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Abstract

Terrestrial invertebrate species play a dominant role in the trophic dynamics of agricultural

ecosystems. Subtle changes in the composition of communities and species interactions at different

trophic levels, and role of ecosystem engineers can dramatically modify the effects of invertebrates on

plant productivity in agricultural systems. The effect of climate change on relevant invertebrates in

agricultural systems, and their potential to adapt or move is discussed. All terrestrial systems

(including forestry and pasture) are considered, although the main focus is on crop production

systems. Our treatise centres on whole organisms (as opposed to genetic information from inver-

tebrates) that play key roles in agricultural systems. We start with an overview of current thinking on

how climate change may affect invertebrates. Then, recognizing the great invertebrate biodiversity

associated with agro-ecosystems, the review focuses on three key groups – soil invertebrates,

biological control agents and pollinators. A variety of research gaps became apparent during the

course of our review. Specific conclusions regarding the impact of climate change on particular

elements of invertebrate genetic resources in agriculture are not possible yet. Existing evidence

suggests that three general assumptions can be made. First, it is probable that climate change will

disrupt to varying degrees the role and use of invertebrates in agriculture, especially sustainable

agriculture, even though the precise nature of the disruptions is not yet known. Second, without

intervention, these disruptions will result in production losses particularly in sustainable agriculture,

even though the scale and extent of the losses is not yet known. Third, the extent of some of the losses

will justify intervention to facilitate adaptations of the invertebrates, even though the methods with

which to intervene and policies to facilitate this intervention are not yet in place.

Keywords: Ecology, Interactions, Soil, Biological control, Pollinators, Arthropoda, Insecta, Annelida,

Nematoda, Pests, Crops, Plant health

Introduction

Invertebrate species are an essential component in agri-

cultural systems (see review by Cock et al. [1] and sources

therein), as they have a major influence on plant health

and productivity and therefore play a key role in food

security. The vast majority of invertebrate species in agro-

ecosystems belong to the phyla Arthropoda (especially
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the class Insecta) above ground, and Annelida and

Nematoda below ground [2]. From an ecological per-

spective, these animals play important roles in food webs

as primary consumers (herbivores); higher-order con-

sumers (predators, parasitoids and hyperparasitoids);

mutualists (facultative and obligate pollinators); parasites

of plants, invertebrates and vertebrates; and saprophytes

(mediators of decomposition, and energy and nutrient

flows into and out of agricultural ecosystems). The

different roles that invertebrate species play in an agri-

cultural ecosystem are responsible for a complex web

of direct and indirect interactions. For instance, soil

invertebrates include the functional group of ecosystem

engineers [3] that are powerful drivers of soil physical

functions (water dynamics, aeration and protection from

erosion hazards) owing to changes in soil structure. They

play an important role in carbon cycling, as they control

the carbon sequestration process and influence green-

house gas emissions. The production of biogenic struc-

tures by this group can make carbon inaccessible within

aggregates for some time and so slow down the use of

carbon by soil organisms.

The expected impact of climate change on

agricultural production systems and invertebrates

relevant to food and agriculture

As areas become more favourable for growing a particular

crop, they also become more favourable for a suite of

associated crop pests. Pest management practices will

therefore need to adapt to such changes. As regions

further from the equator become warmer, past experi-

ence in pest management from regions closer to the

equator may provide guidance.

Land-use changes, whether as responses to climate

change or socio-economic factors, are expected to have

a greater effect on the occurrence of invertebrate pests

than direct effects of climate change alone. At one

extreme, conversion of natural or semi-natural habitat

to agricultural land will destroy most of the associated

food webs and eliminate most ecosystem services, until a

new balance is established that will partially fill this gap.

A plethora of indirect effects can result from land-use

changes. For example, simplified agricultural ecosystems

are much more prone to invasion by, and outbreaks

of, pest species, and changes in vegetation cover can

modify the climate via alterations in the surface reflectivity

(albedo) and the roughness of the land [4]. Crop choice

and soil and pest management practices will be very im-

portant in terms of mitigating the effects of climate

change.

Despite many uncertainties and unknowns, there is a

growing consensus that climate change could lead to an

overall increase in the abundance and diversity of inver-

tebrate pests – and pest pressure – as habitats become

more favourable for their establishment and development,

new niches appear, stabilizing interactions are decoupled,

and invasive species arrive as a result of range expansions

(e.g. [5–9]). This is not to deny that some effects of

climate change may be beneficial, but the detrimental

effects referred to above suggest that, at the very least,

‘pest and pathogen attacks are likely to be more un-

predictable and the amplitude larger’ [10].

Potential of invertebrates in agriculture to adapt

to and mitigate the effect of climate change

Biotic responses to climate change include adaptation

in situ, range shifts to more tolerable climes or, failing

these, extinction [11], and as suggested by these authors,

organisms will have to ‘adapt, move or die’.

Adaptation involves activities that enable ecosys-

tems – and the people that rely on them – to adjust to

climate change, for example, by buffering the effects of

extreme weather events or decreasing the vulnerability

of agro-ecosystems to their impacts [12]. Observational

data over the last 50 years have shown that adaptation

to climate change is species-dependent [13]. The lack

of studies makes it risky/inappropriate to generalize on

the possible adaptation of invertebrates to the challenges

identified. Nevertheless, when expansion of species

range takes place, selection will tend to favour individuals

with higher propensity for dispersal [14], and dispersal

ability determines the potential to escape adverse direct

and indirect consequences of temperature changes [15]

by colonizing new habitats as they become available.

As we shall discuss, most invertebrates are expected

to change their geographical distribution in response to

climate change so as to remain in habitats to which they

are well adapted. Sub-fossil evidence from the Quaternary

Ice Ages suggests that in times of rapid climate change,

insects track acceptable conditions rather than evolving

in situ ([16]; Case study 2) and there is evidence that this

may be accompanied by genetic increases in dispersal

capacity at range boundaries [17]. Even so, we recognize

that the current landscape is very different from any that

existed during the Quaternary Period, being divided by

barriers created by human activities. However, these

barriers are likely to affect species in natural ecosystems

rather more than those associated with agro-ecosystems,

and the movement of the latter is likely to be facilitated

rather than hindered by human-induced landscape

changes. Hence, many of the challenges associated with

the management of invertebrate genetic resources in

agriculture in the context of climate change will relate to

climate-driven or human-assisted movement of inverte-

brate species.

Some in situ adaptation is expected, especially where

movement is not an option (e.g. low, isolated islands) and

species have a short generation time and a high rate of

reproduction. The ability of a species to adapt rapidly to

environmental changes is termed phenotypic plasticity. If,
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however, conditions exceed the plastic limits of a species,

evolutionary change may be necessary in order to prevent

extinction. The concept of evolutionary rescue to arrest

population decline and allow population recovery before

extinction ensues [18] may be particularly relevant to

populations, especially island populations, challenged by

climate change. In their review, Donnelly et al. [19] found

many reports of direct observations of phenotypic plas-

ticity in species but less conclusive evidence of genetic

adaptation.

The variability in predictions can be explained by eco-

logical and evolutionary processes that significantly alter

the ranges of species. Range movement of species is not

exclusively determined by evolutionary responses, based

primarily on existing genetic diversity within species.

Phenotypic plasticity constitutes a critical survival mech-

anism for adaptation [20], given that genetic variation

already exists within species. Moreover, evolutionary and

plastic responses to climate change are not mutually

exclusive.

Where self-organization and mutualism predominate,

as in soils, there is a possibility that systems will adapt

more rapidly to the effects of climate change as inverte-

brates may not be so reliant on their own ability to

change. For example, earthworms and termites depend

on soil microbiota for their digestion, and as the short

generation time of microbiota is likely to enable them to

adapt relatively rapidly to new conditions associated with

climate change, the invertebrates may profit. Thus, the

ability to predict adaptation of organisms to climate

change is hampered as many studies focused on individual

species overlooking the fact that species interact with

other species, and are part of complex interaction net-

works [21, 22]. As Berg et al. [23] stated, to study species

persistence under global climate change, it is critical

to consider the ecology and evolution of multispecies

interactions.

Scope and structure of review

The scope of this review is restricted to terrestrial agri-

culture, and excludes marine and aquatic production

systems. Although many invertebrates are important food

items in their own right, and several sectors (e.g. honey

and silk) rely on products produced by invertebrates,

we will not consider these aspects in our review. All

terrestrial agricultural systems are considered, including

forestry and pasture, but the main focus is on crop pro-

duction systems. We recognize that in addition to their

role in crop production including weed biological control,

biological control agents (BCAs) play a role in the pro-

tection of stored crops, but the latter role is not treated

as a separate topic. The review focuses on whole organ-

isms (as opposed to genes or other genetic information

from vertebrates), which play key roles in agricultural

systems. First, we provide an overview of current thinking

on how climate change may affect invertebrates. Then,

recognizing the great invertebrate biodiversity associated

with agro-ecosystems, the review focuses on three key

groups – soil invertebrates, BCAs and pollinators.

Between them, these three groups cover the most

important ecosystem services that invertebrates provide

to agriculture [1], and hence they may be used, manipu-

lated or moved to benefit agriculture. A variety of

research gaps became apparent during the course of our

review, and these are highlighted in the final section.

Effects of Climate Change on Invertebrates

Relevant to Agriculture

In this section, we review the potential direct and indirect

effects of climate on invertebrates relevant to food and

agriculture.

Climate change predictions

In 2007, the IPCC completed the Fourth Assessment

Report of current scientific understanding of climate

change [24], which included scenarios projecting future

climatic changes and their probable effects on natural and

managed systems, the vulnerability of these systems and

their capacity to adapt [25].

The projections of future changes in climate included:

� Over the next two decades, a warming of 0.2–0.4�C
per decade.

� Warming and sea-level rise to continue for centuries

even if greenhouse-gas concentrations are stabilized.

� A 1.8�C rise above 1980–1999 levels in global average

surface air temperatures by the end of the twenty-first

century for a low emission scenario (IPCC B1).

� A 4.0�C rise above 1980–1999 levels in global average

surface air temperatures by the end of the twenty-first

century for a high-emission fossil-fuel intensive scenario

(IPCC A1Fl).

� Warming expected to be greatest over land and at

most high northern latitudes.

� By the end of the twenty-first century, rainfall very

likely to have increased in high latitudes and East Africa

and decreased in most subtropical regions (Central

America, the Mediterranean basin and the subtropical

regions of Africa, Australia and Central Asia); increases

in tropical precipitation projected during rainy seasons

and over the tropical Pacific in particular.

� Increase in extreme weather events (droughts, heat

waves, heavy precipitation and intense tropical

cyclones).

It has been suggested that future climates may consist of

novel temperature and precipitation regimes, which have

no current climatic equivalent, resulting in new species
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associations, so-called, ‘no-analogue’ communities [26],

although such climate reconfigurations may well have

occurred in past glaciation cycles.

Elevated levels of CO2 (eCO2), the most important

anthropogenic greenhouse gas, have positive effects on

plant growth and yield. Levels have increased from a

pre-industrial level of about 280 ppm CO2 to 379 ppm in

2005. On its present trajectory, atmospheric CO2 will

pass 550 ppm by 2050. However, the benefits to plant

growth and yield will be restricted by many limiting fac-

tors. The major projected effects of climate change on

agriculture (and the IPCC assessment of probability of

occurrence) include:

� Increased crop and pasture yields in colder environ-

ments and decreased yields in warmer and seasonally

dry environments (99%).

� Increased insect outbreaks (99%).

� Reduction in yields in warmer regions due to heat

stress (>90%).

� Increased heavy precipitation events, causing damage to

crops, soil erosion and difficulty in land cultivation

(>90%).

� Increased area affected by drought, leading to land

degradation, lower yields/crop damage and failure, and

more livestock deaths (>66%).

� Storm intensity increased, leading to damaged crops

and uprooting of trees (>66%).

� Increased incidence of extreme high seas, causing sali-

nization of irrigation water and freshwater systems

(>66%).

Agriculture has historically shown high levels of adapt-

ability to climate variations, and trade has the capacity to

reduce regional and global effects. The dependence of

developing countries on food imports is likely to increase

as even slight warming reduces yield in seasonally dry and

tropical regions, and the farmers in these countries may

not have the resources or ability to respond.

Management options to optimize yield and/or eco-

nomic returns listed by Easterling et al. [27] include:

� altering timing, location, variety or species of crop

planted to match prevailing conditions and markets in a

better manner;

� wider use and better timing of water conservation/

management technologies;

� diversifying income by integrating other farming activ-

ities; and

� improving pest, disease and weed management prac-

tices.

Effect of climate change on invertebrates

Even in simplified agricultural ecosystems, the sheer

number of potential interactions makes predicting the

effect of climate change on invertebrates daunting

(Figure 1).

Single and combined effects are expected, and their

responses will be context-dependent. Most studies

have dealt with only single factors such as eCO2,

warming or changes in precipitation. There is a paucity

of data on the combined effects of such climate change-

related factors ([29]; Case study 1) and more realistic

multifactorial experiments are needed to investigate

potential non-linear interactions between individual

factors [30].

Invertebrates have limited ability to regulate their

body temperature and are directly under the control of

temperature for development, reproduction and activity.

Although some groups such as soil invertebrates [31]

and animal ectoparasites [32] may be buffered by the

niches they occupy, the interaction between a species’

thermal sensitivities and the abiotic factors determined

by climate largely explains its observed distribution and

abundance, although biotic interactions can also poten-

tially influence macro-distribution of species [33]. Within

this distribution, climate change will have further indirect

effect on invertebrates through its effects on host avail-

ability and the other resources plant communities pro-

vide [34].

Invertebrates exhibit very wide variations in sensitivity

to temperature, depending on their environment, and

have therefore developed a range of survival strategies

[35]. Berg et al. [23] analysed 50 years of published lit-

erature and found pronounced and consistent differences

between trophic groups. They concluded that changes in

species distribution and abundance will be determined

more by the impact of temperature on species interac-

tions, than by the thermal tolerance of individual species.

Vulnerability to global warming appears to increase with

trophic rank: herbivores respond more strongly to tem-

perature than plants, and warming leads to a dispropor-

tionate loss of top predators [36–38]. Species at the

higher trophic level (parasitoids and predators) depend on

the capacity of the lower trophic levels to adapt to

changes [39]. In other words, climate change effects may

be amplified by trophic responses transmitted through

natural enemies [40] or competitors [41]. Natural ene-

mies with very narrow and specific host ranges – a highly

desirable attribute for classical biological control pro-

grammes – may be more sensitive to climate change than

generalist herbivores and predators because they are of

necessity precisely synchronized with the development of

their hosts [42].

Geographical range shifts

With climate change, the crops produced in most regions

are expected to change over time as growers select and

develop species and varieties that optimize yield and/or

economic returns under the prevailing conditions – in

http://www.cabi.org/cabreviews

4 CAB Reviews



other words, adapting agriculture to the climates of the

future [43].

Recent research suggests that there have been very

abrupt changes of climate in our planet’s recent glacial

history [44] implying that both the current and projected

speed of climate change are not without precedent [45].

Sub-fossil evidence from the Quaternary Ice Ages sug-

gests that in times of rapid climate change, insects track

acceptable conditions rather than evolving in situ ([16];

Case study 2) and there is evidence that this may be

accompanied by evolutionary increases in dispersal

capacity [17].

Aided by accidental transfer through human activities,

the majority of invertebrate pollinators and pests and

their natural enemies can be expected to move with their

host plants as crop and forage distributions change.

The planet has already warmed by about 0.75�C in the

twentieth century [46] and there is compelling evidence

for a general poleward shift in the breeding distributions

of a large number of invertebrates (e.g. [47–49]). Range

boundaries are shifting latitudinally (i.e. towards the poles)

at an average rate of about 6 km per decade [50], and

altitudinally – assuming a lapse rate of 6.5�C per 1000 m

and 3.5�C rise for the next century – at a rate of at least

50 m per decade [51–53]; rates that most mobile pest

and pollinator species are capable of tracking providing

there are no major ecological or physical barriers (Case

study 3). As range boundaries shift, existing species
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Figure 1. A general framework showing factors influencing the vulnerability of species to climate change. Much more
detail could be added for most boxes, for example under ‘Ecology’, food web interactions and more than 80 types of indirect
effects could be mentioned. Source Williams et al. [28].
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composition will shift based on temperature sensitivities.

For example, the cold-adapted bumblebee Bombus

bellicosus Smith (Hymenoptera: Apidae) has become

extinct in the former northern portion of its distribution

range in Brazil, whereas two co-occurring species with

wider tolerances have become more abundant [54].

The extent to which invertebrates will be able to track

climate change will probably vary enormously, depending

on their dispersal abilities and the existence of green

bridges [55] as well as the responses of their host plants

[56]. Some species will be tied to specific latitudes be-

cause of direct or indirect photoperiod requirements

[57]. Just as Coope [16] observed that any thermally

sensitive species that were tied to a specific latitude were

unlikely to survive the onslaught of the first glacial cooling,

so will such species be vulnerable to climate change unless

they can shift to higher altitudes or adapt in situ [11].

Those on oceanic islands have similarly limited options.

In general, habitat specialists, especially those with poor

dispersal ability, will be least able to keep pace with

climate change [55]. Many soil invertebrates have low

dispersal rates, and the time taken for beneficial species to

shift to new areas will also be influenced by the availability

of supplementary resources (e.g. nectar and pollen, and

winter or summer diapause sites). Also, for some species,

infrequent extreme weather events may be more im-

portant in determining distributions and species persis-

tence than long-term gradual changes in climate [58]. The

evidence from the geological past also suggests that

species are unlikely to respond as intact communities

[59–61]. Therefore current communities, especially those

specialist invertebrate assemblages associated with exotic

crop species, are unlikely to remain intact under climate

change and there could be some positive (absence of pest)

or negative (absence of beneficial invertebrates) effects

on yield as well as possible destabilization of agro-

ecosystems.

Responses of invertebrates to climate change may

be inhibited or hampered by human activities, through

habitat loss and fragmentation, land-use changes and re-

duction of genetic diversity [62] or buffered by con-

servation [63] and ecological engineering [64] practices.

How a landscape is managed over time will affect the

composition, abundance and status of the invertebrate

species present. For example, butterfly species diversity

decreased during the rapid industrialization of Europe, at

the end of the nineteenth century, and when intensive

large-scale farming developed from the middle of the

twentieth century (e.g. [65]). The grain industry in

Australia has also seen major shifts in the status and

abundance of different invertebrate pests, over a 30-year

period (from early 1980s to 2006–2007), as a con-

sequence of several drivers, including climate change and

intensified farming [66]. Similarly, long-term studies in

western Poland, have documented a progressive increase

in the abundance of heat-loving (thermophilic) insects,

typically associated with grasslands, probably linked to

both climate change (especially droughts) and an increas-

ing proportion of cereals in crop rotations [67]. It is

sometimes difficult to separate out the effects of

changes in land use from changes in climate, as they are

often linked. Responses to climate may be unpredict-

able, and existing interdependencies between species

may only become apparent when they become uncoupled

as a result of asynchronous responses to climate

change [68]. Groffman and Jones [69] concluded that

there have been too few ecosystem-scale experiments

on the role of invertebrates; more experiments are

needed which reflect the complexities of real agro-eco-

systems [70].

Increased risk of outbreaks

Increases in the frequency of extreme weather events

(such as droughts, heat waves, unseasonal cold and frosts,

floods and storms) are probable under most climate

change scenarios. Such extreme weather events are fol-

lowed frequently by pest population explosions. These

may be indirectly mediated by factors such as improved

food quality and quantity owing to seasonal rainfall ([71];

Case study 4) and physical damage such as gaps left when

trees are blown down [72]. The effects may also be

mediated through impact on natural enemies [73].

Sequential extremes (e.g. prolonged drought followed by

intense precipitation) can decouple long-evolved rela-

tionships between species that are essential for control-

ling pests [7]. Holt and Colvin [74] highlighted the

importance of predation in the prevention of outbreaks

of the grasshopper Oedaleus senegalensis in the Sahel,

an arid zone of Africa and that the risk of outbreaks

is highest when this natural regulatory mechanism

breaks down with increased frequency and severity of

drought. BCAs that rely on their hosts remaining

alive throughout their development are particularly vul-

nerable.

Although much of the evidence associating insect out-

breaks and drought is circumstantial or simply correla-

tive – consisting largely of observations that outbreaks of

insects such as bark beetles and leaf feeders are typically

preceded by unusually warm, dry weather – there is a

consistent, positive correlation between insect outbreaks

and dry, nutrient-poor sites [75]. The impact of drought

on pests is also likely to be mediated via natural enemies.

