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Abstract

Grasshoppers and their allies (Orthoptera) are numerous and diverse insects globally, while
being significant components of biodiversity and nutrient cycling. They are variously
responsive to environmental change but are paradoxical, as some species are major pests
while others are threatened or even extinct. Most orthopteran species are somewhere in
between, with their assemblage composition shifting in response to changing conditions
and according to the response traits of the constituent species. With global concern over
the impact of conventional agriculture on biodiversity, there is currently a strong transition
to agroecology. The agroecological approach is two-fold: to set aside land and to better
manage the overall landscape. Both approaches aim to boost the numbers and diversity of
most orthopterans, while reducing the impact of the pest species using biologically based
pesticides instead of chemical pesticides as part of an integrated pest management pro-
gram. Set-aside land is present at various spatial scales for conservation action, involving a
diversity of practical approaches. Management depends on understanding orthopteran
responses to change, and harnessing the positive responses using, for example, improved
grazing, fire management, and vegetation diversification for maximizing habitat hetero-
geneity. These initiatives also recognize the additional interactive effect of climate change
and extreme weather events. Importantly, improvement of orthopteran abundance and
diversity is an integral component of overall biodiversity conservation. New technologies,
both aerial and genomic, are advancing the field of orthopteran biology and ecology greatly.
We review advances being made in the field that hold the most promise and suggest ways
forward based on three themes: appreciating orthopteran value, recognizing the adverse
drivers of orthopteran abundance and diversity, and better design and management of
agroecosystems.

Keywords: grasshoppers; crickets; bush crickets; katydids; diversity; agroecology;
conservation; integrated pest management; habitats; landscapes; climate change

1. Introduction

The growing need for sustainable agriculture has led to an increased interest in agroe-
cological farming as a holistic framework integrating ecological principles into agricultural
practices in a wide range of production systems ranging from arable and perennial crop
systems, through to plantation forestry and peri-urban systems [1]. Assessing and monitor-
ing biodiversity and ecosystem health is critical to this transition. In turn, bioindicators
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are essential tools for assessing the impact of agricultural management on ecological pro-
cesses, as well as the effects of other natural or human disturbances on ecosystem integrity,
whether in natural habitats or in agricultural systems [2].

Grasshoppers and their allies (Orthoptera), owing to their strong responses to envi-
ronmental gradients, short life cycles, large size, and ease of sampling, are emerging as
robust indicators in temperate and tropical agroecosystems. Their diversity, abundance,
and species-specific habitat preferences enable Orthoptera to serve as sensitive indicators
of subtle changes in vegetation composition, land-use intensity, ecosystem resilience, soil
quality, microclimatic variations, habitat fragmentation, and the impacts of pollution or of
invasive species [3,4]. However, Orthoptera are too often viewed through the narrow lens
of economic impact, particularly as agricultural pests, while their ecological diversity and
bioindicator potential remain underappreciated.

This intentionally comprehensive review aims to reframe orthopterans not solely
as targets of pest management, but as valuable tools for ecological understanding and
environmental assessment and monitoring, especially for underpinning the move away
from conventional agriculture towards a more agroecological approach in a wide range of
biomes and human environments where food and fiber production take place.

The insect order Orthoptera consists of two main lineages, Caelifera (grasshoppers and
locusts, with short antennae) and Ensifera (bush crickets (katydids), crickets, and others,
with long antennae) [5,6]. Currently, just over 29,400 extant species have been described [7].
The group has a global distribution [8], except in permanently frozen areas, with a roughly
estimated global dry biomass of ~30 Mt [9], making orthopterans a significant portion
of terrestrial functional biodiversity. They inhabit all the major types of ecosystems from
desert and grasslands to temperate and tropical forests as well as some species inhabiting
freshwater ecosystems and caves.

Abundance of some orthopterans, especially among acridids, can reach extremely high
levels. Desert locust (Schistocerca gregaria (Forskal, 1775)) (Orthoptera: Acrididae) adult
density can reach about 60 million individuals/km?, which produce around 2.814 billion
hoppers. In one generation, 18,240,000 kg of adults and 7,941,799 kg of hoppers con-
sume about 26,182 t of plant material [10]. However, most orthopteran species do not
reach anywhere near these density levels. For example, in Californian native grasslands,
among the five acridid species present, average density over two years of all grasshoppers
was 2.3 nymphs/m?, consuming 140 kg /ha of plant material [11]. Among three Chorthippus
sensu lato species in England, the maximum density of any of the species recorded over
many sites was 3.6 individuals/m? for the ‘common’ Pseudochorthippus parallelus (Zetterst-
edt, 1821) (Orthoptera: Acrididae) [12]. Furthermore, some orthopteran species can survive
remarkably well over many years in very small and isolated populations, seemingly with-
out risk from the human footprint [13-15].

Population fluctuations among insects may be driven by exogenous factors (environ-
mental stochasticity coupled with weak density dependence) and/or endogenous factors
(over-compensatory density dependence), often leading to boom-bust population dynam-
ics [16]. Orthopteran population levels vary over time, and sometimes greatly according to
changing environmental conditions, especially rainfall. Some species, the locusts, swarm
following heavy and extensive rainfall events, and then migrate [17]. Populations of other
species, although still varying in levels over time, especially from one season to the next,
remain overall, consistently common or rare [18], although there can be differences in the
population levels among species, even at nearby sites, due to different field ecological char-
acteristics and from different grasshopper associations [19]. Currently, relative population
levels are also changing in response to climate change [20].
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Orthopteran species are widely recognized as variously sensitive to habitat type. Some
species, like Gryllus bimaculatus De Geer, 1773 (Orthoptera: Gryllidae), are highly tolerant
of various types of human landscape transformation [21] making this species, for example,
eligible as a potentially invasive species with ongoing climate change [22]. In contrast,
other species are highly sensitive to change in their habitat, such as the hygrophilous
Stethophyma grossum (L., 1758) (Orthoptera: Acrididae), the sub-populations of which
naturally inhabit stable, long-standing naturally isolated habitats, which nevertheless are
subject to change through human activity [23]. Overall, orthopteran species with low
mobility and fertility, and narrower, more specialized climatic niches tend to show higher
probability of local extinction [24].

Owing to the biomass, ubiquity, and diversity of orthopterans globally, they are major
players in ecological processes. However, some species are pests requiring management
and others are of conservation concern, and in need of protection, especially in this age
of considerable landscape and climate change. Here, we take a global perspective to
compare orthopteran responses to landscape transformation and pollution to ascertain
differences versus similarities in different biomes and biogeographic realms that lead to a
set of principles that pertain to their use in agroecological advancement. We first review
some of the major traits responsible for the various sensitivities to changing environmental
conditions among orthopterans. We then focus on the human drivers of orthopteran
population and assemblage change in various parts of the world and consider the role of
various orthopterans as bioindicators in agroecological improvement. Finally, given their
valuable utility in being large insects and readily sampled, we make recommendations
for their greater use in environmental and biodiversity assessment and monitoring in the
context of agroecology, while also focusing on recent technological advances.

2. Orthopteran Biological and Ecological Traits

Orthopterans have a characteristic set of biological and ecological traits determined
strongly by historical climate type and prevailing weather conditions, moderated by other
factors, especially topography. In turn, these abiotic drivers determine the extent of habitat
availability as manifested by vegetation type and composition. In broad terms, orthopterans
characteristically respond according to four main biological traits: their mobility and disper-
sal capabilities, feeding behavior, habitat preferences, and acoustic behavior (Figure 1). We
firstly consider these four fundamental orthopteran biological traits (Section 2.1.), followed
by a discussion of ecological response traits to significant natural drivers (Section 2.2.). This
trait perspective is an essential baseline for use of orthopterans as indicators of environ-
mental assessment and for measuring the intensity of human activity (Section 3). In turn,
this helps determine steps for agroecological assessment and monitoring, as well as for
orthopteran conservation management (Section 4), all based on much insightful research
undertaken in recent years (referenced in Sections 3 and 4).

2.1. Main Orthopteran Biological Traits
2.1.1. Mobility and Dispersal Traits

Insect movement enables individuals to locate optimal habitat for body maintenance
and reproduction, as well as for escaping predators [25]. Orthopterans move by walking,
jumping, and/or flying. In turn, movement depends on external factors such as light
intensity and ambient temperature, and internal factors such as leg and wing morphology
and associated musculature [26], body size [27,28], and response traits of individuals
(see below).
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Figure 1. Significant orthopteran biological traits relate to four main aspects of their biology on the
base of two significant natural drivers.

Orthopterans have various levels of morphologically associated mobility which can
differ greatly among species even at the same site [29]. There can also be differences
among individuals within a species [30], or between different sub-populations [31]. In turn,
the differential mobility among different species can sort assemblages across landscapes,
with the sedentary species contributing most to species turnover [32]. However, there are
multiple traits beyond those that are associated with dispersal that determine the response
of orthopterans to landscape change. Furthermore, different existing traits are favored
towards survivability according to the type of landscape disturbance [33].

One of the great differences among orthopteran species lies in whether they are flighted
or flightless [34]. The term ‘movement’ refers to displacement that may occur over short
and/or long distances, often in any direction whereas ‘dispersal’ denotes a directional
movement toward a new location, usually aimed at enhancing survivability. Individuals of
a species may display regular high levels of mobility but do not disperse far, while those in
another species may move considerable distances to a new locality over largely straight-line
distances in a day. The adult desert locust (Schistocerca gregaria) in its swarming phase,
may cover an average of 183 km/day [35], whereas most species cover distances of only
a few meters to reach an optimal microhabitat, procure food, a mate, or avoid intra- and
interspecific competition, or seek enemy-free space [36].

In locusts—a limited group of grasshopper species exhibiting density-dependent
phase polyphenism—individuals that are normally solitary may, under certain condi-
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tions, undergo relatively rapid and pronounced increases in aggregation and abundance,
forming gregarious swarms [10]. This density-dependent transition is accompanied by
coordinated changes in biochemistry, physiology, morphology, and behavior [37,38]. Such
increases in population density typically occur following periods of high rainfall in dry
areas, when vegetation flushes [39] and may be more prevalent because of human activity
on the landscape [17]. This gregarious phase—responsible for major economic losses to
crops—is highly nomadic in both nymphal (hopper) and adult stages, and when climatic
and vegetation conditions are optimal. Dispersal may be over several generations and cover
vast distances and areas where climatic and vegetation conditions remain suitable [40-44]
(Figure 1).

2.1.2. Food Preference Traits

There are many types of feeding strategies among orthopterans overall. Most species,
especially in the Caelifera, are herbivorous, with various species feeding on a wide range
of living plants. Some, such as Tetrigidae, may feed on algae, mosses, and liverworts, and
Gryllotalpidae eat roots, as well as grasses. Other species, notably in the Tettigoniidae,
are predacious, mostly on other insects, as well as feeding on plant material, including
seeds. Others, like the Gryllidae, are largely omnivorous or detritivorous. In turn, some
may scavenge plant debris on the ground, and in the case of some Anostostomatidae, on
fallen rotting fruit. Rhaphidophoridae may eat decaying plant material and even fungi.
There are also cases of orthopteran individuals eating cadavers of their own species [45,46].

On the grasslands of Texas, grasshoppers range from monophagous to polyphagous
feeders, although most species are oligophagous to polyphagous, with gomphocerines
being mostly grass feeders while melanoplines feed largely on forbs. The oedipodines are
less specific. Importantly, feeding patterns are remarkably constant across sites, with overall
assemblage niche breadth distributions between sites being similar. Individual species
tend to eat the same plant species at various sites and maintain similar niche breadths,
while species with relatively specialized diets tend to feed on specific plant species such as
grasses and long-lived perennial forbs [47] (Figure 1).

2.1.3. Traits Relating to Habitat Selection and Life Cycle Requirements

The habitat of a species is the total area where it can perform all its life functions and
can grow into an adult. This involves seeking optimal food resources, whether nymph
or adult, finding a mate, laying eggs, and developing into healthy adults that are free
to disperse to maintain an effective population size. Egg-laying sites are chosen by the
mature female, with the nymph then developing in an optimal microhabitat with suitable
environmental conditions that ideally are also enemy- and pathogen-free, while facing
minimum intra- and interspecific competition. There can of course be unforeseen adverse
environmental factors such as floods, drought, or fire.

