under global
climate change.

Crop Management for Future Climates

Although the potential effects of a changing global climate on pest population pres-
sure is often predicted to increase under current models, the ultimate effects of cli-
mate change on actual damage to crops has been less predictable because of indirect
climate effects (Fig. 14). To counter potential increases in herbivore population
pressure, future crop production systems should focus on holistic approaches to
crop management and avoid simplistic pest management practices — such as advo-
cating or increasing insecticide use in response to models of temperature-related
increases in pest range or voltinism. Indeed, as outlined in Sect. 8, inappropriate
pest management solutions that destabilize pest populations could inadvertently
lead to increased insect outbreaks under warmer climates. Crop managers will
therefore need to incorporate practices that stabilize herbivore populations, such as
reducing insecticide use, promoting conservation biological control, and optimizing
indirect plant-mediated climate effects by adopting climate-resilient plant resis-
tance, promoting plant tolerance, and reducing crop vulnerability.
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Host-plant resistance can be promoted by eliminating highly susceptible crop
varieties from the environment. For example, currently a large proportion of hybrid
rice varieties is highly susceptible to the white-backed planthopper (Horgan et al.
2016) and should be replaced by increasingly resistant hybrids. Resistant varieties
should be developed with anti-herbivore resistance genes that are not sensitive to
temperature or CO, concentrations (Wang et al. 2010). Resistance can be further
increased in grain crops by using a range of soil amendments including potassium,
silicon, and biochar. Silicon and biochar promote a general resistance in crops
against a range of diseases and arthropod pests (Kvedaras et al. 2010; Shakoor
2014; Bakhat et al. 2018; Nascimento et al. 2018). Furthermore, silicon levels in the
soil can be augmented by applying crushed, fast-reacting silicate rocks that could
also moderate climate change by actively removing CO, from the atmosphere
(Shakoor 2014; Beerling et al. 2018). Similarly, the application of biochar has mul-
tiple benefits for crop production while also improving crop resistance to pests
(Tang et al. 2013; Chen et al. 2019). Biochar improves soil structure and promotes
soil health. Biochar also sequesters carbon, thereby reducing CO, emissions (Tang
etal. 2013; Beerling et al. 2018). Crop tolerance to arthropod pests can be increased
by ensuring that plants have optimal conditions for modular growth. This is accom-
plished by ensuring ample resource availability, reducing intraspecific competition
(e.g., by increasing plant spacing), and achieving optimal plant architecture. For
example, many of the practices promoted through the system of rice intensification
(SRI) are directed toward achieving plants that are tolerant to biotic and abiotic
stresses (Uphoff 1999). A focus on large, healthy root systems in SRI will counter
CO,-related and temperature-related reductions in root-shoot ratios (Prasannakumar
etal. 2012; Shi et al. 2014; Xu et al. 2019) and thereby increase plant nutrient acqui-
sition and promote tolerance to herbivory. Finally, crop vulnerability can be reduced
by avoiding long-duration varieties and avoiding synchrony between planting activ-
ities and peaks in the abundances of key pests (Horgan 2017a).

The regulatory efficiency of natural enemies must be properly managed to opti-
mize indirect biodiversity-mediated climate effects on crop health. Healthy soils
that promote endophytes can improve host-plant resistance and directly deter or kill
pest herbivores. Healthy soils will also support populations of entomopathogenic
nematodes and other microorganisms. Soil health can be improved by using bio-
char, reducing tillage practices, or providing ground cover in the form of mulch or
green manures (Hooks and Johnson 2004; Schmidt et al. 2004). Ground cover also
prevents evaporation and conserves soil moisture (Manns et al. 2007). At field
scales, reducing pesticide use or eliminating pesticides altogether will promote nat-
ural pest regulation as well as provide several further advantages for human and
environmental health. Insecticides can often be avoided without consequence, or
they can be replaced using alternative pest management practices such as biological
control (Horgan 2017a, 2017b; Babendreier et al. 2019). Replacing chemical insec-
ticides with organic insecticides will not reduce the potential for instability in the
agroecosystem because organic pesticides can also kill beneficial arthropods,
including natural enemies (Horgan et al. 2018a). Biological control should be
climate-resilient. A number of studies indicate that cold storage of biological control
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agents can affect their efficiency at higher temperatures; therefore, some screening
for climate resilience and optimization of rearing conditions to best suit local and
changing climates is warranted (Yuan et al. 2012; Babendreier et al. 2019).

Among the most promising approaches for attaining crop resilience against cli-
mate change are a range of agroecological field-based and landscape-based prac-
tices aimed at providing functional habitats for natural enemies (Gurr et al. 2016;
Horgan et al. 2017b, 2017c; Heeb et al. 2019). These practices can be regarded as
part of a biodiversity management that reduces habitat suitability for pests but pro-
motes natural enemies and other beneficial ecosystem services. Much of the
approach is based on planting functional plants in and around the agroecosystem.
Plants are mainly selected based on their capacity to deter or kill pests and attract or
sustain natural enemies (Gurr et al. 2016; Heeb et al. 2019). However, functional
plants may also provide alternative sources of income for farmers or increased nutri-
ent diversity for farming households (Horgan et al. 2017a, 2017b; Horgan et al.
2019a). Furthermore, functional plants may remediate soil contamination by heavy
metals and other environmental pollutants (Parker and Page 1994; Tang et al. 2013)
while at the same time providing resources for the natural enemies of crop pests. At
larger scales, attention to the connectivity of native vegetation or patches of func-
tional plants (either as vegetation strips or plots) can improve natural enemy effi-
ciency in finding and handling their pest prey/hosts or in surviving during periods of
low pest abundance (Dominik et al. 2017, 2018). Importantly, biodiversity manage-
ment will increase the biodiversity of agroecosystems, thereby conserving threat-
ened vertebrate and invertebrate species in agroecosystems and providing habitat
for dispersing populations (Horgan et al. 2017b; Sedlock et al. 2019). Whereas pes-
ticides have been shown to reduce the complexity of arthropod communities and
promote instability (Cohen et al. 1994; Schoenly et al. 1996), agroecology and crop
diversification will increase food-web complexity to provide stability and resilience
(Ings et al. 2009). In the face of insufficient knowledge to predict the ultimate out-
comes of the sum of indirect biodiversity-mediated climate effects on herbivores,
the promotion of ecosystem resilience and arthropod community stability through
agroecology and sustainable farming practices should be regarded as a priority for
future crop production systems.
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Introduction

Climate change and its effect on the variability of weather patterns have a signifi-
cant impact on agricultural practices, the availability of natural resources, and the
nature of the environment. According to the National Climate Assessment (NCA),
climate change will continue to have a significant impact on crop production and
agricultural practices over the next few decades and possibly beyond. Because of
these issues, climate change will significantly impact global food security and ter-
restrial ecosystems. The complexity of these problems is shown by the increase in
the frequency and intensity of droughts in some regions around the world and the
increase in the intensity of heavy precipitation events on a global scale (IPCC 2019).
The Intergovernmental Panel on Climate Change (IPCC) (2019) has predicted a
temperature rise of 1.5 °C between 2030 and 2052, plus a significant change in
precipitation patterns, which, together with a greater frequency of extreme weather
events, will significantly affect agricultural production. These findings provide
strong evidence that human-driven emission of greenhouse gases is causing climate
change risks, which should not be ignored. In this respect, it is important to under-
stand that the global mean land surface air temperature is increasing faster than the
global mean surface temperature (combined land surface and sea surface tempera-
ture) (Fig. 1).

Climate variables, such as temperature and precipitation, have direct impact on
crop production because they contribute to crop growth, health, and yield, thus
affecting cropping system efficiency over time (Ray et al. 2018; Howden et al. 2007,
Kang et al. 2009; Lehmann 2013; Paudel et al. 2014; Liang et al. 2017). In the
future, climate extremes are expected to increase due to the effects of climate
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Fig. 1 Change in air and mean temperatures from 1850 to 1900. (Modified from IPCC 2019)

change, which may significantly increase the negative impacts on crop production
(Troy et al. 2015). Given this scenario, it is remarkable that numerous researchers
have studied the effects of climate change on agriculture. However, past studies
have not focused on adaptive changes to improve cropping practices to manage the
impact of drought on crop production (Troy et al. 2015).

Water stress resulting from drought is known to reduce crop production because
of its negative impacts on plant growth (Karl et al. 2009). Plants, including crops,
are naturally subjected to a variety of abiotic stresses such as drought, salinity, heat,
and other factors in their life cycle (Manzoor et al. 2016; Hussain et al. 2018; Tandzi
etal. 2019; Nabi et al. 2019) and are equipped with different resistance mechanisms
for such stresses, the effectiveness of which vary from species to species and even
within species (Manzoor et al. 2016; Jaleel et al. 2009). Particularly, in the context
of drought, some crops have high drought tolerance capacity (e.g., pomegranate,
sorghum, cassava, millet, sweet potato), while others have low tolerance capacity
(e.g., sugarcane, banana, citrus, cotton, rice). Mechanism of drought tolerance in the
plant is a complex phenomenon as interactions between stress factors and different
molecular, biochemical, and physiological factors affect crop growth and develop-
ment (Jaleel et al. 2009; Razmjoo et al. 2008). Therefore, it is important to under-
stand the impact of water stress and drought on crop growth and its development,
physiological process, morphology, and yields and available genetic and agronomic
tools for crop protection from drought.

Drought stress is a critical limiting factor at the initial stage of plant’s physical
growth and development, determining plant height, stem size, number of and size of
leaves, flower and fruit production, root size and distribution, and seed develop-
ment. Moreover, drought stress causes a change in the physical environment, which
subsequently affects physiological and biochemical processes in plants (Silva et al.
2009; Fathi and Tari 2016). Water stress causes negative effects on the overall
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growth and development of crops, resulting in a significant reduction in crop pro-
duction, which will contribute to a reduction of global food supplies (Lesk et al.
2016). However, proper strategies for drought mitigation combined with the best
agricultural management practices can reduce the impact of climate extremes on
crop production under changing climate effects.

These “best management practices” that contribute to drought adaptation due to
climate change, and which support mitigation processes, include appropriate agro-
nomic and genetic tools for crop protection under drought. For example, during
drought events, it is important to have planned strategies on how best to (i) utilize
available water resources, (ii) scale back on acreage to be planted, (iii) select early
maturing and drought-tolerant crop varieties, (iv) select the most effective irrigation
practices, and (v) use reduced tillage practices. These strategies are suggested
because it has been observed that sustainable agricultural management practices are
not widely adopted due to lack of access to resources, knowledge, and practical
experiences. In addition, it is necessary to continue our efforts on selecting improved
varieties of all crops for better yield and higher quality and expanded cultivation
environment to enhance their drought tolerance. It is possible to enhance the drought
tolerance limit of a crop by introducing foreign genetic materials that confer added
drought tolerance through genetic transformation. This is a recent biotechnological
approach that shows much promise (Rejeb et al. 2016).

The aim of this chapter is to provide a critical and comprehensive review of
recent studies related to the impact of climate extremes, such as drought, on crop
physiology, crop morphology, and crop yields. It will also investigate issues of
global food security and available genetic and agronomic tools in addressing
drought stress and the protection of crops under drought conditions. Furthermore,
this chapter is focused on adaptation strategies to mitigate the effects of drought and
to augment crop management for sustainable and climate-smart agriculture. This
assessment will provide a technical review of climate-smart agriculture, which may
assist farmers and growers to better understand crop needs under changing climate
conditions.