In New Zealand pastures, grass grub Costelytra zealandica

(White) (Coleoptera: Scarabaeidae) outbreaks often

occur 2–4 years after severe summer droughts because of

the suppression of protozoal and bacterial pathogens in

the soil [76]. Droughts may induce outbreaks of pests

such as spider mites, by reducing the efficacy of natural

enemies [77], in part because of the effects of extreme

leaf temperatures on the performance of predatory

mites [78]. Some parasitic wasps may be eliminated

altogether, as a result of drought-induced elimination of
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the nectar plants they depend upon. Equally, if droughts

reduce pests to a very low level, then associated specia-

lized BCAs will in turn be reduced, due to host rarity,

resulting in a pest outbreak until the population of BCAs

recovers.

Temperature extremes can also affect the maintenance

of diversity (both species and genetic) of the invertebrate

bacterial endosymbiont community. These endosym-

bionts mediate many processes, for example, defence

against parasitoids and pathogens, tolerance of heat and

cold stress, host range and production of essential amino

acids [79–81].

Exposure to temperature extremes induces lethal and

sublethal damage in parasitoids, which generally decreases

their longevity, fecundity and mobility, along with de-

creased host-location ability [42, 82]. In addition, extreme

temperatures increase the efficacy of the host’s immune

system in resisting and killing parasitoids [42], with mul-

tiple observations that high temperatures can enhance the

survival of parasitized hosts [83].

In many parasitoid Hymenoptera, the endosymbiont

bacterium Wolbachia is a sex-ratio distorter, and is re-

sponsible for female-biased or even fully thelytokous

(female-only) strains and species [84, 85]. Wolbachia

species are present in mature eggs, but not mature sperm;

so only infected females pass the infection on to their

offspring. Wolbachia maximize their spread by significantly

altering the reproductive capabilities of its hosts, with four

different phenotypes: feminization (infected males develop

female characteristics), parthenogenesis (infected females

develop embryos without fertilization by males), male

killing (eliminates infected males to the advantage of sur-

viving infected female siblings) and sperm–egg incom-

patibility (or cytoplasmic incompatibility, the inability of

Wolbachia-infected males to successfully reproduce with

uninfected females or females infected with another

Wolbachia strain). These insect–endosymbiont associa-

tions may be impaired, or even eliminated, by exposure to

high temperatures [83, 86–88]. Where its presence gen-

erates female-biased reproduction in parasitoids, the

elimination of Wolbachia by heat stress may disrupt the

population dynamics of the BCA and cause outbreaks of

the pest host [89].

New pest and plant species

The intensification of weather systems, and/or absence of

frosts in geographically isolated temperate regions and

islands, will increase their vulnerability to colonization via

wind dispersal. For instance, New Zealand has been ex-

posed to airborne invertebrates from Australia for mil-

lions of years, but most species have not become

established ([90]; Case study 5). With increasing tem-

peratures, however, there will be increased use of sub-

tropical plants in production systems and invasive

subtropical weed species may probably become more

prevalent. These plants may thrive in the absence of their

co-evolved herbivores. Some alien weeds, originally

introduced for floral displays may, however, be of benefit

to native pollinators. It is inevitable therefore, that

establishment events will increase in frequency, because

climate change has the potential to affect the introduction,

spread and establishment of invasive alien species ([91];

Case study 6). Without specific natural enemies, some of

these species will become pests and may be more

responsive to eCO2 than native species [92], with impli-

cations for control measures.

Changes in invertebrate development, survival and

behaviour

Warmer and shorter winters will mean that many inver-

tebrates will commence activity and reproduction earlier

in the year [93], and there is already overwhelming evi-

dence of this for some herbivores and their host plants

(e.g. [13]).

Species with long life cycles, especially if controlled by

photoperiod, may show little change, whereas species

characterized by high growth potential, multivoltinism

(Case study 7) and absence of diapause may expand.

Under climate change, multivoltine species may be able to

produce additional generations, relative to current con-

ditions in a given locale, with a potentially greater impact

on their host plants [94]. Species that are frost sensitive

will benefit from warm winters through increased survival

and may increase in pest status. Expansions in the ranges

of many pests are already evident as a result of reduced

winter mortality (e.g. [95]). In contrast, species normally

in diapause in winter may decrease in pest status by being

disadvantaged as a result of high-energy losses, develop-

ment of pathogens and greater availability to predators

[96]. Climate change may favour the parasitoid: increased

winter temperatures may promote parasitism in regulat-

ing populations of the European pine sawfly, Neodiprion

sertifer (Geoffroy) (Hymenoptera: Diprionidae), due to

the lower mortality of parasitized eggs in the winter [97].

Similarly, increased summer temperatures can favour

increased parasitoid and predator activities [98]. In con-

trast, the solitary bees Osmia lignaria Say (Hymenoptera:

Megachilidae) will be negatively affected by extended

summers under climate change, as few can survive short

winter conditions [99]. In many cases, the extrinsic factors

controlling diapause are complex, often involving inter-

actions between day length, temperature and other fac-

tors such as moisture, nutrition, crowding and maternal

effects. The effects of climate change on the abundance

and status of a pest species will vary with region,

ecosystem and the fitness of the individuals in the

population.

There is consensus that climate change will have a

profound effect on soil-organism performance and the

functions they provide [34, 100, 101].
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Elevated CO2 can change the abundance and species

composition of soil organisms [102]. Yeates et al. [103]

reported significant responses in the soil fauna to eCO2

(750 parts per million by volume): eight out of ten nema-

tode taxa (mainly omnivore and predator species) reacted

positively to increased CO2 levels, whereas the bacteria-

feeding Rhabditis spp. showed a marked decrease.

Loranger et al. [104] found that collembolan abundance

decreased greatly under eCO2 and O3 (another green-

house gas) in a Free-Air Carbon Dioxide Enrichment

(FACE) experiment in northern Wisconsin. Temperature

is a key factor regulating many biogeochemical processes

such as soil respiration (the emission of CO2 associated

with producers or consumers), litter decomposition,

nitrogen mineralization (the biological transformation of

organically combined nitrogen to ammonium nitrogen

during organic matter degradation) and denitrification

(the microbially facilitated process of nitrate reduction

that may ultimately produce molecular nitrogen,

N2) [105].

Not all soil fauna will respond in the same way [106],

with flow-on effects on the abundance and community

composition of soil invertebrates. For some, the ability to

migrate down the soil profile to cooler and moister levels

will remain an important survival strategy. Laboratory

experiments have shown that a 3.3�C warming had a

positive effect on abundance of saprophagous macro-

arthropods (i.e. those feeding on dead organisms) such as

millipedes, possibly as a result of increased microbial

development in the leaf litter and/or increased food uti-

lization [107]. Sohlenius and Boström [108] moved soil

cores from cooler to warmer sites in Sweden and found

that total nematode populations and the ratio of fungus-

to bacteria-feeding nematodes increased. Similarly,

Diptera larvae densities fell and enchytraeid worm den-

sities increased when soil cores were transplanted

from high-elevation sites to a lower area with an asso-

ciated mean annual temperature increase of 2.5�C and

drier conditions [109]. Harte et al. [110] showed

that experimental heating of field plots in a subalpine

meadow in Colorado reduced biomass of soil mesofauna

and macrofauna in dry zones but enhanced biomass in

moist zones. Soil invertebrate responses to warming

are crucial in controlling carbon fluxes in peat soils

[111] and have the potential to speed up the decom-

position of organic matter with important implications

for the global carbon cycle. Expected increases in tem-

perature will also favour humivorous (humus-feeding)

termites and endogeic earthworm species that feed in the

soil [112].

Warmer temperatures are likely to alter invertebrate

behaviour. For instance, ‘sit and wait’ spiders will move to

cooler niches in the habitat, while active hunting species

cover larger territories [113]. Such behavioural changes

by predators may have flow-on effects. In a field food web,

increased temperature intensified the behavioural shift

by grasshoppers to feed preferentially on herbs rather

than grasses in the presence of hunting spiders [114].

To ensure generalist natural enemies continue to

contribute to effective pest management in future agro-

ecosystems, increased effort is needed now to better

understand their requirements and how to support them,

including landscape-level movement, refugia in time and

space, alternative food sources and other aspects of

conservation biological control.

Temperature has a direct effect on the pathogenicity of

fungi that attack invertebrates, such as Beauveria bassiana

and Metarhizium anisopliae, which can either be very

virulent, causing extensive and rapid mortality in days, or

virtually benign, with the same hosts surviving for weeks

or even months [83].

Atmospheric CO2 levels could have direct effects on

invertebrates, but there are very few examples (Case

study 1). Elevated CO2 has been reported to affect

negatively the avoidance behaviour of invertebrates, such

as alarm signalling by aphids in response to a predator

[115]. While some pests, such as mosquitoes and some

plant pests, use CO2 directly in host location [116, 117],

there is no evidence for similar behaviours among

predators and parasitoid BCAs to date. However, this is

likely to occur in at least some species, and host and

prey location, and attack and predation rates, might be

compromised in future eCO2 atmospheres. For some

plant pests and weed BCAs, response cells saturate

under high CO2 (400 ppm or higher, depending on spe-

cies) [117]. Cactoblastis cactorum (Berg) (Lepidoptera:

Pyralidae), an important BCA of prickly pear cactus

(Opuntia spp.) in some parts of the world, is an example

of a BCA in which host location could be impaired by

eCO2 [118].

Interactions between the effects of different elements

of climate change will almost certainly be important, and

likely to confound some of the expectations based on a

single factor. Soil temperature covaries with soil moisture,

and global climate change is likely to involve shifts in rain-

fall patterns, while elevated temperature would lead to

increased evaporation and plant transpiration and affect

the frequency of wetting–drying cycles. Therefore, gen-

eralizations about the effects of climate change on soil

micro-arthropods – and perhaps on all soil inverte-

brates – must be made with caution. For example, con-

trary to their expectations, Kardol et al. [29] found no

significant direct effect of warming and eCO2 on abun-

dance of soil mites; instead, abundance and richness were

positively related to soil moisture content (Case study 1).

They observed that climate change treatments altered the

community structure of soil micro-arthropods, although

the combination of climate-related factors only explained

about 33% of total variation. Other experimental studies

have shown that increased temperature would be unlikely

to provoke important changes in micro-arthropod

populations, although significant increases were observed

in an experiment on bacteria- and fungus-feeding nema-

todes [119].
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Contrasting outcomes have been observed in model

aphid biological control systems. The abundance of peach

potato aphid Myzus persicae (Sulzer) was enhanced by both

eCO2 and a temperature increase of 2�C, whereas para-

sitism rates by its parasitoid, Aphidius matricariae Haliday

(Hymenoptera: Braconidae), only trended upwards in

elevated temperature [120]. In contrast, both predator and

parasitoid increased attack rate against the grain aphid

Sitobion avenae (Fabricius) in eCO2 and as a consequence

substantially suppressed aphid abundance [121]. Popula-

tion dynamics theory predicts that the extent to which a

predator population suppresses its prey population is

determined by the ratio of the predator’s generation

time to that of its prey [122]. When the generation time

ratio (GTR) is low, a predator population can increase

rapidly compared with its prey, and greater suppression

is possible. Conversely, a high GTR leads to poor

control. Climate change may influence the GTR of bio-

logical control systems if the minimum temperature

required for development differs between a BCA and its

host, or one of the species is in diapause when the other

is active.

Phenology and synchrony

Hance et al. [42] stated ‘a key factor determining how

climate change may affect the range and abundance of

insect populations is the extent to which individual

species react independently of the community of which

they are a component.’ Aspects of plant life-cycle events

controlled by temperature, such as the timing and

duration of seed germination, bud burst and flowering,

are likely to change with warmer temperatures, subject

to photoperiod and water availability. So warmer tem-

peratures should encourage many temperate plant

species to flower earlier, and this has already been

documented in many crop plants and natural ecosystems

([123] and references therein). Cues in subtropical

and tropical areas may differ: delayed seasonal flowering

has been observed in Florida [124]. The extent to

which an invertebrate is affected by these changes,

whether it is a herbivore, predator or parasitoid, will

depend on how well its life-cycle events are synchronized

with its host to ensure optimum survival. Rapid changes

in the degree of synchrony between species ‘seems

inevitable’ [125] and even small changes between host

and parasitoid may change the efficacy of a BCA system

locally (Case study 8). An example of an increasing mis-

match is provided by egg hatching of the winter moth

(Operophtera brumata (Linnaeus); Lepidoptera: Geome-

tridae) compared with bud burst of its oak tree host

(Quercus robur; Fagaceae) [126]. The poor synchrony is

due to an increase in spring temperatures (in particular a

decrease in the number of frost days and an increase in

temperatures above a baseline of 3.9�C) without a cor-

responding decrease in the incidence of freezing spells

in the winter [127]. The former provides the temperature

cues for the moth, the latter for the tree [21]. Con-

versely, Bean et al. [128] showed that a population of a

chrysomelid beetle, Diorhabda carinulata (Desbrochers)

released in USA for biological control of salt cedar

(Tamarix spp. Tamaricaceae) that was initially not well

synchronized with its target hosts following introduction,

over about seven years evolved a range of critical day

lengths for diapause induction that permits range ex-

pansion and better synchrony with Tamarix spp.

throughout the range. Thus, classical BCAs, even though

they are specialized and often obtained from a limited

gene pool, may well possess the capacity to adapt to range

shifts.

Episodic extreme temperature (heat waves and un-

seasonal cold) has the potential to disrupt biological

control food webs independently of the disruption of

cropping systems. Almost all invertebrates are poiki-

lothermic, or cold-blooded, and the rates of biological

processes are determined by ambient temperature,

between an upper and lower threshold, beyond which the

processes do not occur (Case study 9). Differential re-

sponses to extreme temperatures by BCAs, target pests

and plants, have the potential to change biological control

food webs, but there is, at present, insufficient evidence

to determine the extent to which this might occur. The

growth of pea aphid (Acyrthosiphon pisum (Harris)) popu-

lations is impaired under heat stress and the degree of

impairment is different for two different species of lady-

bird beetle predators [129].

This synchronization between species need not be

perfect. In a stable biological control system, the level of

regulation is such that sufficient hosts and natural enemies

survive to the next growing season to allow similar

ongoing regulation in the next. In populations where host

and natural enemy have multiple discrete generations

a year, imperfect synchronization, allowing some hosts

to escape, can stabilize an otherwise unstable inter-

action [122].

Where pests and their natural enemies occur in over-

lapping generations, an extreme weather event may

eliminate only vulnerable pest stages, leaving a synchro-

nized population derived from the life-cycle stage that

was not adversely affected. This can lead to breakdown

of natural control, as many parasitoids will emerge and

find no hosts of a suitable stage of development available,

and so die out and not be available to control the

pest when the suitable life stage is available again (Case

study 10).

Climate change can disrupt the stability of biological

control systems in several ways:

� Increased temperature may cause one species to come

out of diapause earlier than another. Should the species

in a biological control system have contrasting factors

regulating diapause, then a large mismatch, control

failure and local extinction are possible.
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� Increased variability between years. Modelling of a

simple host–parasitoid system showed that an abnor-

mally warm spring once in 25 years did not affect long-

term stability, but the system failed when it occurred

more frequently than once in 20 years [122].

� Increased number of generations per year. If either the

host or the natural enemy has an additional generation

in a season that is not similarly reflected by the other,

then the stability of the biological control system may

be at risk (Case study 11).

� Loss of synchrony between plant and natural enemy;

e.g. if the adult activity of seed-feeding weed BCAs is

not synchronized with flowering and seed formation,

control will fail.

� Floral or pollen resources may not be present at the

right time; e.g. most Diptera natural enemies require

pollen in order to produce eggs.

Poor synchronization between flowering and pollinators

in early season has been documented, but while this may

affect individual species, the heterogeneity of pollinator

communities should buffer against impacts on crop

yield [130].

In response to global warming, the seasonal activity of

organisms, including invertebrate pests of agriculture, is

changing (as discussed above). Asymmetric shifts in sea-

sonality in biological control food webs, as a result of

advancing springs and delayed winters, may result in loss

of life-history synchrony between pests and natural ene-

mies. In temperate climates, this decoupling of life his-

tories could result in pest populations escaping from BCA

regulation in the spring. In the autumn, it could result in

pests achieving additional generations after BCAs have

become dormant. However, the relatively few studies that

have examined the effects of temperature changes on syn-

chrony and natural enemy performance have not found

evidence for such effects [131, 132]. Using a mathematical

model, Hoover and Newman [133] predicted that the

combination of increased temperature and CO2 on aphid

food webs is likely to have little impact on the parasitoid–

prey system compared with current ambient conditions.

Plant-mediated effects

Increases in CO2, changes in water availability and

increases in temperature will alter plant chemistry, phe-

nology, growth and distribution, and these changes in the

physiology, form and biomass of plants, will in turn alter

the nutrients available to plant and sap feeders, and those

that prey on them. Increases in the concentration of

chemicals that act as defences against insects (such as

soluble phenolics and condensed tannins) under eCO2 can

have significant consequences for herbivores [134],

including weed BCAs. The complexities of the response of

the plant are paralleled by the diversity of the responses

of insects [135].

Much of the increased plant biomass produced in

response to eCO2 is invested below ground in the root

systems [136, 137]. Stiling et al. [138] found that under

eCO2, herbivore guilds increased in abundance, but the

effect was not passed on to decomposers such as col-

lembolans, beetles and cockroaches. Increased abundance

and performance of herbivores under eCO2 is most like

to occur when nitrogen is not limited, e.g. in the case of

clover root weevil, Sitona lepidus Gyllenhal (Coleoptera:

Curculionidae), feeding on underground root nodules

[139].

The effects of eCO2 on BCAs are also likely to be

mediated through flow-on effects of CO2 on plants [140].

Plants grown under eCO2 not only exhibit increased

growth, but also increased carbon/nitrogen ratios, and

hence lower nutritional quality for protein-limited herbi-

vores [141]. Thus, in general, eCO2 is associated with

increased damage through compensatory insect herbivory

in response to decreased nutritional value of plants.

Production of phenolic compounds associated with her-

bivore defence increases under eCO2 [142]. The net

result is either reduced fitness (e.g. size, reproduction) or

longer development times in pests [143]. The former will

tend to decrease performance of natural enemies, as BCA

fitness is correlated with host/prey fitness, or may affect

natural enemies through the direct effects (toxicity) of

secondary plant compounds (organic compounds in plants

that are not directly involved in normal growth, devel-

opment, or reproduction, but often linked to defences

against herbivores) [143]. Increased development times

will tend to increase the impact of natural enemies,

especially those that attack feeding stages, as these stages

would remain vulnerable longer under eCO2. Since prey

could be smaller under eCO2, predators may find them

easier to handle, and may have a greater impact on prey

populations as a result [144]. Other species may have

better survival. For instance, under eCO2, cotton aphid

(Aphis gossypii Glover) survival significantly increased but

ladybird larval development took significantly longer,

increasing the likelihood that these aphids might become

more serious pests in the future [40].

Plants that are under attack by pests produce a wide

array of compounds (herbivore-induced plant volatiles or

HIPV) that assist generalist and specialist BCAs in finding

the prey [145, 146]. The production of these compounds

is influenced to a great extent by environment ([146] and

references therein), and it is possible that factors asso-

ciated with climate change will affect quantity and quality

of HIPV. Pinto et al. [147] found that increased O3

reduced HIPV production in some plants, but not all, but

changes in HIPV production did not affect predator–prey

associations in their experiments. Volatile emissions from

plants generally increase under increased temperatures,

but the effects of eCO2 seem to be variable ([142] and

references therein).

It is not possible to generalize about the effects that

drought stress in plants has on invertebrates, but
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droughts can have major effects on ecosystems and can

change and disrupt plant-mediated competitive interac-

tions between invertebrates feeding on different parts

(sites) of the plant. Species within the same guild can vary

in response [148] and existing plant-mediated interactions

between above- and below-ground herbivores can be

changed [149].

Changes in temperature and moisture stress can

influence levels of many insect-resistance allelochemicals

(substances that affect growth of other organisms) and

the intensity and rate of release of volatiles. However,

herbivore detoxification systems and immune responses

may also be enhanced [75] and there can be flow-on

effects to parasitoids [150]. Weed BCAs and parasitoids

often depend on volatile organic compounds to locate

hosts [151]. Each is likely to have its own optimal tem-

peratures for signal perception; thus, extreme tempera-

tures or large fluctuations can strongly affect the capacity

of BCAs to locate hosts and host habitats ([42] and

references therein).

Biogeographical differences – temperate, subtropical
and tropical zone vulnerabilities

An increase in the capacity to support increased overall

plant diversity is expected in most temperate regions,

while a strong decline in most tropical and subtropical

regions is projected [152], although this is at variance with

predictions in South America based on the Quaternary

pollen record [61]. Hence, land managers in temperate

regions should have more options in terms of crops and

how to manage ecosystem services supporting pollinators

and other beneficial invertebrates compared with those in

most tropical and subtropical regions. However, just as

temperate regions are most vulnerable to invasion by

cosmopolitan weeds [153], so will they be most vulner-

able to invasive invertebrates (Case study 3).