The egg, nymph, and adult may require different microhabitats suitable for each stage.
In turn, the adult may have different feeding sites and perch sites from which to proclaim
their mating song [36]. For example, at the small spatial scale, in mixed dipterocarp lowland
Bornean rain forest and among 49 arboreal mostly ensiferan morphospecies, 96% were
found to be new to science. Almost 50% of the sampled individuals were singletons, with
only three species sampled more than once. The orthopterans were seemingly randomly
distributed across the tree canopies, while most of the trunk specimens (92%) were small
nymphs. This suggests that there is migration into the canopy after egg development in the
soil or from lower forest strata [48].

With species that have a very wide geographic range, there may be biological variation
across the range. For example, Decticus verrucivorus (L., 1758) (Orthoptera: Tettigoniidae)
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is widespread across the Euro-Siberia region, where it can tolerate well-below zero tem-
peratures and reach an elevation of 2600 m a.s.l. It selects its habitat according to food
availability, humidity, temperature, and where the eggs are in direct contact with water, and
its eco-behavioral versatility has enabled it to occupy a vast area in post-glacial times [49].
However, in Britain, where this species is threatened, management must consider the
microhabitat requirements of all life stages. For successful development and reproduction,
this species requires a mosaic of vegetation heights. Both nymphs and male adults prefer
taller, tussocky vegetation. But adult females prefer short, open turf for oviposition in the
soil. The vegetation mosaic is also important for enhancing mate location as the male song
is more effective over short turf than through dense vegetation [50].

There are many morphological forms of D. verrucivorus across its geographic range,
with certain distinct adaptations to local environments [51]. Interestingly, the variable mor-
phology depends on population isolation and density. In the late 1940s, the short-winged,
large-bodied D. v. monspeliensis Rambur, 1838 reached pest levels in the Mediterranean-
climate Montpellier area of southern France [52], but it is very rare today [53] (Figure 1).

2.1.4. Acoustic Communication Traits

Acoustic communication involves the evolution of both sound producing and sound
reception organs. With about 16,000 orthopteran species primarily using acoustic signaling
as a main mode of sexual communication, orthopterans are the most species-rich group of
all sound-communicating animals [54].

Besides the calling song being energetically expensive to produce, there are other
constraints. Firstly, atmospheric conditions, such as heat, humidity, and air movement
(which can also rustle the vegetation) can affect the song broadcast. Secondly, vegetation,
especially broad-leaved plants, can attenuate the song, especially the higher frequencies.
Thirdly, there are also the faunal components (intraspecific and interspecific song interfer-
ence, as well as listening predators) that may change song broadcast behavior and affect
the position on the vegetation from where the song is proclaimed [55].

Orthopteran sound signals travel fast over long distances and are easily located and
detected by potential predators at any time of day. While effective for locating mates, calls
also enhance the chances that the signaler will be detected by a predator. Non-calling
females approaching a male may also produce noise and vibration, making them more
susceptible to predation [56].

Suffice here to note that orthopteran songs can have great value in the assessment
of certain orthopteran species and assemblages in response to human-induced landscape
change (see Section 4.8) (Figure 1).

2.2. Major Orthopteran Ecological Traits Relative to Natural and Semi-Natural Drivers of
Populations and Assemblages

Environmental drivers include abiotic variables such as underlying geological struc-
ture and chemistry, climate, weather, temperature, along with occasional extreme events
like drought, fire, or floods. Each variable has a spatial extent, severity, and timing, often
moderated by topography. In addition, there are biotic environmental variables that range
from the effects of food abundance and quality, pathogens, parasites, parasitoids, and
predators through to interspecific and intraspecific interactions. Importantly, many of these
environmental variables, both abiotic and biotic, are synergistic with each other and can
change species dynamics and assemblage structures over both space and time.

2.2.1. Orthopteran Responses to Climate and Weather

Among the various abiotic factors shaping orthopteran ecology, climate and weather
stand out as the most pervasive and influential. Acting across multiple spatial and temporal
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scales, they determine the physiological performance, phenology, and distribution of indi-
vidual species, as well as the structure and diversity of entire assemblages [57-59]. Climatic
influences operate through direct physiological pathways (temperature-dependent devel-
opment, desiccation tolerance) and indirect ecological pathways (vegetation growth, food
quality, predation). These drivers are often intertwined with other important factors such
as microclimate, topography, and land-use intensity, together forming the environmental
template that determines local orthopteran assemblage structure.

Temperature exerts a strong influence on the developmental rates, metabolic efficiency,
and life-cycle duration of grasshoppers [57]. Warmer conditions generally accelerate
egg/nymphal development and advance the timing of adult emergence.

Rainfall patterns regulate primary productivity, food availability, and microhabitat
quality, especially in semi-arid and savanna ecosystems [58,60]. These patterns are es-
pecially strong where monsoons alternate with dry periods, while being exacerbated by
land-use change [61]. Short-term extremes—droughts, heatwaves, or floods—impose
strong selective pressures that can rapidly alter assemblage structure [62]. Furthermore,
seasonality shapes the temporal organization of orthopteran life cycles and their synchrony
with vegetation dynamics [63].

Long-term climatic trends and associated biogeographical shifts have had a profound
influence on grasshopper populations. Over recent decades, global warming has driven
marked northward and elevational range shifts in numerous orthopteran species [20,64-67].

2.2.2. Orthopteran Responses to Habitat and Vegetation

Grasslands, which cover about 40% of the Earth’s terrestrial extent [68], are important
for orthopterans, particularly grasshoppers, while bushy and wooded patches are important
for many tettigoniid species. High densities of grassland grasshoppers can play a major
role in nutrient cycling, increasing primary production [69], while also serving as a critical
food supply for other organisms, especially grassland birds [70].

Assemblage structures of grasshoppers in both the Asian steppe and North American
Great Plains are determined by the flora. However, there are taxonomic differences. The
Asian fauna is dominated by gomphocerines such as grass-feeding Chorthippus spp., while
the North American fauna is dominated by both the gomphocerines and melanoplines
(mostly Melanoplus spp.), which together are grass- and mixed-feeders. While the popula-
tion dynamics in both regions are linked to weather events, the North American grasslands
maintain about four times the grasshopper biomass per forage unit than the Asian steppe.
Predators and parasites regulate grasshopper populations at low population densities in
both regions, although pathogens have more effect in North America [71]. Furthermore,
there are more flightless species in Asia than in North America [72].

Chinese grasslands support high and extensive populations of grasshoppers, with
changes in their levels and distribution altering grassland dynamics [73]. Furthermore,
these grassland ecosystems are not uniform owing to variation in soil type, above-ground
biomass, elevation, and temperature that together mainly determine grasshopper diver-
sity and abundance in typical steppe and meadow steppe [74]. The level of livestock
grazing can also affect grasshopper prevalence, along with soil temperature in the egg
stage, vegetation type, soil type, and rainfall amount in the nymph stage being significant
factors in both meadow and typical steppes [75] and relative to elevation [76]. Also on
the Chinese steppes, total grasshopper abundance and diversity largely increased with
moderate grazing intensity but declined with high grazing intensity by Mongolian sheep
(Ovis aries L.) (Artiodactyla: Bovidae), with species-specific responses prevalent [77].

In Central Europe, certain environmental variables (moisture, vegetation cover, vege-
tation height, direct radiation, and average seasonal temperature) determined niche widths
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relative to the threat status of orthopteran species. Vegetation cover and height, followed
by moisture, affected the relative importance of orthopteran species. Average seasonal
temperature, which is closely related to elevation, was generally of lower importance. Fur-
thermore, threatened species had narrower niches than species of lesser concern [78]. In the
Pyrenees mountain range, orthopteran species richness decreased with elevation. However,
the elevation range distribution was hump-shaped (i.e., orthopterans at mid-elevations
displayed a wider elevation range than those at lower and higher elevations), driven not
only by elevation but also by vegetation structure (height and cover) and sampling effort.
Interestingly, the shorter-winged localized endemic species were apparent at higher ele-
vations, while the longer-winged species were more prevalent at lower elevations. The
important point here is that clarifying the biotic and abiotic predictors of species distribu-
tion is important for informing conservation efforts and predicting consequences of climate
change [79].

Grass height is a significant variable for orthopterans in Hungarian grasslands [80],
while in Romania, plant species richness is an important component of landscape het-
erogeneity. However, orthopteran species richness and abundance negatively correlate
with plant species richness but increase with the proportion of grassland in the landscape
and local vegetation height. Overall, species-rich grassland orthopteran assemblages are
significantly affected by both local and landscape scale land-use changes, but effects can
vary according to orthopteran taxonomic group [81].

An experimental study of acridids in the Netherlands indicated the major role that
vegetation plays in egg development and hence hatching rate, and subsequently on life
cycle completion. This has implications when there is nitrogen loading of the grasslands,
leading to an increase in vegetation density, reduced soil surface temperatures, a delay in
hatching, and consequently a loss of thermophilous species [82].

Grasshopper interactions with grazing by indigenous megaherbivores and fire are
ecologically significant. There are certain characteristics associated with responses of insect
species or populations to fire. These are related to the degree and extent of exposure to, or
shelter from, lethal temperatures, amount of stress experienced in the post-fire environment
before full vegetational regrowth, suitability of this post-fire vegetation as habitat, and
ability to increase numbers via survivors or colonizers. Factors such as mortality during a
fire event, stress following a fire, ability of vegetation to resprout, and ability to repopulate
are all important in determining the response dynamics of grasshoppers to fire, notwith-
standing other effects such as mammal grazing [83]. Effects of grazing by large mammals
on arthropods and orthopterans have been reviewed by [84] and [85], respectively.

In the tallgrass prairie of Kansas, there are no significant interactions between fire and
American bison (Bison bison L., 1758 (Artiodactyla: Bovidae)) grazing. However, localized
disturbances from grazing, and to a lesser extent fire frequency, influence grasshopper den-
sities. Bison grazing activity results in significantly increased grasshopper densities, while
infrequent fires (4 yr intervals) do not result in more grasshoppers as is the case in annually
burned sites, although numbers of grasshoppers drop in relatively unburned sites (20 yr in-
tervals). Overall, grasshopper densities respond negatively to increased canopy height and
total grass biomass, and positively to increased spatial variability in canopy structure, with
no detectable response to plant species richness and forb biomass. Recent bison grazing
activity and recent fire following a long period of no burning also result in higher overall
grasshopper densities, suggesting that grasshoppers can respond rapidly to altered habitat
characteristics [63], with topographic position (upland vs. lowland) and fire frequency
(1-, 2-, and 4-year intervals, and unburned) having little effect on grasshopper species
richness or diversity [86]. However, long-term studies reveal that local weather events
occurring early in grasshopper life cycles play a major role in determining grasshopper den-
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sities, especially of forb- and mixed-feeding species. In short, fire, grazing, and weather all
modulate long-term fluctuations in grasshopper abundances and assemblage structure [87].

Grazing lawns are grassland areas where regular grazing by mammalian herbivores
creates patches of short-statured, high nutrient vegetation. Grazing lawns are small sites
that modify microclimate, plant structure, community composition, and nutrient availabil-
ity. In Kansas tallgrass prairie, mixed-feeding grasshopper abundances are consistently
higher on bison grazing lawns, while grass-feeder and forb-feeder abundances are higher
on lawns only in the wetter years [88].

At a coastal dune community in California, exclusion experiments showed that
grasshopper abundances were reduced by the presence of Black-tailed jackrabbits
(Lepus californicus Gray, 1837 (Lagomorpha: Leporidae)) but not by the presence of
Columbian black-tailed deer (Odocoileus hemionus columbianus (Richardson, 1829) (Ar-
tiodactyla: Cervidae)) [89]. Differences in grass sward height in the UK favor different
Chorthippus sensu lato species [12], with grazing by Red deer (Cervus elaphus Linnaeus, 1758
(Artiodactyla: Cervidae)) reducing grasshopper densities in the UK [90]. In a German
national park, Wild boar (Sus scrofa L., 1758 (Artiodactyla: Suidae)) rooting behavior on cal-
careous grassland positively influences orthopteran assemblages by creating a successional
mosaic of microhabitats that supports different habitat specialists with various life cycle
traits, leading to high levels of orthopteran diversity [91].

In subalpine grasslands in the Swiss Alps, where grazing by red deer and chamois
(Rupicapra rupicapra (L., 1758) (Artiodactyla: Bovidae)) has created a mosaic of short-
and tall-grass patches, there is an average density of 2.6 m? orthopteran individuals.
Neither abundance nor diversity differed between short- and tall-grass patches created
by the ungulates. However, both abundance and diversity were positively influenced
by increasing vegetation height, but negatively by increasing habitat diversity within
patches. Increasing plant nitrogen content promoted a more even spread of species within
the orthopteran assemblage on short- but not on tall-grass patches. Overall, large-scale
habitat alteration by wild ungulates had no direct effect on abundance and diversity of
the orthopterans in this system, although there were indirect effects on abundance and
diversity by altering plant nitrogen content and structure of the habitat at small spatial
scales [92].