Effects of Drought on the Physiological Processes of Crop
Plants

Plant growth, physiology, and reproduction are negatively impacted during severe
droughts (Fig. 2), which causes substantial decline in crop yields (Yordanov et al.
2000, 2003; Farooq et al. 2009). As shown in Fig. 2, cell elongation in higher plants
under drought stress is inhibited by reduced turgor pressure. Reduction in water
uptake caused a reduction in tissue water content. Turgor is lost due to a lack of
water. Similarly, drought stress also limits the photo assimilation and metabolites
which are essential for cell division. Moreover, under drought stress, impaired
mitosis, cell elongation, and expansion result in reduced crop growth, leave param-
eters such as leaf length, and leaf area index (Farooq et al. 2009).
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Fig. 2 Description of possible mechanisms of growth reduction under drought stress. (Modified
from Farooq et al. 2009)

Harris et al. (2002), in their review, noted that the foremost effect of drought is
weak growth and poor stand establishment, and other studies have also indicated
that drought has a significant impact on germination as well as seedling stand (Kaya
et al. 2006; Farooq et al. 2009). As shown in Fig. 2, plant growth occurs through cell
enlargement and cell division, which involves genetic, ecological, physiological,
and morphological processes and their complex interactions (Fahad et al. 2017).
The quality and quantity of plant growth depend on these processes, and it is impor-
tant to note that they are significantly affected by water deficit. Under critical water
deficiency, cell elongation of higher plants can be reduced by water flow interrup-
tion from the xylem to the surrounding elongating cells (Nonami 1998). Plants need
nutrients and sufficient water throughout their growth period in order to allow maxi-
mum production (Silva et al. 2013), and thus a reduction in water content in the soil
intimately affects plant growth and development. As a result of reductions in soil
moisture, changes in the physical environment occur, which subsequently affect
physiological and biochemical processes in plants (Sarker et al. 2005; Sircelj et al.
2005; Silva et al. 2009; Fathi and Tari 2016). Water is also essential for photosyn-
thesis, respiration, and other physiological and biochemical processes of plant
growth (Farooq et al. 2009). Therefore, when there is unavailability or shortage of
water, changes inevitably occur in all aspects of plant growth and development.

Physiological parameters include net CO, assimilation rate (Pn), transpiration
rate (T), stomatal conductance (gs), chlorophyll content, leaf water potential (Iwp),
and water use efficiency (WUE). However, the process of photosynthesis includes
all of the physiological parameters in the crop growth cycle, which are also termed
“photosynthetic parameters.” A major effect of drought is the reduction of photo-
synthesis within a plant, which arises from the changes in net CO, assimilation rate,
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transpiration rate, stomatal conductance, chlorophyll content, leaf water potential,
water use efficiency, and other factors (Athar and Ashraf 2005). For example, under
drought stress, Pn, gs, WUE, T, adenosine triphosphate (ATP), photochemical
quenching, and rubisco protein activity are decreased. Conversely, non-
photochemical quenching is increased, which ultimately affects photosynthesis and
plant growth. In addition, the earliest response to drought is stomatal closure, which
decreases photosynthesis but protects the plant from extensive water loss, which
might cause cell dehydration and death (Athar and Ashraf 2005; Farooq et al. 2009).

After the stomatal closure, CO, levels inside the leaf and transpiration rates start
to decrease, which causes an increase in heat (Yokota et al. 2002). In the past,
researchers also found that the stomatal response to drought is more closely linked
to soil moisture than the leaf water (Farooq et al. 2009). In addition, the rate of sto-
matal closure is proportional to the rate of increase in drought stress. However,
physiological parameters are not controlled by soil moisture availability alone;
rather, they are also impacted by other complex interactions among intrinsic and
extrinsic factors such as plant traits, phenological strategies, and hydro-climatic
drivers (Vico et al. 2017; Farooq et al. 2009).

Plants can respond, adapt, and survive under drought stress by using various
drought resistance mechanisms linked to biochemical, morphological, and physio-
logical parameters. Since drought stress affects the plant’s water balance and its
effects at the cellular, tissue, and organ levels, proper physiological, molecular, and
morphological mechanisms are important for drought mitigation. For example,
plants may control/limit drought stress by reducing the growing period and main-
taining high tissue water potential either by reducing water depletion from plants or
improving plant water uptake (Farooq et al. 2009). Osmotic adjustment, osmopro-
tection, antioxidation, and a scavenging defense system are the essential bases
responsible for drought resistance. According to Farooq et al. (2009), cell and tissue
water conservation, an antioxidant defense system, cell membrane stability, aqua-
porins, and stress proteins are important mechanisms for the drought resistance.
Moreover, drought stress can also be managed by the production of appropriate
genotypes, seed priming, plant growth regulators, and the use of silicon, osmopro-
tectants, and others.

Effects of Drought on Morphology of Crop Plants

Drought, among other environmental factors, is an important environmental stress
that weakens plant growth and development (Shao et al. 2008; Tatrai et al. 2016).
Drought stress occurs in plants either when the water supply to roots becomes lim-
ited or when evapotranspiration of water from plants becomes very high (Anjum
et al. 2017). Plant growth and developmental processes affected by drought include
alterations in germination, plant height, stem size, number of leaves and their sizes,
flower and fruit productions, root size and distribution, seed development, yield,
and quality (Anjum et al. 2017; Jaleel et al. 2007).
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The effect of drought on the morphology of plants includes a decrease in stem
length, stem diameter, volume of leaves, leaf size, and leaf area and a reduction in
plant height (Riaz et al. 2013). For example, Specht et al. (2001) found a reduction
in stem diameter of soybean plants, Wu et al. (2008) found a reduction in the height
of citrus seedlings under water deficit conditions, and Tangu (2014) found a signifi-
cant reduction in volume of leaves, leaf size, and leaf area of olive plants under
drought stress. Moisture stress induces plant structural changes, which are all criti-
cal in responding to drought stress, and it has been commented that a deep rooting
system is a “drought avoidance strategy” (Hund et al. 2009). Effective plant drought
tolerance includes changes at the tissue and molecular levels and the exposure of the
plant to a single occurrence or combination of these basic changes, which deter-
mines the ability of the plant to sustain itself under low water content.

While plant growth is supported by mitosis, cell elongation, and differentiation,
drought stress can impair mitosis and cell elongation, resulting in poor growth
because water is a major component of plant cells and facilitates germination and
growth processes. Also, plant growth includes an increase in volume, size, or weight
and enhances the process of seed germination, which requires healthy soil, adequate
sunlight, and sufficient water. In addition, favorable climatic and hydrologic param-
eters (e.g., temperatures and soil moisture) also play a significant role in enhancing
the process of plant growth (Farooq et al. 2009). Several studies have shown how
the negative impacts of drought and heat stress substantially affect seed yields by
reducing seed size and number (Fahad et al. 2017; Kaya et al. 2006; Farooq et al.
2009). The quality and quantity of any plant growth depend on the aforementioned
events, which can be severely affected by water deficit (Tardieu et al. 2018). A
short-term water deficit affects the expansion rate, and this usually happens when
crops are irrigated during the dry season (Heuer and Nadler 1995).

Water stress greatly restrains cell expansion and cell growth under low turgor
pressure, which also affects the expansion of leaves. Water stress, which shrinks
cells, causes a reduction in plant height (Jaleel et al. 2009). Moreover, water-limiting
conditions result in impaired cell elongation, mainly because of the poor water flow
from the xylem to the nearby cells (Nonami 1998). Reduced turgor pressure and the
slow rate of photosynthesis under drought stress greatly limit leaf expansion (Rucker
et al. 1995). The volume of leaves for any plant is influenced by water stress, and
diminishing longevity and reduction of individual leaf size are affected by the
reduction in soil water potential (Anjum et al. 2011). Moreover, water deficit has an
adverse effect on crop production and plant growth which is caused by a reduction
in fresh and dry biomass production (Zhao et al. 2006). Reduced leaf size is well
correlated with drought stress, and indeed many xerophytes have developed small
leaves during their adaptation to survive in severe environmental conditions. A
small leaf area is advantageous to limit water use in plants and can be responsible
for the low productivity of crops (Sinclair and Muchow 2001). They noted that dif-
ferent crops or genotypes behave differently.

Overall, all plants exposed to drought and suffering critical water deficit have
significant morphological changes. For example, according to Mangena (2018),
water deficit had a significant negative impact on the shoot and root morphology of
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soybean, including a reduction in the (i) number of new branches, (ii) initiation of
leaves and expansion of the lamina, and (iii) number of trifoliate leaves. The reduc-
tion in shoot growth and root development caused a reduction in overall crop devel-
opment and crop yield. Therefore, it is important to have robust agricultural
management practices and drought mitigation strategies to minimize the impact of
drought on crop morphology.

Effects of Drought on Crop Yields and Global Food Security

Challenges in ending hunger and food insecurity still exist, though extensive discus-
sions have been ongoing to address the major causes of poverty and long-term hun-
ger to reduce human anguish (Tanumihardjo et al. 2007; Haile 2005). The problem
of drought onset has continued to receive close attention, given that it represents a
key type of extreme climate event (Dai 2011), which causes loss of food production
and, consequently, spikes in food prices (Lobell et al. 2011). The threats to global
food security caused by climate change are one of the most critical challenges of the
twenty-first century. While there is a need to supply adequate food for a growing
global population, at the same time, there is also a need to sustain the already
stressed environment. Availability of nutritious and quality food is an essential
requirement for all humans, and agricultural sustainability is needed to ensure that
the food demands of people are met (Brown and Funk 2008).

Although water stress may cause negative effects on overall growth and develop-
ment of crops, the most significant impact of drought and water stress is a reduction
of crop production, which contributes to the diminution of global food supplies
(Lesk et al. 2016). Worldwide demand for food is anticipated to double by 2050
because of population growth, dietary change, and bioenergy use (Tilman et al.
2011), and an expected annual rate of yield increase of 2.4% will be necessary to
meet this demand with existing farmlands (Fig. 3) (Ray et al. 2013). Meeting the
growing need for food demand in the context of global warming requires better
understandings of climate change and climatic factors, which influence crop pro-
duction, and what is most important is to examine how crop yields respond to vari-
ous climates and extremes. Adequately informed farmers are capable of adapting to
the gradual changes in mean climate conditions, but for extreme events, there is a
need for a better understanding of the impacts of climate extremes on crop produc-
tion (Zampieri et al. 2017; Lesk et al. 2016). Drought, like an extreme weather
event, will further harm crops and reduce yield (Lesk et al. 2016). Climate change
has already caused critical effects on water resources such as irrigation and hydro-
power production (Beck and Bernauer 2011), food security, and human well-being.
This is particularly noted in African countries but is currently beginning to involve
the entire world (Magadza 2000).

Drought has aggravated the problem of food production because it is a global
climatic threat that simultaneously influences food security (Haile 2005). Evaluating
the impact of drought on crop production is difficult because drought itself is driven
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Fig. 3 Global projections: observed area-weighted global yield (1961-2008) shown using closed
circles and projections to 2050 using solid lines for four crops (maize, rice, wheat, and soybean).
Gray shading shows the 90% confidence region derived from 99 bootstrapped samples. The dashed
line shows the trend of the ~2.4% yield improvement required each year to double production in
these crops by 2050 without bringing additional land under cultivation starting in the base year of
2008. (Adapted from Ray et al. (2013)

by complex climatic conditions (Leng and Hall 2019). A crop failure during the
rainy season is almost a complete agricultural failure, which reduces food availabil-
ity at the household level as well as limits rural employment opportunities. If cli-
mate change acts to reduce crop production and, at the same time, populations
increase, there is likely to be increasing hunger.