Under climate change, the tropical monsoon belt is

widening [154]. For example, Australian monsoon rain-

forests have expanded within the savannah matrix [155].

However, not all species will alter their distribution.

Coffee (Coffea arabica and Coffea canephora, Rubiaceae) is

a tropical crop predicted to be severely affected by cli-

mate change. It is not expected that it can be moved

latitudinally because both species are highly susceptible to

changes in photoperiod, while rising temperatures are

increasing the number of generations of coffee berry

borer beetle, Hypothenemus hampei (Ferrari), the principal

pest [156].

Tropical plant–herbivore interactions are considered

to be more susceptible to the perturbations of climate

change than those in temperate zones. This has been

attributed to tighter ecological and evolutionary linkages

in the tropics [157], although a recent analysis suggests

that food-webs may be more generalized in the tropics

[158]. Tropical plants are better defended and, unlike in

temperate forests where most herbivory (about 75%)

occurs on mature leaves, in the tropics most is on young

leaves (>70%), an ephemeral resource [157].

Soil Invertebrates in the Face of Climate Change

Soil invertebrates are a very important component

of agricultural biodiversity [1], and largely determine

the structure and the basic functions of natural eco-

systems. Key taxonomic groups of soil invertebrates

include Nematoda, Oribatida, Collembola, Diptera,

Hymenoptera, Isoptera, Myriapoda, Isopoda, Arachnida,

Coleoptera, Mollusca and Oligochaeta. They are an inte-

gral part of agricultural ecosystems and are relevant

actors in maintaining soil health, ecosystem functions and

production at the root of the bottom-up processes gov-

erning agricultural productivity. The presence of a range

of species and organisms capable of supporting critical soil

processes and services is essential for the maintenance of

healthy productive soils in the face of changing environ-

mental conditions. The decline of these soil communities

and the fact that their beneficial functions in agricultural

ecosystems have been overlooked have certainly con-

tributed to increased rates of land degradation, nutrient

depletion, pest incidence, fertility decline, water scarcity,

all affecting crop productivity and yield reductions. The

loss of species with unique roles can have drastic eco-

logical effects and lead to long-term deterioration of soil

fertility and agricultural productive capacity. The intro-

duction of a keystone species may have detrimental or

beneficial effects depending on the context. The interac-

tion between soil invertebrates and soil micro-organisms

is critical; the activities of soil invertebrates regulate

microbial activity in soils, and micro-organisms enter into

intimate relationships with soil invertebrates to help them

degrade highly complex compounds such as cellulose and

other resources.

Possible adaptation by soil invertebrates to the

challenges identified

Generalizations about the effect of extreme events on soil

invertebrates and decomposers are difficult, as these have

seldom been addressed in investigations. We can infer

that soil invertebrate populations would probably recover

from perturbation quickly, owing to their inherent resi-

lience, although indirect effects – occurring via changes in

the productivity and functional composition of above-

ground vegetation – would alter associated soil organism

dynamics and processes in the longer term, owing to

changes in sources of detritus (fragments of organic

material) and resources entering the decomposer sub-

system [159, 160]. In other words, above- and below-

ground communities and processes are intrinsically linked

[161–163]. Below-ground species are less exposed to the
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full climate variability than above-ground species, as they

experience microclimates that are buffered by the soil

environment [93]. Generally, how climate change factors

will affect soil invertebrate biotic and abiotic interactions

remains a research area to be explored. We need more

research to increase our knowledge of the evolutionary

responses of soil invertebrates to selection pressures

owing to climate change.

Soil microfauna (< 0.1 mm) can tolerate drying events

through cryptobiosis (reducing metabolism to impercep-

tible levels) [164]; micro-arthropods show adaptive stra-

tegies that enable them to tolerate or avoid desiccation;

and larger soil macrofauna (especially soft bodied taxa

>2 mm) exhibit effective strategies to conserve moisture

under dry conditions [165]. Although eCO2, one of the

climate change factors, may affect soil ecosystem engi-

neers (such as earthworms, see below) through direct

fertilization effects on plant growth, notably an increase in

carbon/nitrogen ratios, land-use intensification is of more

immediate concern as changes in the functional-group

balance within such engineers’ communities has been

demonstrated [112].

In the case of soil beneficial invertebrates such as

earthworms, their maintenance in agro-ecosystems

under perturbation such as climate change seems to be

determined by (i) their motile potential; (ii) their adaptive

strategies, which together determine their population

growth rate; and (iii) the functionally similar character-

istics of the introduced land use with respect to the ori-

ginal ecosystem [166]. The survival of some soil

invertebrates – such as nematodes – is firmly dependent

on the maintenance of moisture films around soil aggre-

gates. Micro-arthropods are, however, more resilient to

desiccation and not so dependent on soil moisture [160].

A full understanding of how biotic and abiotic factors

determine soil invertebrate distribution across different

spatial and temporal scales is essential [167] if we wish to

predict the response of such communities to climate

change, as well as the impact it will have on the delivery of

ecosystem services.

Based on Berg et al.’s [23] review of dispersal of

trophic-based functional groups for above- and below-

ground organisms, dispersal and thermal sensitivity of key

life-history traits are two important factors enabling

species to adapt to climate change in order to obtain a

better understanding of the impacts of global warming on

species dispersal. Building on this review, H. Eijsacker

(personal communication) argues that soil invertebrates

react at 1% of the speed of plant communities, so they will

not be able to keep up with changes in response to

shifting climate gradients.

Adaptive responses by soil invertebrates to the effects

of climate change depend on their limited dispersal abil-

ities. In terms of vertical redistributions within soil hor-

izons, only those invertebrates that are able to move

vertically within the soil would be able to counteract the

negative effects of climate change, such as increased soil

temperature and desiccation. Such shifts in soil inverte-

brate species distributions might have a substantial effect

on the decomposition process because their functional

role depends on the species’ vertical position within soils.

Krab et al. [168] found that springtail (collembolan) spe-

cies differed in their responses to changes in climate or

substrate quality, identifying two types of groups: i.e.

‘movers’ and ‘stayers’. They also suggested that inter-

specific faunal trait variation might provide a useful tool to

predict animal responses to climatic changes. Larger soil

invertebrates, such as earthworms, show different adap-

tive strategies and show different vertical stratification in

the face of seasonal changes in tropical areas [169].

However, the temperature changes required to cause

significant shifts in major groups of decomposer biota are

likely to be much greater than those predicted to result

from global warming, particularly in the deeper, tem-

perature-buffered, layers of soil.

Active dispersal involves movement through the soil,

whereas passive dispersal includes transport with eroded

soil. The latter has a major influence on the rate of popu-

lation expansion. In earthworms, for example, the velocity

of dispersal has been estimated at less than 10 m/year

[170], but this is specific to ecological category, with

anecic (surface-feeding) earthworms having more rapid

dispersal rates than endogeic (soil dwelling) species in

both temperate and tropical situations.

At larger scales, there are still knowledge gaps in

terms of the biogeographical distribution of soil inver-

tebrates, which need to be filled in order to help us

to predict shifts in ranges under climate change scenarios.

A recent review by Decaëns [171] reports that the

few studies currently available on large-scale patterns

of soil invertebrate biodiversity suggest a correspondence

between soil biodiversity gradients and those classically

described for above-ground organisms [172]. Although

major differences among taxa of contrasting body

size can be explained by differences in the adaptive stra-

tegies and dispersal abilities of species, the paucity of

available studies prompts caution in making general-

izations.

It is necessary, therefore, to ensure that whatever the

effects of climate change may be (and these will vary

according to crop and region) soil invertebrates must be

preserved and maintained in order to carry out their

important role in maintaining the vitality of soils and

assuring the continued delivery of important ecosystem

services. The loss of keystone species from the system

can result in dramatic changes and impaired provision of

ecosystem services by soil invertebrates. Evans et al. [173]

provided evidence that ants and termites play an impor-

tant role as soil engineers by increasing crop productivity

in drier conditions. The removal of just one species of

earthworm from the soil led to higher soil compaction,

lower plant biomass, lower soil carbon content and higher

weed biomass compared with areas where this species

was present [174].
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Potential of soil invertebrates in mitigating climate

change

Soil invertebrates play an important role in the seques-

tration of carbon in soil, but in most cases the mechan-

isms and scope for manipulation are not adequately

understood to use invertebrates in this way. Hence, what

follows indicates possibilities rather than practice.

Earthworms ameliorate the effects of climate change

The effects of climate change on the interactions between

soil invertebrates, plants and above-ground invertebrates

are not fully understood. Better models need to be de-

veloped to provide guidance to the empirical studies that

are required to enhance our capacity to predict the effect

of climate change on soil ecosystems [162], and hence

how soil ecosystems will respond, potentially mitigating

the effects of climate change. The fact that there have

been only a limited number of studies on the responses of

soil invertebrates to interactive effects of climate change-

related factors, such as warming, eCO2 and precipitation

patterns, makes generalizations difficult, but it is foreseen

that the responses will be context dependent (Case

study 1). However, it is known that earthworms have the

potential to mitigate climate change in a number of ways.

For example, Johnson et al. [175] found that earthworms

reduced the negative effects of summer drought on a

plant (Capsella bursa-pastoris) and exacerbated the effects

of drought (i.e. a decline in numbers) on above-ground

aphids (Rhopalosiphum padi (Linnaeus)). A similar mitigat-

ing effect was found by Blouin et al. [176], who showed

that remarkably – and for reasons that are not fully under-

stood – the presence of earthworms helped to mitigate

the negative effects of plant-parasitic nematodes on rice

plants (Case study 12). Although the earthworms had no

direct effect on the nematodes, their presence in the soil

somehow reduced nematode feeding damage. So, in both

cases, the presence of earthworms reduced the harmful

effects of the plant pests (above and below ground),

although the actual mechanisms are not totally clear; in

other words, they have the potential to reduce the loss of

biomass (=yield) under these climate change factors (Case

study 13).

Ecosystem engineers help preserve soil vitality

Soil invertebrates have the potential to enhance carbon

storage via its inclusion in soil aggregates, i.e. the pro-

duction of biogenic structures within the soil matrix by

ecosystem engineers. The effects of large soil inverte-

brates, the so-called ecosystem engineers or bioturbators

(soil removers – mainly ants, termites and earthworms),

can have an important role in terms of soil structure, soil

porosity and compaction, affecting positively soil water

regimes and the availability of water throughout the soil

profile. Thus, their role in mitigating the effects of climate

change is intimately related to their role in maintaining the

water balance of soils to the direct benefit of agriculture.

The probable indirect effects of climate change on engi-

neers will also be driven by changes in above-ground plant

communities, as vegetation affects both the abundance

and diversity of engineers, via the quantity and quality of

leaf litter [112].

The activity of soil ecosystem engineers contributes

to the build-up of a physically active carbon pool. For

example, earthworm-induced accumulation in a stable soil

aggregate can be considerable owing to the enormous

quantities of soil egested as casts. These have been esti-

mated to be as high as 8.6 tonnes of carbon/ha/year in a

tropical grassland [177]. This carbon pool represents 30%

of the total soil carbon in the topsoil. It is essential to try

and understand and predict how this soil carbon pool will

respond or be affected by climate change (and agricultural

adaptation measures).

Analysis of present role and potential use of soil

invertebrates relevant to food and agriculture

Increased litter production as a result of the fertilization

effect of eCO2 can increase the resources available for

detritivores – potentially resulting in increased abundance

of detritivores [178] and generalist predators [179].

Epigeic and anecic earthworms – and some micro-

arthropods – have a vital role in incorporating leaf litter

and others forms of plant debris into the soil. In light of

the potential increases in plant biomass under climate

change, this role will become even more important.

Global change factors such as land use and climate

change and atmospheric inputs, whether acting individu-

ally or in combination, may lead to non-linear changes in

above- and below-ground relationships, with effects that

vary geographically throughout the world [180]. Complex

and non-linear responses are expected in the interactions

between soil invertebrates, plants and ecological pro-

cesses. Different groups of soil fauna (e.g. isopods, mites,

collembolans, centipedes, snails, slugs, etc.) obtain carbon

directly from plants’ roots [181] as well as from leaf litter.

This might help maintain the community food web, as

increased plant biomass production should result in more

resources available to soil decomposer communities,

although leading to higher CO2 emissions from soils.

Decomposition is driven not only by temperature-induced

changes in substrate quality, and/or physico-chemical con-

ditions, but through the interaction of different levels

of soil disturbance with animal assemblages mediating

ecosystem processes. Increased decomposition rates of

organic substrates owing to global warming are expected

to result in larger net soil CO2 emission and less carbon

storage in the soil [182, 183]. However, a global analysis

demonstrated that decomposition rates in forest soils

were not temperature-dependent, meaning that global

warming may not necessarily accelerate soil carbon

losses. Will higher temperatures move decomposition to

deeper layers by activating soil micro-organisms? In a
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more recent study, Fontaine et al. [184] demonstrated

that the stability of old soil carbon in the subsoil is main-

tained unless fresh residues are incorporated in deep soil

layers. Any change in land use and agricultural practice

(e.g. ploughing) that increases the distribution of fresh

carbon along the soil profile could, however, stimulate the

loss of ancient buried carbon [184].

Although some progress has been made in under-

standing interactions of below-ground processes with

climate change, challenges remain [185]; uncertainties in

predicting the interactions of the ecosystem carbon cycle

with global warming are to some extent determined by

our lack of knowledge of below-ground processes [186].

Global climate change may affect soil carbon stocks

indirectly through habitat change and hence via changes in

the activity of soil invertebrates [187]. There is already

sufficient evidence to demonstrate that soil fauna have

significant effects on all of the pools and fluxes in the

carbon cycle, and soil fauna mineralize more nitrogen than

micro-organisms in some habitats [188]. The role of soil

invertebrates in the carbon cycle therefore needs to be

understood in order to generate predictive models on

how climate change will affect this cycle through its impact

on soil invertebrates. New methods are needed in order

to make observations across a wide range of spatial and

temporal scales, and thereby to improve the reliability

of predictions of responses to altered atmospheric CO2

concentrations, warming temperatures and nutrient

deposition.

Moreover, in response to climate change-related

factors, soil invertebrate assemblages may change and

hence soil processes will also change. Soil invertebrate

communities and decomposition rates are responsive to

warming [189]. Changes in vegetation distribution driven

by climate change and related factors will presumably

influence soil invertebrate distribution [190]. Would a

warming scenario result in fewer species and less resi-

lience to extreme events, or would warming favour some

functional groups over epigeic species? These are exam-

ples of some of the questions already addressed by several

authors [168]. How the vertical distribution of soil inver-

tebrate assemblages will change and how they might affect

soil biogeochemistry remains to be seen [191]. Although

still little understood, responses of soil fauna are likely to

differ between ecosystems. Swift et al. [192] suggested

that cold-limited arctic ecosystems are particularly sensi-

tive to global warming, while nutrient-limited temperate

grasslands are susceptible to CO2 increase and nitrogen

depositions.

The role of a diverse assemblage of macro-organisms is

crucial to the maintenance of soil structure. This is illu-

strated, for example, by the results of an experiment per-

formed in the Brazilian Amazon to investigate the effects

of an earthworm species, Pontoscolex corethrurus (Müller)

and a diverse assemblage of other soil organisms

(including other earthworms, termites, millipedes, isopods

and ants) on soil structure (Case study 14). When soil

blocks were removed from pasture and placed into forest,

and similar blocks taken from forest and placed into

pasture, the structure of the compacted pasture soil was

completely restored after 1 year to levels typical of those

in native forest soils [193]. Conversely, the macro-

aggregate structure of the forest soil was completely

destroyed by the presence of large populations of an

invasive earthworm, reaching compaction and porosity

levels similar to those of the degraded pasture [194].

Therefore, movement of soil could enhance soil functions

in some situations although its feasibility would be limited.

Translocation of soil invertebrates

In view of the very positive contribution of soil inver-

tebrates, and how these may be disrupted by climate

change, one option that might be considered is the trans-

location of soil invertebrates on a local or national scale.

On the local scale, the best approach should always be

to fully characterize soil invertebrates in a given local area,

and identify and use suitable species and functional groups

for the processes needed, such as increased soil aggre-

gation. Moreover, some species have a very narrow dis-

tribution, with a high degree of endemism, and in the case

of those organisms with mutualistic relationships such as

earthworms and termites this could prevent their suc-

cessful introduction. A new focus would be needed by

having quite similar species that perform the function for

which they are sought. This approach is not in regular

practice yet, and no guidelines for management are

available, so using this approach as a response to climate

change is not yet possible.

We are not aware that soil invertebrates are being

deliberately moved between countries at present, nor

should they be. Given the risks of introducing species that

become invasive (e.g. lumbricid worms accidentally intro-

duced to forests in USA), and the many possible con-

taminants, an appropriate risk-assessment protocol would

need to be developed. The great diversity of soil inver-

tebrates coupled with the lack of knowledge as to which

species might be manipulated in agro-ecosystems for the

benefit of agriculture or climate change make this im-

practical. Until we understand soil ecology much better

than we do today, such introductions should be avoided.

Knowledge gaps restricting our ability to assess soil

invertebrate responses to climate change

Studies have shown that some agricultural practices,

such as annual crops, adversely affect survival of soil

invertebrates [195–197]. Appropriate indicator soil spe-

cies (i.e. those species that by their presence or abun-

dance define a particular condition or characteristic of

a particular environment) and functional groups for moni-

toring responses to climate change need to be identified

for particular ecosystems and for different regions.

Important European initiatives are underway in countries
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including France, The Netherlands and UK for a range of

soil organisms. It is important to identify the keystone

species and key interactions that must be maintained in

order to preserve soil function in the face of climate

change.

Our ability to assess the response of soil invertebrates

to climate change is restricted as few studies have

examined the combined effects of changes in climate-

change-related drivers in the context of soil function and

soil invertebrate biodiversity. Multifactorial experiments

have been started, but more are needed to investigate

the combined effects of warming, eCO2 and changes in

precipitation, on soil (agro-)ecosystems. Johnson et al.

[175] emphasized the importance of investigating the

effects of climate change-related drivers (such as summer

drought) on soil invertebrates, in the context of multi-

species plant communities, as interactions can vary be-

tween monocultures and multi-species communities

(Case study 13). Further studies are anticipated.

One limitation is that our lack of knowledge about

latitudinal gradients in soil invertebrate distribution makes

predictions about adaptation to climate change difficult.

So far, biogeographical distributions of soil invertebrates

are not well characterized, and there are important knowl-

edge gaps [171]. At the local scale, habitat constraints

(environmental factors) and biotic interactions (competi-

tion, predation, etc.) affect the number of species present

in a given community as the combination of such factors

defines the rules for community assembly. Existing data

provide little evidence that climate change driving factors

regulate above- and below-ground communities in similar

ways [198].

Taxonomy and identification of soil invertebrates

Paradoxically, there is a conspicuous lack of interest from

the scientific community in below-ground diversity,

compared with more charismatic organisms, and we know

very little about its taxonomy, systematics and biogeo-

graphy [171, 199]. Only a few studies have reported global

patterns in soil biodiversity distribution at different spatial

and temporal scales [160, 198]. To date, such global

patterns in many soil animal groups are unknown and

complete inventories of soil organisms are not available

for certain habitats or regions, although some approx-

imations for soil invertebrate species have been provided

(see [199], for a review and [171]).

The development and standardization of new

molecular-based taxonomic approaches, such as DNA

barcoding analysis, are helping to separate and define

cryptic species of soil invertebrates in groups such as

earthworms [200] and Collembola [201]. Deficits in

taxonomic knowledge must also be addressed, through

actions at different levels that stimulate studies on soil

biodiversity and the characterization of the composition

of soil communities. Broad surveys of soil communities

covering several taxonomic groups at the same time are

being carried out. Subsequently, it is expected that in the

years to come an unknown number of new species will

be named, and after that more time will be needed to

describe their function in soils and how they will respond

to climate-change-related factors. Unless inventories

of soil organisms (their functions and interactions) can

be developed, many changes anticipated under climate

change cannot be detected at this level, only where eco-

system services are disrupted, which may be due to

changes in soil invertebrate activities.

Importance of altitudinal gradients

Latitude, altitude and climate change are (with reserva-

tions) used as surrogates for each other in a variety of

studies. There is a scarcity of data on altitudinal variation

in soil invertebrate assemblages. Some researchers have

described a continuous decrease in the total number

of species against an altitudinal stratum in a given geo-

graphical area for several groups, such as termites [202],

earthworms [203] and ants [204]. The reduced species

richness at higher altitudes has been interpreted as the

effect of (i) low temperatures, (ii) low levels of available

energy which reduces ecosystem carrying capacity, and

(iii) small habitat size, compared with lowland areas [171].