Large ungulates also trample the vegetation as well as feeding on it, as seen for
grasshoppers and other arthropods in a savanna protected area [93]. However, in these
savanna areas the ungulates make distinct paths, particularly towards water holes, creating
diverse habitats for grasshoppers [94].

Ecosystem types within a region may support very different levels of grasshopper
biomass, related to both mammalian grazing pressure and fire. The southern African
savanna supports 0.73 kg/ha grasshopper biomass, along with limited dietary overlap
between the grasshoppers and large grazing mammals, with the grasshoppers transfer-
ring 77% of energy removed from plants directly to the decomposer chain as wastage or
feces [95]. In contrast, the Mediterranean-type climate at the southern tip of Africa, with its
sclerophyllous fynbos and very little grazing by mammals supports a grasshopper biomass
of 0.08 kg/ha. However, in seven months post-fire there is an increase in grasshopper
biomass to 0.12 kg /ha following regrowth of the fire-resilient grasses and restioids, along
with an increase in grasshopper diversity [96]. In both cases, grasshopper assemblages
show considerable behavioral and morphological adaptation [97], such as fire melanism, in
fire-prone environments, suggesting camouflage and predation as important drivers of fire
melanism in some orthopteran species [98,99].

In turn, fire alone can have a major impact on orthopteran assemblages. For exam-
ple, in the dry, sunny winter in the Drakensberg Mountains, South Africa, where adults
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of 19 grasshopper species remain active mid-winter, they seek warm refuges on hillsides.
However, fire removes the grass cover, leaving ash on the soil surface. Burning of the grass
insulating layer results in a night-time temperature inversion directly interfacing with the
soil. Artificial translocation of grasshoppers to these burned areas left them exposed to a
temperature drop of about 10 °C, with all individuals dying [100].

In northern Arizona, Arroyo willow (Salix lasiolepis Bentham, 1857 (Malpighiales:
Salicaceae)) readily resprouts after fire, with these vigorous resprouts especially attractive
to both certain grasshoppers and Elk (Cervus canadensis (Erxleben, 1777) (Artiodactyla:
Cervidae)), and which are nutrient rich [101]. In a protected area in Arizona, fire reduced
grasshopper density in an ungrazed semiarid grassland, and changed the relative abun-
dances of species and subfamilies, but only for 1 or 2 years after the fire. In contrast, plots
that had burned for >20 years supported similar plant cover and grasshopper popula-
tions as plots only in their 3rd year postfire. While the grassland community is highly
fire-tolerant, it is not fire-dependent, with grasshopper assemblages being remarkably
resilient [102]. Similar results come from the mixed grasslands of North Dakota, where
fire negatively affected grasshopper population densities in the year after a late autumn
wildfire but did not significantly affect green plant biomass or nitrogen content of grasses.
Grasshopper decline was mostly due to a drop in densities of gomphocerine species, with
the assemblage overall recovering two years later [103].

In a tall-grass prairie in Kansas, experimental fire regimes affected grasshopper as-
semblage structure hatching several weeks later after spring fires. There were shifts in
local species composition as nymphs matured, with fire adversely affecting survivorship of
forb- but not grass-feeding nymphs. However, because forb feeders were most common on
burned sites that had previously been protected from fire longest, change in grasshopper
assemblages after fire was especially pronounced at these sites. This meant that overall
greatest species diversity was at sites subjected to intermediate frequency of fire, i.e., ev-
ery four years [104]. On short-grass prairie in Colorado, there were differences among
grasshopper assemblage responses to fire according to location, resulting from pre-existing
differences among the locations and sites. This suggests that artificial spring burns in the
short-grass prairie do not affect the grasshopper assemblage beyond the natural variability
occurring within the grasshopper assemblage [105].

3. Human Drivers of Orthopteran Population and Assemblage Change

In this section, we go beyond the natural and semi-natural drivers of orthopteran pop-
ulation and assemblage change to consider the additional major human drivers of change.
This section is divided into two parts: human-induced landscape change (Sections 3.1-3.4)
(Figure 2), (while also mentioning urban environments where agroecological advancement
is also taking place (Section 3.5)), and some of the distinct adverse drivers of othopteran
populations and assemblage composition (Sections 3.6-3.8) (Figure 3).

3.1. Landscape Transformation and Habitat Loss

There is great concern over the loss of insect species globally [106], which includes
orthopteran species, and where landscape transformation and habitat loss are among the
greatest drivers of extinction risk (www.iucn.redlist.org). But among Orthoptera, as well
as other insect taxa, there can be major differences among species in their response to
human-induced landscape change. We now consider these responses.

A first consideration is the taxon/taxa being studied, where responses to modified habi-
tat can vary among families and even within a family, such as the Acrididae [107]. Secondly,
results can vary greatly according to the spatial scale of observations. As Cherrill [108]
points out, using, for example, 100 km? sampling areas across a wide area of southern
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England leads to areas of arable land being associated with decreasing orthopteran species
frequency. But, nevertheless, there are always small areas of natural or seminatural habitat
suitable for various species within these large quadrats, even where there is agricultural
intensification.

Land use intensity

Diversity

Intense urban/agricultural Moderate agroecological areas Natural/semi-natural areas
areas

Livestock grazing and fire

vi| vwi‘n

-

Diversity

Frequent fires Appropriate fire and
and overgrazing grazing management

Agricultural mosaics

|
_
Diversity

Monoculture Mixed farming Set-aside natural areas

Plantation forestry

Diversity

Grassland Timber Grassland Natural forest
corridor plantation corridor patch

Figure 2. Orthopterans respond, often strongly, to various aspects of human-induced landscape
change.

When point sampling was used over a large area of Germany, high land-use intensity
across various ecosystems negatively affected orthopteran diversity across years and re-
gions, corresponding to decreases associated with high fertilizer use, and to the intensity
of mowing and livestock grazing, high levels of which also reduced abundance. Over-
all, 15 of 29 orthopteran species were losers due to intense land use and yet were more
abundant in grasslands with low-intensity land use. Two species were winners of high
land-use intensity, whereas the remaining twelve were opportunists. Interestingly, omnivo-
rous, herbivorous, and graminivorous species did not differ in their response to land-use
intensity, whereas the Tetrix species that fed on mosses or lichens showed consistently
negative responses to intensive land use. These results suggest that low intensity fertilizer
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use, infrequent mowing, and variable grazing levels will help maintain high orthopteran

diversity [109].
Pollution Invasive species
2% f’eﬁa 3
29 30 ) 4; ‘
Cu Zn Cd &
Heavy metals
Plants

Chemical pesticides Vertebrates

Effects vary according to traits and
are interactive with other impacts

Climate change

Figure 3. Some adverse drivers on orthopteran populations and assemblage composition. Climate
change also affects orthopterans, with a positive effect on some but a negative effect on others and
can also be adversely synergistic with the other drivers.

Also in Germany, orthopterans showed a clear response to plant community succes-
sion, with each successional stage supporting a unique assemblage. Although species
richness among habitat specialists was highest in the earliest seral stages, the density of all
species peaked at the intermediate successional stage. Consequently, conservation man-
agement should aim at reintroduction of traditional, low-intensity land use for abandoned
steppe grasslands using traditional rough grazing with sheep and goats, which creates a
heterogeneous vegetational habitat structure along with some bare ground, without the
accumulation of litter which would otherwise be inhibitory [110].

In another German study, land-use intensity was the only predictor of Orthoptera
species richness. Furthermore, the mean number of all species and of threatened species
was highest in grassland with low land-use intensity, in dry grasslands, and in those
differing from the mesic (high land-use intensity) and wet (mostly abandoned) grasslands.
Additionally, dry grasslands had the highest number of all threatened and exclusive
indicator species. Intensive land use in mesic grasslands and abandonment of land use in
wet grasslands led to a homogenization of habitat structures and of the assemblages. In
contrast, dry grasslands with low land-use intensity and high habitat heterogeneity were
hotspots of Orthoptera species richness [111]. In France, elevation is an additional strong
driver of orthopteran assemblage trait composition, and plant species richness correlates
with orthopteran alpha diversity. In turn, less intensive agricultural practices enhance
orthopteran diversity [112].
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Among central European grasslands, climate warming has led to biotic homogeniza-
tion of orthopteran assemblages associated with abandoned wet grasslands and interacts
with land-use intensification in mesic grasslands. The outcome is a tendency towards
dominance by more widespread species. In contrast, common pastures are characterized
by high heterogeneity of landscapes and low-intensity management and, as a result, are
more resilient to the effects of climate warming [65].

Widely distributed grasshopper species in the Inner Mongolian grassland likely will
extend their distribution northward with climate change. However, because of differential
responses to warming, different species are predicted to aggregate toward the middle
period of the growing season, potentially increasing interspecific competition and grazing
pressure on grasslands [113]. Over time, it is now known that certain grasshopper species
have already adapted to climate change through mechanisms such as diapause. By serving
as ecological indicators, grasshoppers offer valuable insights for monitoring climatic and
environmental shifts [114].

In Europe, there have also been long-term effects of landscape fragmentation. The
oedipodine grasshopper Bryodemella tuberculata (Fabricius, 1775) (Orthoptera: Acrididae)
was a widely distributed species prior to the mid-19th century. Since then, many Euro-
pean populations have declined greatly, with some populations becoming either highly
threatened or extinct. While Europe still has highly suitable habitats close to the climatic
optimum, changes in land cover and other human impacts on habitats at the local scale
seem to be responsible for local extinctions. Genetic analysis suggests that the declining
European populations are relics of a formerly wider distribution, subsequently fragmented
by changes in land use. These relics are now threatened by limited connectivity and small
effective population sizes [115].

In Indian dry forest, acridid abundance and species diversity were highest in natural
habitat with high plant diversity and an absence of human disturbance, including livestock
grazing. Increasingly more intense human disturbance caused a drop in grasshopper
species richness, diversity, and abundance [116].

A 37-year study over a wider area of the Pampas showed that agricultural intensifica-
tion in the Pampas has modified the distribution pattern and abundance of grasshoppers,
seemingly favoring generalist species over others. Assemblages are dominated by a few
species, with three or four species representing over 50% of the total. Some abundant
species declined or disappeared over time, while others appeared later. There were varying
abundances of species across zones, with some species, such as Dichroplus maculipennis
(Blanchard, 1851) (Orthoptera: Acrididae) and Borellia bruneri (Rehn, 1906) (Orthoptera:
Acrididae), being more abundant in specific areas in the south-east [117].

In tropical Cameroon, slash-and-burn/planting of cash crops greatly changes the
naturally forested landscape. Among the ground and low canopy acridids, abundance
and species diversity increase with level of land transformation, with a tendency towards
homogenization of the fauna with increased conversion to agriculture. However, species
diversity is highest in the more moderately transformed forests [118]. Also in Cameroon,
comparison of the acridid fauna farmland (with short grasses), fallows (with tall grasses),
and forest (with tall trees), illustrated that abundance, species richness, and diversity were
highest in the farmlands than fallows or forest, although one catantopine grasshopper
species, Serpusia opacula Karsch, 189 (Orthoptera: Acrididae), increased in abundance with
the degree of naturalness in the forest [119].

However, these two studies did not focus on the great changes in orthopteran assem-
blages following tropical forest loss. In Malaysian forests, orthopteran assemblages were
affected by habitat degradation through logging and the conversion of forest to oil palm.
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The greatest difference in species composition was between plantations and primary forests.
Logged forests had the lowest species richness of the three habitats investigated [120].