Agronomic Tools to Protect Crops from Drought

Agronomic tools used to mitigate the effects of drought on crops range from variety
selection and the timing of seeding to cultural practices. Cultural practices include
tillage and cultivation, crop production systems, mulching, fallowing, nutrient and
irrigation management, and use of soil inoculants such as arbuscular mycorrhizal
fungi (AMF) and plant growth-promoting rhizobacteria (PGPR) (Bodner et al.
2015; Creswell and Martin 1998; Parry et al. 2005). In addition, the exogenous
application of protectants like glycine betaine and plant growth regulators has been
useful for protecting crop plants under drought conditions (Farooq et al. 2009;



Crop Protection Under Drought Stress 153

Lamaoui et al. 2018; Porcel et al. 2003; Porcel and Ruiz-Lozano 2004;
Habibzadeh 2015).

Crop and Variety Selection Crop and variety selections most suited to the planting
area are probably the most fundamental decisions to be made for crop production
under drought conditions (Ferrante and Mariani 2018). Disregarding its importance
has led to several crop failures in the past (Creswell and Martin 1998). Crop and
variety selection for drought stress tolerance should be based on the tolerance level
of the crop or variety, the time that the crop or variety takes to mature, and the char-
acteristics which favor survival under drought conditions (Creswell and Martin
1998; Idowu et al. 2012). Early maturing crop varieties typically grow and mature
before a drought reaches its peak during the growing season, while varieties with
short stems with small leaf surface area can reduce transpiration. Similarly, varieties
with deep and extensive root systems improve the capture and use of available soil
moisture (Creswell and Martin 1998).

Time of Planting 1t is critical to choose the best time for seeding when cropping
under dry conditions, because it helps match water availability to crop demand and
optimizes crop establishment and early plant vigor (Bodner et al. 2015). Early sow-
ing is encouraged in dry environments because it can improve the water use effi-
ciency of crops (Brown et al. 1989; Eastham et al. 1999) and can ensure flowering
and grain filling (both critical growth stages of crops) which occur during periods of
better soil water availability (Herero and Johnson 1981). Early sowing also helps
crops to develop deeper roots and avoid early droughts (Barraclough and Leigh
1984; Brown et al. 1989; Incerti and O’Leary 1990). Higher crop yields of wheat,
barley, and rapeseed have also been attributed to early sowing in dry climates
(Ehlers and Goss 2003; Kirkland and Johnson 2000; Latiri et al. 2010). On the other
hand, late sowing could lead to reduced crop yield (Mahdi et al. 1998).

Stand Density Reducing stand density is another agronomic tool often explored for
water saving in cropping systems situated in moisture-deficient environments
(Bodner et al. 2015). Though this practice tends to (i) lower crop interception of
solar radiation, (ii) increase evaporation losses of water and runoff, and (iii) increase
weed competition, especially for crops with wide rows, it appears to be very effec-
tive at water savings and hence yield optimization under intermittent terminal stress
levels (Bodner et al. 2015).

Tillage Practices Tillage practices impact on soil hydraulic properties, including
soil hydraulic conductivity, implying that these practices can affect moisture storage
in the soil. A review of literature on the influence of tillage on soil hydraulic proper-
ties (Bodner et al. 2015) revealed that reduced tillage tends to increase water storage
in the soil through higher storage in fine pores in spite of reduced total porosity and
macropore volume. They found that this trend applied to similar hydrological
regimes and different soil textures. Bodner et al. (2015) reported that saturated
hydraulic conductivity (for those which are macropore dependent) showed no
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unique trend in tillage experiments because the effects of tillage on soil macropores
change over time. This suggests that knowledge of temporal variability is necessary
for a full understanding of the effects of different tillage practices on soil moisture
storage.

Crop Production Systems Polyculture or multiple crop production systems that
control erosion, increase water and nutrient retention, and also have a potential to
increase yield, should be employed for crop production under dry environments.
Examples of these systems include crop rotation and strip cropping. Though crop
rotation is typically more commonly practiced in humid regions, it can be useful in
dry regions if crop rotations are planned around crop moisture requirements. In the
Sahel regions of West Africa and dry regions of India, the inclusion of mulched fal-
lows in crop rotations has significantly helped crop survival and hence healthy stand
establishment (Creswell and Martin 1998). Crop rotations in these environments
should also focus on selecting crops that help improve soil structure and the addi-
tion of organic matter to the soil to minimize soil erosion. These are typical in dry
cropping environments (Bodner et al. 2015; Creswell and Martin 1998). Such plan-
ning can also maintain and/or improve the nutrient levels of soils in these environ-
ments. Strip cropping essentially involves planting crops in alternate strips which
are usually planted perpendicular to slopes or the direction of prevailing winds to
control erosion problems. Strip cropping also incorporates elements of crop rota-
tion, contour cultivation, and stubble mulching, which are all good farming prac-
tices (Creswell and Martin 1998). Hence, the soil water storage potential of this
approach is attributable to the combined benefits of all of these advantageous
practices.

Fallowing Fallowing involves keeping the land free of vegetation for at least one
growing season, with the intention of storing moisture gained from rainfall in the
soil for use by a subsequent crop. In the US High Plains, alternating winter wheat
with fallows has more than doubled wheat yields (Waldren 2003). Similarly, it is
reported that maintaining about 2-2.4 ha of land each year, in summer fallows in
India, has helped farmers to almost completely reduce drought-induced famine
(Creswell and Martin 1998). It is noteworthy that for a fallow system to be success-
ful, it must maintain high infiltration rates, protect the soil from erosion, and control
weeds using good tillage practices that maintain sufficient residue on the soil sur-
face (Waldren 2003; Creswell and Martin 1998). In this regard, the use of less stir-
ring tillage practices, such as tine cultivation, the timing of tillage operations, and
proper management of soil surface residues, are paramount.

Mulching and Stubble Tillage This technique involves covering up the soil sur-
face with a protective layer, which may be organic or inorganic. Mulching helps
hold moisture in the soil by reducing evaporation and runoff, which protects the soil
and enhances its condition for supporting crop growth (Jabran 2019). High amounts
of mulch (>50% of total straw produced by a crop field) are required for covering
the soil surface, which is one of the demerits of mulches (Bodner et al. 2015; Kalmar
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et al. 2013). The extent to which mulching reduces evaporation is reported to range
up to 28% (Zaongo et al. 1997; Eberbach et al. 2011), while moisture storage by
mulched soils is documented to range between 8 and 22% (Kélmar et al. 2013;
Jabran et al. 2015; Ramakrishna et al. 2006). Stubble tillage is also aimed at improv-
ing soil moisture storage and soil protection. However, it is more of a postharvest
measure used during fallow periods between successive crops (Bodner et al. 2015).
According to Creswell and Martin (1998), at least one ton of residue cover per hect-
are is required for stubble tillage to be effective. While they contend that this prac-
tice is beneficial with respect to water retention in the soil, other researchers (Kalmar
et al. 2013; Unger et al. 1991) have reservations on its effectiveness as a water
conserving management practice in semiarid areas.

Nutrient Management Studies have shown that proper nutrient management (at
both macro and micro levels) can improve water use efficiency and promote crop
yield (Farooq et al. 2017). Notable macronutrients include phosphorus and potas-
sium, while important micronutrients include selenium, silicon, zinc, iron, and
boron. Studies have shown that beans and sorghum grown during drought showed
increased root growth, stomatal conductance, photosynthesis, membrane stability,
and leaf water potential as a result of phosphorus nutrition (Alkaraki et al. 1996).
Similarly, an adequate supply of potassium for grain legumes during drought condi-
tions improved their tissue water potential and maintained photosynthesis at
expected levels (Sangakkara et al. 2000). While selenium is reported to increase the
ability of roots to uptake water under drought conditions (Farooq et al. 2014), sili-
con addition to drought-stressed plants increased their relative water content through
increases in proline and glycine betaine (Hattori et al. 2005). Kurdali et al. (2013)
have reported that the application of silicon alone or in combination with potassium
to drought-stressed chickpea plants resulted in dry matter yield increases. The exog-
enous application of silicon has been reported to reduce the effects of drought in
wheat and rice (Gong et al. 2005; Gautam et al. 2016). Besides increasing the rela-
tive water content of drought-stressed grains, applying zinc and iron can also posi-
tively affect their protein and micronutrient contents (Yadavi et al. 2014). Boron, on
the other hand, is noted to improve the number and mass of nodules in soybeans
grown under drought conditions when supplied through foliar application
(Yamagishi and Yamamoto 1994).

Irrigation Since irrigation in cropping systems is not efficient and water wasted in
the process is estimated to be over 50% of the amounts applied in some regions of
the world (Parry et al. 2005), it is imperative that water use in crop production sys-
tems in dry environments is optimized. Water waste typically stems from technical
issues associated with the distribution and inadequate maintenance of irrigation sys-
tems. This is often compounded by the high evapotranspiration and usually infertile
fragile soils in dry environments that are prone to degradation and salinization
(Parry et al. 2005; Ramoliya et al. 2004). Efficiency strategies include scheduling
irrigation at night to reduce evapotranspiration, limiting overdependence on aqui-
fers, and upgrading traditional irrigation systems to precision types coupled with
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precision agriculture (Parry et al. 2005). Other options include the use of recycled
drainage water and gray water and irrigating crops during only critical growth stages
as determined by crop requirements (Abu-Zeid and Hamdy 2002; Oweis et al. 1998;
Araus et al. 2002; Parry et al. 2005). Another technique that has some documented
success is partial root-zone irrigation or drying in which case irrigation is applied
alternately to different sides of the root zone (Santos et al. 2003; de Souza et al.
2003; Loveys and Davies 2004).

Inoculating Soil with Arbuscular Mycorrhizal Fungi (AMF) and Plant Growth-
Promoting Rhizobacteria (PGPR) Arbuscular mycorrhizal fungi (AMF) help
plants resist drought through many mechanisms. First, they enhance water uptake
from the soil through their extensive extra-radical mycelia (Porcel and Ruiz-Lozano
2004; Habibzadeh 2015). Second, AMF increases the antioxidant potential of plants
under drought reducing lipid peroxidation in addition to producing more osmopro-
tectants (Porcel et al. 2003; Porcel and Ruiz-Lozano 2004; Habibzadeh 2015). The
mechanisms by which plant growth-promoting rhizobacteria assist with plant
drought stress resistance include solubilization of phosphorus, siderophore produc-
tion, nitrogen fixation, and production of organic acids and plant growth enhancing
substance and enzymes such as ACC deaminase, chitinase, and glucanase (Glick
et al. 2007; Hayat et al. 2010). A listing of AMF and PGPRs that impact drought
resistance in grain legumes is provided by Farooq et al. (2017).

Plant Growth Regulators (PGR) Plant growth regulators such as salicylic acid,
cytokinins, and ABA are all reported to be involved in plant drought tolerance
(Lamaoui et al. 2018). They help increase water potential and chlorophyll contents
of plants under drought stress, which can all lead to crop yield increases (Zhang
et al. 2004). In this regard, soybean yield increased when treated exogenously with
ABA under drought conditions (Zhang et al. 2004). Transpiration is reported to have
been reduced in potted miniature rose (Rosa hybrida L.) when applied with ABA in
the spring or summer, and this was in addition to extended flower longevity
(Monteiro et al. 2001). Foliar application of glycine betaine and salicylic on sun-
flowers improved their tolerance to drought. However, glycine betaine application
was more effective s at the flowering stage (Hussain et al. 2008), suggesting a poten-
tial to increase sunflower yield under dry growing conditions.