Invertebrate distribution may show an optimum alti-

tude (i.e. reduced numbers at higher and lower levels).

For example, springtail species richness across an altitu-

dinal transect from 950 to 2150 m in the French Alps

[205]. In the mountains of Sarawak, Malaysia, Diptera

richness reached a peak between 1300 and 1700 m; and

beetles between 500 and 1200 m [202]. In tropical areas,

however, a different pattern has been observed: for

example, earthworm species richness increased from sea

level up to 1000 m in Puerto Rico [206]. The northern

boundaries of tree distributions are moving polewards

and it is assumed that this will provoke corresponding

shifts in the range of soil invertebrates. However, further

work is needed to explore the potential of soil inverte-

brate resources to migrate in concert with the current

rapid shifts of the tree line. In particular, the rate of

movement of soil invertebrates without a motile stage is

not known, although it can be assumed that populations of

soil invertebrates may be transported to other areas

during extreme events like flooding. However, this pro-

cess has not been quantified. Analogues exist, such as the

colonization rates of newly extruded lava from volcanoes

surrounded by vegetation, as has been studied on Mount

St Helens (Washington, USA) or even in highly intensive

agricultural systems where the rates of colonization and

dispersal can be assessed if natural refuges are adjacent to

these areas.

Conclusions

The importance of soil invertebrates in maintaining heal-

thy functional soil ecosystems, and in mitigating some of

the effects of climate change both below and above
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ground, has been highlighted. They have vital roles to

play under climate change, e.g. in preserving community

structure, incorporating increased leaf litter, enhancing

carbon storage, maintaining soil porosity and preventing

soil compaction. More studies are necessary on above-

ground – below-ground interactions at different succes-

sional stages to understand probable responses of soil

communities to climate change, even though there appear

to be logistical constraints to the empirical approaches

that would be needed in order to examine all possible

interactions [162, 163].

Our knowledge of the effects of climate change on

multitrophic level interactions (i.e. those involving two or

more trophic levels in a food web) in the soil is probably

more deficient than in any other ecosystem. Given

the potential for disruption of such beneficial organisms,

whole ecosystem studies on the multiple effects of climate

change on below-ground organisms are vitally important,

particularly in relation to adaptation mechanisms, changes

in cropping regimes and in vulnerable regions, such as the

tropics. Taking advantage of the opportunities for com-

bining further empirical studies with modelling approaches

could enhance our conceptual understanding and capacity

to predict the impact of climate change on soil inverte-

brates and the processes they mediate. Identifying,

and then monitoring, appropriate keystone species and

key soil processes/interactions for different geographical

regions and soil types is essential.

Invertebrate BCAs in the Face of Climate Change

Biological control is the use of natural enemies to regulate

pest populations. Natural enemies of pests are BCAs and

provide an ecosystem service [207, 208]. Natural bio-

logical control encompasses both implicit reliance on

this ecosystem service, and manipulation of the service

through conservation biological control methods. Inte-

grated pest management (IPM) is ‘a strategy of pest con-

tainment which seeks to maximize natural control forces

such as predators and parasites [i.e. parasitoids] and to

utilise other tactics only as needed and with a minimum

of environmental disturbance’ (Glass in [209]). Thus,

biological control, particularly natural biological control,

underlies all IPM programmes.

Classical biological control is the introduction of an

exotic BCA of an exotic pest or weed into a new ecoregion

(or a new country in the same ecoregion) with the purpose

of regulating the pest’s numbers. Also known as intro-

duction or importation biological control, it requires the

selection, introduction and establishment of one, or a very

small number of, BCA(s) that is/are likely to regulate the

pest, while not causing any adverse impacts on other

species in the new habitat. Classical BCAs, once estab-

lished, become part of the natural biological control eco-

system service. Van Lenteren [210] estimates that classical

biological control is applied on 350 million ha worldwide.

Augmentative biological control differs considerably

from the preceding two strategies. The BCA is intro-

duced, usually directly onto the crop to be protected,

once or several times in a cropping cycle. The purpose is

to induce sufficient mortality in the target pest population

to ensure that economic injury thresholds (levels at which

damage costs more than the cost of control) are not

exceeded during the current cropping season. The BCAs

are generally purchased from suppliers, or produced by a

growers’ cooperative, and are mass-reared on natural or

factitious hosts or prey. Van Lenteren [210] estimates

that augmentative BCAs are applied on 16 million ha

annually.

Since classical biological control and augmentative bio-

logical control using exotic BCAs involve the deliberate

introduction of alien species, these processes are carefully

regulated according to national legislation, which varies

from country to country, usually within the framework of

International Standards for Phytosanitary Measures No. 3.

Guidelines for the Export, Shipment, Import and Release of

BCAs and Other Beneficial Organisms (ISPM3) [211].

Given that the losses caused by pre- and post-harvest

pests can be very substantial, and are likely to increase as

a consequence of climate change, the potential benefits of

using invertebrates as BCAs are vast, but as yet only

partially tapped [1].

Geographical range shifts

The evidence from glaciation history indicates that there

is a limit to the ability of species to adapt based on existing

genetic diversity, after which BCAs must move. Amongst

invertebrates, this has been most clearly demonstrated

for insect detritivores and predators ([16], Case study 2).

It is clear that specialist herbivores cannot move until

their preferred food plants have moved and, equally,

specialist BCAs cannot move until their preferred host/

prey has moved. Where spread is to contiguous areas,

BCAs are likely to track their hosts/prey. However,

where barriers intervene, such as in many fragmented

agricultural landscapes, there is likely to be a lag between

a pest passing a barrier and its natural enemies catching

up, owing to the effects of distance, different dispersal

mechanisms, inadvertent human assistance and chance.

We are not aware of studies that demonstrate that

natural enemies are able to track the poleward movement

of pests in response to climate change, but the evidence

from the introduction of classical BCAs shows that

many natural enemies have great dispersive powers. For

example, a 2-mm-long South American parasitoid

Anagyrus lopezi (De Santis) (Hymenoptera: Encyrtidae)

was imported into Nigeria for control of the cassava mea-

lybug, Phenacoccus manihoti Matile-Ferrero (Hemiptera:

Pseudococcidae) and first released in 1981/82 [212].

Within 3 years, this very small insect dispersed over

200 000 km2 in southwestern Nigeria, occupying between
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70 and 98% of all fields [213]. Similarly, Assefa et al. [214]

studied the spread of the 4-mm-long Cotesia flavipes

(Cameron) to Ethiopia from releases in Kenya and

Somalia against stem borers of Poaceae crops, and con-

cluded that it may have spread by more than 200 km/year.

There are many other examples for natural enemies that

can fly, but little information for flightless species of

natural enemies, which have usually been spread by human

intervention. For example, when the flightless encyrtid

parasitoid, Neodusmetia sangwani (Subba Rao), was intro-

duced into Texas for the control of Rhodesgrass mealy-

bug, Antonina graminis (Maskell), once local releases

showed that it was an effective BCA, it was redistributed

by dropping parasitized mealybugs on grass stems from an

aircraft [215].

Dispersal of both pests and natural enemies is a

mixture of local movement and unusual long-distance

(saltatory) movements, some of which will be inadver-

tently or deliberately assisted by human activities. It is

therefore probably that if pests move polewards at the

rates predicted under climate warming scenarios, most

natural enemies that can fly will have little difficulty

tracking their hosts/prey, but flightless species may well

lag behind. Barriers, such as mountains and deserts, can be

expected to slow the spread of both pests and natural

enemies, as might anthropic fragmentation of habitats, but

not necessarily by much, especially if there is substantial

human movement by land across the barrier. Sea barriers

are likely to be more effective, and so this issue will be

accentuated for islands, particularly oceanic islands.

Evolutionary adaptation

The rates of evolutionary change in populations under

climate change, including BCAs, will depend on levels of

heritable variation, genetic interactions among traits and

population processes [216]. Populations of many natural

BCA species contain much heritable variation in traits that

affect responses to climate, and other abiotic and biotic

factors. Where adaptation has been looked for, usually it

has been found (e.g. [217–219]), although as yet there is a

shortage of studies that assess local adaptation to climate

change factors. Many species predate the Quaternary, and

many of the remainder evolved during this period, and so

have already survived repeated global warming and cool-

ing during the Quaternary. Hence, the indications are that

adaptation to climate change will be based on existing

genetic diversity, some of which may be released by epi-

genetic mechanisms [220], rather than new mutations.

Ability of BCAs to respond to elements of

climate change

BCAs may be affected by a number of features of a chang-

ing climate, and these effects have potential consequences

for the performance of BCAs in agro-ecosystems, parti-

cularly in IPM systems. As yet, we know relatively little

about how BCAs can adapt or be assisted to overcome

these challenges, although this is an area of active research

[221].

Average temperature and seasonality

For all three classes of biological control, but especially

for classical and augmentative biological control, there is

potential to assist adaptation to changes in seasonality

through selection (e.g. [222]) and by transplanting locally

adapted strains that have appropriate responses to sea-

sonal cues [223, 224]. Augmentative BCAs are not meant

to establish widespread breeding populations. Their pre-

sence is a result of deliberate seasonal introductions,

and farmers can adjust the timing and location of these

introductions.

The effects of scale mean that widespread effective

BCAs will have more impact than localized natural

enemies. Similarly, introduced classical BCAs that cannot

disperse through most of the range of the target will be

less effective. Hence, we suggest that BCAs that are

important in agricultural systems are usually relatively

widespread species, although we are not aware of any

analysis to test this. BCAs that are more widespread are

likely to be more genetically diverse and more resilient

to the effects of climate change. Overall, temperature and

seasonal responses in populations of widely distributed

insect and mite pests and their natural enemies are either

locally adapted, i.e. the responses to seasonal cues and the

tolerances to extremes have evolved to suit the local

conditions [225, 226], or are governed by phenotypic

plasticity resulting from genetic diversity in local popu-

lations [227, 228]. Changes in seasonality of a pest species

as a result of climate change would need to be rapidly

followed by adaptive responses by its associated natural

enemy communities. Without such adaptations, out-

breaks of pests can be expected. As introductions of

almost all classical BCAs are derived from a very small

sample of individuals from one or a very few localities, the

genetic diversity of classical BCAs may be severely con-

strained, and it is not known whether they contain the

capacity to adapt or respond to changes in the seasonal

availability of hosts. Conversely, the required genetic

variation should exist in natural BCA populations (e.g.

[219]; Case study 15).

Atmospheric CO2

The flow-on effects of eCO2 on arthropods including

BCAs seem to be highly idiosyncratic [140], and we

consider that it is not possible to reach any conclusions

regarding the adaptation, or assisted adaptation, of BCAs

to this aspect of climate change at this time.

Rainfall and drought

The development, mortality and reproduction of both

pests and BCAs can be affected by rainfall and drought,
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and this is likely to affect their abundance both directly

and through their interactions. In general, drought, like

other weather extremes, can be expected to disrupt

pest–natural enemy interactions, leading to both pest

outbreaks (which are noticed) and pest crashes (which

are easily overlooked).

There is some scope to adapt BCAs and their use to

redress the disruptions caused by rainfall and drought.

Augmentative releases in covered crops are not likely to

be significantly affected, but open field releases are likely

to be adversely affected by dry conditions. It is common

practice to spray microbial insecticides at dusk, because

these are often sensitive to low humidity. Similar tactics of

dusk releases for some augmentative BCAs may be

advantageous and need evaluation. The development of

augmentative BCAs adapted to hot and dry conditions is

an option [229, 230], also considered below in response

to extreme events. Application of entomopathogenic

nematodes (EPNs), in which host location and survival

would generally be favoured by wet conditions and im-

paired by drought [231], could be made with or at the

same time as irrigation water, or, as above, applied at

dusk. Some conservation biological control strategies may

enable BCAs to persist where otherwise they would have

been largely eliminated; for example, mulching may pro-

vide natural enemies with protection against extreme

dryness or extreme rainfall.

At present, the management options described above

are untested as responses to climate change – research

and field testing will be needed to explore what tactics can

be used cost effectively to help BCAs adapt to reduced

rainfall and drought.

Extreme events

Episodic extreme temperature (heat waves and unsea-

sonal cold) has the potential to disrupt biological control

food webs independently of the disruption of cropping

systems. Although thermal stress may adversely affect

pest population growth in the short term, BCA and pest

populations have demonstrated the capacity for rapid

adaptation to such stresses [129, 217, 232]. This last point

suggests that adaptations to extreme events such as high

temperatures may take place in BCA populations, and will

help to moderate climate change impacts on biological

control systems in sustainable agriculture.

For augmentative biological control, it may be neces-

sary to use strains or species that are more tolerant of

extremes of temperature, although this would increase

the risk that they become established. In simple, aug-

mentative biological control communities, extreme heat

stress affects the costs of defence against parasitoids and

causes shifts in parasitoid community structure [233, 234].

Augmentative biological control is especially vulnerable

to disruption of transportation networks by extreme

weather events. Although not climate-related, this was

demonstrated when the eruption of Eyjafjallajökull in

Iceland in 2010 disrupted the supply of augmentative

BCAs of greenhouse pests from Europe to North

America.

BCAs to mitigate climate change

It is unlikely that BCAs and biological control will con-

tribute in any meaningful direct way to mitigation of

climate change. Certainly, effective biological control leads

to more plant growth in cropping systems, but unless that

carbon is stored (e.g. in the soil) it would be released at

the end of the cropping cycle. Habitat set aside for con-

servation biological control (grasses and woody shrubs,

for example) may have more carbon storage capacity

than adjoining croplands. However, Costanza et al. [207]

assigned climate regulation values (CO2 storage) to tem-

perate and tropical forests, and biological control in for-

ests is likely to have a significant CO2 mitigation effect.

The majority of the climate change footprint in agri-

culture comes from fertilizer application [235]. In an

analysis of 57 farms in Scotland, the application of all pest

control products accounted for less than 3% of carbon

costs, compared with fertilizer applications which ac-

counted for over 80% of the carbon footprint on the same

farms [235]. Thus, the scope for reducing carbon foot-

prints by increasing reliance on BCAs and reducing

pesticide applications is very limited. However, the

burning of agricultural crop residues is a significant source

of greenhouse gases and while more environmentally

sustainable practices have been adopted in some regions,

the withdrawal of some commonly used pesticides may

prolong the widespread use of burning for weed and pest

control. In addition, soil and post-harvest fumigants such

as sulfuryl fluoride and methyl bromide are potent

greenhouse gases. Therefore, there are very good, rea-

sons, including human health and environmental impacts,

for reducing reliance on pesticide inputs and increasing

reliance on BCAs.

Implications of climate change for future use of

BCAs in agriculture

All BCA invertebrate genetic resources are natural,

unmodified species, or populations, and are thus already

available to be used or developed. There is some potential

for selection of strains with desirable characteristics in

augmentative BCAs, for example, heat resistance, greater

fecundity and acceptance of more species of hosts. A

starting point for such a selection process might well be to

collect populations of the BCA from different areas,

especially those with characteristics that match the target

area.

Climate change will lead to pest species changing their

ranges to track the movement of the habitats where they

are well adapted. Since this spread will initially be without

specialized natural enemies, there may be increased

demand for classical BCAs, particularly in those locations
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where the newly found pest is separated from other popu-

lations of the pest by barriers such as mountain ranges or

the sea (Case study 5). Therefore, access to new classical

BCAs will be crucial for agriculture, especially in island

countries.

Climate change is predicted to cause uncertainty and

volatility in food supply and pricing [236]. Reliance on

BCAs in sustainable agriculture is knowledge based, and is

dependent on farmer confidence in BCA–pest interac-

tions that are delayed in time (most BCA–pest population

dynamics are delayed density dependent) and that are not

necessarily apparent. If farmers are not completely con-

fident in BCA-based IPM systems, they may respond to

the uncertainty and volatility in demand and pricing with

increased reliance on broad-spectrum chemical insecti-

cides, which provide immediate and obvious impacts on

pest numbers. If such responses occur, they would lead to

an erosion of BCA performance, as has occurred in the

past. The applications of broad-spectrum products would

also adversely affect pollinator and soil invertebrate

functions.

An important consideration for classical biological

control programmes is that, due to genetic bottlenecks,

many introduced populations of natural enemies are likely

to possess relatively little genetic variation. With reduced

potential for rapid adaptive evolution compared with

populations that are more heterogeneous, these popula-

tions may not have the genetic diversity required to

continue to provide their ecosystem service in the face of

climate change ([237, 238]; Case study 15). If herbivores

alter voltinism under climate change (Case study 7),

parasitoids or predators will need to evolve or respond

by plastic changes to synchronize their development with

that of their host [38].

There are only a few evolutionary studies on natural

enemies that consider synchronization [239] although

there is evidence of genetic variation in generation time in

parasitoids [240]. Whether specialist parasitoids, pre-

dators and herbivores show much evolutionary potential

remains to be seen, but this could be manipulated or

artificially enhanced [38]. It may be possible, therefore, to

mitigate the impacts of climate change on the efficacy of

classical BCAs by increasing their genetic variability, and

thus their potential for adaptation, through the intro-

duction of additional genetic stock (Case study 16).

Therefore, access to new genetic diversity or genetic

resources may be required to widen the existing genetic

diversity of the BCA.

The risks of failing to maintain diversity (both species

and genetic) of the bacterial endosymbiont community

within BCAs in the face of climate change have been

identified. There are no opportunities to address this

problem in natural biological control systems. For classical

and, especially, augmentative biological control systems,

the identification and introduction of BCA strains with

high-temperature-tolerant endosymbionts might be pos-

sible or even necessary.

For the foreseeable future, the technology to effectively

store or maintain BCAs ex situ does not exist. There are

no long-lived dormant stages like seeds or spores that can

be used. The only option is to maintain populations of

BCAs in culture, but it is known that genetic diversity is

lost when species are taken into culture, and more is lost

over time as the culture is maintained over generations

[237, 241, 242]. Accordingly, BCAs can only be satisfac-

torily maintained in situ. The most important reservoirs

are agro-ecosystems that favour BCAs (e.g. organic and

other pesticide-free systems), especially in regions where

wild or early domesticated crop lines still persist. How-

ever, these agro-ecosystems are recent in evolutionary

terms and, although some species will have evolved to the

extent that they no longer occur in natural ecosystems

(this is more probably for pathogens (e.g. [243]) than for

invertebrates) for most pests and BCAs there should

be an original natural ecosystem. This is likely to have

different genetic diversity and perhaps different species of

BCAs that have not (yet) managed to spread to agro-

ecosystems, but still have an impact on the pest in its

natural ecosystem. In many cases where the pests and

their natural enemies came from is unknown, although we

may surmise pests of arable crops are likely to come from

early succession or temporary habitats, while tree pests

are more likely to come from forest ecosystems. Thus,

conservation of all types of ecosystems will play a role in

conserving the original sources of BCAs, but more studies

would be needed to know which ecosystems preserve

which BCAs ([244], Case study 17).

Status of current application of genetic technologies

At present, there are no transgenic BCAs in use. Tradi-

tional selection of BCAs for desirable traits has been

attempted for only a very few augmentative agents [245,

246]. Selection of predatory mites used in augmentative

biological control for resistance to pesticides was con-

ducted in the 1980s [247], but the selected strains were not

used extensively. Considerable genetic diversity is present

in BCA populations (e.g. [219]), but it remains largely

unexploited. In cases where assisted adaptation is required

in classical and augmentative BCAs, selection by classical

breeding methods is likely to be sufficient (e.g. [217, 222]).

There is scope to use genetic engineering to transform

crops to allow them to continue to be grown in areas

where climate changes or be grown in new climate zones

[248, 249]. This might lead to crops being grown in local

climates where BCA communities are unable to regulate

pests. As noted above, climate change effects on plants may

alter the suitability of host plants for the BCA. BCAs rely

heavily on plant-based resources in the crop and in the

local habitat. These include pollen, nectar and extra-floral

nectaries [250, 251], refuges such as leaf domatia (tiny

chambers produced by plants that house arthropods)

[252, 253], and HIPV that help BCAs to locate hosts [146].
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Adding these attributes to cropping systems could enhance

BCA performance where climate change has otherwise

limited their impact on pest populations. This could be

done through creation of conservation habitat (adding new

plant species), by conventional breeding for desired attri-

butes or by genetic transformations.

BCAs: gaps regarding knowledge, collections and

characterization

Huge knowledge gaps exist with respect to the responses

of BCAs to climate change, and many of the suggestions

above will need research and validation before they can be

used.