Landscape transformation, sometimes coupled with extreme weather events, can
cause huge surges in certain potentially pestiferous species. Not surprisingly, expansion
of arable agriculture provides a novel food resource in times of locust outbreaks. For
example, Locusta migratoria (L., 1758) (Orthoptera: Acrididae) swarms in maize and wheat
cropping areas of South Africa, where it is difficult to control and has taken advantage of
crop production to produce an extra generation per year that was not previously possible
in the original grasslands [121]. Forest loss, in combination with broader environmental
changes, can also trigger outbreaks of the tropical migratory locust L. migratoria. The 1997
drought in Indonesia was intense, seemingly due to extensive deforestation for agricultural
expansion, and had adverse effects on the locust’s natural enemies [122]. This locust is
also subject to outbreaks, especially in Mali, Chad, Sudan, and Madagascar, resulting from
the introduction of agricultural and pastoral activities, especially extensive cultivation
of monocotyledon summer rainfall crops. Some locust outbreaks follow initial ground
disturbance without subsequent population resurgence, while other populations surge
following high rainfall events in the novel agricultural areas. Continued agricultural
development in tropical and subtropical areas of the Old World will bring the risk of further
upsurges of the tropical migratory locust [123]. In recent years, intensification of extreme
weather events has favored Schistocerca gregaria swarm formation in North Africa, which
is erratic and difficult to forecast. For example, despite a significant long-term trend of
increased incidence of drought in Africa, formation of swarms in 2018 was stimulated by
heavy rains from two tropical cyclones in the Arabian Peninsula. These extreme weather
events led to three generations of the desert locust developing and remaining undetected
until they spilled over into a much wider region. This situation constitutes considerable
agricultural risk when rainfall is combined with favorable vegetation and soil conditions,
which are themselves also the result of weather events. This situation is also aggravated by
human-induced changes in land use (e.g., agriculture, wood extraction, urbanization), for
which there are no reliable forecasts (Figure 2).

3.2. Livestock Grazing and Fire

There can be very different orthopteran species-specific responses to different graz-
ing intensities according to the requirements of the different life stages and associated
traits [124]. Furthermore, the effects of livestock grazing and fire in grasslands are often
interactive [85]. In northern mixed-grass prairie in the USA, the interaction of the two
drivers had a cumulative effect on grasshopper density and assemblage composition, with
burned and grazed pastures having higher grasshopper densities than unburned pastures.
However, these effects are highly dynamic over space and time, with the grasshopper
populations being highly resilient to the environmental changes of the landscape [125,126].

In the dry grasslands of Arizona, the effect of livestock grazing alone on grasshopper
abundances and assemblage composition varies greatly from one year to the next [127].
While in Idaho rangelands, heavy invasion by alien grasses and other plants, coupled
with drought, diminishes acridid population levels [128]. Further north, in the Canadian
fescue grasslands, the relative densities and assemblage composition of grasshoppers
changed considerably with intensity of cattle grazing, with heavy grazing in this cool, wet
environment not being adverse to grasshoppers overall [129].

In Montana, experimental manipulation of grasslands (supporting several pestiferous
grasshopper species) with different livestock densities, showed that increased grazing in-
tensity reduced overall grasshopper densities. Ungrazed sites supported dense vegetation,
which took away ground-level basking sites for some species. In contrast, heavily grazed
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habitats have less shade and fewer elevated perches for cooling. In short, grazing affects the
microclimate, which can affect hatching date, early season survival, rates of development,
susceptibility to pathogenic fungi, and availability of oviposition sites, with some species
preferring to lay eggs in soil trampled by livestock, while others prefer to oviposit within
grass clumps, or in litter-free patches of bare soil [130]. Further studies in the same area
showed that some pest grasshopper species tended to be more abundant on ungrazed plots,
whereas others had greater densities on heavily grazed plots, but grasshopper densities
were reduced by the presence of the invasive Crested wheatgrass Agropyron cristatum
(L., 1770) Gaertner 1770 (Poales: Poaceae) [131].

Increased livestock grazing intensity also reduces grasshopper diversity on Inner
Mongolian grasslands [76]. Furthermore, rainfall levels interact with the effect of grazing
on grasshopper assemblages. Desert steppe was low in grasshopper species richness and
diversity, but abundance was not different from wetter sites. At dry sites, livestock grazing
decreased grasshopper diversity and increased abundance of the main pest species. At the
wettest sites, grasshopper assemblages did not differ relative to grazing levels. Across all
sites and grazing intensities, grasshopper abundance tended to be lowest and diversity
highest in plant communities with intermediate levels of biomass and plant species [132].
Interestingly, in these same grasslands there is a significant correlation between variation
in the gut microbiota of Calliptamus abbreviatus Ikonnikov, 1913 (Orthoptera: Acrididae)
and changes in plant species under different sheep grazing intensities, with structural
shifts between the gut microbial communities of grasshoppers with dietary regimes subject
to resource constraints (i.e., under grazing) and those with abundant resources (i.e., no
grazing) [133].

In the arid Karoo of South Africa, long-term rotationally grazed sites by cattle and
sheep supported the highest overall grasshopper abundance and species richness compared
to those in continuously grazed sites [134]. In Spain, grazing pressure homogenizes the
orthopteran assemblage. However, even during the first year after abandonment of grazing,
orthopteran abundance, species richness, and diversity increased [135] (Figure 2).

3.3. Agricultural Mosaics

The agricultural landscape is a mosaic of different landscape elements, which can
roughly be divided into the agricultural patches (plus associated infrastructure) and the
non-production, set-aside areas. The amount of suitable habitat in the form of these set-
asides can be a major determinant of the level of prevalence of, for example, gomphocerine
grasshoppers across an agricultural landscape [136]. In China, mixed farming, which
included lac farming plantations, secondary natural lac forest, crop lands, and rice paddies,
supported 31 orthopteran species in five families. Grasshopper abundance and richness
correlated with plant resources, with mixed farming providing an optimal approach for
balancing conservation and development, compared to any single type of land use [137].

At the boundary between any two types of landscape element, such as agricultural
and natural patches, there can be spillover effects from agricultural activities, which might
not necessarily be negative. Fertilizer application to the native North American grass
Calamovilfa longifolia increased the total biomass of Ageneotettix deorum (Scudder, 1876)
(Orthoptera: Acrididae) [138]. In turn, bush crickets of the tettigoniid genus Platycleis in
southern France benefitted from spillover of alien wild oat grass (Avena spp.) on which
they will feed [139].

The agricultural patches have varying degrees of agricultural intensification, both in
terms of design and management. A crucifer field, with its intense annual tilling, planting,
and harvesting, is very different from a permanently planted vineyard that may have
natural vegetation established in the inter-rows and set-aside patches.
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There is also the issue of functional connectivity. Agricultural patches, especially inten-
sively managed ones, can isolate natural or semi-natural remnants, affecting orthopteran
dispersal in the search for optimal conditions. In Hungary, for example, intensive land use
in sunflower, maize, and wheat fields led to less diverse orthopteran assemblages with
lower species diversity and less conservation value. A continuous three-year monoculture
of maize and/or sunflower resulted in especially low average species richness and, in some
cases, there were no orthopterans at all in these fields [140].

In a tropical climate, agricultural intensification compared to natural sites can cause
greater fluctuations in orthopteran diversity due to periodic disturbances and habitat
modifications [141]. Establishment of rice paddies results in most orthopteran species being
confined to the semi-natural margins, although some orthopteran species can feed on the
rice and can even become pestiferous [142].

In the Indian dry forest, acridid abundance and species diversity were highest in
natural habitat with its high plant diversity and absence of human disturbance, including
livestock grazing. Increasingly more intense human disturbance caused a drop in grasshop-
per species richness, diversity, and abundance [116]. Among disturbed sites in Indonesia,
post-harvest maize fields that are not treated with pesticides and are overgrown with wild
plants, especially natural grasses, and, as a result, support the most diverse and abundant
grasshopper assemblages [143] (Figure 2).

3.4. Plantation Forestry and Timber Harvesting

Planted patches of alien Cupressus and Pinus species in a natural grassland matrix
in South Africa affected grassland orthopterans differentially. While the edge effects of
the Cupressus patches were negligible, those of Pinus were significant due to their much
denser canopies. The sunny side of the tree patches hosted significantly richer orthopteran
assemblages than the shady side. The Pinus patches had large distances of negative
influence, extending 30 m or more on the northern, sunnier side, and more than 30 m
on the southern, shady side. In turn, the northern ecotones hosted significantly richer
assemblages than the control sites of contiguous grassland, while the assemblages on the
austral southern shady ecotone were significantly poorer [144].

Also in South Africa, edge effects in natural grassland conservation corridors sepa-
rating alien Pinus timber compartments were compared to edges of natural forest. There
were different orthopteran assemblages in the two types of edges. The edge effect of both
Pinus and natural woodland on the grassland orthopterans was similar, and although
depauperate adjacent to the pine trees, they increased away from the tree line, reaching a
peak at 16 m into the grassland away from the timber line [145].

In Austria, orthopteran species richness at the Pinus—grassland edge was low. Into the
grassland, orthopteran species numbers increased steadily with increasing distance from
the forest edge up to about 30 m into the grassland, exclusively due to an increase in the
number of acridid species, while tettigoniid species numbers showed no clear relation to
edge distance. Increased sunny conditions and soil temperatures were driving factors [146].

In Slovakia, clear cuts of natural beech forest affected orthopteran assemblages differ-
entially over time since tree harvest. Grasshopper species were more abundant than bush
crickets in first year clear-cuts. Flighted species occurred in all age categories of clear-cuts,
with an asymptote for all species locally present appearing two years after timber harvest-
ing, with assemblages varying among sites according to the composition and structure of
the successional vegetation. There was also a positive correlation between the number of
orthopteran species and the area of the clear-cut regardless of its age, as well as between
the number of species and elevation [147] (Figure 2).
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3.5. Urban Environments

Urbanization is a localized increase in human density and activity, which, in general,
has an attritional effect of most major insect groups [148]. But often there are urban
vegetated green spaces in the form of reserves and parks that support certain levels of
insect diversity [149]. Additionally, particularly in suburban areas, gardens are used not
only for aesthetic purposes but also for production of human food [150].

Around Berlin, Germany, levels of urbanization and the presence of remnant grass-
lands were the main drivers of orthopteran species richness, species diversity, and func-
tional diversity. All these metrics decreased with increasing proportion of surrounding
hard surfaces, which also changed assemblage composition due to effects of the urban
matrix and vegetation characteristics, along with a tendency for the more mobile species to
dominate in most urban environments [151].

Similarly, around Paris, France, urbanization had a negative effect on total bush cricket
species richness, abundance, and habitat specialization, especially at larger spatial scales.
There were differences according to species’ functional traits, with mobile species being
more sensitive to urbanization at larger scales than sedentary species, but no scale effect on
habitat specialization was detected [152].

In suburban Basel, Switzerland, the number of orthopteran species in moderately
disturbed meadows and in intensely disturbed ruderal sites increased with habitat size. In
general, large-sized species preferred larger meadows and ruderal sites, with small-sized
species less affected. Moderate dispersers and omnivorous species also benefited from
increasing habitat size. There was no effect of habitat size on the number of low-dispersal
orthopteran species [153].

Around London, UK, at large spatial scales, the number of orthopteran species de-
clined with increasing dominance of arable and urban land uses but not correlated with
the area of an individual land cover representing cultivated land, and only weakly corre-
lated with a second land cover representing urban development. Few orthopteran species
occupy arable crops or highly urbanized areas. Importantly, while measurement of areas
of proportionate land cover is interesting, these area values do not capture ecologically
relevant information about variation in the composition of the uncultivated and non-urban
land-cover matrices within which the species reside [154].

The importance of small-scale effects was emphasized by Huchler et al. [155], who
showed that orthopterans overall are highly affected by several different site-level drivers.
These drivers influence the habitats through management-related factors, having a stronger
impact on local urban orthopteran assemblages than urban landscape characteristics. This
is likely due in part to historical sorting and local survival of the more mobile species with
strong dispersal abilities and high habitat tolerance persisting in such disturbed landscapes.
In Rome, Italy, orthopteran spatial data were compared over time (1990s and 2010-2022),
revealing that local extinction in urban areas is affected by species’ traits. Those with low
mobility and fertility, and narrower, more specialized, climate specific niches were more
likely to go locally extinct [156].

Among sub-urban grasshopper assemblages in Chiba Prefecture, Japan, three quarters
of grasshopper species almost exclusively occurred in semi-natural grasslands and vacant
lots, while habitat generalists were largely at the cropland margins, correlating with plant
community characteristics and associated current disturbance regimes. Vacant lots, as well
as semi-natural grasslands, had the highest conservation value for grasshoppers [157].

3.6. Pollution and Pesticides

As many insect species have essential roles in agriculture, it means that there must be
control of pest species. However, in the transition to agroecology there must be concern for
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the wider insect assemblage with its many non-target organisms. In addition, there must be
an awareness that pesticides might be only one of several adverse drivers [158] (Figure 3).

The fundamental issue is that the high sensitivity of many non-target insects to pesti-
cide exposure raises concerns about its impacts and the cascading effects on biotic commu-
nities and therefore ecosystem function [159]. Besides concern over pesticides permeating
ecosystems beyond the focal crop area, there is the issue of sublethal effects on agricul-
tural beneficial insects through adverse effects on the biology of these organisms in many
ways. This requires integrated pest management programs to be directed to the use of
safer pesticides or those with lower risk to the insects that participate in agroecosystem
functioning. Furthermore, climate change is exacerbating pest infestations and challenging
environmentally safe control methods [160,161].