Genetic Tools to Protect Crops from Drought

Drought is one of the most critical threats to crop production and agriculture in
general. Under natural selection, various crop species have evolved to adapt to
growth habitats of varying degrees of drought stress and are thus of different drought
tolerance or water requirement. Information on general environmental require-
ments, including water requirements, and specific growth habit of a given crop can
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be easily obtained from the Ecocrop database,' which was established by the Food
and Agriculture Organization (FAO) of the United Nations. Ever-continuing efforts
on the breeding selection of improved varieties of all crop species for better yield,
higher quality, and expanded cultivation environment since their domestication
have overall been genetically enhancing their drought tolerance.

Drought tolerance is a complex multigene trait, and its genetic control and physi-
ological mechanisms are yet to be fully understood. However, breeding for improve-
ment of major crops, including wheat, maize, rice, and barley during the last century,
has revealed many important characteristics of drought tolerance of these cereal
crops responding to various selection practices. These lessons could serve as gen-
eral guidance for future breeding efforts toward improvement of crop drought
tolerance.

Some of these characteristics were illustrated in the generalized yield-versus-
drought stress curves in Fig. 4. Of particular importance were the following
observations:

1. Selections for yield increase under zero or moderate drought stress have also
been successful in improvement of drought tolerance in new genotypes of higher
yields (Araus et al. 2002; Slafer et al. 2005; Tambussi et al. 2005). This has been
witnessed in rice and wheat (Serraj et al. 2011; Trethowan et al. 2002).

2. The selected higher-yield breed usually has an equal percentage improvement of
drought tolerance under varying degrees of stress (Araus et al. 2002), exhibiting
a larger yield increase in the absolute term under low drought stress conditions
(Slafer et al. 1994).

3. For most crops, the selected higher-yield breed exhibited continued linear year-
by-year genetic improvement of yield along with drought tolerance during a
post-release multi-year cultivation period, as revealed by studies of grain yield
increases in some barley and wheat genotypes commonly grown in the last cen-
tury (Cattivelli et al. 2008; Slafer et al. 1994).

4. Direct selection for drought tolerance under moderate to severe drought stress
has not been as successful in most crops due to polygenic control of the complex
trait, epistasis, significant interactions between genotype and environment
(G x E), and low heritability of selected traits (Piepho 2000). Therefore, drought
tolerance of a crop may not be genetically enhanced without affecting the yield
of reproductive organ of the crop. In other words, selection for genetic gains of
yield in a crop without drought stress may be far better an approach for improve-
ment of drought tolerance than those under drought stress. In addition, despite
many emerging novel genetic and genomics approaches, the traditional breeding
selection remains as a major genetic tool for new breeds with improved drought
tolerance (Reviewed in Ashraf 2010).

Over the past half-century, research and crop improvement efforts in the area of
drought tolerance have greatly furthered our understanding of physiological mecha-

http://ecocrop.fao.org/ecocrop/srv/en/home
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Fig. 4 Graphic illustration of the improvement of crop drought tolerance through breeding. The
generalized bottom curves illustrate yield variations of a crop responding to the interaction of
genotypes and environment (G x E) under varying degrees of drought stress. The top generalized
curves illustrate yield improvement of a new breed grown in the initial release and post-release
multiple years, as compared to that of a parental line, under varying degrees of drought stress.
(Summarized from Reviews by Golldack et al. 2011; Xoconostle-Cazares et al. 2010; Chaves et al.
2003; Shinozaki and Yamaguchi-Shinozaki 2007)

nisms (Farooq et al. 2009; Golldack et al. 2011; Xoconostle-Cazares et al. 2010)
and genetic control (Chaves et al. 2003; Shinozaki and Yamaguchi-Shinozaki 2007)
of drought tolerance in various crops. These efforts have also led to the identifica-
tion of lists of drought-responding physiological traits and tolerance-modulating
genes in various crops (Cattivelli et al. 2008), and generated repertories of genetic
resources, including genetic maps and transcriptome or genome sequences. Along
with this advancement, two new approaches for crop improvement, (i) marker-
assisted selection or breeding (MAS or MAB) and (ii) biotechnology involving
direct genetic modification of target traits by transformation, have been developed
and have been put to use. These two new approaches plus traditional breeding are
currently the troika of genetic tools for drought tolerance improvement in all major
crops and have generated long lists of new breeds of improved drought tolerance in
various crops (Ashraf 2010).
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Advancement of crop genomics over the recent decades has provided some new
tools, especially molecular markers and genetic mapping methods for crop improve-
ment. These genomics tools have facilitated a more efficient identification of desir-
able intraspecific genetic variations, including those at drought-stress-responding
quantitative loci (QTLs) for drought tolerance. More effective transfers of these
variations to generate new breeds of improved drought tolerance with the assistance
of their associated molecular markers (i.e., MAB) have been also achieved in many
crop species. A list of successful new breeds of improved drought tolerance in sev-
eral crops was summarized by Ashraf (2010). All these new breeds exhibited
increased yields, although the QTLs selected were mostly associated with drought
tolerance improvement, mirroring the results from the breeding selection of yield
improvement, as summarized in Fig. 4. However, this approach faces a major hur-
dle, which is the genetic constraint in a crop. Multivariate selections of multiple
desirable QTLs in a new breed may not yield desired expression levels for all these
quantitative traits, nor have the desired additive effect from the combination of these
QTLs, due to the genetic constraint in the crop (Juenger 2013). A crop species that
has evolved to adapt to an environment of a certain water availability range may
thus be genetically constrained to a drought tolerance limit.

Theoretically, it is possible to enhance the drought tolerance limit of a crop by
introducing foreign genetic materials by conferring added drought tolerance through
genetic transformation, which is a biotechnological approach. There have been
many genetically engineered crop lines with improved drought tolerance conferred
by foreign genes expressing organic osmolytes, transcription factors, late embryo-
genesis proteins, and hormones (Juenger 2013). Nevertheless, it is unclear if the
drought tolerance limit of these crops was actually enhanced, or if the improved
drought tolerance was simply achieved by a new combination of intraspecific
genetic variations through traditional breeding or MAB. Although the biotechnol-
ogy approach for enhancing crop drought tolerance is a promising new technology
(Deikman et al. 2012), it is currently not a cost-effective, nor publicly favorable,
approach due to lengthy and costly research and development requirements, strict
regulations, and unfavorable customer acceptance to genetically modified organisms.

It is worth mentioning that grafting, which is strictly a nongenetic tool, may be
far more cost-effective and is thus still prevalent in the agricultural production of
some vegetable and fruit crops. Grafting seedlings of vegetable crops such as some
cucurbit species (cucumber, melon, and watermelon) and solanaceous crops (egg-
plant, pepper, and tomato) to rootstocks (e.g., special breeds of pumpkins), which
have a stronger water-uptake capability, can (i) improve the drought tolerance of
these crops, (ii) expand their cultivation to otherwise non-cultivable land, and (iii)
enhance their tolerance to other abiotic stresses such as low temperature and resis-
tance against some soil diseases such as root rot (Schwarz et al. 2010). The grafting
approaches in these crops are not only cost-effective when compared to breeding
and biotechnology approaches but are also currently irreplaceable in some crops for
combatting certain root diseases, as no natural genetic variations conferring
resistance against these diseases have been identified in these crop species (King
et al. 2008).
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Strategies for Drought Mitigation and Crop Management
Under Changing Climate Conditions

Agricultural drought generally results from the deficiency of precipitation over an
extended period of time that exacerbates dry conditions and leads to water stress,
which causes a reduction in crop growth and development (Solh and van Ginkel
2014). Generally, drought is the result of a combination of below-average precipita-
tion and above-average temperatures, which can be for a short duration (such as
1 week) or can persist across multiple years (McFadden et al. 2019). The potential
effects of climate change on crop yield are on the increase, and it is necessary to
make farming more resilient to climate extremes like drought. The impact of drought
can be reduced through appropriate strategies (drought preparedness and mitigation
strategies) and adapting the best agricultural management practices (crop rotation,
growing drought-tolerant crops) under the changing climate scenario. Most farmers
believe climate change is occurring, and they need to act on it because adaptation
strategies at the farm level can contribute to counteracting these adverse climatic
effects (Brumbelow and Georgakakos 2001). Building drought resilience to manage
the impacts of climate change on human activities is the main responsibility of
water managers, either in planning for weather extremities or optimizing long-term
resource utilization (Muller 2007).

Drought Mitigation, Preparedness, and Adaptation

A drought mitigation plan is designed to reduce the impacts of drought by identify-
ing the principal activities, groups, or regions most at risk (Wilhite et al. 2000). It is
expected that climate change might increase or alter the intensity and frequency of
droughts throughout the world in the future (Logar and van den Bergh 2013); thus,
in the face of increasing uncertainties on the location, frequency, intensity, and dura-
tion of future drought, it is important to have a suite of better preparedness planning
schemes, mitigation actions, and response strategies (Cai et al. 2015; Strzepek et al.
2010). It is widely accepted that drought impact can be minimized through pre-
paredness and mitigation approaches. A better drought prediction system could help
to mitigate the effects of drought, but although model performance has continued to
improve, the general circulation models (GCM) used to predict climate change and
associated drought parameters are mixed in their predictions for precipitation and
temperature, which affect drought preparedness and mitigation (Cai et al. 2009).
According to Solh and van Ginkel (2014), drought cannot be prevented, but
through better preparedness and mitigation actions, it is possible to minimize the
impact of drought on crop production, develop more resilient ecosystems, and
improve resilient systems to recover from the drought. Preparedness strategies are
employed including geographical shift of agricultural systems (e.g., if a certain zone
has high aridity, an appropriate cropping system can be adapted), climate-proofed
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rainfed cropping systems (growing drought-tolerant crops and their varieties),
implementing high efficient irrigation system (improving efficiency of irrigation
systems), and adapting combined rainfed and irrigated systems (Solh and van
Ginkel 2014).

In addition, integrated approaches and strategies for better preparedness, mitiga-
tion, and adaptation are necessary to cope with future drought (Fig. 5). Moreover,
drought policy should emphasize risk management through the implementation of
best preparedness, mitigation, and adaptation (Wilhite 2002). Also, robust and
effective monitoring systems, best management practices, and prediction and warn-
ing systems further help to reduce the impact of drought on crop production and
development. In addition, efficient risk and impact assessment, response, and recov-
ery systems will enhance the approaches to drought mitigation, preparedness, and
adaptation strategies, not only during the drought period but also in acting to cope
with future drought.

Drought-Resilient Agriculture

Although it is well recognized that drought is one of the major causes of crop yield
reductions, limited options are available for farmers to minimize the damaging
effects of drought (McFadden et al. 2019). Any mitigation actions that reduce
drought risk and vulnerability will definitely increase resilience. For example, dur-

Best Management
7| Practices

Prediction &
Early Warning

Risk and Impact
Assessment

Preparedness, Mitigation
and Adaptation

Recovery

Response

Fig. 5 Cycle of drought preparedness, mitigation, and adaptation
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ing drought, it is essential at least to adapt to the best water conservation and crop
management practices. For water conservation, farmers and growers have to use an
efficient irrigation system, reduce water losses, and use nonconventional water
resources for irrigation and plant crops with low water requirements. Similarly, for
best crop management, farmers, growers, researchers, and governmental and non-
governmental agencies need to work together to develop drought-tolerant crops and
their varieties. They also need to reduce tillage and introduce crop rotation, mixed
cropping, and cover cropping systems. These measures will lead to the better man-
agement of available soil moisture and water resources and reduce the impact of
drought/water stress on crop production and development. For example, where resi-
due cover or cover crops are present even under low rainfall conditions, more soil
moisture will be available to the crop compared with a bare soil situation. On the
other hand, traditional farming accelerates soil moisture loss through reduced abil-
ity of the plowed soil to capture, drain, and store rainwater. However, alternatively,
using crop residues as covering mulch or mixing mulch into the soil will help to
increase soil moisture storage and decrease evaporation from the soil surfaces. In
addition, cover crops protect the ground against water loss and improve infiltration
and limit water evaporation (Waskiewicz et al. 2016).