Predictions of future scenarios cannot ignore the

potential of invertebrates to adapt rapidly to changing

climate based on existing genetic diversity, although more

studies are needed to assess the scope and speed of such

potential adaptation. However, research conducted to

date suggests that responses are specific to particular

pest/BCA food webs, and therefore general predictions

are difficult to make.

Biological control food webs are likely to contain key

interspecies interactions (e.g. competition, trait-mediated

interactions) that define pest status, and the success of

the BCA programme (e.g. [254]). Knowing how these key

interactions respond to climate change factors would help

enormously in predicting the impact on pest populations.

Furthermore, good case studies may show that it is pos-

sible to generalize and make predictions with respect to

responses of BCAs to climate change. Gilman et al. [254]

suggest that, despite the complexity of communities and

food webs, it is possible to make such predictions. Along

these lines, Vellend [255] suggested that the apparent

complexity of community ecology (the study of the forces

that shape the diversity and abundance of species in

communities) could be reduced to four processes: (i)

selection of species within communities via differential

fitness, (ii) stochastic changes in species abundance, (iii)

evolution of new species/traits, and (iv) dispersal in space.

Studies of the effects of climate change parameters on the

strength and frequency of these processes might lead to

predictions of how BCAs will respond to climate change.

Since many BCAs have wide intraspecific variation in

host range and climatic tolerances, the ability to geneti-

cally characterize BCAs needs specific attention. This

work must be linked to competent morphological tax-

onomy, and to ecological performance indicators. Tools

for recognizing climatically adapted strains in surveys, and

in laboratory and field studies, are needed.

Invertebrate Pollinators in the Face of Climate

Change

Species are inseparably interdependent and interact with

each other. An abiotic factor, such as climate change, has

the potential to put out of phase the biological phenom-

enon of interdependence of species, with potentially

catastrophic effects on species relationships (and food

security and natural ecosystems). Phenologies can evolve,

but the role of evolution in the response of mutualisms

to climate change is poorly understood. Abundant alter-

native mutualist partners with broad temporal distribu-

tions can make a mutualism more robust to climate

change, while abundant alternative partners with narrow

temporal distributions can make a mutualism less robust.

Community composition and the rate of climate change

affect the persistence of mutualisms and are mediated

by two-species Allee thresholds. Understanding these

thresholds will help researchers to identify those mutu-

alisms at highest risk owing to climate change [256].

Pollination services by animals, especially insects, are

among the most widespread and important processes

that structure ecological communities in both natural

and agricultural landscapes [1]. An estimated 78% of the

world’s flowering plants – including a range of econ-

omically important species – depend on insects for polli-

nation [257]. Crop pollination used to be (and often still

is) provided by wild pollinators spilling over from natural

and semi-natural habitats close to crop fields [258]. This

service has generally been free and therefore has received

little attention in agricultural management (but see [259]).

If wild pollinators are lacking or additional pollination is

required, as is the case in many intensive agricultural pro-

duction systems, farmers in some developed countries

can buy or rent managed honeybees or sometimes other

species (e.g. bumblebees, alfalfa leafcutter bees, mason

bees). Both options – i.e. use of wild species and managed

bees – have recently come under pressure, a develop-

ment that is sometimes referred to as the ‘pollination

crisis’ – where the decline in pollinators is enough to

threaten the human food supply. Concern has been raised

over a looming potential pollination crisis as currently,

insect pollination is endangered by a number of environ-

mental and anthropogenic factors, and although data on

the impacts of climate change on crop pollination are still

limited, climate change may be a further threat to polli-

nation services [130, 260].

Possible adaptations to ensure future food security

To ensure future food security in the face of climate

change, it is essential that pollination services are main-

tained at levels that, not only allow long-term production

of a diversity of crops in all regions, but also meet the

expected increase in demand and changes in crop choice

of farmers. Possible areas of adaptation are discussed

below.

Provision of resources within landscapes to support pollinators

The natural habitats of wild pollinators should be identi-

fied and preserved or provided. Once future land uses are
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forecast, corridors of suitable habitat can be formed or

maintained to conserve and ensure connectivity of polli-

nator food/nesting resources within critical areas of the

landscape and at critical times (Case study 18). Through

the use of climate-resilient plantings relevant to the

region, it should be possible to provide the diversity,

abundance and succession of habitats and floral resources

necessary for sustaining populations of wild pollinators

and managed bees at levels optimal to agriculture.

Effects of altitude

As discussed above, the effects of elevation are often used

as an alternative for assessing the potential effects of

climate change, particularly changes in temperature. Pol-

linator communities tend to change with increasing ele-

vation (and decreasing temperature). At higher altitudes

the average size of pollinators increases [261], but polli-

nator abundance is lower [262]. In addition, flies tend to

become the dominant pollinator group, mainly because

other groups are restricted to lower areas [263]. In the

Rocky Mountains (USA), flies replace bees as the main

pollinators [263], whereas in the Andes of South America,

tachinid flies and hummingbirds replace bee flies

(Bombyliidae) and bees at higher altitudes [262]. In ad-

dition, flower size tends to increase [261]. The lower

pollinator abundance results in lower pollinator to flower

ratios and lower seed set in plants at higher altitudes [261,

264]. Temperature increases might lead to pollinators

moving to higher altitudes and might change pollination

levels in plants. The arrival of more pollinator species

(including bees) and individuals on mountains might make

these areas suitable for cultivation of crops that are highly

dependent on pollinators, which at present would suffer

pollination limitation. Alternatively, change in pollinator

communities might lead to a breakdown of pollination

services at higher altitudes. Even though this might be the

case for wild plants, there do not seem to be important

crops that would suffer from pollination loss.

Selection of climate-adapted managed pollinators

The honeybee is the main managed pollinator around the

world. This reflects the adaptability of the species to many

different conditions from arctic to tropical and from

rainforests to deserts. In the context of climate change,

local beekeeping practices may have to adopt different

honeybee races or hybrids that suit local conditions (e.g.

with traits such as drought resistance and non-abscond-

ing). Alternatively, management of other bee (or polli-

nator) species could be developed or improved. For

example, some stingless bees (Meliponinae) (Case study

19) and stem-nesting solitary bees, such as Osmia and

Megachile spp. (Megachilidae), can be selected for dome-

stication and mass breeding based on their ecological

traits and climatic or environmental tolerances (e.g. gen-

eralist food and nesting habits, short life cycles). Some bee

species are more susceptible to environmental changes

and anthropogenic pressure than others. Evidence for

susceptibility is the presence of high diploid male fre-

quencies (indication of inbreeding) in euglossine bees

[265] and low genetic diversity of North American

bumblebee populations [266], which both suggest popu-

lation declines.

However, it is necessary to be aware of the risks

associated with the use of managed organisms in new

environments, namely that they may interfere with or be

affected by native organisms. This can be through direct

competition for resources (e.g. food, nest sites) or

indirectly through transmission of pests and diseases to

native flora and fauna or from them to the managed

organism. A notorious example of this is the transfer of

the Varroa mite from its host, the Asian honeybee Apis

cerana (Fabricius) (Hymenoptera: Apidae), to the managed

western honeybee, Apis mellifera L., after its introduction

to Southeast Asia. Infection of honeybee hives with Varroa

mites is now a global concern in beekeeping, mainly be-

cause they transmit viruses to the bees, which lowers bee

longevity and weakens the colonies. The use of non-native

subspecies can also be risky. The bumblebee, Bombus

terrestris L. (Hymenoptera: Apidae) has been mass-

produced for crop pollination across the world. However,

the introduced bumblebees outcompete the local strains

of this species in the British Isles. They can now only be

used in greenhouses, and some bumblebee breeders have

started to produce native British bumblebees for polli-

nation purposes. Similar trends are occurring elsewhere.

To minimize these risks, it is extremely important that

transport of any managed organisms is based on estab-

lished risk assessment procedures. The oil palm pollinator

weevil (Case study 20) provides one example where the

protocols of weed biological control were used effectively

to evaluate the risk of damage to plants by the larvae of

the weevils, but traditional pollinators would have to be

evaluated following a different protocol.

Factors that currently compromise pollination

Crop systems and landscapes differ in the options they

offer for managing crop pollination, e.g. use of wild polli-

nators, managed honeybees and other managed pollina-

tors, hand pollination or a combination of these. The

recent problems with managed honeybees in parts of the

world have raised awareness of the vulnerability of polli-

nation services. Crop pollination at present is probably

limited by different factors in different locations (e.g. crop

management, lack of pollinator habitat, pesticide applica-

tion and unsuitable climate). These factors are likely to

intensify with climate change, and mitigation will need to

be integrated into farm or landscape-level management.

For example, shifting from monocultures to mixed crop-

ping systems and agroforestry plantations might mitigate

climate extremes through provision of more suitable

microclimates and alternative foraging and nesting

resources.

In the case of the recent declines in managed honey-

bees, it is also not clear whether climate change will
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improve the conditions for beekeeping (e.g. better ad-

apted tropical strains will move into new areas, as in the

case of the Africanized honeybee in the Americas) or

increase the risk that new pests and diseases (e.g. the

small hive beetle, Aethina tumida (Murray); Coleoptera:

Nitidulidae) may spread into Europe because of more

amenable climatic conditions.

The transfer of pollinators between countries

To consider the opportunities, procedures and risks

associated with the movement of pollinators, we recog-

nize that some pollinators naturally move long distances

across borders unassisted (Case study 18), but domes-

ticated species, such as honeybees and some bumblebees,

are regularly moved between countries, and if domes-

tication of other social pollinators such as stingless bees

(Case study 19) expands, there may well be scope to

move them between countries too. In general, climate

change is expected to increase demand for transborder

movement of pollinators. However, introductions of pol-

linators to areas where they do not naturally occur have

caused some significant problems [267].

One can consider several categories of pollinators that

are, or might be, moved between countries:

� Honeybees and bumblebees. There is likely to be con-

tinued and increasing demand for new strains or im-

proved stock in response to climate change, and hence

movement of queens, nucleus colonies and colonies

between countries. The movement of both groups

between countries has been implicated in the spread of

pests and diseases. Several regulations must be met

before honeybee queens (and attending workers) can

be imported including verification of the absence of

several diseases (for details see [268, 269]). As yet,

these regulations do not cover bumblebees, environ-

mental risks of introducing pollinators, such as dis-

placement of indigenous pollinators, or risks associated

with pollinators other than honeybees.

� Stingless bees from South America have been used in

Japan for pollination of greenhouse strawberries and

some trials have been carried out in the Netherlands

for greenhouse crops [270]. These species require

tropical conditions and would not survive as colonies in

the wild in temperate countries. Even though there is a

low probability of stingless-bee pathogens switching

host to native bees outside the area of the introduced

bees’ origin (none of which would be closely related),

some regulations may be needed in the future.

� Other domesticated pollinators. Domestication of wild

pollinators is likely to increase the scope for movement

of newly domesticated species between countries.

Highly specialized pollinators associated with a par-

ticular crop are uncommon in agriculture, and the oil

palm weevil is the only one that has been deliberately

introduced to new continents (Case study 20). How-

ever, introduction of specialized pollinators might be

needed in some cases. Guidelines and protocols for risk

assessment should be developed if the risks associated

with such introductions are to be managed. Protocols

of weed biological control could be a starting point

for the consideration of any future introductions of

specialist pollinators.

Potential of pollinators to mitigate climate change

While pollinators cannot directly mitigate climate change,

they can influence vegetation composition through their

pollination activities and the seed dispersal resulting from

it. It would, therefore, be important to integrate knowl-

edge of pollination and seed dispersal into carbon fixing

projects to ensure plantings used to counteract climate

change are self-perpetuating. To our knowledge, there

have been no studies assessing the long-term benefits of

pollinators on vegetation composition and climate mod-

eration.

Gaps in our knowledge on climate change impacts on

pollinators

There are still many gaps in our knowledge of the possible

consequences of climate change for pollinators and crop

pollination. To date, there is a no holistic approach that

includes pollinator-derived goods and services in assess-

ments of climate change impacts on productive agri-

cultural ecosystems. Declines and shifts in plant

pollinators have been observed, but the causes and their

interactions are not well known. It is often unclear whe-

ther shifts are due to climate change or to other human

activities, such as intensification of agriculture, pesticide

and fertilizer use, and land clearance and management. In

addition, there are many unknowns with regard to the

role of wild pollinators in crop pollination. A more specific

knowledge gap is how climate change will affect bee pests

and diseases.

Discussion

The three key groups of invertebrates have been treated

separately in the preceding review and discussion, and

there are clearly good reasons for this approach. The soil

invertebrate group is taxonomically and functionally

diverse. Organisms range from microscopic multicellular

animals such as nematodes and rotifers, through to large

earthworms and arthropods. The functions of organisms

in these communities include development and main-

tenance of soil structure, decomposition of organic det-

ritus, and population regulation through predation and

parasitism. Generally speaking, there is very little inten-

tional management of these organisms, and only very few

attempts have been made to manage selected groups, for
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example earthworms in tropical areas, using in-soil or off-

soil techniques [271]. Overall the taxonomic diversity is

poorly known, although important efforts are underway

to combine morphological and molecular approaches.

Invertebrate biological control organisms are domi-

nated by arthropods, and functionally, the group is rela-

tively uniform. The arthropod predators and parasitoids

of arthropod pests of plants, and the arthropod herbi-

vores of weeds regulate populations of pests and weeds,

respectively. There is considerable management of bio-

logical control organisms, but unmanaged impacts of

biological control organisms on pests are nonetheless, of

much greater global importance in agriculture.

Invertebrate pollinators are the least diverse of the

three groups, both from a taxonomic and functional

perspective. This group consists primarily of insects, and

almost all share mutualistic and highly co-evolved rela-

tionships with flowering plants whereby pollen is trans-

ferred from anthers to stigma by the insects in exchange

for nectar and pollen rewards from the flower. Although

some cropping systems rely heavily on wild pollination,

the majority of horticultural crops are pollinated by a

single, highly managed species, the honeybee. However,

evidence is accumulating that a diverse pollinator com-

munity generally provides better, more stable, pollination

services than any single species alone.

These differences in taxonomic and functional breadth,

and in degree of management in the three groups, create

some important considerations for impacts of global cli-

mate change on these groups, and for approaches to

management of those impacts.

Overall, most of the soil invertebrate communities are

highly endemic, with some exceptions such as European

earthworms and soil-dwelling beetles. The communities

are determined not just by geographic region but also by

their interactions with the underlying geomorphic sub-

strate, the overlying plant community, and the prevailing

climate (heat, rainfall). Although often well protected from

short-term climate change in the soil, most organisms are

slow-moving and may be greatly affected by geographic

shifts in climate. Owing to their importance in sustainable

agriculture production and their potential role in carbon

sequestration through production of biogenic structures

that retain C and slow down decomposition, some degree

of management of these communities will be required in

the context of adaptation to climate change in agriculture.

The biological control arthropods tend to be somewhat

less restricted in distribution. The important natural

enemies of pests and weeds are mostly as widely dis-

tributed as the crop system and pests that they attack.

Most are highly mobile, and many have been shown to

move rapidly with their pest or weed resource. In general,

these species will mostly track geographic shifts in climate.

The functions of biological control communities is very

much dependent on temperature, and prolonged, more

frequent and more severe episodes of extreme heat

may change the impact of these organisms on their target

populations. Again, management of biological control

communities may be required in the context of adaptation

to climate change, but these requirements are likely to

emerge only as climate change progresses, and loss of

biological control functions is observed in agricultural

crops.

The pollination function in crops relies heavily on

honeybees, and this species has been moved around the

world. In other words, to a large extent endemism is not a

great factor in pollination functions, and strains of hon-

eybees exist that are adapted to specific climate con-

ditions. For honeybee-managed pollination systems, it is

probably that only a modest degree of adaptation will be

required, such as the importation of new strains and the

movement of bee producers to new centres of crop

production. A much greater threat exists for agricultural

crops that rely on wild pollinators, which may be more

widespread than previously thought (see [259]). Although

most crops have generalist pollination systems, some may

need specialist wild pollinators. Such pollinators may have

restricted ranges, which make mismatches as a result of

climate change highly likely. In these cases, intervention

and management are likely to be required in the context

of adaptation to climate change.

Although climate change is a global phenomenon, not all

areas of the globe will be affected in the same way or to

the same degree. Moreover, agricultural production and

the underlying invertebrate biodiversity associated with

agriculture are not evenly distributed across the globe.

Geographic and social barriers exist that restrict the

potential for cropping systems and the underlying inver-

tebrate biodiversity to track geographic shifts in suitable

climate. These differences and barriers are likely to affect

the three groups of invertebrates in different ways, and

this is discussed further below.

Island versus continental perspective

In general, biodiversity is reduced on islands compared

with continental equivalents. Moreover, oceanic islands

characteristically have a great number of endemic species

adapted to local niches. Most crops grown on islands,

especially oceanic islands are not indigenous. The reduced

diversity of indigenous invertebrates compared with

similar continental areas, means there will be relatively

few invertebrate species able to spread into crop agroe-

cosystems, i.e. there will be fewer indigenous pests, but

correspondingly a shortage of beneficial species to pro-

vide the services discussed here and in Cock et al. [1].

With the accidental assistance of man, alien phytophagous

pests make their way to islands more efficiently that do

their natural enemies, or plant pollinators, especially the

social species. In the past, soil organisms have been moved

rather freely with planting material of indigenous crops

and ornamentals, but normally this is now prevented with

standard phytosanitary procedures.
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As climates and crops change, pests of agricultural

crops always move past barriers first and usually without

their associated BCAs. Sea barriers will be more effective

than most other barriers as constraints to movement of

invertebrates including BCAs, and demand for new BCAs

(classical and augmentative) will be greater on islands as a

result. In continental situations, natural and classical BCAs

will normally spread with the crop and pest as they move

with changing climate into new geographical areas, even

when the landscape is broken up into a mosaic of agri-

cultural and non-agricultural habitats.

With climate change, it is islands, rather than con-

tinents, that are likely to experience the greatest chal-

lenges in meeting their pollinator requirements. New

crops may appear more economically and climatically

sustainable than those traditionally grown. Where those

crops rely on wild pollinators, it will be necessary to as-

sess whether the existing pollinator diversity and assem-

blages can provide adequate pollination. Where exotic

introductions are considered, careful risk analysis would

be required. Some crops may have specific pollinator

requirements (cocoa, pawpaw (papaya) and passion fruit)

and may need more specific habitat or cultivation adap-

tations to accommodate pollinators. Islands are also vul-

nerable to loss of diversity in their pollinator resources

through extreme climatic events (extinction very likely,

colonization very unlikely). If new crops rely primarily

on managed (honeybee) pollinator services, it may be

necessary to determine if the honeybee industry on the

island is adequate to provide the necessary services. If

other exotic bees are to be introduced (e.g., bumblebees)

some form of risk assessment should be made for the

impacts of these exotics, particularly on the endemic

pollinator species.

Tropical versus temperate comparisons

There is a developing country/developed country divide

that aligns with tropical/temperate – generally, developing

countries have more subsistence farmers, more of the

population directly involved in agriculture, less food

security, more fragile ecosystems and highly degraded

soils, greater dependence on natural biological control,

and hence are likely to be severely affected by a reduction

in the role of beneficial invertebrate functional groups

caused by climate change. Development assistance is

needed for research to address the knowledge gaps

identified below.

All of the evidence in the fossil record of responses of

invertebrates to climate change comes from temperate

regions (Case study 2). Data are badly needed from tro-

pical regions, because we are assuming there will be similar

responses in those regions to temperate regions. Tropical

pollen cores have been collected, e.g. along the Amazon

equator [61], and assessing whether these contain identi-

fiable insect parts would be a useful starting point.

There are differences between the invertebrate soil

fauna and their functioning in tropical and temperate re-

gions, for example, warmer conditions promote greater

abundance of decomposer invertebrates [183] and earth-

worms in tropical areas have a greater role in breaking

down recalcitrant components of soil organic matter than

do those in cooler climates [272]. However, differences

are species-dependent, and our depth of knowledge may

make it premature to look for differences that will be

important in the face of climate change.

Essentially, tropical production systems are bimodal in

their approach to pest management and their use of

biological control. On the one hand, subsistence farmers

rely heavily on natural and unmanaged biological control.

On the other hand, the relatively few, larger-scale pro-

duction systems in tropical zones often rely heavily on the

use of chemical pesticides. With a few exceptions, in

neither system have the support and inputs been devel-

oped to enable growers to rely on integrated systems that

incorporate the deliberate augmentation and management

of BCAs that is a feature of many productions systems in

temperate agriculture.