Currently, there are >10,000 major pest insect species globally, with herbivorous in-
sects damaging 18% of world crops [162], with many species having already developed
resistance to chemical pesticides [163]. Conventional pesticide risk assessments rely on
surrogate species with a primary focus on acute lethality, thus failing to capture the broader
impacts on non-target organisms and overall biodiversity while also overlooking the com-
plex interactions between multiple stressors such as pesticide contamination, landscape
transformation, and climate change [164]. This means that there is an urgent need for
better pesticide risk assessments to include complex sets of interactions, especially those in-
volving non-target organisms, and that integrate ecological and evolutionary complexities,
especially with ongoing climate change [165].

There are essentially three issues regarding the role of orthopterans in the transition
from conventional agriculture to agroecology. Firstly, some orthopteran species are pests
that require control without harming other orthopteran species and other biodiversity (dis-
cussed in Section 4.5). Secondly, control of other pest species can be harmful to indigenous
orthopteran species and assemblages. Thirdly, the spectrum of orthopteran species is an
indicator of good or bad agroecological practice.

Various pesticides are used against the Nantucket pine tip moth (Rhyacionia frustrana
(Scudder in Comstock, 1880)) (Lepidoptera: Tortricidae), a native regeneration pest on
young loblolly pines (Pinus taeda), and which negatively impacts pine growth. All four
pesticides (chlorantraniliprole, dinotefuran, fipronil, or imidacloprid) were tested and
found to differentially but significantly reduce ground-inhabiting orthopterans [166].

In Germany, reducing the number of chemical pesticide applications and associated
tractor passages, at least in organic viticulture, is important and shows a clear benefit for
some orthopterans [167]. Also in Germany, field monitoring revealed adverse effects of
pesticide drift on the density of grasshopper assemblages in margins around fields by up
to 20 m [168].

Orthoptera individuals can accumulate heavy metals such as Cd, Cr, Cu, Ni, and Zn
more than some other insect orders [169], although the extent of accumulation of these
metals may vary among orthopteran species [170]. In short, orthopterans can be good
indicators of environmental pollution, including when contaminants are passed from plants
to them [171] and further up the food chain [172].

There can be an interaction between phenoxy herbicides and loss of plant diversity
on the polyphagous grasshopper Pseudochorthippus parallelus. In females, grass diversity
increased herbivory, insect nitrogen content, and egg load, while herbicides reduced her-
bivory but increased the number of offspring, likely mediated by altered plant community
composition. In males, grass diversity also increased herbivory, and had positive effects
on fat body, muscle volume, and lifespan, but negative effects on body mass. Herbicide
negatively affected herbivory in both females and males. In sum, plant diversity and herbi-
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cides may shift resource allocation in this grasshopper, indicating complex and unexpected
effects of human-induced environmental change through chemical herbicide use [173].

3.7. Impact of Invasive Alien Plants and Animals

Alien plant invasions can impact indigenous orthopteran assemblages (Figure 3).
In Arizona, invasion by Lehmann’s lovegrass Eragrostis lehmanniana Nees, 1841 (Poales:
Poaceae) reduced overall orthopteran population levels by 10%, a lower impact than on
many other insect taxa [174]. Similar results come from Japan, where alien E. curvula
reduced the densities of 12 species of grasshoppers with the greatest impact on the habitat
specialists [175].

Ecological pressure from alien plants on arthropods overall has the potential to alter
broadscale ecological processes, such as energy flow and nutrient cycling, and reduce
food resources for insectivores, which can have adverse, cascading effects on threatened
grassland ecosystems [176]. This is especially so when the alien plant canopy is dense and
shades the grassland, leading to differential species responses according to their specific
traits [177].

On the Great Plains, USA, most grasshopper species are widely distributed, and numer-
ically responsive to combinations of environmental conditions expressed at local scales [178].
In Utah, there are complex indirect effects of cheatgrass (Bromus tectorum L. 1753 (Poales:
Poaceae)) invasion and grasshopper (Xanthippus corallipes (Haldeman, 1852) (Orthoptera:
Acrididae) and Melanoplus confuses Scudder, 1897 (Orthoptera: Acrididae)) herbivory on na-
tive bunchgrasses (Poa secunda Presl, 1830 and Elymus elymoides (Rafinesque, 1819) (Poales:
Poaceae)), which are determined by neighboring cheatgrass stands [179].

However, certain invasive plants may not necessarily be disadvantageous to grasshop-
per assemblages. On Idaho rangelands, areas that had been severely disturbed by wildfires
and invasion of alien annual vegetation (B. tectorum) had significantly higher grasshopper
densities compared to less severely disturbed areas that retained some indigenous sage-
brush (Artemisia spp.) cover [180]. Overall, both herbivory and grasshopper performance
(body length) were greater on alien compared to native grasses. However, alien grasses that
do not share a coevolutionary history with native generalist Melanoplus spp. grasshoppers
appear to have lower physical and chemical defenses than native plants. This means that
Melanoplus grasshoppers may provide biotic resistance to these alien grasses should they
invade natural areas [181-183].

In the USA, choice tests using Melanoplus borealis (Fieber, 1853) (Orthoptera: Acrididae)
showed that it preferred the alien Dandelion Taraxacum officinale Wiggers, 1780 (Asterales:
Asteraceae) and Crepis tectorum L., 1753 (Asterales: Asteraceae) over two native forbs, and
a grass species. The grasshoppers reduced the biomass of mature plants, flowers, and
seedlings of C. tectorum, but not other forbs, with this alien readily providing a new food
resource for generalist-feeding grasshoppers. However, grasshopper densities are not high
enough to have significant impact on the weed populations in the wild [184]. However,
herbivory on invasive versus non-invasive plants from the genus Centaurea (Asteraceae)
feeding trials using M. femurrubrum (De Geer, 1773) (Orthoptera: Acrididae), indicated
that the highly invasive plants were fed on the least by grasshoppers, suggesting that they
contain feeding deterrents that render them less acceptable than non-invasive plants [185].

However, in South African grassland, grasshopper species richness and evenness
responded strongly to local vegetation height and bare ground, while grasshopper assem-
blage composition also responded to plant species richness. However, there was a major
negative impact from invasive alien Sand blackberry (Rubus cuneifolius Pursh, 1813 (Rosales:
Rosaceae)) on large-sized grasshoppers and species of conservation concern. Overall, it is
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important to maintain natural levels of habitat heterogeneity while at the same time control
or remove the invasive bramble [186].

Invasive alien vertebrates can also affect orthopteran assemblages (Figure 3). The
European rabbit (Oryctolagus cuniculus L., 1758 (Lagomorpha: Leporidae)) has been an
invasive species in England for centuries, and its high grazing levels lead to reduced sward
height with abundant bare earth areas on high slopes. The intensive grazing resulted
in Chorthippus brunneus (Thunberg, 1815) (Orthoptera: Acrididae) adults being the only
species that was abundant in these areas through provision of short swards and bare earth
as basking and egg-laying microhabitats. Aspect was also important, with significantly
more grasshopper nymphs and adults on the warmer, south-facing slope than on the
northern slope, promoted by soil slippage creating warm microclimates preferred by the
nymphs. However, other species like Pseudochorthippus parallelus and Conocephalus fuscus
(Fabricius, 1793) (Orthoptera: Tettigoniidae) were disadvantaged through loss of taller
vegetation from overgrazing [187].

3.8. Climate Change and Synergism with Other Change Drivers

In central Europe between the years 1980 and 2019, orthopterans decreased in land
occupancy by 41%. These changes were due to recent climate and land-use changes,
illustrating the importance of temperature preferences and habitat specificity as drivers
of species trends [188] (Figure 3). Also, in central Europe, prior to 1990, most orthopteran
species suffered a large amount of range loss, with habitat specialists declining more
than generalists with equal mobility. Range retractions were mostly related to species
associated with farmland. Since then, climate change has been the main driver, with the
distribution of less mobile species generally remaining stable, and highly mobile species
even expanding their ranges, irrespective of their habitat specificity, especially among
thermophilic species [189].

Also in central Europe, a comparison of grasshopper assemblages between 1995
and 2012 showed strong changes in environmental conditions and grasshopper assem-
blages. In contrast to grassland verges, grassland patches suffered from severe habitat
loss. More than a quarter of all grassland patches were converted to other uses such as
maize, which homogenized the landscape. Furthermore, summer temperatures increased
by 1.1 °C. Owing to high connectivity of grasslands, thermophilous and habitat generalist
orthopteran species with low or high dispersal ability were able to track global warming.
Overall, availability of suitable habitats and climate warming were the major drivers of
grasshopper assemblage shifts [190]. Furthermore, in the remaining grasslands in 2012,
irrespective of their protection status, orthopteran species richness mostly increased, ex-
cept for low dispersal species in unprotected grasslands [191]. Among central European
grasslands, climate warming has led to biotic homogenization of orthopteran assemblages
associated with abandoned wet grasslands and interacts with land-use intensification in
mesic grasslands. The outcome is a tendency towards a dominance by more widespread
species. In contrast, common pastures are characterized by high heterogeneity of land-
scapes and low-intensity management and, as a result, are more resilient to the effects of
climate warming [65].

In Italy, the spatial responses to climate change in two Oecanthus tree crickets
(O. pellucens (Scopoli, 1763) and O. dulcisonans Gorochov, 1993 (Orthoptera: Oecanthi-
dae)) show ecological and morphological resemblance, and partial range overlap, although
with species-specific associations with bioclimatic variables related to temperature and
rainfall. Climatic modeling predicted responses between the two species, with great range
loss for O. pellucens and slight expansion for O. dulcisonans under future scenarios. Im-
portantly, O. pellucens is a significantly more specialized species in its climatic niche. At
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a regional scale, interspecific competition likely will play a strong and asymmetrical role
in determining species’ presence, with only O. pellucens being significantly affected by
O. dulcisonans, but not vice versa. These findings underscore how, within cryptic species
complexes, competition dynamics and niche specialization may be key in determining
winners and losers in the face of climate change [192].

El Nifio Southern Oscillation events can also affect the interaction between livestock
grazing and vegetation communities and grasshopper assemblages. In the arid southwest
of the USA an evaluation of the interactive effects of short-term livestock grazing and
climate variation on plant and grasshopper assemblages and species abundance indicated
that livestock grazing greatly changed plant and grasshopper species assemblages during
the wet years, following shifts in plant communities. Overall, grazing effects on vegetation
and grasshoppers were significant during years with high rainfall, plant production, and
grasshopper abundance, but not in years when rainfall, plant production and grasshopper
abundance were all low [193].

Climate change in the USA has delayed grasshopper development in high-elevation,
season-limited grasshopper populations, especially for early-season species, but has ad-
vanced development in populations at lower elevations. Population, elevation, and tem-
perature interact to determine development time. Population differences in developmental
plasticity often result in variability in phenological shifts among adults. These results
suggest that it is important to consider the full life cycle relative to local adaptation and
plasticity when assessing the effects of climate change [194].

As regards individual grasshopper species and their specific traits, increased tempera-
ture has greatest effect on mid- and late-season species, resulting in certain grasshopper
species aggregating toward the center of the developmental season. Increased rainfall
may offset the effect of warming on egg development and balance warming-induced
risks to grasshopper populations [113]. Furthermore, there can be differences in response
to warming among different populations in a species. For example, Chorthippus dubius
(Zubovski, 1898) (Orthoptera: Acrididae) showed distinct thermal adaptations across lat-
itudinal gradients, affecting the number of accumulated degree days required to offset
the effect of elevated temperatures on egg development at lower latitudes. This adaptive
response nevertheless led to the preservation of a univoltine life cycle across all popula-
tions [195].

4. Orthopteran Conservation in a Rapidly Changing World

Spatially immediate human impacts (e.g., landscape transformation, pesticide use) can
be addressed at various local spatial scales, with due consideration given to orthopteran
species traits. However, climate change and attendant extreme weather events, as with all
biodiversity conservation, are best addressed at the global scale. Figure 4 is a summary
and guide for Sections 4.1-4.5.

4.1. A Question of Spatial and Temporal Scales

In the simplest terms, there are two main issues associated with the integration of
agriculture and orthopteran conservation. The first is to set-aside land, and the second is to
manage host systems optimally to maintain both agricultural production and orthopteran
assemblages.