Since resilience is the capacity to deal with potential change and recover after the
event, it is beneficial for farmers and growers to practice leaving fields fallow for
resting and accumulating moisture, which can provide more stability and yield in
the long run. In addition, farming practices that make the soil richer in organic mat-
ter help to improve the moisture storage capacity of the soil, which ultimately
increases biodiversity, making crop production more stable and drought resilient
(Tirado and Cotter 2010). Protected cultivation, which includes the use of green-
houses, is an agro-technology, which is becoming highly popular among farmers
and growers. It is noted that protected cultivation is a highly efficient way to adapt
to drought conditions (Gruda et al. 2019).

Overall, crop rotations, reduced tillage, cover cropping, mulching, adding
manure and compost, leaving fallows, and protected cultivation are all proven and
available farming practices which not only increase stability and resilience to
droughts but also help to climate change mitigation in the long run (Gruda et al.
2019; Tirado and Cotter 2010).

Hence, farmers and growers, along with the governmental and nongovernmental
agencies, must employ a variety of drought mitigation and preparedness strategies
to enhance drought resilience and reduce the impact of drought on crop production.

Conclusions

This chapter has reviewed the effects of drought on the physiological process of
crop plants and has investigated issues of crop morphology, crop yield, and food
security, available genetic and agronomic tools, and the best strategies for drought
preparedness, mitigation, and adaptation. This comprehensive review has discussed
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some of the critical issues that need to be addressed to protect crops under drought
stress. This chapter implies that to reduce the impact of drought stress on crop
development and production, best crop management practices, monitoring mecha-
nisms, drought prediction and early warning systems, effective and timely risk and
impact assessment, effective response, and recovery strategies, and appropriate
genetic and agronomic tools, may need to be undertaken. In addition, knowledge of
the relationship between climate change-induced agricultural drought and crop pro-
duction will be critical for many decision-makers including farmers, growers, and
governmental and nongovernmental agencies; therefore, it would be of utmost
importance to implement educational and awareness programs for drought pre-
paredness, mitigation, and adaptation strategies from a local to a global scale.

Climate change predictions suggest that there will be increased frequency and
severity of such droughts, which gives an even greater sense of urgency to identify
crops that are resilient and can produce under such adverse conditions (Motsa et al.
2015; Modi and Mabhaudhi 2013). It is also recommended to develop a plant hardi-
ness zone map in each region, which helps to understand and select potential crops
in a particular location for better management practice under changing climate. For
example, information on intra-seasonal variability might be useful to adjust the crop
planting season (Cai et al. 2009). To strengthen drought preparedness, mitigation,
and adaptation strategies, governments and policymakers should increase their
efforts to enhance research works to minimize the impact of climate extremes such
as drought on agriculture. An integrated approach to the effects of drought on crop
production, crop responses to drought, and potential strategies for drought pre-
paredness, mitigation, and adaptation is necessary to help us better understand crop
and drought management under drought stress.
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Impact of Climate Change on Crop
Production: Effects and Management

Azeem Tariq and Muhammad Adil Rashid

Introduction

One of the key challenges to agriculture in the twenty-first century is to feed the
rapidly growing world population while adapting to the already deteriorating global
climate (Lal 2005). Climate change has already affected crop productivity, water
resources and food security globally but more severely in the developing world
(Magadza 2000). Climate variabilities, for instance, high temperature, rise in carbon
dioxide (CO,) concentration in the atmosphere and changes in precipitation pat-
terns, are causing year to year variation in crop growth and productivity, even in the
areas with high-tech agricultural facilities (Reddy and Pachepsky 2000). The virtual
conviction that earth’s climate will continue to change raises many issues concern-
ing agricultural productivity and crop quality. Hence, it is highly important and
relevant to determine the influences of climate change on productivity and quality
of crop plants in order to determine the feasible strategies to adapt to changing
climate.

Climate change has fairly been rapid during the past few decades in many agri-
cultural regions around the world. Climate change is affecting the crop productivity
and expected to continue, if proper adaptation and mitigation strategies are not
taken. There are four main climatic factors that represent climate change: rising
atmospheric temperature, changes in precipitation patterns, elevated CO, concen-
tration and increasing tropospheric ozone (Os) level (Lobell and Gourdji 2012).
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The world temperature has been rising, with an average trend (rise) of 0.3 °C and
0.2 °C per decades for maximum and minimum temperature, respectively. The
increasing temperatures are linked with high frequency of hot events and a low fre-
quency of cold events, which influence crop growth and quality (Alexander et al.
2006). It is expected that global temperature could rise at the rate of 1 °C over the
next 10-year period, which interprets as much as 2 °C increase in temperature in
major agricultural regions, since lands heat up faster than oceans (Easterling and
Wehner 2009). Temperature affects the crop growth and yield in many ways includ-
ing its effects on photosynthesis, water use, crop duration, direct damage to plant
tissues, and indirectly by increasing pest attacks (Ziska et al. 2011; Lobell and
Gourdji 2012).

Changes in precipitation have direct consequences for crop production. Soil
moisture as of direct relevance for crop growth is greatly influenced by variations in
atmospheric temperature and seasonal precipitation. Generally, a substantial
increase in drought and water scarcity has been projected for South and East Asia,
Africa, Southern Europe and Eastern Australia (Sheffield and Wood 2008; Dai
2011). Increased drought events will lead to rise in agricultural crop water stress.
Generally, plants respond to drought by closing their stomata, which reduce the net
carbon uptake and increase the heat-related impacts, such as lower crop growth and
quality. Water stress during the reproductive growth stage of crop plants severely
affects the grain yield and quality. Alternatively, more intense rain events lead to
flood and waterlogging, which destroy the crops and fertility of agricultural soils
(Hatfield et al. 2011).

The atmospheric concentrations of CO, have been rising since industrial revolu-
tion, with an average rise of 2 ppm per annum in the 2000s (Peters et al. 2012). In
2018 atmospheric concentration of CO, (407.4 ppm) was 46.5% higher than at the
begining of the industrial revolution (278 ppm). Atmospheric CO, concentrations
are expected continue to increase in the next century at the rate of 25 ppm per
decade, which will lead to a CO, level of 500 ppm by the mid of twenty-first century
(IPCC 2001). The global rise in CO, concentration gives counteracting trends to the
otherwise adverse impacts of rising temperature and increasing drought events. The
expected increase in CO, concentrations will increase the global crop yield roughly
by 1.8% per decade. At the same time, a rise in temperature is expected to decrease
the crop yield roughly by 1.5% per decade. Elevated CO, may directly affect crop
growth, development and quality, however, with different rates and magnitudes for
different plant types (e.g. C;, C4) (Ainsworth and Long 2005; Taub and Wang 2008).

Air pollutants (e.g. nitrogen oxides, carbon monoxides, methane) form tropo-
spheric ozone (O;) by reacting with hydroxyl radicals in sunlight. The tropospheric
O; concentrations have also increased from 10-15 ppm in the preindustrial age to
over 35 ppm because of high emissions of pollutants from industrial activities. The
predictions of the future O; level are uncertain due to improbability associated with
ways of O; emission and pollutant control measures (Cape 2008).

In recent decades, significant studies have focused on enhancing our understand-
ing of the impacts of climatic variables on crop production and mechanisms by
which plants respond to these conditions (Kjghl et al. 2011; Sangeetha et al. 2018).
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The effects of climatic factors are complex, especially if multiple factors are com-
bined. The interaction between climatic factors creates immense complexity that
leads to either under or overestimation of the effects of an individual variable. In
order to adapt to current and future climatic conditions, crop production strategies
need to be modified. This chapter summarizes the most commonly known effects of
changing climate on crop productivity and quality and management practices and
technologies needed for adaptation to climate change.

Climate Change Effects on Crop Productivity and Quality

The primary climate variables that affect crop production and are associated with
climate change are temperature, CO, and precipitation. Here, we briefly describe
and discuss different ways by which these three major climatic variables affect crop
productivity and quality.

Temperature

The increased climatic variability with a higher probability of occurrence of harm-
ful weather events will make the conditions less suitable for crop production (Field
et al. 2012). Climate change-induced changes in temperature dynamics can be mul-
tifaceted, that is, increased seasonal mean temperatures for certain crops and high-
temperature episodes (heat waves), and to a lesser extent cold waves. Crops and
crop growth stages that are sensitive to high temperature will become more vulner-
able under such conditions. The main effects associated with the high temperature
include leaf senescence, reduction in grain filling duration, perturbed leaf water
relations and photosynthetic inhibition (Farooq et al. 2014). High temperature has-
tens crop development, ultimately shortening the crop duration. Higher than the
optimum temperature during the post-anthesis period is particularly lethal for cereal
crops where the grain-filling period is shortened, often resulting in lower yields
(Asseng et al. 2015). Temperature also affects crop productivity by influencing the
rate of photosynthesis and respiration. Photosynthesis is a complex process involv-
ing many enzymes and steps that have different temperature sensitivities. As such,
the main enzyme involved in photosynthesis (rubisco) is very stable even at extreme
high temperatures (Salvucci et al. 2001); however, rubisco activity declines under
heat stress, because ‘rubisco activase’ (enzyme involved in activation of rubisco) is
heat-labile (Salvucci et al. 2001; Salvucci and Crafts-Brandner 2004). Temperature
effects on photosynthesis have also been observed in crops with a C, photosynthetic
pathway (Crafts-Brandner and Salvucci 2000). Higher temperature also increases
rates of respiration, which ultimately lowers the net carbon assimilation rate. The
elevated temperature during the anthesis stage can cause pollen death and sterility,
with a significant reduction in yields (Chavan et al. 2019).
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Temperature-induced rise in vapour pressure deficit (VPD) is another aspect,
which is often ignored in most studies; ultimately, it could lead to an exaggeration
of temperature effects. It is known that as the temperature increases and absolute
humidity remains constant, the leaf to air VPD increases exponentially. Increased
VPD can have different consequences depending on crop response and microcli-
mate. High VPD increases atmospheric deficit leading to an increase in evapotrans-
piration (ET). Moreover, the conditions in which soil water is limited, high ET may
cause edaphic drought, thus, amplifying the overall effects of high temperature.
Studies have shown that even a few degree increase in temperature can lead to plant
death solely due to increased ET and water shortage (Will et al. 2013). Lobell et al.
(2013) also indicated that temperature-induced rise in VPD acts as dual stress,
because it not only increases water demand but also affects the water supply under
rainfed agriculture, or at places where crop production depends on stored soil mois-
ture. In a modelling study, they found that the high-temperature effects on maize
through heat stress were non-existent and yield reduction was attributed to VPD-
driven changes in water demand and supply. The VPD effects on ET are not straight-
forward and difficult to generalize. This is because plants tend to bring physiological
changes in response to external stimuli, i.e. drought and VPD (Munns et al. 2010).
It is known that high temperature reduces net photosynthesis (Law and Crafts-
Brandner 1999; Monneveux et al. 2003); however, the photosynthetic inhibition
could also be attributed to VPD-induced drought or stomatal closure and not just to
direct heat effects. Further, increased VPD also lowers water use efficiency because
more water is lost per molecule of CO, fixed.