It is not particularly likely that the interference of

climate change with natural biological control is going

to be of primary concern for subsistence farmers. It is

much more probably that climate change effects that

increase drought, and flooding and interfere directly with

food production will be of primary concern. Nonetheless,

particularly for the staple crops that are widespread and

central to subsistence farming in the tropics (rice, maize,

cassava, yams, sweet potato, Andean potato, taro, etc.)

some consideration should be given to the effects of

changing climate on BCAs. To our knowledge, this need

has not been adequately addressed as yet, and develop-

ment aid-funded research is needed to address this

knowledge gap.

In general, the contrasts between tropical and tempe-

rate zone pollination have received more attention than is

the case for soil and BCA invertebrates. Bawa [273] states

that there are four major differences between pollination

systems of tropical lowland rainforests and northern

temperate zone forests: (1) in aseasonal tropical forests

pollination occurs throughout the year, whereas in tem-

perate forests flowering is mostly confined to late spring

and summer; (2) flower longevity is much shorter in

tropical forests (1–2 days) than in temperate forest (up to

seven days, perhaps in response to unpredictable weather

conditions unsuitable for pollinators); (3) vertebrates are

often important pollinators in tropical forests, but not

usually significant in temperate forests (apart from tem-

perate Australia and South Africa); and (4) the proportion

of wind-pollinated plants steadily increases as one moves

from the equatorial region, reaching 80–100% among

trees in some of the northern-most latitudes. Based on

these differences we might anticipate that: (a) tropical

regions will experience less temporal decoupling of pol-

lination services than temperate regions; (b) temperate
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plant species with shorter flower life might benefit more

from a warming-induced increase in pollinator activity

than temperate species with longer flower life; and

(c) there may be an increase in pollination success of

animal-dependent plants in the tropics owing to increased

pollinator activity in response to higher temperatures.

Domesticated honeybees are expected to remain effec-

tive in tropical zones under the temperatures predicted

for the next century, but foraging behaviour will be

altered under increased rainfall, resulting in reduced pro-

ductivity of honey and crops [274]. It is probably that

domesticated western honeybee races in warmer climatic

conditions will need more intensive disease management

than they currently do. One way to adapt to this is to

adopt (sub)tropical races in managed beekeeping. This has

been done in the American tropics where Africanized

honeybees are now routinely used in countries such as

Brazil and are more productive than temperate honeybee

races there [275].

Potential to manage invertebrates so as to mitigate

climate change

For the foreseeable future, there seems to be very little

or no practical scope to manage invertebrates in order

to mitigate climate change. There may be some modest

potential for management of soil invertebrates to con-

tribute to increasing carbon sequestration in soils, but

much research and assessment will be needed first. Pol-

linators and pests can influence vegetation composition;

accordingly, integrating knowledge of pollination and pest

dynamics (and the role of BCAs) into carbon fixing pro-

jects will ensure that plantings used to counteract climate

change are sustainable and self-perpetuating, but as yet

there is little detailed practical guidance available.

Status of current application of genetic technologies

There are no transgenic BCAs, pollinators or soils

invertebrates in use at this time. The genetic diversity

found in these populations is largely unexploited in this

regard. Deliberate enhancement of BCAs, pollinators or

selected soil invertebrates is an option that may be

practical in the future as knowledge, capability and

experience increase.

In a changed climate, if crops are grown in the new

climate zones, the impact of BCAs’ performance on some

pest populations might be limited. Adding suitable attri-

butes to crops could enhance the performance of BCAs,

and so access to crop and related plant genetic resources

will be needed. Similarly changes could be considered in

relation to the other key groups, such as enhanced nectar

composition for pollinators, and root zone changes to

prevent or cope with the loss of invertebrates owing to

climate change.

Overlaps and interactions between key invertebrate

groups

There are significant overlaps and interactions between

the three key groups on which this review has focused.

Of these, interactions and overlaps between soil inver-

tebrates and BCAs are probably the most important [1].

However, given the complexity of these mechanisms,

especially those involving above ground and below ground

elements mediated through plants, there is little specific

that can be said about the potential effects of climate

change on them, although there will undoubtedly be

important effects.

Conclusions and Key Gaps

In this review, we have found that there are many gaps in

our knowledge of invertebrate genetic resources as

affected by climate change and how to use them in re-

sponse to climate change. Specific conclusions regarding

the impact of climate change on particular elements of

invertebrate genetic resources in agriculture are not possi-

ble yet. However, three general conclusions are evident.

First, it is likely that climate change will disrupt the use of

invertebrates in agriculture, especially sustainable agri-

culture, even though the precise nature of the disruptions

is not yet known. Second, that, without intervention,

these disruptions will result in production losses par-

ticularly in sustainable agriculture, even though the scale

and extent of the losses is not yet known. Third, that the

extent of some of the losses will justify intervention to

facilitate adaptations of the invertebrates, even though the

methods with which to intervene and policies to facilitate

this intervention are not yet in place.

We have identified the following priority gaps in

knowledge that need to be addressed in the context of

these conclusions.

Scientific knowledge

� Improvement to knowledge and understanding of

(i) soil invertebrates, (ii) natural BCAs, (iii) wild polli-

nators of major crops, and (iv) their contribution to

crop production in developed and developing coun-

tries. We found that the knowledge of the contribution

of these unmanaged invertebrates to sustainable

agriculture systems is generally lacking, particularly in

developing countries, so any changes because of climate

change would be difficult to assess.

� Quantification of the responses of invertebrate species,

communities, food webs and different types of inter-

actions to climate change factors. It is only within the

last two decades that scientists have begun to study

the responses of key species to climate change factors.

A plethora of mechanisms has been identified, but a

unified understanding of the impact of these on
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community and food web structure and performance

has not yet emerged.

� Further investigation of past climate change in tropical

areas, and assessment of how invertebrate species have

responded in terms of distribution (based on sub-fossil

records). Past climate change events are relatively

well documented in the temperate zones (tree rings,

glaciers, well-preserved sub-fossils), but parallel data

are as yet largely lacking in tropical zones. Under-

standing the progress of climate change in these zones,

and its impact on invertebrates, will be essential for

the development of strategies to mitigate the impacts

of climate change on sustainable agriculture and a large

fraction of the human population.

� Taxonomy and genetic characterization of invertebrates

of agro-ecosystems. We found that the biodiversity and

taxonomic identity of the soil invertebrate fauna are

relatively unknown, and a sustained effort is required so

that impacts of climate change on this crucial biodi-

versity can be assessed. Recent studies have revealed

that what appear to be generalist BCA parasitoid species

are often a complex of previously unrecognized spe-

cialist species. As specialists are generally more sus-

ceptible than generalists to disruption by perturbations,

it is possible that the supply of biological control and

pollination services may be disrupted by climate change-

driven losses of key invertebrates.

� More studies on rates of movement of selected key

species, especially soil invertebrates without a motile

stage, perhaps based on the northern boundaries of the

tree line, or colonization of recently erupted volcanoes.

We found abundant evidence of changes in ranges of

motile species in response to climate change, but no

studies on relatively non-motile species. Similarly, there

appear to be no studies of the movement of BCAs in

response to range changes in their hosts. Knowledge in

this area is essential to understanding the need to

develop strategies that facilitate adaptation of inverte-

brates and sustainable agriculture systems to climate

change.

Conservation, use and access

� Rearing technologies to shift selected wild bee and

other pollinator species to domestication. We found

that for crops that are dependent on specialist polli-

nators, climate change-induced changes in location of

production, or loss of synchrony between pollinators

and flowering seasons are likely. Adapting and preser-

ving these production systems for use in response to

changing climate will be dependent on the domestica-

tion and manipulation of their specialist pollinators.

� Technologies and approaches to ensure the conserva-

tion and promotion of generalist natural enemies in

agricultural landscapes through improved knowledge of

landscape-level movement, and the effects of resources

such as spatial and temporal refugia and alternative food

sources. This will add robustness to agricultural sys-

tems strengthening their adaptability in response to

climate change.

� Identification and conservation of source habitats

of pests and associated BCAs. We found that, under

climate change, there will probably be a need to access

the genetic diversity of classical BCAs that is present in

their source habitats, to facilitate adaptation of BCAs to

changing climates.

� Development of mass production methods for some

important soil ecosystem engineers so as to facilitate

experimental evaluation of their use in soil management

practices both for immediate use and in response to

climate change.

Facilitating policy environment

� An overarching holistic strategy that integrates inver-

tebrates with the other ecosystem components to

better design and manage future agro-ecosystems for

food security in the face of climate change.

� Guidelines for facilitating and regulating the movement

of invertebrate genetic resources between countries,

which build on what is so far available for BCAs and

include emergency responses and pest risk assessment

protocols. As climate change progresses, new invasive

pests are likely. A coordinated development of stan-

dard protocols for pest risk assessment, e.g. ISPM 2

[276] would facilitate survey and detection efforts and

allow timely responses to new invasions. Similarly,

responses to invasive pests will probably involve re-

lease of classical BCAs, and it may be appropriate to

revisit ISPM3 in the context of emergency responses to

new invasive threats.

� Recognition that in implementing the Nagoya Protocol,

when drafting national strategies (e.g. producing

guidelines and procedures), countries need to take into

consideration the need for invertebrate genetic re-

sources to sustain agriculture, food production and

world food security in the face of climate change.

� Further development and implementation of existing

national biodiversity programmes. As noted above, the

role and importance of invertebrate genetic resources

diversity in relation to sustainable agricultural produc-

tion are not well known, particularly in relation to soil

invertebrates and pollinators in general, and in relation

to some biological control invertebrates. This knowl-

edge will help evaluate options for response to changing

conditions in the face of climate change.

Islands versus continental areas

� Policy support for island states, that will probably not

be original sources of BCAs (or pests), but will need
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new BCAs. We found that islands are particularly

susceptible to pest invasions and this will increase with

climate change. Furthermore these invasions resulting

from range shifts are unlikely to be accompanied

by existing natural enemies, unlike the situation in

continental areas. Hence, there is likely to be a dis-

proportionate increase in demand for BCAs for islands,

and it may be appropriate to promote a policy envir-

onment that will address this.

Tropical versus temperate

� Attention to the question of how species ranges

will change in tropical regions in response to climate

change, particularly in temperature and rainfall. This

area of scientific knowledge has not been widely ad-

dressed and there is a relative dearth of studies on the

sensitivity of tropical ecosystems to climate changes.

Will pantropical species expand their distribution?

� Testing the hypothesis that tropical species may be

more sensitive to climate change as a result of nar-

rower biotic ranges and lack of exposure to climatic

variation. Addressing this specific scientific knowledge

gap would help determine whether there are specific

and special concerns with respect to the conservation

of useful invertebrate biodiversity in the tropics.

Case Studies

Case study 1. Functional shifts in community

composition of soil invertebrates under elevated CO2

Increased CO2 concentration is predicted to stimulate

both primary production and decomposition, resulting in

an increase in soil organic matter. Clear evidence exists

for the potential impact of climate change-related factors

such as elevated levels of CO2 (eCO2), temperature

change and altered rainfall patterns on community com-

position of soil invertebrates. Among these, micro-

arthropods living in the litter and the topsoil represent an

important functional group in nutrient cycling and litter

decomposition.

Under increased CO2 there are important functional

changes in the community composition of soil inverte-

brates. In a FACE experiment it was observed that mean

micro-arthropod abundance was 33% lower in the eCO2

treatment, but with significant decline only for oribatid

mites. Other studies report increases in microbial-feeding,

free-living nematodes, enchytraeid worms and even earth-

worm biomass. Functional groups can exhibit different

responses to soil warming, for example, depletion of

epigeic species of ecosystem engineers and augmentation

of fungivorous mites. Collembolan populations have

increased in most studies of eCO2, although some have

reported lower collembolan numbers. Both negative and

positive single responses of eCO2 on soil micro-

arthropods have been found and can be explained by the

inherently high soil CO2 concentration, so certain species

are already adapted to these conditions. The responses of

soil invertebrates have been interpreted as responses to

increased root-derived carbon and subsequent microbial

community changes.

How soil communities will be affected by climate

change-related factors acting simultaneously is not known

although indirect effects are envisaged as both plant

composition and productivity can promote important

functional shifts. The structure of soil invertebrate com-

munities is affected and impact is driven by changes in soil

moisture content. Several climate change factors acting

simultaneously will result in reduced moisture causing

changes in soil micro-arthropod communities that can

affect the functions that these organisms provide, such as

decomposition.

Responses of micro-arthropod communities seem to

be specific to particular plant communities and ecosys-

tems. Functional changes within soil invertebrate com-

munities because ofo climate change are expected to

occur although more evidence is required.
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Case study 2. Insect adaption or movement: the
evidence from the sub-fossil record in glaciation

history

We live in an interglacial period in a 2.6 million year

sequence of alternating glacial and interglacial periods (the

Quaternary Period). During this period, the world has

certainly been warmer than it is now in this interglacial

period, but for much of the time it has been colder, and

the transitions between the two extremes have been

rapid.
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Sub-fossil remains in temperate regions are available

in dated layers for many insects covering much of this

period. Examination of these remains can give us insight

into evolution, extinction and movement of insect popu-

lations during periods of climate change, helping us

to understand how insects and other invertebrates are

likely to respond during the anticipated climate change to

come.

The sub-fossil record shows little evidence of evolution

of new species or mass extinction of species during

the Quaternary. The sub-fossil remains can nearly all be

matched to existing species, and the fact that species

occur in similar associations implies that their physio-

logical and ecological requirements have not changed

significantly. There is evidence that species disappeared

from the sub-fossil record at the beginning of the

Quaternary, but little evidence for significant mass ex-

tinction since then. This implies that the species that exist

today have mostly existed unchanged since the beginning

of the Quaternary, and that they have survived repeated

glacial and interglacial periods.

What the sub-fossil evidence does show, however, is

that insect species have been geographically highly mobile.

Broadly speaking, the species found in temperate regions

during glacial periods are now restricted to cold areas of

the subarctic and high mountains such as the Himalayas,

whereas the species found in temperate regions during

warmer periods are those which we now associate with

the subtropics. The implication is clear: species do not

adapt to changing climate, but they move to areas where

they are well adapted to the climate.

The sub-fossil evidence also indicates that insects move

fairly rapidly when necessary. The changes between glacial

and interglacial periods and back have been rapid and

the insect groups studied (detritivores and predators)

have kept track with the areas to which they are adapted.

There is less evidence as yet for herbivores, which can

only spread to climatically suitable areas where suitable

food plants already occur, or for flightless insects. For the

latter, particularly soil invertebrates, it would be desirable

to know more about the sub-fossil record, to better

predict what might happen now.

We do not have comparable data for insect species

in the tropics, and this is a gap that should be filled if

possible. There is evidence from Africa indicating that

rainfall was reduced in glacial periods and much of Africa

became savannah, and so species adapted to rainforest

became concentrated in refugia where rainfall persisted or

at higher altitude on mountains. It is not clear to what

extent species may have moved out of Africa. In contrast,

the Amazon Basin remained as rainfall forest during glacial

periods, albeit 5–7�C colder, which allowed plant species

that are now restricted to higher altitude in the Andes

to spread into the Amazon Basin, albeit at low densities.

The species that are now present in the Amazon seem to

have persisted in situ during glacial periods. Studies of sub-

fossil insects from these regions are needed. This will be

difficult and time consuming because of the shortage of

suitable depositions and the huge number of species likely

to be involved, but should throw further light on how

invertebrates respond to climate change, and help im-

prove predictions for invertebrates of agricultural impor-

tance in the tropics.
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Case study 3. Climate change-related expansions

in the range of the southern green stink bug,

a cosmopolitan invader

The geographical ranges of many invertebrate pests

are expected to expand under climate change as a result

of temperature-related increases in the suitability of new

habitats. The southern green stink bug (SGSB), or green

vegetable bug, Nezara viridula (Linnaeus) (Hemiptera:

Pentatomidae) is a cosmopolitan, highly polyphagous

species, which attacks many important food and fibre

crops including rice, soya bean, maize (corn), tomato and

aubergine (eggplant). In warmer climates there may be

four generations per year with a life cycle of about

70 days. The SGSB probably originated in Africa, but over

the past 250 years it has spread all over the world and

now occurs in most tropical and subtropical regions. In

some areas, such as Brazil, there are genetically distinct

SGSB populations adapted to colonize different environ-

ments. Some geographical expansion is related to the

planting of its preferred hosts (e.g. soyabeans) in new

regions, but it is also spreading northwards to new

areas in temperate zones as a result of climate change.

For example, the discovery of breeding colonies in the

UK – further north than was previously predicted – has

been taken as a sign of climate change, although its

potential impact needs further study.

The SGSB has been extensively studied in Japan, where

its initial increase was related to the cultivation of early-

planted rice in the 1950s. In central Japan, however, its

range has now shifted northwards, by some 85 km since

the early 1960s, probably as a result of milder winters.

The northern limit appears to be defined by a +5�C iso-

thermal line for mean January temperatures in Japan.

Expansion into new areas has a direct economic impact,

e.g. it can seriously affect rice production, and continued

global warming will probably further increase the winter
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and spring survival of N. viridula in temperate regions

where it is currently at the limit of its range. More adults

will survive the winter and be available to help establish

the species in newly colonized areas, and a 2.0–2.5�C
increase in average temperatures could produce another

full generation in central Japan.

In the tropics, however, where insects are often living

relatively close to their physiological optima, further

increases in temperature may have a negative effect on

their performance: e.g. a simulated increase in tempera-

tures of 2.5�C had a strongly deleterious effect on SGSB.

N. viridula has symbiotic bacteria in its gut, and climate

change can act via these mutualistic organisms – which

are eliminated at higher temperatures – to indirectly

affect the host population; whether heat stress because of

global warming will have such an effect on SGSB in tro-

pical regions remains to be seen. In conclusion, SGSB is an

invasive alien species that has increased its range in a

number of regions as a result of both land-use changes

and global warming. Winter temperatures determine the

survival and establishment of such above-ground inverte-

brates and climate change is expected to result in range

expansions of many other species, in a similar way to that

illustrated here by the SGSB.
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Case study 4. Coffee’s most intractable insect pest:

the coffee berry borer

The coffee berry borer (CBB; H. hampei (Ferrari)) is

an African scolytid beetle that bores into the ripening

coffee bean where it produces about 30 first-generation

offspring. Like most insect borers, it has relatively few

natural enemies and where such agents have been intro-

duced, they have not been capable of maintaining the pest

below an economic threshold. The most common and

effective forms of control are chemicals and regular but

very laborious hand picking to remove all ripe, over-ripe

and fallen berries.

The very highest quality arabica coffee is little troubled

by the borer, because it grows at such an altitude that the

pest cannot complete more than a generation before

harvest. Hence, the finest Ethiopian coffees have been

little troubled by CBB, but this is now changing; the

climate around Jimma in Ethiopia, for instance, was too

cold for CBB before about 1984 but now, because of

increased temperatures, it may be able to complete one

to two generations per year.

In Colombia, it is a common experience that the lower

altitude limit of coffee itself is rising and difficulties in con-

trolling the borer have been cited as a factor in farmers’

decision to quit growing coffee. In July 2010, the president

of Quindío’s coffee committee said that the warmest

parts of the department had become marginal for

coffee – ‘the temperature has gone up a degree and in

the heat, management of the borer is impossible’, he said.

In Indonesia CBB has been mostly a robusta coffee pest at

low altitudes, but over the last ten years it has been found

increasingly in the higher arabica coffee growing areas

in northern Sumatra and Aceh, where high-quality

Mandheling coffee originates.

It is not only temperature that is affecting efforts to

control CBB. Climate change is causing more extremes

of weather such as prolonged dry and wet spells. Dry hot

spells can be especially favourable for CBB as its progeny

develop in the virtually sealed fallen berries that remain

buried under leaf litter after harvest; there they suffer low

mortality and then suddenly emerge en masse after rain-

fall. Farmers are frequently not aware of this problem,

especially if previous wet periods have tended to keep

CBB under better control.

In India both the showers that initiate flowering and

those that support fruit setting are becoming less reliable.

This can lead to smaller multiple flowerings, providing a

year-round food source for CBB. J.K. Kimemia, head of

Kenya’s Coffee Research Foundation confirms this: ‘You

look at a coffee tree and cannot determine the season

because it has beans of all ages. That is a problem when it

comes to disease management, insect management and

the worst problem is in harvesting, the cost is enormous.’

Efforts to find new ways to control the borer are

currently few. Heavy shade trees in coffee agroforestry

systems can reduce temperature, humidity and solar
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radiation extremes but field studies can find no clear

relationship between CBB infestation and shade intensity.