Considering the spatial and temporal scales at which both set-aside initiatives and
management take place is important. At large spatial scales, larger areas can be set aside as
land sparing, principally involving the establishment of protected areas. Further valuable
information is obtained when data are gathered at small spatial scales (i.e.,1 km?) and
where feasible [196].
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Figure 4. Management for orthopteran conservation is relative to spatial and temporal scales of
activity and the traits of the various species.

At smaller spatial scales land sharing can be practiced at the field level when certain
areas are set aside for production and other areas for maintenance of near-natural levels
of biodiversity. However, land sharing and land sparing are not a binary concept but a
spectrum, and they can also be applied simultaneously in a region. For example, biosphere
reserves are composed of three zones: a central core devoted to biodiversity conservation,
a surrounding buffer zone where there are limited agroecological and sustainable produc-
tion systems, and an outer transition area where there is more extensive agroecological
cultivation as well as patches of remnant habitat.

In addition to spatial land planning, there is also management of the landscape.
Besides the mechanical practice of cultivation, there are other factors to consider, which
include, for example, the use of environmentally sensitive integrated pest management
procedures and control of invasive alien plants.

Temporal aspects to consider include the transition period from conventional agricul-
tural practices to more environmentally sensitive ones. A fundamental aim is to improve
sustainability and ecological resilience in a changing world to provide a means for natural
processes to continue. These include, for example, hydrological and soil processes, as well
as ensuring the presence of well-vegetated refuges to support natural levels of biodiversity
and biotic interactions.

4.2. Importance of Set-Aside Areas at Various Spatial Scales

Biogeographical studies on orthopterans have great value in determining hotspots of
orthopteran species diversity, including identifying areas where locust control may have
to consider risks to rare species [197]. Across Switzerland, a hotspot study using 1 ha
quadrats compared the extent to which common and threatened grasshopper species
represent overall grasshopper species richness. Overall, grasshopper species richness was
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well represented by both the number of common and of threatened grasshopper species. In
turn, species richness hotspots not only featured the most common grasshopper species,
but they even supported more threatened species than the rarity hotspots. The combination
of rarity hotspots and hotspots of common species featured more species than the other
combinations of hotspot types. However, the gain from combining two hotspot types
compared to the single-hotspot approach was low (maximum of three species). As 24% of
the species were not present in any of the hotspots, these species would require species-
specific action plans. As rarity hotspots were in areas that are subject to landscape change,
species richness in rarity hotspots may decrease in the future in the absence of species
action plans [196].

Although formally protected areas play a crucial role in the conservation of orthopteran
species, particularly narrow range endemic species or as refuges for declining species, it
does not mean that protected areas necessarily afford total protection of all orthopteran
species present in a specific region [156,191,198-205].

Biosphere reserves provide great opportunities for the conservation of orthopterans.
In Kogelberg Biosphere Reserve, South Africa, all three zones (core, buffer, and transition)
were equal in tettigoniid diversity, illustrating that agroecological farming in the buffer and
transition zones was not adversely affecting the assemblages [206].

In the Cape Winelands Biosphere Reserve, South Africa, grasshopper abundance was
highest in agroecological vineyards with well-vegetated inter-rows compared to either
natural fynbos or deciduous fruit orchards. Nevertheless, orthopteran species richness,
diversity, and evenness were highest in fynbos, followed by vineyards and then orchards.
But significantly, orchards had no unique species, vineyards had a few, and the fynbos many,
composed mostly of flightless endemics. This means that retaining patches of good-quality
fynbos in transformed land mosaics is essential for maintaining the endemic orthopteran
species [207]. However, with increasingly high levels of fynbos transformation, there is
replacement of endemic grasshopper species with more widespread generalist species [29].

As well as land-use type and species traits, seasonality also plays a significant role in
these orthopteran spatial patterns, with highly mobile, generalist feeders being abundant
and widely dispersed across the landscape, especially late-season when they utilize high
plant productivity in the vineyards. These actively mobile generalists benefit by being
able to occupy transformed areas, with populations greatly increasing during the late
season. The low mobility specialist feeders only preferentially occupy natural fynbos
vegetation and are disadvantaged by not being able to move far, while also lacking their
specific host plants in the transformed areas. Overall, this suggests that it is essential in the
Cape Winelands Biosphere Reserve to maintain as much fynbos functional connectivity as
possible to maintain effective population sizes of endemic grasshoppers [208]. There are also
differences among the local endemic grasshopper species in the genus Euloryma (Orthoptera:
Acrididae), with two species, E. umoja Spearman, 2013 and E. ottei Spearman, 2013, able to
tolerate some landscape transformation away from natural fynbos. However, E. larsenorum
Spearman, 2013 and E. lapollai Spearman, 2013 only live in fully natural fynbos [209]
(Figure 5).

Choice of set-aside procedure can depend on the local topographical context. In
contrast to the South African vineyards, those on steep slopes in central Europe support
woody vegetation. Vineyard abandonment reduced orthopteran diversity at the local
and landscape scales through a decrease in habitat quality, especially for open-habitat
species. Actively managing inter-rows through retention of open vegetation supported
heat-adapted grasshoppers, while on terrace embankments, extensive management for
taller vegetation benefited ensiferans. However, short and mulched vegetation in vertically
oriented vineyards favored dominance by just one grasshopper species [210].
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Figure 5. Conventional vineyard (left) almost devoid of orthopterans, compared with an agroecologi-
cal vineyard (right) in the Cape Winelands Biosphere Reserve, rich in orthopteran species. Photos:
Michael Samways.

In a South African summer rainfall area, networks of large conservation corridors can
effectively extend the reach of protected areas into agricultural or afforested landscapes,
with orthopteran species richness and abundance significantly higher in the edge zones of
both corridors and protected areas compared to sites of similar size in the interior zones
of both land types [145], with increased landscape heterogeneity elevating orthopteran
species richness, assemblage composition, and species turnover [211], overall suggesting
that these conservation corridors should be as wide as possible [212].

In these same conservation corridors, grasshopper species responded strongly and
consistently to site area size, time since the last fire, and inconsistently to the proportion of
short grasses, although varying among species. But as orthopteran assemblages are more
sensitive to habitat quality rather than habitat isolation, and when high habitat quality
is being maintained, these conservation corridors are highly effective in conserving the
overall orthopteran assemblage [213], with certain orthopteran species being particularly
good indicators of conservation corridor quality [214]. However, these corridors have con-
strictions, or some may be blocked off at one end, for various production reasons. Neither
the pinch points nor the cul-de-sacs had any adverse effect on orthopteran abundance or
species richness [215].

In the same system, wide corridors along an elevation gradient with different aspects
supported different grasshopper assemblages and enhanced species turnover. Sensitive
species occurred mainly at high elevations on northwest-facing slopes in wide corridors that
are functionally connected to large high-quality remnant grassland patches [216]. Overall,
the various studies above clearly indicate that good-quality conservation corridors play
a significant role in maintaining orthopteran assemblages in a timber plantation mosaic,
especially when landscape heterogeneity is high (Figure 6).

Small refuges in agricultural landscapes can also play an important role in supporting
orthopteran assemblages. For example, in Hungary, ditch banks are a suitable habitat for
most local orthopterans, including rare and threatened species, with abundance levels
being especially significant in determining the quality of the ditch bank. While caeliferans
preferred more open habitats, ensiferans favored wooded areas [217].

4.3. Maintaining Orthopteran Populations and Assemblages Through Better Land Management

Design and management of set-aside land are entwined, with subtle differences in
either or both leading to changes in orthopteran assemblages, even in the same geographical
area, as in the plantation mosaics with conservation corridors in South Africa [145,213].
Furthermore, maintenance of functional connectivity is dependent on the availability of
high-quality habitat, and when shaped by fires, can have a significant effect on range-
restricted species. However, not all high-quality habitat is functionally connected, often
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because of fire exclusion or the effect of invasive alien plants. This means that prescribed
burning should be used to maintain functional connectivity through burns every 2-3 years,
guided by vegetation assessment. While wide and extensive corridors at high elevation are
a conservation priority, narrow corridors and stepping-stone habitats, as well as grassland
buffers next to dirt roads, also help improve functional connectivity [216].

Figure 6. Agroecological pine plantation forestry in South Africa, where large networks of wide
remnant grassland corridors are rich in orthopteran species, with their diversity increasing when
rivers (left) and naturally small indigenous forest patches (right) are also included in the corridors.
Photos: Michael Samways.

Timing of burns is also important in this summer rainfall area. Burning mid-winter
is more favorable for orthopteran assemblages than burning in autumn or after the first
spring rains. Mean grasshopper species richness is highest following mowing after the
first spring rains, and the mean number of individuals highest following mowing in early
summer. When comparing annually burned plots with annually mown plots, orthopteran
abundance and species richness are highest in the burned plots. These results suggest
that a rotational winter burning program, which is practical under African conditions, is
recommended for orthopteran conservation [218].

Due consideration of both landscape design and management is seen in the rapidly
declining European grasshopper Arcyptera fusca (Pallas, 1773) (Orthoptera: Acrididae) in
Hungary. Traditional extensive habitat management (grazing and mowing) and the leaving
of uncut refuges in mountain meadows are essential for maintaining effective populations.
This also opens a way for translocation of the species to these well-designed and managed
sites [219]. Traditional grazing at moderate densities in the Bavarian pre-Alps also con-
tributes greatly to the conservation of two threatened species, Pseudochorthippus montanus
(Charpentier, 1825) (Orthoptera: Acrididae) and Stethophyma grossum [220]. In the Bi-
atowieza Forest, Poland, most orthopteran and other insect species diversity improves
when human land use is replaced by grazing and browsing by wild herbivores [221].

In a mountainous part of Germany, site conditions and management go together
for orthopteran diversity and abundance conservation. Warm, south-facing pastures
maintained more diversity than north-facing pastures, but both had greater diversity
than extensively used meadows. Bare ground cover and forb cover were also important,
especially for south-facing pastures. Furthermore, grazing by horses and cattle provided
better management for maintaining high orthopteran diversity in calcareous grasslands
than did mowing [222].

A hydrological spectrum of peat bog, fen, mesic grassland, semi-dry grassland, and
dry grassland in Central Europe revealed strong differences in environmental conditions
and in assemblage composition of threatened orthopteran species in mire and grassland
habitats. Land-use intensity was the key driver of habitat heterogeneity and of orthopteran
species richness. These findings suggest that the way forward is to instigate continuous
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large-scale, low-intensity cattle grazing from spring to autumn, as it promotes high habitat
heterogeneity for these sensitive orthopterans [223].

In a mountainous area of Greece, the three main environmental factors shaping di-
versity patterns are grass height, woody vegetation cover, and bare ground cover. The
implications for conservation are that it is important to focus on areas with high species
richness, with attention given to biodiversity-inclusive grazing schemes to reduce forest
encroachment and to restore mountain grassland quality following cattle overgrazing [224].

Similarly, in the arid Karoo of South Africa, seasonal and rotational grazing main-
tained the highest level of grasshopper diversity [134], notwithstanding that topographic
heterogeneity has a remarkably strong effect on local grasshopper spatial distribution [225].
An intense study of a highly responsive grasshopper species, Orthochtha dasycnemis (Ger-
staecker, 1869) (Orthoptera: Acrididae), showed that the summit of a mesa, through
inaccessibility to livestock grazing, was effectively a conservation refugium for the species,
albeit at different abundance levels among years, due to varying rainfall levels. In effect,
the mesa acts as a conservation island and refuge that would otherwise be altered by
heavy livestock grazing on the surrounding flatlands [226]. Similarly, in the Drakensberg
Mountains, rocky hilltops are a major refuge for grasshopper assemblages, as the rockiness
preserves relatively ungrazed vegetation patches, while also conferring protection from
predators. In the dry winter, when many grasshopper species are still active, the rocky
hillsides and summits also provide thermal refuges [100].

In the Carpathian lowlands, linear ruderal habitats and less intensively cultivated
arable lands (at least to 5%, optimally 8-10%) maintain orthopteran diversity, especially
through landscape- and crop rotation planning that considers spatial and temporal distri-
bution of refuges [140]. In southern Italy, habitat loss from conversion to arable fields leads
to local loss of orthopteran species, especially those that are sedentary and require large
habitat patches. The best management response is to improve habitat diversity along with
cutting or burning small areas while also reintroducing sheep to abandoned grasslands.
These actions improve orthopteran species diversity in both small and large patches [227].
In the Italian Alps, mown meadows and young abandoned meadows (3-5 years since last
cut) result in colonization by forest trees and reduced orthopteran diversity. Furthermore,
effective agri-environment schemes help maintain extensive semi-natural hay meadows
employing a mowing regime of 3-5 years, which reduces mortality due to mechanical
mowing and halts forest invasion [228].