Warming may also have a positive effect on crop yields in areas where crop pro-
duction is restricted due to frost periods, and low temperature is a limiting factor to
attain higher biomass and yields such as in North America (Izaurralde et al. 2003),
Sweden (Eckersten et al. 2001), Northern Canada (Lesk et al. 2016) and China
(Rashid et al. 2019). Higher seasonal mean temperature and reduction in the frost-
free period may extend the cropping seasons in these areas. For example, low spring
temperature slows the establishment of winter wheat in the north China plain, which
can benefit from warming with fast establishment after overwintering (Rashid et al.
2019). Warming is also expected to help shifting crops towards those areas that are
not suitable for crop production under current climatic conditions. For instance,
warming would make the conditions suitable for maize production for grain pur-
poses in Scandinavian countries.

Carbon Dioxide

Increasing atmospheric CO, concentration is a concern because it is one of the
potent greenhouse gases responsible for global warming. Elevated CO, is likely to
have significant direct effects on crop production through changes in physiology,
growth, yield and even chemistry of plants. The magnitude and direction of these
effects may also depend on other factors such as crop type and environmental
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conditions. Elevated CO, is expected to have fertilization-like effects. Net carbon
assimilation rates are expected to increase with higher CO,, through a reduction in
photorespiration in C; crops (Ainsworth and Long 2005). Experimental evidence
from free-air CO, enrichment (FACE) studies indicated that elevated CO,
(500-600 ppm) for a number of crop species increases photosynthetic rate around
40% (Ainsworth and Rogers 2007).

The positive effect of elevated CO, through increased photosynthetic rate is
much more pronounced in plants having C; than C, photosynthetic pathway. FACE
and climate chamber studies have indicated that, in general, C4 plants are less
responsive to elevated CO, because the CO, concentration at the photosynthetic site
is not a limiting factor even under the current ambient CO, level. The effects of
elevated CO, on photosynthesis, biomass (Ainsworth and Long 2005) and yield of
C, crops (Long et al. 2006) are much lower than for C; crops.

Legume crops are expected to benefit most out of elevated CO, (Rogers et al.
2009). Since, the positive effect of elevated CO, also depends on the availability and
uptake of nitrogen, the effect is greater if nitrogen is not a limiting factor. Legumes
have a specialized way to ‘fix’ atmospheric nitrogen through bacteria that live in
nodules attached to plant roots. Therefore, legumes have been reported to have a
greater increase in photosynthesis (Rogers et al. 2009) and less reduction in tissue
nitrogen content at elevated CO, compared to nonleguminous crops (Taub and
Wang 2008). Likewise, compared to rice, the photosynthesis and growth of soybean
were significantly higher under elevated CO, in a FACE experiment (Long
et al. 20006).

Another major effect of elevated CO, is regulation of plant stomata. Stomata are
pore-like openings on plant surfaces, through which plants exchange gases (water
vapour and CO,) with the external environment. Among the stimuli affecting stoma-
tal regulation, CO, is very crucial. Since stomata are the only gateway for CO,
influx and water efflux, stomatal regulation to maintain CO, diffusion into leaves for
photosynthesis and at the same time reducing water loss (transpiration) is a very
delicate business. Elevated CO, has been shown to reduce stomatal conductance (a
measure of stomatal openness) by an average of 22% across FACE experiments
(Ainsworth and Rogers 2007). With the increase in CO, concentration, plants are
expected to maintain higher photosynthetic rates even at low stomatal conductance.
In general, lower stomatal conductance due to elevated CO, is expected to increase
crop water use efficiency. Unlike the effects of elevated CO, on net photosynthesis,
which are more pronounced in C; crops, its effects on stomatal conductance and
water use efficiency are equally important for both C; and C, crops, and plant water
use has been reported to decrease up to 20% (Leakey et al. 2009). Although, ele-
vated CO, induced reduction in stomatal conductance has the potential to reduce
water loss and in turn increase water use efficiency, the positive effect of elevated
CO, on crop growth, e.g. leaf area and canopy size, could offset this effect. Higher
leaf area and bigger canopy size could offer larger surface area for transpiration,
thereby neutralizing the effect through reduced conductance. Lower stomatal con-
ductance and transpiration can also affect leaf and canopy temperature. Cooler can-
opies are vital for saving plants from heat stress at high temperatures, thus, at
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elevated CO,; reduced transpiration can jeopardize this heat tolerance mechanism.
Moreover, lush green larger canopies and enhanced shading provide a suitable envi-
ronment for pest proliferation, which could be another indirect effect under ele-
vated CO,.

The above-mentioned effects of elevated CO, on stomatal conductance and pho-
tosynthesis are clear; however, how much of these effects can actually translate into
harvestable yield benefits is the main question. Literature indicates that these effects
are highly variable, depending on other environmental conditions and crop types
(Long et al. 2006). With higher photosynthetic rates and higher availability of pho-
tosynthates, plants tend to grow faster at elevated CO,. The increased growth rate
has been shown to increase average dry matter of plant by 17% for aboveground and
30% for belowground parts (De Graaff et al. 2006). Likewise, an increase in crop
yield has also been reported at elevated CO, in FACE studies, where rice, wheat and
soybean are the main candidates (Ainsworth 2008).

Crop Quality Under Elevated CO, and Temperature

Elevated CO, is also expected to affect the quality and chemical composition of
plant organs. The main effects are the increase in leaf sugars and starch concentra-
tion and a decrease in leaf nitrogen concentration. FACE studies have indicated an
increase in starch/sugars on average by 30-40% (Ainsworth 2008) and a reduction
of leaf nitrogen concentration (per unit leaf mass) by 13% at elevated CO, (Ainsworth
and Long 2005). Since tissue nitrogen status is closely related to protein concentra-
tion in plant organs, elevated CO, is likely to affect the nutritional quality and value
of crops. The grain protein concentration of barley, rice and wheat has been reported
to decrease at elevated CO, (Taub et al. 2008). Other than protein, elevated CO, has
also reportedly a negative effect on the concentration of many other important min-
erals in plants such as phosphorus, magnesium and calcium (Loladze 2002).
Elevated CO, also reduces iron and zinc concentration in edible legumes and grains
(Myers et al. 2014). Likewise, higher temperature has been shown to negatively
affect vitamin concentrations in horticultural crops (McKeown et al. 2006). Since
the uptake of different minerals from the soil also depends on water uptake, higher
CO, and temperature that can lead to higher VPD and reduced stomatal conduc-
tance, reduction in transpiration and water uptake may also affect mineral uptake,
ultimately jeopardizing the quality of produce.

Precipitation

Climate change is expected to change the frequency, patterns and intensity of rain-
fall. These changes are critical for crop production in many ways including moisture
stress (drought or flooding), especially if this happens during the critical stages of
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crop development. Particularly, the effects of drought are more important in the
scenario of climate change where higher temperatures increase crop water demand.
The direct effect of changes in rainfalls on crop productivity may vary, depending
on the percent of agricultural areas under rainfall in different parts of the world.
However, about 80% of total world cropped area is rainfed/dryland; therefore, any
change in rainfall may have direct effects on global food security (Faures et al.
2013). This is mainly because wet areas may become wetter and dry areas are
expected to receive low rainfall (Liu and Allan 2013). Changes in rainfall patterns
and increased variability may also create problems for individual farmers in a way
that they cannot plan farming activities, as they would do under normal conditions.
Changes in sowing and harvesting dates and seasonal length would ultimately result
in yield loss (Linderholm 2006). Apart from the usual variations in precipitation
dynamics, increased incidence of extreme weather events is another aspect of cli-
mate change that includes intensive heavy showers, flooding and hailstorms. Such
events can destroy crops and may cause a delay in planting and harvesting activities,
both of which can lower crop yields.

Generally, the direct effects of changes in precipitation are more relevant for
areas where crops depend on seasonal rainfall or stored soil moisture. Interannual
variation in rainfall patterns can cause uncertainty in farmers’ minds and create
problems in decision-making for farming activities. Changes in precipitation are
also expected to affect crop production in irrigated areas by changing the overall
hydrological cycle, mainly through its effects on the availability of freshwater in
rivers, streams and groundwater reservoirs.

Interactive Effects of Climate Variables

The interactive effects of increasing temperature and elevated CO, are important in
the context that both factors are vital for crop production and both factors can have
negative and positive consequences. Elevated CO, is thought to have the potential to
alleviate the effects of high temperature through increased photosynthesis and
growth (Ainsworth and Long 2005). However, studies have indicated that, despite
the fact that elevated CO, can mitigate the high-temperature effects on the physiol-
ogy of plant processes, it may not recover the yield loss. A recent study on wheat
involving elevated CO, and short-duration heat stress treatments during the anthesis
stage concluded that elevated CO, mitigated the adverse effects of high temperature
on photosynthesis and gas exchange; however, it does not compensate the yield loss
due to direct damage of heat stress (Chavan et al. 2019). Higher crop leaf area and
biomass under elevated CO, are also expected to increase crop water and nutrient
demand. Thus, whether or not elevated CO, will increase crop yield depends on if
the crop has access to other raw materials in a sufficient amount, especially water
and nutrients. Larger canopies and higher leaf area also provide a larger surface area
for transpiration loss, therefore, requiring more water.
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The size and magnitude of the effects of climatic variables also depend on other
non-climatic factors. Since elevated CO, has the potential to increase photosynthe-
sis and crop biomass, the magnitude of this effect also depends on the availability of
other raw materials, e.g. minerals (Ainsworth and Long 2005). The best example is
nitrogen, where FACE experiments have indicated that the positive effects of ele-
vated CO, on photosynthesis, biomass and yield are considerably lower under low
than high soil nitrogen conditions (Poorter and Navas 2003; Ainsworth and Rogers
2007). Likewise, the negative effect of elevated CO, on the nutritional quality of
plant tissues is also more pronounced under low soil N conditions (Taub and
Wang 2008).

Changes in precipitation and thus the availability of water are even more impor-
tant under high-temperature conditions because high temperature can be a stress
itself, but, at the same time, it increases the crop water demand through increased
VPD. Therefore, the two stresses at a time are definitely lethal and more difficult
to manage.

Miscellaneous

Apart from changes in temperature, CO, and precipitation, increasing concentration
of ozone and increasing threats from pest attacks are also associated with climate
change. Ozone (O;) is another environmental factor that can affect crop production
by damaging the tissues, and it has been associated with climate change. Ozone is
known to have negative impacts on crop yield, and its effects are likely to increase
with climate change (Chuwabh et al. 2015; Tai and Martin 2017). Elevated CO,-led
reduction in the stomatal opening has been shown to reduce the O; uptake by leaves,
therefore, decreasing the exposure and minimizing its negative effects on photosyn-
thesis, growth and yield of rice and soybean (Feng et al. 2008). Increases in tem-
perature and humidity are likely to increase the attacks of pests such as insects and
diseases. Moreover, elevated CO,-led increase in crop growth and leaf area index
would also provide suitable environments for the growth and spread of pests. The
impacts of climate change on pests including diseases, insects and weeds are not
well-known and require more research.