With the general prohibition of the most effective

chemical control (endosulfan), and the prospect of ac-

celerating climate change, it is increasingly clear that long-

term control of CBB needs to be rethought.
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coffee: its effects on berry borer, leaf rust and sponta-

neous herbs in Chiapas, Mexico. Agroforestry Systems
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Case study 5. Climate change may increase

wind-assisted migration of invertebrates into

New Zealand

Wind-borne migration enables insects as diverse as

minute flies to large moths to track changing habitats

on spatial scales ranging from local to intercontinental

(Gatehouse, 1997). This strategy is successful in spite of

the randomness of the destinations reached and the

losses that occur from failure to locate a suitable habitat.

New Zealand’s geographical isolation has been an enor-

mous help in preventing the invasion of unwanted

organisms that could attack crops, interfere with efficacy

of beneficial organisms and endanger native biodiversity.

However, there is compelling evidence that many in-

vertebrates that utilize wind for dispersal frequently

cross the 2000 km of ocean between Australia and New

Zealand, ranging from aphids to butterflies (Tomlinson,

1973), e.g. the nymphalid butterfly Hypolimnas bolina nerina

(Fabricius) is found in considerable numbers some years,

but is not established in New Zealand.

In the latitudes of New Zealand and Australia, the

weather is dominated by eastward moving anticyclones

and depressions. As the associated fronts move over

Australia, the warm air ahead rises, providing lift to

invertebrates which can then be carried across the

Tasman Sea on the westerly winds. They are deposited in

western parts of New Zealand as the winds weaken.

Similarly, hot dry conditions in Australia can generate

thermals that can lift insects above the ground to a level of

the prevailing westerly winds. Meteorological conditions

favouring migration of Australian invertebrates across

the Tasman Sea at a transit level of 300–1000 m were

estimated to occur just over 20 times per year based on

weather data for the years 1961–1970 (Tomlinson, 1973).

In most cases, the scarcity of available hosts, mates,

habitat and climatic conditions in New Zealand prevents

establishment of viable populations.

Climate change projections indicate that south-eastern

Australia is likely to become hotter and drier in future

and there will be an increase in the strength of the mid-

latitude westerly winds. Therefore, the frequency of fav-

ourable migration conditions is likely to increase. When

combined with the prediction that New Zealand’s climate

on average will be around 2�C warmer by 2090 than in

1990, and that the north-western regions may become

frost-free, many of the regular Australian migrants may

become permanently established.
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Case study 6. The Argentine ant, one of the world’s

worst invasive aliens

The Argentine ant (Linepithema humile (Mayr): Hyme-

noptera: Formicidae) is a widespread and highly invasive

species. Native to South America, Argentine ants have

spread throughout the world (to all continents apart from

Antarctica), as a result of least 28 separate introductions,

mainly as a result of human commercial activities. How-

ever, this species still has the potential to become

established in new areas, beyond its present distributional

range, as a result of global climate change. The Argentine

ant is most likely to occur where the mean daily tem-

perature in midwinter is 7–14�C and maximum daily

temperatures during the hottest month average 19–30�C.

Therefore, many uninvaded regions are vulnerable to

future establishment, including southern China, Taiwan,

Zimbabwe, central Madagascar, Morocco, high-elevation

Ethiopia, Yemen and many oceanic islands.

L. humile remains a serious threat to native species and

ecosystems in many islands, such as New Zealand, where

it is concentrated in urban centres but has the potential to

establish itself more widely, particularly in urban areas and

disturbed habitat. The Argentine ant is an ecologically
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damaging invasive species that forms ‘supercolonies’,

which are a threat to biodiversity as it can displace most

other ant species through competition. Argentine ants can

also have impacts on other invertebrates via direct pre-

dation, competition and egg predation. In addition,

L. humile can be an agricultural pest, enhancing populations

of sap-sucking Hemiptera that damage plants and can

vector diseases.

The spread of the Argentine ant has been facilitated

by so-called ‘jump dispersal’, typically a human-mediated

long-distance mode of dispersal that can disseminate a

species widely and result in colonization of new con-

tinents. Virtually no country or island is too isolated for

potential establishment by this species and climate change

could exacerbate the process, with tropical coastal Africa

and South-east Asia being particularly vulnerable to inva-

sion. However, global warming may result in a general

reduction in the distribution of L. humile in tropical areas,

with a shift to higher latitudes and altitudes as they

become more suitable for invasion and establishment.

Prepared by Raymond J.C. Cannon

Sources:

Hartley S, Harris R, Lester PJ. Quantifying uncertainty in

the potential distribution of an invasive species: climate

and the Argentine ant. Ecology Letters 2006;9:1068–79.

Roura-Pascual N, Suarez AV, Gómez C, Pons P,
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Case study 7. The European corn borer: range shifts

and an increased number of generations – climate

change in action

The European corn borer (ECB), Ostrinia nubilalis (Hüb-

ner) (Lepidoptera: Crambidae), is a serious pest of maize

in Europe and since 1909 in North America. Although

highly polyphagous, it is most damaging to maize crops.

The caterpillars feed on the leaves at first – causing

characteristic leaf ‘windowing’ – but later instars enter

the stem and hollow out the internodes causing the stems

to break. The larvae can also feed on the cobs and crop

losses can be severe. In the northern parts of its range,

ECB has only one generation per year (univoltine), but in

warmer latitudes there may be two or three generations.

O. nubilalis already appears to be expanding northward in

Europe and global warming may result in substantial future

expansions in the range of this species as well as other

maize pests that are currently limited by low winter

temperatures. The northern limit is expected to shift

northward by more than 100 km with every 1�C rise in

the average temperature. In Hungary, there has been a

gradual disappearance of the univoltine type, coincidental

with the gradual appearance of a two generational

(bivoltine) ecotype, between 1991 and 2004. The ECB

may also become bivoltine in the Czech Republic and

other more northerly European countries, possibly affec-

ting substantially more arable land and causing increased

damage in maize growing areas by 2050.

A 3�C increase in mean annual temperatures would

advance the limit for maize to the extent of including

virtually all of the UK, and this could provide the means

for a substantial shift in the distribution of O. nubilalis. The

area of maize cultivation in the UK has already increased

from about 25 000–172 000 ha in the last 30 years. For

species such as O. nubilalis, which are already distributed

over a very wide latitudinal range in Europe, successful

colonization of northwardly expanded maize crops will

depend on factors such as migration ability and the rate at

which the climate changes. Up until the 1930s, ECB was

classed as a rare migrant to the British Isles, at or near the

northern limit of its range in southern England, but since

then it has been progressively extending northwards and

is now a regular migrant. Breeding colonies have been

established in England for many years, feeding almost

exclusively on mugwort (Artemisia vulgaris; Asteraceae),

but in 2010, for the first time, the pest caused damage to

two maize crops in the south-west of England. In con-

clusion, the ECB is expected to occupy a wider area and

exert increased pest pressure as a result of an increase in

the number of generations per year, owing to the climate

change.
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Case study 8. Critical regional host: parasitoid
population interaction may be jeopardized by

climate change

The introduced lucerne weevil, Sitona discoideus Gyllenhal

(Coleoptera: Curculionidae), became a severe pest of

lucerne (alfalfa) in Australia in the 1960s and in New

Zealand in the 1970s. In 1977, the parasitoid Microctonus

aethiopoides Loan (Hymenoptera: Braconidae) was intro-

duced from Morocco into Australia to control this pest,

and from Australia into New Zealand in 1982. The para-

sitoids lay eggs inside adult weevils, and female weevils

become sterile almost immediately afterwards. The soli-

tary larvae develop within the live hosts and the weevils

die when the mature larvae emerge to pupate.

S. discoideus has one generation per year. The weevil

over-summers (aestivates) as a pre-reproductive adult in

a sheltered place away from lucerne, then returns to the

lucerne in autumn and commences reproduction, which

continues until spring. The M. aethiopoides larva generally

develops only when its host is reproductive. The para-

sitoid over-summers as a non-developing larva in aesti-

vating S. discoideus and then resumes its development

once its host has returned to the lucerne. Under these

conditions, M. aethiopoides has two generations for every

host generation. This occurs in its natural range in Europe,

and in Australia where it is not an effective BCA. How-

ever, in New Zealand, around 3% of the non-reproductive

S. discoideus do not aestivate. They stay in the lucerne

crop throughout summer, supporting an additional four

parasitoid generations. This allows the parasitoid popu-

lation to build up to effective levels by autumn, preventing

damaging weevil larval populations.

The most likely reason for the atypical behaviour

appears to be seasonal differences in climate (perhaps

interacting with day length) between New Zealand and

other regions such as Australia and Mediterranean Europe.

With climate change predictions indicating that eastern

parts of New Zealand will become generally drier, lucerne is

expected to become an increasingly important fodder crop.

However, examination of climate data suggests that areas of

New Zealand where the biological control is currently

successful may become increasingly similar to Australian

areas where biological control is ineffective. While the

mechanistic trigger for atypical parasitoid development in

New Zealand has not been confirmed, New Zealand

lucerne growers will need to be alert for weevil outbreaks

that may signal that the BCAs are becoming ineffective.

This case study exemplifies how a small but critically

important population interaction related to climate may

determine the regional efficacy of a BCA, and how this

could be affected by climate change.
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Case study 9. Differential responses to temperature

by pests and BCAs may be important in determining

the effects of climate change

Differential responses to temperature by species in food

webs may be important in determining effects of climate

change on the performance of biological control func-

tions. Here, the effects of temperature on development

rates are plotted for two species: the green peach aphid,

Myzus persicae (Sulzer) and one of its hymenopteran para-

sitoids, Aphidius matricariae Haliday (Braconidae). Devel-

opment rate accelerates differently for each, and each

has a different apparent optimum and projected upper

development threshold. In invertebrates, most biological

processes are dependent to some degree on environ-

mental temperatures, and exhibit similar shapes. The

differences in slopes, optima and upper thresholds may

be important in determining the responses of BCAs to

thermal stress under climate change.
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Davis JA, Radcliffe EB, Ragsdale DW. The effects of

high and fluctuating temperatures on Myzus persicae

(Hemiptera: Aphididae). Environmental Entomology 2006;

35:1461–8.

Case study 10. Synchronization of a pest population
can lead to outbreaks due to disruption of BCAs:

coconut leaf beetle in Fiji

Coconut has long been an important tree both culturally

and economically in the islands of the Pacific. Hence, it

caused considerable concern in the 1920s, when an indi-

genous leaf-mining hispine beetle, Promecotheca reichei

Baly, came to prominence as a devastating outbreak pest

of coconut in Fiji. A campaign was begun in 1929, which

led to the successful biological control programme against

the pest, which in the process generated considerable

information about the population dynamics of P. reichei

and its natural enemies, stimulating thinking about the

regulation of populations in the tropics.

Studies showed that in normal circumstances, the

generations of the beetle overlap so that the various devel-

opmental stages occur together, parasitoids are able to

breed continuously, and a satisfactory low equilibrium

was maintained by the inter-relations of indigenous pri-

mary and secondary parasitoids. In the 1920s, however,

this equilibrium was upset in certain parts of Fiji by a

predatory mite, Pyemotes ventricosus (Newport) (Acari:

Pyemotidae), which was first recorded there in 1921,

though it had probably been introduced long before.

This mite attacks the larvae, pupae and freshly emerged

adults of P. reichei, multiplies rapidly, and periodically

eliminates all the larvae and pupae in a site of infestation.

After this, its numbers decline, but rise again with those

of the host. As a result, a condition is produced

and maintained in which the stages of P. reichei do not

overlap, and in this condition it was no longer controlled

by indigenous parasites and so assumed the status of a

pest.

The predatory mite made the beetle a pest, not by

elimination of the indigenous natural enemies by direct

attack, but by periodic elimination of all developmental

stages of P. reichei except adults, thus causing and

maintaining a condition comparable to that of insects in

temperate countries, where development and time of

occurrence are controlled by seasonal climatic changes,

and successive generations cannot appreciably overlap.

The synchronized condition was maintained because

P. reichei has only a short oviposition period – if the ovi-

position period were long, the population would rapidly

revert to a condition where all developmental stages were

present. The generation time of the indigenous parasitoids

proved ill adapted for coping with this new condition,

as they emerged when no suitable hosts were available,

so that as long as the pest remained synchronized they

could not breed continuously. The beetle anomalously

became a pest in the presence of the very parasitoids that

normally controlled it. It was evident that in these very

special circumstances, the problem of restoring the insect

to a state of economic harmlessness necessitated the

discovery of a parasitoid capable of satisfying require-

ments of an unusually rigid and exacting nature, i.e. one

with a life-cycle duration that would enable it to breed

continuously on a synchronized host population.

Based on this criterion, surveys in Indonesia led to the

selection of Pediobius parvulus (Ferrière) (Hymenoptera:

Eulophidae), as theoretically suitable. Following its intro-

duction, it became established and suppressed the hispine

beetle rapidly and effectively.

This work suggested that synchronization of a pest

population, whether by another natural enemy, an extre-

me climate event, or colonization of a new area, leading to

the disruption of effective continuously breeding BCAs,

may be more common than realized in the tropics.

Building on this study 50 years later, Godfray and Hassell

(1987) noted that such synchronized populations were

quite widespread, and a common factor in these examples

is the presence of insect parasitoids as a major mortality

factor. They went on to demonstrate, using theoretical

population models, that parasitism can be the cause of

discrete pest generations, and in particular, that the ratio

of the lengths of the host and parasitoid life cycles is of

prime importance in determining whether generations

tend to be discrete or continuous.
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Case study 11: Biological control of corn earworm,

Helicoverpa armigera, in New Zealand threatened

by climate change

Climate change may allow more generations of this pest

to develop each season, potentially exacerbating pest

threats beyond the ability of current BCAs to maintain

effective suppression.

In New Zealand, the corn earworm, H. armigera

(Hübner) (Lepidoptera: Noctuidae), is the key insect pest

of processing tomatoes in the main growing region of

Hawke’s Bay. Two larval braconid parasitoids were suc-

cessfully introduced into New Zealand: Cotesia kazak

(Telenga) in 1977 and Microplitis croceipes (Cresson) in

1986. These now cause 60–80% parasitism and form the

basis of an integrated pest management (IPM) programme

to control corn earworm in outdoor tomato crops.

C. kazak is the dominant parasitoid, reared from about
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90% of parasitized larvae, and usually killing larvae before

they cause damage.

Corn earworm normally has three generations a year in

the North Island of New Zealand, but in cooler summers

and in cooler regions there are only two generations a

year. Despite the action of the parasitoids, the third

generation, when present, can lead to severe crop losses

in sweet corn, tomatoes and leafy vegetable crops such as

cabbage and lettuce. In areas where this third generation

is common, the processing industry does not plant late

crops of sweet corn and processing tomatoes.

The projected changes over New Zealand for the A1B

(medium emissions) scenario of the IPCC are for annual

mean temperatures to increase by about 1�C by 2040,

and 2�C by 2090, with the changes most pronounced in

the north of the South Island, and most of the North

Island. Development parameters were used to calculate

the expected number of corn earworm and parasitoid gen-

erations per year and showed that the expected climate

warming in New Zealand may allow a third generation of

the pest to occur in cooler seasons and in cooler regions.

This would have a major impact on the pest status of

H. armigera in these areas, particularly in the South Island.

The results suggest that even under a moderate emissions

scenario, corn earworm is expected to become in-

creasingly problematic, and by 2090 may be affecting late-

season crops of tomato and maize as far south as

Canterbury. Given that C. kazak has not been effective at

controlling corn earworm in warmer areas overseas, the

future viability of the current IPM systems may be com-

promised.
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Case study 12. Earthworms enhance plant tolerance

to nematode infection through non-trophic effects

of ecosystem engineering

Below-ground interactions are complex and so far

the mechanisms involved are not well known. Studies on

the importance of non-trophic relationships, both above

and below ground, are not abundant. As a result,

generalizations on the effect of predicted climate change

on plant-mediated interactions between earthworms

and above-ground multitrophic groups are not possible.

Climate change is expected to affect plant production and

the incidence of soil pests.

Plant-parasitic nematodes are serious pests that cause

crop production losses with high economic damage.

Earthworms and vermicompost have been shown to

reduce the harmful impact of nematode infestation in

banana plantations.

The nematode Heterodera sacchari Luc and Merny

(Heteroderidae) forms external cysts on rice roots

leading to serious damage in upland rice fields in Africa.

The effect of an earthworm (Millsonia anomala Omodeo;

Megascolecidae) on the physiology of nematode-infested

plants was demonstrated through selected stress re-

sponsive genes coding for lipoxygenase, phospholipase D

and cysteine protease. The ability of plants to respond

through physiological mechanisms was enhanced by

earthworm presence. Decrease in rice growth due to

H. sacchari was suppressed in the presence of earth-

worms. Root biomass was not affected by nematodes

when earthworms were present and the expression of

stress-responsive genes in the leaves was modulated by

below-ground activities.

The mechanisms are not known but need to be dis-

covered as climate change may induce important changes

in plant production and the incidence of pests in soil.
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Case study 13. Above-ground multitrophic

interactions mediated by soil invertebrates

and summer drought

Among the expected effects of climate change is the

increase of summer drought in some areas that will

affect above- and below-ground multi-species community

interactions. An extended period of summer drought is

predicted in southern Europe. Under drought conditions

earthworms can reduce assimilation, transpiration and

stomatal conductance of Poaceae species, probably

due to reduced soil water storage capacity in the pre-

sence of earthworms. In a large-scale study the inter-

active effects of earthworms (Aporrectodea caliginosa
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(Savigny); Lumbricidae) and summer drought affected

multi-species plant communities (Hordeum vulgare

(Poaceae), Capsella bursa-pastoris (Brassicaceae) and

Senecio vulgaris (Asteraceae)) and how these effects

affected number of aphids (Rhopalosiphum padi (Linnaeus))

and its parasitoid (Aphidius ervi Haliday; Hymenoptera:

Braconidae).

Summer drought had a very strong negative impact on

plant production, especially on S. vulgaris shoot and root

biomass, but was ameliorated when earthworms were

present. This may also indicate that this plant benefits

most from any impact of earthworms, as it is the plant

most severely affected by drought. In general, nitrogen

concentration increased in the leaves during drought.

Summer drought decreased aphid number by 50%, with

nearly 10% being parasitized. Although the mechanism is

not clearly understood, and more studies are needed, the

interaction was moderated by earthworms, which caused

declines in R. padi populations under drought conditions.

The interactive effects of earthworms and summer

drought affected plant biomass, with an increase of 11%

when earthworms were present and had the largest

impact in monocultures compared with multi-species

communities.

This case study shows how plant-mediated effects of

summer drought and earthworms on R. padi had cascading

effects on the parasitoid A. ervi. These interactions need to

be understood as climate change may induce important

changes in the interaction between earthworms and

above-ground multitrophic groups. Below-ground inter-

actions can mitigate the effects of climate change-related

factors, such as increased summer drought.

Prepared by Juan J. Jiménez

Sources:

Blouin M, Lavelle P, Laffray D. Drought stress in rice

(Oryza sativa L.) is enhanced in the presence of the

compacting earthworm Millsonia anomala. Environmental

and Experimental Botany 2007;60:352–9.

Johnson SN, Staley JT, McLeod FAL, Hartley SE. Plant-

mediated effects of soil invertebrates and summer

drought on above-ground multitrophic interactions.

Journal of Ecology 2011;99:57–65.

Scheu S. Effects of earthworms on plant growth:

patterns and perspectives. Pedobiologia 2003;47:846–56.

Case study 14. The invasion and degradation of
pastures due to biologically created soil compaction

results in negative feedbacks to climate change

In the Brazilian Amazon, 95% of the deforested area

is converted into pasture, 50% of which is considered

degraded due to mismanagement, phytosanitary pro-

blems, poor soil fertility and soil structural modification

(linked to soil macro-invertebrate activity). When

the forest is converted to pasture, the use of heavy

machinery and, later, cattle trampling lead to severe soil

compaction, particularly in the 5–10 cm layer, impeding

root development.

The native soil macro-invertebrate communities

are radically and drastically depleted, i.e. most of the

native taxa disappear (151 versus 48 morphospecies). An

opportunistic invading earthworm (Pontoscolex corethrurus

(Müller); Glossoscolecidae) benefits from anthropic dis-

turbances and occupies the empty niche left by native

earthworms and soil macrofauna, increasing its biomass to

more than 450 kg/ha, equivalent to nearly 90% of total soil

macro-invertebrate biomass. When P. corethrurus is pre-

sent in the forest there is no negative effect on the native

species communities, which have similar or higher den-

sities in the presence of P. corethrurus. The evidence sug-

gests that this invasive species, unlike native species, is

able to feed and develop in environments where litter

resources are decreased while soils have been enriched in

carbon and nutrients by deforestation and burning. It

produces more than 100 tonnes/ha of castings, dramati-

cally decreasing soil macroporosity down to a level equi-

valent to that produced by the action of heavy machinery

on soil (2.7 cm3/100 g). During the rainy season these

casts plug up the soil surface, saturating the soil and

producing a thick muddy layer, where anaerobic con-

ditions prevail (increasing methane emission and deni-

trification). In the dry season, desiccation cracks the

surface and the inability of roots to extract water from

the soil causes the plants to wilt and die, leaving bare

patches in the field.