But sometimes mowing must not be too frequent, as shown by findings from Swiss
mountains where frequent mowing is one of the main threats to orthopteran assemblages in
managed grasslands. Also, it is important to retain habitat refuges (e.g., woody vegetation
or unmown areas) close to grassland patches, to enhance orthopteran species richness and
to compensate for the detrimental effect of mowing [229]. Similar findings come from
the Pol'ana Biosphere Reserve in the Western Carpathians, Central Slovakia [230] and
the Hruby Jesenik Mountains, Czechia [231]. Furthermore, orthopteran species mostly
readily colonize newly available optimal habitats when embedded in species-rich grass-
lands [232]. In Cyprus, rural mosaics and forests are best for orthopteran conservation [204].
In tropical Cameroon, forest management by reforestation, reduction in slash-and-burn
agriculture and wood cutting, restores the original grasshopper assemblages and general
environmental health [233].

In northeastern Italy, at the large spatial scale, orthopteran diversity would benefit
from maintaining extensively managed meadows throughout the whole region to improve
the regional orthopteran species pool. This increased connectivity encourages species
occupancy and population persistence in patches, particularly for sedentary species [32].
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Changing crop variety can also make a difference. In southwestern Germany, fungus-
resistant grape varieties have reduced pesticide applications by 44% in the transition away
from conventional and towards organic production. Although total densities of herb-
dwelling orthopterans did not differ between grape varieties in conventional vineyards,
they were 2.9 times higher under organic management. In contrast, total densities of vine-
dwelling orthopterans were mainly driven by the dominant species Phaneroptera falcata
(Poda, 1761) (Orthoptera: Acrididae). Densities were similar between grape varieties in
organic vineyards but were 1.4 times higher in classic grapes under conventional manage-
ment. Furthermore, the type of management system in the semi-natural habitats within
a radius of 500 m in the surrounding landscape influenced species composition. Overall,
these results indicate that under organic viticulture, reducing the use of non-specific pesti-
cides is important for biodiversity conservation and that the cultivation of fungus-resistant
grape varieties can play a significant role in this direction [167].

Overall, the findings above align with Gardiner’s [84] conclusion that the over-arching
principle for grazing management should be to establish a heterogeneous grass sward with
a range of sward heights and bare earth for oviposition and basking. In more extensive
systems, patches of scrub provide woody vegetation habitat for species such as bush
crickets. This means that high habitat heterogeneity should lead to the highest species
richness.

4.4. Recovery Programs

Active recovery programs are intimately related to the set-aside and management
actions discussed above. Here, though, we focus on further actions where targeted conser-
vation actions are undertaken for orthopteran assemblage and species recovery.

In Switzerland, improving agricultural field margins by using seed mixtures
with 60 to 80% forbs, increased orthopteran abundance and species richness considerably,
approaching levels in biodiversity conservation areas [234]. Similarly, in Hungary, sown
grass strips in intensive farmland benefited orthopteran assemblages by substituting for loss
of prime grassland habitats and are high-quality habitats compared to remaining disturbed
grasslands. Sown mixtures and grass cutting and harvesting were the main factors driving
orthopteran density. Mixtures composed of mixed grasses without legumes were the best,
complemented by hay harvesting. Grasshopper species richness also increased in the sown
grass strips when they were in landscapes with low grassland field availability but high
connectivity. Enhanced use of sown grass strips by grasshoppers can be seen as a direct
effect of habitat improvement and management actions, but also a response to the rarity
and instability of the remaining grassland habitats in these agricultural landscapes [136].

A large, protected area in the South African Karoo was allowed to recover after
replacing cattle-grazed farmland with an indigenous mammal parkland. The grasshopper
assemblage was assessed 62 years later and compared with the livestock-grazed area
outside the park. While species richness inside and outside the park was not significantly
different, abundance inside the park was significantly higher, indicating that long-term
restoration using indigenous ungulates provided a better environment for grasshoppers to
flourish than did livestock. The problem with intensive livestock grazing and trampling is
that they lead to bush encroachment and reduction in grass cover and/or disappearance
of several grass species. However, inside the park over time the indigenous herbivores
improved vegetation composition and structure, particularly grass height and percentage
cover, especially beneficial to the grasshoppers [235].

In the montane heathlands of Germany, orthopterans responded rapidly to restoration
activities following establishment of Ericaceae dwarf shrubs. Most species that occurred on
the restoration sites were early and mid-successional species. However, later colonization
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by late-successional species depends on further increases in density of the heathland
vegetation following appropriate management [236].

Fifteen years of natural forest restoration on Rodrigues Island, Mauritius, increased by
four to seven times the density of the endemic orthopterans, depending on the restoration
scheme. However, restoration of an oak forest in southern Spain only benefitted the
ensiferans, not the caeliferans [237].

It is possible in some cases that certain grasshopper species may inhibit restoration
activities through preferential feeding on native grasses over alien ones [238,239]. However,
research to date overall suggests that acridid grasshoppers have the potential to contribute
to biotic resistance in native plant communities through grasshoppers preferentially feeding
on invasive alien plants [183], even when the plants are closely related [240].

At the single-species level, Hochkirch et al. [241] translocated individuals of the
local threatened Gryllus campestris L., 1758 (Orthoptera: Gryllidae) in Germany. Success
depended on the recipient locality containing sufficiently large areas of suitable habitat
and a high number of wild juveniles from a closely located and large source population
that were released during a climatically favorable period. Furthermore, management and
restoration of habitats, as well as continuous monitoring, were of crucial importance to
ensure the success of the translocation project, along with good co-operation between
conservationists, authorities, foresters, farmers, financiers, and scientists. Importantly, the
translocation did not lead to a significant loss of genetic diversity, when compared to the
source or other natural populations. This suggests that translocation of many nymphs from
different subpopulations is a suitable method to decrease the loss of genetic diversity and
reduce the risk of inbreeding. Furthermore, the translocation had no negative effect on the
source population [242].

4.5. Integrated Locust and Grasshopper Management

While several well-known acridid species (locusts) swarm and migrate, or can reach
high densities on rangelands, other orthopterans (e.g., Ruspolia differens (Serville, 1838)
(Orthoptera: Tettigoniidae) in East Africa; [243]) also cause economic damage and must
be subject to control measures. In addition to the 24 locust and non-model locust species
listed by Song [244], about 400 grasshopper species can be considered as potential agri-
cultural pests, although to very different degrees [245]. The problem with traditional
control using chemical pesticides is the impact on non-target organisms. However, more
environmentally benign options are available. This was seen in the case of attempts to
control Schistocerca gregaria during massive outbreaks in the Horn of Africa in 2019-2021.
Firstly, environmental monitoring was largely neglected, with only limited surveys con-
ducted in Kenya and Ethiopia. Overdosing with fenitrothion with a 960 g/L formulation
in Kenya led to non-target mortality, including birds and honeybees. In Ethiopia, chlor-
pyrifos and malathion applications coincided with a honey production decline of 78%
in 2020 compared to prior locust control. However, application of the fungal biocon-
trol agent Metarhizium acridum (Driver and Milner) J.F. Bisch., Rehner and Humber, 2009
(Hypocreales: Clavicipitaceae) on nearly 253,000 ha in Somalia was a breakaway from
previous campaigns and successfully controlled both hopper bands and swarms with no
environmental effects detected [246].

Metarhizium acridum has been recorded to have no adverse effect on ants, beetles,
and grasshopper-feeding birds, which will even feed on M. acridum-treated cadavers. In
contrast, these birds move away from plots treated with chlorpyrifos and fenitrothion,
risking a secondary locust outbreak [247]. In Ethiopia, M. acridum was target-specific
against Zonocerus variegatus (L., 1758) (Orthoptera: Pyrgomorphidae), Cyrtacanthacris spp.,
Diabolocatantops spp., Oedaleus spp., while non-target bugs, lepidopterans, mantids, and
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spiders showed no infection [248]. Other non-target taxa such as hymenopterans, homopter-
ans, asilid flies, and ground-scavenging arthropods are also not directly infected and killed
under field conditions. Furthermore, large-scale mycopesticide treatment appears to en-
able natural control to act as a buffer against the recolonization of treated areas once pest
populations have been reduced. This contrasts with the effect of chemical pesticides, such
as fenitrothion, which may cause grasshopper resurgences. In short, biopesticides offer a
more environmentally safe alternative to chemical pesticides for locust and grasshopper
control [249,250].

Langewald et al. [251] provide an extensive list of non-target (excluding orthopterans)
species in response to M. acridum application and dosages. However, of concern for
orthopteran assemblages, is that non-target orthopteran species were not included in the
assessments. Prior (1997) though, provides information on effects of M. acridum on some
non-target orthopterans, concluding that there is none, low, or moderate susceptibility in
the tested non-target species, while it is high for the target species.

Furthermore, M. acridum can remain viable in the environment in the USA for
>30 days [251,252], in Mexico for 66 weeks and only disappearing after 8 months [253], and
in Australia for 3.5 years [254]. While such figures are beneficial for controlling the pest
species, they are of concern for the overall orthopteran assemblage, especially as more
persistent formulations are being sought [255,256].

Besides M. acridum, the microsporidian Nosema locustae Canning, 1953 (Protozoa:
Microsporidia) (synonym: Paranosema locustae) is also being used for locust control with
reduced environmental and non-target damage compared to chemical insecticides [257,258].
Combinations of the two pathogens have also been used to control target orthopterans [259].

Shi et al. [260] investigated the non-target effects of N. locustae and concluded that ap-
plication of the pathogen had no effect or increased population levels of the natural enemies
of grasshopper pests in Chinese grasslands. Although the general mode of transmission of
the pathogen is cannibalism of infected grasshoppers, healthy grasshoppers could also be
infected in the presence of the predatory ground beetle Pterostichus gebleri (Dejean, 1828)
(Coleoptera: Carabidae) which carried microsporidian spores, despite the spores being
non-pathogenic to the beetle. Significantly, this mechanism aids spread of the pathogen
into untreated areas [261]. Of concern, however, at least for non-target indigenous species,
is that the pathogen remains infective in application areas and beyond for several years in
China [262], while also having a persistent adverse effect on indigenous melanoplines in
Argentina for several years after the application of the alien pathogen [263].

Lockwood [264,265] has argued that biocontrol on North American grasslands, using
foreign natural enemies against pestiferous grasshoppers, is not advisable as the risk of
upsetting general orthopteran assemblage composition, abundances, and nutrient cycling
is too high. Alternatives have since been implemented. The first consideration is that
grasshopper outbreaks are intermittent and cyclical, and once these outbreaks have oc-
curred, there is little chance of reducing grasshopper damage. It is better to minimize pest
grasshopper damage by acting before outbreaks occur using a multidisciplinary manage-
ment system. Preventative measures include good grazing management and prescribed
fires that improve grassland condition, although they must be tailored to each ecosystem
type [266].

In turn, as emphasized for Chinese grasslands, monitoring and prediction of potential
outbreak areas can be improved by identifying major environmental factors that drive
outbreaks between low- and high-risk areas [267]. Furthermore, this type of preventive
monitoring, which is designed to enable intervention at the earliest signs of an outbreak
and before a population begins to cover larger areas, underpins the current strategy for
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locust control and emphasizes the importance of early detection in minimizing ecological
and agricultural impacts [17].

In Patagonian wetlands, feeding experiments were used to determine orthopteran
vegetation consumption rate and preferences, leading to a spatially explicit stochastic
model based on individuals. The model demonstrates that the potential impact of these
species depends on both their densities and the wetland’s vegetal biomass. Knowing this
background enables determination of pest thresholds and development of early warning
strategies that promote the conservation and management of the natural environment [268].

In difficult terrain, any form of insecticide application may be difficult. In a moun-
tainous part of China, the achievement of a balance between control of orthopteran pests
while being cognizant of the needs of rare orthopterans, a method termed ‘controlling
grasshoppers and rearing birds” was introduced. The method involves using chickens to re-
duce grasshopper populations to control the pest species while avoiding local extinction of
non-target species, such as endemic or threatened orthopteran species, while also providing
free-range chickens for human consumption [269]. However, further research is required to
ascertain whether certain orthopteran species are at risk of decline from free-range chicken
farming.