Management Strategies to Adapt Climate Change

Different management strategies have been demonstrated for adaptation of crop
plants to changing climate and variability. Crop adaptations to climate change occur
at different levels of agricultural association: use of quality seeds of improved vari-
eties or species well-adopted to climate variabilities, diversification of cropping sys-
tem, improved water use efficiency through irrigation and drainage systems and
sustainable management of land and soil.
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Development and Plantation of Plant Varieties Adapted
to Climate Change

Planting material of well-adapted crop varieties is the basic requirement for high
growth, quality and yields of crop plants. It is not possible to harvest a good-quality
crop with low or bad quality of planting material (Gibbon 2012). Breeding efforts
usually involve multilocation trials in order to develop the crop varieties that are
resistant to climate-related phenomenon and more efficient to adopt the climate
variabilities. For example, resistance to drought, salinity and flooding is a common
climate trait for which crop varieties are bred. Other more location-specific factors
include high temperature during grain filling stage, frost events at seedling or pol-
lination stage, alternate high temperature and light rainfall which stimulate germi-
nation but obstruct seedling establishment. Increasing or maintaining the crop yield
in the view of climate change largely depends on the capacity of breeders and genet-
icists to introduce adaptive traits found in crop plants to locally adaptive crop variet-
ies (Jarvis et al. 2008). Active participation of farmers in the varietal development
process is very important for successful adaptation of improved varieties (Efisue
et al. 2008; Ashby 2009). Furthermore, introduction of resilient and adapted plant
species in stress-prone areas could also be a strategy to adapt to climate change. For
instance, an option includes replacing staple crops, such as maize with drought-
resistant crops, such as millets and cassava. Such a shift in crop plantation can only
become a viable climate-adaptive strategy, if farmers are willing to adopt new crops
(Burns et al. 2010; Rezaei et al. 2015).

Conventional crop varieties are generally well-adapted to the present climatic
conditions in the local crop production systems and are a potential source of adap-
tive genetic material for crop improvements (Mba et al. 2012; Lopes et al. 2015).
However, these varieties may lose their adaptation with climate change (Bellon
et al. 2011). The introduction of more suitable varieties from other places may not
always be an option (Bellon and van Etten 2014). Therefore, development of new
varieties through breeding seems a more viable option to adapt to climate change
variations. The increased genetic vulnerability and homogeneity reduce the crop
potential and make them more susceptible to the impact of climate change. This
genetic vulnerability may be reduced by introducing novel traits (resistance to biotic
and abiotic stresses) into the cultivars, traits often found in crop wild relatives (Lane
and Jarvis 2007; Dwivedi et al. 2008). Table 1 shows some examples of the success-
ful introduction of wild relative stress-tolerant traits into crop cultivars (Maxted and
Kell 2009; Brozynska et al. 2016).

Development of climate-tolerant crop varieties required the use of a range of
technologies, such as induced mutation, cell and tissue culturing, genetic engineer-
ing, marker-assisted selection and genome editing (Ahloowalia et al. 2004; Shu
2009). The development of climate-ready varieties for stress-prone areas is a key
measure to deal with climate change extremes. For example, a flood-tolerant rice
variety (Scuba Rice) was developed for flood-prone rice areas of Bangladesh, India
and the Philippines (Singh et al. 2010). Farmers can only benefit from newly
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Table 1 Examples of stress-tolerant traits obtained from wild relatives into the cultivated crop
species

Cultivated crop species Wild relatives Traits

Rice (Oryza sativa) Wild rice (Oryza Water stress tolerance, nutritional
glaberrima) and grain quality improvement

Oat (Avena sativa) Wild oats (Avena barbata) | Water and heat stress tolerance

Peanut (Arachis hypogaea) Wild peanuts (Arachis Improvement in grain size, pest
cardenasii) and disease resistance

Grape (Vitis vinifera) Wild grapevine species Cold stress tolerance in leaves
(Vitis amurensis)

Cassava (Manihot esculenta) | Wild cassava (Manihot Adaptation to cool temperatures
rubricaulis) and high altitudes

Banana and plantain (Musa Wild plantain (Musa Drought resistance

acuminata, M. balbisiana) balbisiana, M. nagensium)

developed climate-resistant varieties if they have timely access to the right quantity
of quality seeds and planting materials. Therefore, it is important to include the
effective delivery system to ensure the timely access of seeds to the farmers in the
remote areas (McGuire and Sperling 2013; Westengen and Brysting 2014).

Diversification of Cropping Systems

Growing genetically diverse and improved crop varieties that are suitable for a wide
range of farming practices and agroecosystems and resilient to climate variables is
a valid strategy to develop the resilient crop production systems (Gibbon 2012). The
level of diversification of crop species makes the difference between stressed and
resilient agroecosystem. Generally, all major grain crops, for example, wheat, rice,
maize, etc., are grown in monoculture systems that require significant management
investment in terms of control of pests and diseases. In cropping systems, crop
diversity in terms of different species and varieties is important to improve the resil-
ience and stability of cropping systems (Folke 2006). The crop diversity also serves
as an integrated pest and disease management, which has a direct impact on farm
yield and revenue, since it saves a lot of external inputs and labour costs which are
required for traditional management of pests and diseases. The diversity of cropping
system also provides other environmental and social benefits to the society, for
example, pollination and improved soil quality, and provides a wide variety of
foods. Furthermore, increasing sustainable management of crop diversification will
provide the food and nutritional security for the expanding urban population
(Howden et al. 2007).

The diversification of cropping systems can occur at different levels, diversifica-
tion of different crop varieties and species (i.e. intra- and/or inter-specific diversifi-
cation), diversification at different spatial scales (i.e. individual field, farm or
landscape) and diversification at different time frames. For the annual cropping
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system to better adapt to the climate change integration of perennial crops is a good
strategy (Howden et al. 2007). Integration of perennial species in cropping system
does not mean complete conversion of annual cropping system to perennial crop-
ping or landscape dominated by perennial crops. Introduction of perennial species
in annual cropping systems serves the multifunction in addition to increasing adapt-
ability to climate change of annual crop production systems. The use of perennial
crops in crop diversification gives multiple benefits, e.g. feed, food, fuel, fibre, med-
icines, pesticides, increased soil fertility, reduced soil erosions and serves as wind-
breaks. For example, integration of pigeon pea as a perennial crop with maize and
soybean serves as an herbicide for weeds and provide two harvests per season
(Schoeneberger et al. 2012).

At the individual farm level, the adaptability to climate change can be improved
by mixing different crop varieties of the same species, for example, planting of dif-
ferent varieties of the same crop, which can be grown and harvested at the same
time but have different responses to climate stresses (drought, heat, etc.). This strat-
egy can successfully increase the crop adaptability to unpredictable raining season
and heat; it also improves the crop stability and yields. The different management
options where different varieties can intergrade together or grow one after the other
to improve adaptability to climate change include relay cropping, intercropping and
crop rotation (Scialabba and Miiller-Lindenlauf 2010).

Improved Management of Water Resources

Sustainable management of water resources such as deficit irrigation, reduce unpro-
ductive evaporation losses and conservation measures for soil water can limit the
risk of lower crop yield due to limited water. These management options are required
to be adopted at different scales: at the farm field level, at the watershed or aquifer
level, at the river basins level and at the national level. The farm-level adaptations
are spontaneous and can perform in response to a specific change, but adaptations at
other levels need advanced planning and financial support (Cooper et al. 2008;
Mwongera et al. 2017).

At the farmer field scale, reduction of water losses and the soil capacity to restore
rainwater can increase the resilience of cropping systems to water shortage. Different
management options are adopted by farmers to improve water storage in soils, for
example, on-farm water retention, on-farm water harvesting and enhanced water
infiltration. These management options can be combined with efficient irrigation
techniques (e.g. deficit irrigation) that was developed to reduce evaporation losses
and increase crop yield per volume of water applied (Cooper et al. 2008). Selection
and diversification of drought- and heat-resistant varieties will benefit farmers to
cope with adverse climatic conditions. Furthermore, farmers need to be more sys-
tematic in developing drainage facilities to cope with heavy rainfalls and flood
events to prevent crop damage and soil erosion (Mwongera et al. 2017). Habitat
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engineering and reintegration will be required to lower the impacts of flooding,
provide essential nutrients to soil and control erosion.

Modern irrigation schemes are considered a step forward to adapt the climate
change. Irrigation modernization requires a better mechanism for water allocation,
timely alert for water scarcity for farmers, infrastructure development at local scale
and management to allow more flexible and reliable water distribution (Renault
et al. 2007). The establishment of the water market and water pricing are often pro-
moted as a management tool to reduce water losses and improve water use effi-
ciency. However, these options are difficult to implement in some places due to
institutional and technical reasons. Improved weather prediction and hydrological
monitoring can play a significant role in development of efficient adaptation strate-
gies (Faures et al. 2010). At present, weather prediction is limited to a few days.
Though, better forecasting in terms of time and consistency over the season will
provide the opportunity to the farming communities to better respond to climate
variabilities. More efforts should be given to the timely delivery of information to
farmers and increase their capacity to better utilize climate information (Gommes
et al. 2010).

Sustainable Management of Land and Soil

Sustainable management of agricultural lands is important to reduce the climate
change effects imposed by greenhouse gas emissions and to increase the soil carbon
storage. Increasing crop productivity per unit area will eliminate the need for more
land for crop production and will eventually reduce the overall emissions of green-
house gases caused by the expansion of agricultural land. The more economical
management strategies for sustainable land intensification comprise attaining the
balanced nutrient cycling through protecting the soil on field and crop management
(Scialabba and Miiller-Lindenlauf 2010; Bitew and Abera 2018).

Soil protection can be achieved by implementing conservative tillage practices
and sustainable management of crop residues in the fields. Conservation agriculture
provides a strategic point for adaptation to climate change. Minimum soil distur-
bances, retaining the crop residues on soil and integrating different crops in rotation,
reduce the soil erosion and restore the degraded soils (Farooq et al. 2011).
Conservation agriculture allows to develop a more sustainable soil ecosystem and
reduce the dependence on external inputs (Ghosh and Hazra 2014; Bitew and Abera
2018). Conservation tillage keep the crop residues on surface, which stabilize soil
temperature, reduce moisture and nutrient losses from soil and help in the develop-
ment of soil fertility. Adaptation of conservation tillage improves the growth and
activities of soil microorganisms, e.g. earthworms, mites, millipedes, etc. The soil
microorganisms perform the natural tillage operation, which improves the soil
porosity and fertility. Organic matter accumulated by soil microorganisms improves
the soil water storage capacity, which helps the crops to survive during the drought
period (Lal 2004; Ghosh and Hazra 2014).
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Reducing cultivation practices and retaining crop residues influence the soil car-
bon and nitrogen balances. Carbon is accumulated in the soil when the net nitrogen
input (i.e. mineral fertilizers, organic sources, natural fixation) in the soil is greater
than net removal (i.e. crop harvest, leaching, atmospheric emissions) (Corsi et al.
2012). Soil positive nitrogen balance can be attained through effective crop rota-
tions. Keeping the soil evenly covered with crop residues with carbon to nitrogen
ratio of 25-30 creates a positive residual fertilizer effect. The ideal carbon to nitro-
gen ratio (25-30) in crop residues can be achieved by rotating the crops high in
carbon with crops high in nitrogen (G4l et al. 2007). This allows the carbon to be
stored in the soil and nitrogen be released slowly to be available for the next crop
(Al-Kaisi et al. 2008). Adopting the more complex crop rotation with the integration
of leguminous crop increases the net carbon accumulation in soil. Crops with deep
root systems accumulate carbon in the deeper soil layer which is not readily avail-
able for oxidation (Jarecki and Lal 2003).

Future Thrusts

The success of adaptation strategies to climate change depends on the participation
of all key stakeholders including farmers in the development process. Interdisciplinary
participatory approaches are required to develop more feasible adaptation strategies
at farmers’ field scale. Further, the development of targeted adaptation strategies is
more important, since the adaptation strategies that are feasible at one place and for
one community of farmers may not be feasible to adapt at other places. Similarly,
farmers in poor and developing countries are more vulnerable to climate change.
The development of adaptation strategies that are feasible for farmers under their
local conditions and resources is far more important to deal with adverse impacts of
climate change. The improvement in socio-economic conditions in rural areas will
have a positive impact on adaptation to climate change, since it will increase the
resilience of local communities to better cope the climate extremes and will reduce
their vulnerability.