This case study shows how mismanagement linked to

high impact of just one soil invertebrate species may bring

catastrophic consequences to soil ecosystem functioning

by increasing greenhouse gas emissions from soils.

Prepared by Juan J. Jiménez and Patrick M. Lavelle

Sources:

Chauvel A, Grimaldi M, Barros E, Blanchart E, Desjar-

dins T, Sarrazin M, et al. Pasture damage by an Amazonian

earthworm. Nature 1999;398:32–3.

Marichal R, Feijoo Martinez A, Praxedes C, Ruiz D,

Carvajal AF, Oszwald J, et al. Invasion of P. corethrurus

(Glossoscolecidae, Oligochaeta) in landscapes of the

Amazonian deforestation arc. Applied Soil Ecology

2010;46:443–9.

Case study 15. Genetic bottlenecks may limit the

ability of BCAs to respond to climate change

Genetic bottlenecks occur in populations when a very

small number of individuals are introduced to a new

region, or survive a strong selection event. When this

happens, the genetic diversity in the new population is a

fraction of that in the original population, and some traits

(i.e. phenotypic expressions of particular alleles) may be

lost. This effect can be magnified by the likelihood of

inbreeding in very small founding populations. The con-

sequence of such a bottleneck is that, because the
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population may not contain traits found in the source

population, the potential for local adaptation to certain

selection pressures may be lost. There is abundant evi-

dence that introduced (classical and augmentative) BCAs

have undergone such bottlenecks. Although bottlenecks

have been the likely causes of some failures of BCAs to

establish following introductions, there is not a great deal

of evidence that bottlenecks have constrained the per-

formance of BCAs following successful establishment.

Rapid population increase of classical BCAs following

successful introduction would tend to offset and minimize

the impacts of population bottlenecks.

An intriguing example of a bottleneck is the increased

success of the Argentine ant (Linepithema humile (Mayr);

Hymenoptera: Formicidae) following introduction to

North America. In this case, the bottleneck decreased

intra-species aggression and led to increases in density of

ants (Tsutsui et al., 2000).

New World blue butterflies of the Polyommatus group

(Lepidoptera: Lycaenidae) demonstrate some of the

potential effects of bottlenecks and constrained responses

to climate. Vila et al. (2011) showed that species in this

group crossed the Beringia land bridge in two invasion

events approximately ten million years ago, followed by a

further three invasion events across the Bering Strait

between four and one million years ago. The land sur-

rounding the strait was relatively warm ten million

years ago, and has been chilling steadily ever since. The

first lineage of Polyommatus group blues that made the

journey could survive a temperature range that matched

the Bering climate of ten million years ago, and is now

found in South America in ten genera, mostly in the

Andes and the southern part of the continent, although at

least three genera have spread into tropical areas. The

lineages that came later are more cold-hardy, each with a

temperature range matching the falling temperatures,

and are now found in North America. Thus, climate

change events determined the success and eventual dis-

tribution of species and genera according to their thermal

tolerances.

Therefore, although evidence is lacking for conse-

quences of bottlenecks for adaptation of BCAs to climate

change, evidence from past invasions suggests that this is

an effect that should be considered. Constrained thermal

tolerances might restrict the ability of some species to

persist in regions with significantly changed climates. In

particular, the ability of badly bottlenecked BCA species

to adapt to climate change could be enhanced by inocu-

lative introductions of additional genetic material from the

source populations.

Prepared by Dave Gillespie and Matthew J.W. Cock

Sources:

Baker DA, Loxdale HD, Edwards OR. Genetic variation

and founder effects in the parasitoid wasp, Diaeretiella

rapae (M’intosh) (Hymenoptera: Braconidae: Aphidiidae),

affecting its potential as a biological control agent. Mol-

ecular Ecology 2003;12:3303–11.

Fauvergue X, Hopper KR. French wasps in the New

World: experimental biological control introductions re-

veal a demographic Allee effect. Population Ecology 2009;

51:385–97.

Hufbauer RA, Bogdanowicz SM, Harrison RG. The

population genetics of a biological control introduction:

mitochondrial DNA and microsatellie variation in native

and introduced populations of Aphidus ervi, a parasitoid

wasp. Molecular Ecology 2004;13:337–48.

Nei M, Maruyama T, Chakraborty R. The bottleneck

effect and genetic variability in populations. Evolution

1975;29:1–10.

Tsutsui ND, Suarez AV, Holway DA, Case TJ. Reduced

genetic variation and the success of an invasive species.

Proceedings of the National Academy of Sciences USA

2000;97:5948–53.

Vila R, Bell CD, Macniven R, Goldman-Huertas B,

Ree RH, Marshall CR, et al. Phylogeny and palaeoecology

of Polyommatus blue butterflies show Beringia was a

climate-regulated gateway to the New World. Proceed-

ings of the Royal Society B: Biological Sciences 2011;

(Online).

Case study 16. Within-species genetic variation

enables BCA to adapt to changing conditions

The introduced Argentine stem weevil, Listronotus

bonariensis (Kuschel) (Coleoptera: Curculionidae), attacks

pasture grasses throughout New Zealand. In 1991, an

asexually reproducing South American parasitoid wasp,

Microctonus hyperodae Loan (Hymenoptera: Braconidae),

was introduced for its biological control. Two main

genotypes were released, one from east of the South

American Andes mountains and another from the west.

The frequency of each genotype has been measured in

M. hyperodae populations at 14 New Zealand sites for up

to ten years following release and, at most sites in most

years, selection has favoured the eastern genotype.

However, the frequency of the western genotype in-

creases in warmer seasons.

Information from this study was used to forecast the

balance between the M. hyperodae genotypes under future

climates. The projected changes over New Zealand for

the A1B (medium emissions) IPCC scenario are for annual

mean temperatures to increase by about 1�C by 2040,

and 2�C by 2090, with the changes most pronounced in

the north of the South Island, and most of the North

Island. Under medium-term (2040) A1B and A2 IPCC

scenarios, warming will generally favour the western

genotype, but strong A2 long-term (2090) warming will

favour the eastern genotype.

These results are preliminary because the models did

not consider some important factors such as how climate

change could influence the summer emergence date of

first generation L. bonariensis adults. However, they serve

to demonstrate how climate change will inevitably impose
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new selection pressures on BCAs, and how genetic

diversity within BCA populations will be important for

them to adapt to those new pressures. The introduction

of two M. hyperodae genotypes to New Zealand has

increased the efficacy of the biological control programme

because one compensates for the other as climatic con-

ditions fluctuate, so together they maintain high rates of

parasitism of the pest. If the eastern genotype alone had

been introduced, then pest suppression would be lower in

warm years, and also under the moderate climate change

scenario. However, if only the western genotype had been

introduced, then suppression would be less in cool years,

and probably also under the A2 climate change scenario.

Genetic variation within M. hyperodae therefore enhances

the current biological control of L. bonariensis, and

increases the resilience of this biological control system to

future climatic changes.

This case study exemplifies how within-species genetic

variation could assist BCAs to cope with climate change.

Prepared by Craig Phillips, AgResearch Ltd,

New Zealand

Sources:

Gerard PJ, Kean JM, Phillips CB, Fowler SV, Withers

TM, Walker GP, et al. Possible impacts of climate

change on biocontrol systems in New Zealand. Report

for MAF Policy Project 0910-11689. AgResearch Ltd,

New Zealand; 2010. 64 pp. Available from: URL:

www.maf.govt.nz/environment-natural-resources/climate-

change/research-and-funded-projects/research-and-funded-

projects-table.aspx

Phillips CB, Baird DB, Iline II, McNeill MR, Proffitt JR,

Goldson SL, et al. East meets West: adaptive evolution

of an insect introduced for biological control. Journal of

Applied Ecology 2008;45:948–56.

Case study 17. The search for pests and their BCAs

in natural habitats: sugarcane pests in the

Neotropical Region

In the situation where an indigenous pest adapts to an

exotic crop, the pest must have spread from some natural

habitat into the agro-ecosystem where the new crop pro-

vides an acceptable new food source. In the Neotropical

Region, sugarcane is grown as an exotic crop, but its

principal pests in Guyana and Trinidad (Trinidad and

Tobago) were all indigenous, including the sugarcane

froghopper (Aeneolamia varia (Fabricius); Hemiptera:

Cercopidae), the sugarcane stem borers (Diatraea spp.;

Lepidoptera: Crambidae) and the larger stem borer

(Telchin licus (Hübner); Lepidoptera: Castniidae).

The search for natural enemies of these pests included

searches for the pests in their natural habitats, where it

was anticipated there would be effective natural enemies

that could be ‘forced’ onto their hosts in the sugarcane

agro-ecosystem, by laboratory rearing using sugarcane

and mass releases.

No significant populations of sugarcane froghopper

could be located in natural habitats, so it is still not known

whether there might be effective natural control agents in

one or more natural habitats. T. licus did not become a

significant pest of sugarcane until the beginning of the

twentieth century, two centuries after the crop was

introduced to the region, probably indicating that it took

time to adapt to this new food resource. Surveys showed

that normally it is associated with a variety of thick-

stemmed monocots, including bananas (Musa spp.) and

Heliconia spp. (Musaceae), Costus spp. and Renealmia

bracteosa (Zingiberaceae) and Ischnosiphon arouma

(Marantaceae). A parasitic tachinid fly, Palpozenillia palpalis

(Aldrich), was found to attack T. licus in Heliconia spp. in

north-west Guyana, but a rearing technique was not

developed and so releases were inadequate to establish

this parasitoid in sugarcane fields.

In the case of Diatraea spp., however, there was more

success. In the 1930s, entomologist J.G. Myers found

populations of Diatraea infesting the floating grasses along

the edge of the Amazon near Santarem, and these were

attacked by another tachinid fly, Metagonistylum minense

Townsend. Overcoming significant logistic difficulties,

Myers brought the ‘Amazon fly’ to Guyana, cultured

and released it, leading to effective biological control in

Guyana of Diatraea saccharalis (Fabricius), the main stem

borer of sugarcane at that time.

A priori, one might expect that sugarcane pests and

potentially effective natural enemies would originate from

a thick-stemmed grass in a natural habitat, but that this

habitat would be floating grasses is unexpected. Those

pests would switch from other monocotyledon families as

in the case of T. licus is less expected. The conclusion that

the natural habitat of a pest and its natural enemies is

difficult to predict is clear, so in principle all habitats

should be preserved in order to preserve genetic

resources potentially directly valuable to agriculture.

Prepared by Matthew J.W. Cock

Sources:
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1942) an extraordinary exploratory entomologist. CABI

Reviews: Perspectives in Agriculture, Veterinary Science,

Nutrition and Natural Resources 2011;6(8):18 pp.

González JM, Cock MJW. A synopsis of the Castniidae

(Lepidoptera) of Trinidad and Tobago. Zootaxa 2004;

762:1–19.

Myers JG. The discovery and introduction of the

Amazon fly. A new parasite for cane-borers (Diatraea

spp.). Tropical Agriculture 1934;11:191–5.

Case study 18. Corridors for migratory pollinators

during climate change scenario

Climate change will have impacts on all major ecological

communities. As far as terrestrial biodiversity is con-

cerned, the range of potential impacts includes, for
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disturbance regimes, protected areas without usable

connecting migration corridors.

For over a decade, biologists have been concerned

about apparent declines in pollinators (vertebrates and

invertebrates) and the concomitant declines in seed pro-

duction of flowering plants. This concern over plant–

pollinator interactions has contributed to a paradigm shift

from protecting individual species to protecting inter-

specific relationships and landscape-level ecological pro-

cesses. While an awareness of these relationships and

processes is not new to conservation biology, the recent

attention given to these topics is. Pollinators that migrate

between regions, including several hummingbirds, but-

terflies and the giant honeybees of south-east Asia pose

some unique problems such as the need for provisioning

of food sources along the migration route.

Conservation corridors typically conjure up images of

continuous linear habitats or greenways that provide for

the movements of large predators and other wide-ranging

species. In contrast, migratory corridors for winged pol-

linators might be more aptly described as a mosaic of

stepping stones within a larger matrix, with each stone a

stopover that migrants use for ‘refuelling’ while following

a migratory route that takes advantage of a sequence of

plants coming into bloom along the way.

This sequence of flowering plants provides migrants

with sugars, lipids and amino acids to fuel their long-

distance flights. In seeking out this nectar, pollinators

incidentally transfer pollen from one plant to another. By

doing so, they facilitate reproduction, genetic mixing and

seed set for their floral hosts. When land conversion and

fragmentation, toxins, or climatic change weaken one link

along the way, the entire chain may be broken. Since the

energetic needs of some migratory pollinators are highest

when they are migrating, any shortage of fuel en route can

have devastating consequences.

It is clear that the anthropogenic stresses faced by

migratory pollinators during their annual migrations are

substantial and increasing. These migrants are particularly

vulnerable during long migrations across arid lands, es-

pecially when their stopover sites are affected by land-use

changes. In arid and dry subtropical landscapes, farmlands

found between protected areas can serve either as oasis-

like stopovers for these migrants or as barren, chemical-

ridden sites that further stress pollinators during the most

energy-intensive phase of their annual cycle.

While migratory pollinators ensure landscape-level

linkages among many different plant populations, many

non-migratory pollinators visit these same flowers and

secondarily benefit from genetic mixing stimulated by the

migrants.

The best way to ensure adequate connectivity in

regional reserve networks is to better manage intervening

private lands in a manner consistent with the needs of

migratory wildlife. However, in their current state, many

private lands are the weak links in the migratory chain.

Restoring the ecological connectivity of these lands will

require stronger stewardship collaborations among public

agencies and private landowners.

Prepared by Suresh K. Raina
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Nabhan GP. Nectar trails of migratory pollinators

restoring corridors on private lands. Conservation in

Practice 2001;2:20–6.

Case study 19. Forest habitat conservation in

Africa using stingless bees

In social insects, foraging activity and hence pollination,

are influenced by climatic conditions. In light of climate

change, such as global warming, it has become increasingly

important to obtain baseline data on the relationship

between climate and the foraging action of keystone

species such as stingless bees, one of the most important

pollinators in the African forest ecosytem. The influence

of weather on the flight activity of Meliponini bees has

been studied, and seasonal variations have been found

in flight activity, as well as correlations between flight

activity and weather variables, especially temperature and

luminosity.

Honeybees coexist in forest and other ecosystems with

many competitors, among them the highly social stingless

bees of the genera Melipona and Trigona (Apidae:

Meliponini). Stingless bees originated in Africa and have

spread to all tropical and subtropical parts of the world.

About 500 species of stingless bees exist worldwide, and

they are the only highly social bees besides the honeybees

(Apis; Apidae: Apinae). These stingless bees are among

the principal pollinators of forestry, agricultural, and

horticultural plant species, ensuring their survival and con-

tributing to food security for innumerable rural house-

holds. Currently in Africa, keeping stingless bees

(meliponiculture) is practised on a small to medium scale

only in Kenya, Tanzania, Uganda and Angola, for example

in semi-arid hilltop forest areas found in Mwingi in Kenya,

and fragile forest ecosystems such as Kakamega forest,

the only remnant in Kenya of the unique Guineo–Con-

golian forest ecosystem.

Reporting on a project on commercial insects and

forest conservation in Kenya, Raina et al. (2009) found

several species of stingless bees in the Kakamega forests

of western Kenya, including Hypotrigona and Meliponula

species (Apidae: Meliponini). These stingless bees depend

on tree cavities for nesting and, and with deforestation,

many nests are being destroyed. Traditionally, the honey

is mostly obtained by harvesting from feral colonies, an

activity which destroys the colonies. With the project
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intervention, colonies are being domesticated in hives and

farmers trained in colony division. To date, 200 stingless

beehives have been colonized and the population of

stingless bees has increased in the forest. The study

indicated there was an increase in the number of colonies

in the forest, which is beneficial to the rejuvenation of the

forest tree species and pollination of certain food crops.

Farmers have realized that stingless bees are important

for pollination in addition to honey production. The num-

ber of colonies domesticated is increasing as the farmers

practise colony division.

Prepared by Suresh K. Raina
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Bees. Cambridge University Press, Cambridge; 1989.
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Whittaker JB. Insects and plants in a changing atmo-

sphere. Journal of Ecology 2001;89:507–18.

Case study 20. The million dollar oil palm

pollinator weevil

Up until the 1980s it was assumed that oil palms are wind

pollinated. However, pollination has never been a pro-

blem in West Africa, the original home of the commercial

oil palm (Elaeis guineensis; Arecaceae) whereas in Malaysia,

especially Sabah, assisted pollination was necessary and

even then yields were lower than those in Africa.

In 1977 the Unilever Plantations Group started a

research programme with the Commonwealth Institute of

Biological Control. Dr R.A. Syed investigated the possi-

bility that pollinating agents are involved in Cameroon.

He found that both male and female flowers are attended

by a complex of weevils (Curculionidae) of the subfamily,

Derelominae, a group that is associated with palm flow-

ers. The beetles breed in the flowers of both sexes, and

had been reported to cause damage.

Careful observations showed that weevils breeding

in male flowers are all species now placed in the genus

Elaeidobius, while those breeding in female flowers are

Prosoestus spp. Elaeidobius spp. are attracted to male

flowers only during anthesis when a strong aniseed-like

scent is emitted. When the stigmas are receptive, the

female flower emits short pulses of a similar but sharper

and more penetrating odour that attracts Elaeidobius spp.

away from the male flowers. On arrival in the female

inflorescence, the beetles find no food and soon leave.

Oviposition takes place after anthesis so that the larvae

develop on tissue, which has served its purpose and

no longer has any function for the palm and therefore

Elaeidobius spp. cause no significant damage. Syed went on

to demonstrate that during the wet season, very little

pollen is carried in the air and that if insects are excluded,

pollination does not take place. Examination of Elaeidobius

spp. showed that they become covered in pollen, which is

shed when they clamber about the female inflorescence.

In all, there are six species of Elaeidobius in Cameroun.

Each species is dominant in a different zone of each

male flower spike, and each has slightly different climatic

requirements so that the relative abundance of the spe-

cies changes from the wet coastal zone to the drier

interior. Thus, the six species are able to coexist on the

same resource.

Elaeidobius kamerunicus was selected for Malaysian

conditions and subjected to intensive screening tests using

the protocols that had been developed for organisms to

be used in biological weed control. The weevil was not

attracted to or able to survive for long on the flowers of

other palms, except to a limited extent on the South

American oil palm (Elaeis oleijera). For importation into

Malaysia, E. kamerunicus was bred in captivity on sterilized

oil palm flowers, and carried in the pupal stage to Kuala

Lumpur in individual glass tubes. En route, the contents

were examined in the UK and repacked to ensure that no

contaminants were inadvertently introduced along with

the pollinator. These precautions were necessary to

eliminate oil palm pathogens and natural enemies of

E. kamerunicus, which is infested with mites and nematode

larvae in Africa. Two releases were made in February

1981, and within a year the weevil had spread throughout

Peninsular Malaysia and was extremely abundant in all

plantations. The weevils were taken to Sabah in March

1981, with even more impressive results. In the early

1980s they were also taken to Papua New Guinea, the

Solomon Islands, Sumatra and Thailand, leading to suc-

cessful establishment and enhanced yields. The introduc-

tion of E. kamerunicus into new isolated plantings of oil

palm has become standard practice.

Oil palm fruit set in Malaysia now regularly reaches the

levels found in Cameroon, hand pollination has been

discontinued, and yields raised by about 20%. Calculations

indicated that, with the money saved on hand pollination,

the introduction of the pollinator was worth some

US$115 million per year to the planters. This is the only

example of a pollinator other than bees that has been

deliberately introduced widely. The protocols to assess

the risk of its introduction based on those used for the

classical biological control of weeds proved satisfactory.
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174. Decaëns T, Rangel AF, Asakawa N, Thomas RJ. Carbon

and nitrogen dynamics in ageing earthworm casts in

grasslands of the eastern plains of Colombia. Biology and

Fertility of Soils 1999;30:20–8.

175. Johnson SN, Staley JT, McLeod FAL, Hartley SE.

Plant-mediated effects of soil invertebrates and

summer drought on above-ground multitrophic interactions.

Journal of Ecology 2011;99:57–65.

176. Blouin M, Zuily-Fodil Y, Pham-Thi AT, Laffray D, Reversat G,

Pando A, et al. Belowground organism activities affect plant

aboveground phenotype, inducing plant tolerance to

parasites. Ecology Letters 2005;8:202–8.
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