Technology transfer and knowledge sharing are appropriate ways to improve the
adaptive capacity of resource-poor farmers. The availability of timely, accurate and
easy-to-understand information about the weather forecast, pest or disease out-
breaks, etc. in marginal areas will help the farmers to better prepare and plan their
activities. Therefore, it is important that the information provided to the farmers are
timely, up-to-date and in their local languages. In addition, availability of improved
crop varieties (e.g. drought-resistant and heat-tolerant) and development of mecha-
nization capacity of resource-poor farmers, who are more vulnerable to climate
change, will increase their capacity to adapt the climate variabilities.

There is a need to advance our understanding about the interaction of two impor-
tant climate variables (i.e. increasing temperature and elevated CO,) on crop growth
and quality. For example, how much of elevated CO, help to reduce the adverse
effect associated with increasing temperature and drought stress? Similarly, how
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much of increasing temperature and water stress reduce the positive effect of
increasing CO, due to direct damage to crop and decrease in crop quality (change in
protein and mineral contents in grains).
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Insect Pests, Plant Diseases and Crop
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Khawar Jabran, Singarayer Florentine, and Bhagirath Singh Chauhan

Introduction

Long-term weather data records have helped humans to determine that climate
change is happening and will have serious impacts on the agricultural and other
ecosystems. The most conspicuous of these are the warming of the earth’s atmo-
sphere and rise in its carbon dioxide (CO,) level and changes in the availability of
water. Anthropogenic activities (particularly burning of the fossil fuels) have
increased (and continue to increase) the concentration of greenhouse gases in the
earth atmosphere particularly the CO, concentrations. The current level of CO, in
the atmosphere is more than 400 ppm. This rise in atmospheric CO, levels, in turn,
causes warming of the global environment (Gowdy 2020). Climate change also
includes difficult-to-predict changes in the rainfall patterns and amount along with
the rise in the earth’s surface temperature (Hawkins et al. 2020).

Not only the plants, but their pests have also been impacted by the recent climate
changes. CO, and warming have been reported to have a contrasting effect on crop
growth and yields; positive effects of CO, and a negative effect of the warming are
on the record (Sarkar et al. 2020; Wang et al. 2020). The positive effects of high CO,
on weeds while a change in the efficacy of the herbicides have been reported under
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the changing climate (Varanasi et al. 2016). Several of the insect pests and disease
pathogens are also likely to receive a positive effect of climate change that will help
them to increase their range and distribution and invade new areas in different geo-
graphic regions of the world.

Literature available regarding the influences of climate change on agriculture is
comparatively less than the aspects of life (Callaghan et al., 2020). The book Crop
Protection Under Climate Change is an effort to synthesize high-quality literature
for understanding the effects of climate change on ecology and biology of various
plant pests, their distribution in different geographical regions of the world (after an
impact of climate change), likeliness of the invasiveness of pests to new areas and
the control of these pests under the climate change. The book also focuses on the
yield declines caused by climate change either directly or indirectly. This final chap-
ter of the book summarizes the effects of climate change on crop plants and their
pests. The chapter also summarizes how the effects of climate change could be miti-
gated on crop production and protection.

Impact of Climate Change on Weeds and Their Control

Increase in CO, is supposed to increase the growth, distribution range and invasive-
ness of weeds. C; weeds will receive more of the positive effects of the rising CO,
than the C, ones, and this is likely to make C; weeds more competitive against crop
plants (Korres et al. 2016). High CO, increased the biomass and growth of weeds
such as Lactuca serriola L., Potentilla recta L., Hordeum murinum L. and Bromus
tectorum L. (Jabran et al. 2015; Jabran and Dogan 2018). Similarly, the tiller num-
ber and biomass of Echinochloa colona (L.) Link. were increased if the weed was
grown under 750 ppm CO, instead of 450 ppm (Mollaee et al. 2020). In another
study, under the high CO, levels, the root/shoot ratio and dry weight of Cirsium
arvense L. were increased significantly making more difficult the control of the
weed (Ziska et al. 2004). Further, herbicide tolerance by weeds has also been
reported to be increased under the elevated CO, (Ziska and Teasdale 2000). The
reasons for such reduced efficacies of herbicides are the changes in biochemistries
and morphologies of weed plants; these changes are resulted by the influence of
environmental warming, rising atmospheric CO, and other factors of climate change
(Ziska 2016). Although the greater tolerance to herbicides in weeds is sometimes
associated with high biomass production or plant size and a subsequent dilution of
the applied herbicides, there are studies that negate this mechanism (Ziska and
Teasdale 2000; Manea et al. 2011). Inconsistency in results is a problem with stud-
ies that show a declined efficacy of herbicides under the changing climatic condi-
tions (Waryszak et al. 2018). This means, contrary to most of the studies, no change
in efficacy of herbicides under the simulated climatic conditions has also been
reported (Jabran and Dogan 2018). A possible explanation is that the herbicide tol-
erance by weeds under the simulated climate varies with the species (i.e. this is
species-specific). A large part of literature indicates a reduced efficacy of herbicides
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under the changing climate, and, subsequently, there will be difficulties in realizing
good weed control. This suggests that the role of climate change in impacting the
weeds and their management should be understood thoroughly and novel tools be
employed for sustainable weed control.

Impact of Climate Change on Insect Pests and Their Control

Climatic changes are expected to impact both the insect pests and their natural ene-
mies. Recent research work establishes that infestation of crops by insect pests will
increase under the changing climate subsequently resulting in enhanced crop dam-
age (Deutsch et al. 2018). For example, climate change will support Bagrada hilaris
(an insect pest of brassica plants) to increase its distribution and invade new regions
in the world (Carvajal et al. 2019). Climate change factors change biochemistries of
the crop plants (e.g. changed C/N ratios) and subsequently weaken the plant defence
against insect pests (Trebicki et al. 2017). This ultimately changes the feeding
behaviours, population and dispersal of the insect pests (Trebicki et al. 2017).
Expected global warming has been found to increase the insect pest pressure on
crops; this will also support the insect pest to expand their range and invade the
temperate areas that were previously too cool to inhabit those insect pests (Taylor
et al. 2018).

Impact of Climate Change on Disease Pathogens and Their
Control

Disease pathogens are among the most important pests of crops. Climate change
either in the form of global warming, elevated CO, or erratic water supplies to crop
plants will influence the plant disease pathogens and the crop disease incidences.
For example, future climatic conditions are expected to increase the incidence of
wheat diseases (e.g. Septoria tritici blotch, Fusarium head blight) in different
European countries (Juroszek and von Tiedemann 2013).

It has been established that the climate change factors cause anatomical, mor-
phological and physiological changes in plants (Watling et al. 2000; Riikonen et al.
2008). Changes in the characteristics or functioning of stomata (in response to cli-
mate change) are important in relation to disease pathogen attack on plants because
stomata are the places for pathogen entry into the plant tissues (Melotto et al. 2006,
2008; Zeng et al. 2010). For instance, guard cell length was found to have a relation
with the infection biology of leaf spot disease fungus (Riikonen et al. 2008).
Modified leaf epidermis as a result of high CO, concentration increased the hostility
of Erysiphe cichoracearum against Arabidopsis thaliana (Lake and Wade 2009).
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Of the major impacts of climate change on plant pathogens includes the influ-
ence of warming on the prevalence and range of the pathogens; warming will enable
several of plant pathogens to new areas that were previously not under invasion of
those pathogens. Another fact is that the defence of host plants against the disease
pathogens under climate change is likely to be disturbed.

Impact of the Climate Change Factors on Crop Yields

Global warming, rise in atmospheric CO, and erratic water availability have impli-
cations for the crop yields and quality (Kizildeniz et al. 2018). High CO, levels are
supposed to increase the growth and yield of plants (with a more conspicuous effect
on C; ones than the C, ones). On the other hand, the rising temperatures will have a
negative effect on yield and growth of the crops. Interestingly, it is expected that
rising CO, and temperatures will be compensating each other’s effects on the crop
plants. Nevertheless, growth stages of crop plants are sensitive to temperature, and
physiological functions of crop plants (along with other factors) are dependent on
the atmospheric CO, concentration and availability of moisture to plants. Recent
research work implies complex and serious effects of the climate change factors on
growth of crops and their yield. For example, a meta-analysis of 1700 studies
showed that without any adaptations in tropical and temperate regions, the yield of
rice, wheat and maize will decrease under a temperature increase of 2 °C (Challinor
et al. 2014). However, the yield of these crops could be increased by 4—15% if crop
level adaptations were made (Challinor et al. 2014). Another meta-analysis showed
that wheat yields were decreased by greater than 50% if climate warming was
higher than 2.3 °C (considering there is no change in water availability and atmo-
spheric CO, levels) (Wilcox and Makowski 2014). However, a combination of ele-
vated CO, and warming along with reduced precipitation by 20% could potentially
increase the wheat yield (Wilcox and Makowski 2014).

It may be concluded that both negative and positive effects of climate change
factors have been reported on crop yields. It is important that serious negative effects
of warming on crop yield will be avoided through increased atmospheric CO, and,
in an opposite situation, the positive effects of increased atmospheric CO, will be
nulled through climate warming. Crop adaptations will be important in maintaining
or even increasing the crop yields under climate change.

Mitigation of Adverse Impacts of Climate Change on Crop
Production and Protection

Climate change brings great challenges to human interests and well-being directly
and indirectly (Hobbie and Grimm 2020). Human welfare desires mitigating the
adverse impacts of climate change on crop production and protection. Both the miti-
gation and adaptation strategies can help to deal with the adversaries of climate



Impacts of Climate Change on Weeds, Insect Pests, Plant Diseases and Crop Yields... 193

change (Grafakos et al. 2020). Already there have been efforts to put forward novel
technologies that can aid in combating the negative effects of climate change on
crops. One of the examples includes the development of crop cultivars resilient to
change in climate (Ingvordsen et al. 2015; Mikinen et al. 2015).

Crop diversity or diversity within a specific cultivated plant (cultivar diversity)
can be promising in mitigating the adverse effects of climate change on growth and
yield of cultivated plants. For example, diversifying the cultivars in viticulture was
promising in decreasing the severe impacts of warming on the yield; this cultivar
diversification could decrease the negative effects of warming (2—4 °C) by half to
one-third (Morales-Castilla et al. 2020). Similarly, one of the solutions to tackle
insect pests under changing climate is to maintain biodiversity. Maintaining biodi-
versity can help to build population of natural enemies of insect pests and hence
achieve natural pest control under the changing climate.

Other than the research efforts, policymaking (at country, regional and interna-
tional levels) and awareness among the farmers in the perspective of climate change
are important. Combating the climate change effects will be eased if farmers are
taught about the climate changes and their impacts, along with the provision of
some novel technologies.

Conclusions

Most of the studies on climate change deal with either a single or a couple of factors
of the climate change. The most studies on climate change factors include warming
and the rising CO, levels. Similarly, most of the studies investigate the effects of
climate change on growth of the crops and their yield. However, it will be interest-
ing if the climate change factors such as precipitation, warming, CO, levels, etc. are
investigated together as a system and their effects or interactions with the plant pests
and their control are studied. Such studies will help better understand the real
impacts of climate change on the plant pests and their control.

Climate-smart agriculture is a way forward in the wake of recent climatic changes
(Middendorf et al. 2020). This is important to understand the impact of changing
climate on crop plant pests, efficacy of pesticides, the pest management methods
and the crop yields. Finally, policymaking and awareness in farmers about climate
change are direly needed to properly cope with this great challenge.
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