4.6. Congruency of Orthopterans with Other Animal Taxa

Land set aside specifically for other animal taxa can often benefit orthopteran assem-
blages and specific species. The first French Natural Asset Reserve was created in the plain
of La Crau (Southeastern France), the last semi-arid steppe in Western Europe. The initial
emphasis was to conserve rare and protected steppe birds. Rehabilitation of the area saw
rapid recovery of typical orthopteran assemblages measured in terms of species richness,
abundance, and composition. Importantly, the project also helped restore habitat of two rare
and threatened species, the Crau Plain grasshopper (Prionotropis rhodanica Uvarov, 1923
(Orthoptera: Pamphagidae) and the Predatory bush cricket (Saga pedo (Pallas, 1771) (Or-
thoptera: Tettigoniidae)) [270].

The Dadia reserve, Greece, was established to protect the Black vulture (Aegypius monachus)
and other raptors. This bird protection project also conserved 39 orthopteran species,
including the rare species, Paranocarodes chopardi Peshev, 1965 (Orthoptera: Pamphagidae).
Interestingly, the surrounding buffer zone of the reserve was far more important for
orthopteran conservation. Management recommendations in the buffer zone include
maintenance of forest heterogeneity, the enhancement of periodical livestock grazing, and
the use of nine indicator species and P. chopardi in the reserve monitoring program [271].

Prescribed burning is practiced as a management tool to improve habitat of the threat-
ened caprine species, Nilgiri tahr (Nilgiritragus hylocrius Ogilby) (Artiodactyla: Bovidae),
at a large scale (50 ha grids) in Eravikulam National Park, Western Ghats, India. When
comparing this large scale burning with small scale burning (10 m?), there was a negative
response of orthopterans to burning of larger contiguous areas in terms of their recovery
after fire events. In contrast, burning of small patches in a mosaic pattern enabled rapid
recovery of grasshopper assemblages, with the possibility of optimizing burn management
to the benefit of both the tahr and the orthopterans [272].

Stemming from congruency at the local scale, conservation of butterflies can go hand
in hand with orthopteran conservation in remnant corridors in a plantation mosaic. In
a summer rainfall mountainous area of South Africa, plants, but particularly degree of
rockiness, greatly influences grasshopper local distribution patterns [273]. In turn, these
landscape features produced congruence between grasshoppers and butterflies, modified
by elevation [274]. Similar findings come from a nearby less mountainous area. However,
environmental variables were less influential on the congruency between butterflies and
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orthopterans, which showed in-step turnover of assemblage composition with differences
in vegetation types [275].

The effects of five management regimes associated with German fenland were in-
vestigated. Butterflies and grasshoppers showed greatest species richness, diversity, and
numbers of threatened species on moist meadows, but were adversely affected by tall vege-
tation. Overall, drained, intensive grassland was not suitable for preserving fen-specific
assemblages, while extensively managed moist meadows harbored overall the highest
numbers of threatened species [276]. Yet elsewhere in Germany, in a grassland/forest
mosaic subject to different grazing intensities, increased vegetation height benefited but-
terflies, whereas grasshopper species richness was more strongly related to vegetation
heterogeneity [277].

Lastly, and importantly, we must consider the importance of multi-taxon approaches
for the assessment and monitoring of levels of ecological integrity. Not least because the
move to agroecology and improved conservation generally considers biodiversity in its
entirety. Thus, the use of a range of carefully selected taxa may be the most expeditious
way forward and may well include orthopterans along with other taxa [278,279].

4.7. Non-Acoustic Sampling of Orthopterans
4.7.1. Standard Sampling Methods

The assessment and monitoring of changes in state or status of environmental con-
ditions, population levels, species dispersion patterns, and assemblage composition over
space and time are fundamental for guiding decisions and management for an improved
agroecological approach. In this regard, practical sampling methods for orthopterans
are discussed by Sperber et al. [280] and Giuliano and Rizzioli [281], determination of
main environmental drivers of orthoptera assemblages change by Wei et al. [282], and
development of a generalized assessment and monitoring method for tettigoniids by
Thompson et al. [283].

4.7.2. Emergent Airborne Technologies

Novel airborne technologies are enabling great advances for improved assessment
and monitoring. Among these is the use of drones and satellite mapping for insect con-
servation [284]. The advantage of satellite mapping is that it can be used to determine
environmental variables, such as habitat, microclimate, and light pollution, while capturing
data on topography, vegetation structure and composition, and luminosity at spatial scales
appropriate to insect studies [285].

In the case of orthopterans, remote sensing and machine learning can identify threats to
them from managerial legacies [186] and provide strategies to conserve irreplaceable species
through identifying optimal habitat relative to the level of functional connectivity [216],
and challenges to this connectivity [215].

Use of remote sensing for locust management has advanced greatly, mostly using
earth-observation sensor systems, with the focus mainly on the desert locust (S. gregaria),
the migratory locust (L. migratoria), and the Australian plague locust (Chortoicetes terminifera
(Walker, 1870) (Orthoptera: Acrididae)). In terms of applied sensors, mostly the Advanced
Very-High-Resolution Radiometer (AVHRR), Satellite Pour 1'Observation de la Terre VEGE-
TATION (SPOT-VGT), and Moderate-Resolution Imaging Spectroradiometer (MODIS) have
been used, as well as Landsat data focusing mainly on vegetation monitoring or land cover
mapping [286]. Application of geomorphological metrics and radar-based soil moisture
data is comparably rare despite previous recognition of their importance for detecting
locust outbreaks [287,288]. Recently, Soil Moisture and Ocean Salinity (SMOS) satellite
imagery was used for soil moisture estimates for desert locust preventive management,
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and a Soil Moisture product at 1 km resolution was integrated into the national and global
Desert Locust early warning systems [289,290].

Early intervention effectively prevents the development of locust plagues [291]. How-
ever, detection of small but increasing large swarms is challenging, but is being overcome,
for example, by using a space-borne hyperspectral sensor. It is an optical sensor that mea-
sures the reflectance over hundreds of wavelengths and can identify significant components
associated with swarm development beyond that of the human eye [292].

4.7.3. Emergent Genomic Advances

Genomic advancement provides much insight into orthopteran conservation initia-
tives. Improved phylogeny elucidating orthopteran taxonomic relationships and resolving
clade divergent dates [5] rests on increasingly refined genetic barcode data gathered and
housed in genomic libraries [293-297]. Meanwhile, whole mitochondrial genomes of certain
species have been resolved, helping determine the genetic relationships between certain
species [298].

Biogeographic distributions of putative morphological species are also being resolved
using genomics [299], leading at times to the discovery of genetically differentiated cryp-
tic species in different taxa in various parts of the world [300-302], refugial effects on
speciation [303], and ongoing speciation among certain species [304].

Importantly for conservation, species are being rediscovered through genomic investi-
gation after being thought to be locally extinct, underscoring the need for preserving certain
ecosystems [305]. Also, genomic studies on orthopteran populations of a species can be
used to predict potential changes in abundance [306]. Furthermore, risks associated with
sampling live individuals of rare and threatened species can be overcome by extracting
genomic DNA from exuviae [307]. Orthopteran gut microbiomes are also being identified
using metabarcoding [308].

Genomic studies relevant to agroecological advancement also include risks of geno-
toxicity by the herbicide paraquat [309], the organophosphate dimethoate [310], fertilizer
pollutants [311], and from radioactive contamination [312]. Furthermore, the grasshopper
Aiolopus thalassinus Fabricius, 1781) (Orthoptera: Acrididae), while having been widely
used as an ecotoxicity indicator species of heavy metal pollution [313], has now been identi-
fied according to its complete mitochondrial genome, useful for environmental assessment
and monitoring [314].

Understanding the diet composition of herbivorous orthopterans is essential for the
conservation of threatened species and their habitats. By DNA metabarcoding the feces
of the Critically Endangered Isophya beybienkoi Maran, 1958 (Orthoptera: Tettigoniidae) it
was possible, through its diet, to determine its exact habitat requirements [315]. However,
it is also important to consider the composition and activity of the gut microbiota. This
can be achieved using high-throughput sequencing employing the 16S rRNA gene and
shotgun metagenomic sequencing methods to provide insights into microbial community
composition and function. Using this approach on three species of ensiferans with very dif-
ferent feeding preferences, Zheng et al. [316] showed that the gut microbial communities of
these species were significantly different, with more diverse feeding preferences associated
with gut microorganisms with less specific functions. But other microbial functional genes,
related to energy and nutrition acquisition, are also involved and affect the host species
survival.

Metabarcoding (the combination of DNA taxonomy and high-throughput sequencing)
among orthopterans has also been used in other contexts, including diet shift in the conver-
sion of tropical forest to oil palm production [120]. In warm Chinese forests where rubber
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and tea had replaced natural forest, results from metabarcoding showed that orthopteran
diversity was high in tea and higher even than mixed plantation/natural forest [317].

A further technological advance is the practical implementation of environmental
DNA (eDNA). The method can be applied to rare or elusive species as it is highly sensitive
in detecting minute traces of the genome left behind by insects such as orthopterans on the
surface of plant material [318] and in river systems [319]. Application of this highly sensitive
method can be used for detecting nascent invasive populations, delimiting invasion fronts,
as well as for detecting optimal habitats [320]. The method can be applied to various types
of ecosystems and may uncover the presence of previously locally unknown species [321]
and plant-animal interactions [322]. Further application is for monitoring over space and
time [323], although it should use standardized eDNA workflows for effective conservation
and management [324].

Orthopterans were a component of an arthropod study that archived leaf material
to characterize plant-associated arthropod assemblages over several decades. The study
used leaf time series from tree canopies in four land-use types across Germany. Results
indicated that, rather than widespread declines in a-diversity or genetic variation within
sites, there has been a gradual assemblage turnover, manifesting as temporal and spatial
biotic homogenization across all land-use types and arthropod orders. These findings
suggest that insect decline is more complex than only a-diversity loss and instead is driven
by p-diversity decay across space and time [325].

4.8. Role of Ecoacoustics in Orthopteran Conservation

As sound production is so prevalent in orthopterans, use of their song for assess-
ment and monitoring is a valuable tool. However, from a practical point of view, the
human ear detects only those song frequencies in the lower, sonic range, which varies
according to a person’s age. Nevertheless, unaided song detection can still be valuable in
orthopteran assessment and conservation [326,327]. But for detection of higher frequency
components under field conditions, it is necessary to use ultrasonic wavelength-detection
apparatus [328-330].

The value of an acoustic approach is that the exact location of individual orthopterans
can be determined, especially for those that sing at dusk or during the night when other
methods may not be suitable [331]. It is an approach that can also determine assemblage
rules [332]. Furthermore, otherwise morphologically indistinguishable species can be de-
tected [333]. However, as not all orthopteran species sing, for a comprehensive assessment
of all orthopteran species present it may be necessary to supplement sound assessment
with visual surveys (or other methods), as in the Austrian Alps [334].

In the transition from conventional to sustainable agriculture, ecoacoustic assessment
was used to determine the relative value of the zones of a biosphere reserve in South Africa
and showed that agroecological approaches are supporting the indigenous tettigoniid
fauna rather well [206]. Also, in South Africa, orthopteran acoustic assessment was used
to determine the quality of large-scale conservation corridors across a plantation mosaic.
Habitat heterogeneity in terms of varied vegetation types and structures emerged as the
most important features for determining the effectiveness of these corridors as natural
refuges for improved orthopteran conservation [335].

In the same area, the orthopteran soundscape illustrated that ecotones between
wooded and grassland areas played an important role in supporting the sound-emitting
orthopteran assemblages [336]. Furthermore, acoustic interference between tettigoniid
species was low in the area as species co-existed by having distinct ecological resource
requirements and inhabited different biotopes, preventing acoustic interference from other
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species. In sum, acoustic and environmental factors play interactive roles in enabling
sympatric species to co-exist across these complex landscapes [337].

When these results are compared with earlier findings from southern France, the effect
of agricultural practices becomes apparent. Platycleis affinis Fieber, 1853 and P. intermedia
(Serville, 1838) (Orthoptera: Tettigoniidae) nymphs readily inhabited barley fields. How-
ever, harvesting of the crop led to the young adults moving to the surrounding meager
natural patches, causing acoustic interference through insufficient natural habitat [338].
This interference on the landscape can be so severe that P. intermedia’s song is greatly
distorted by P. affinis’ song and especially by that of another species in the area, P. falx
(Fabricius, 1775), with its intense song [339].

5. Discussion
5.1. Some Fundamentals Associated with the Transition to Agroecology

The transition from conventional agriculture to an agroecological approach involves
circular practices that focus on creating closed-loop systems where waste is minimized and
resources are reused and recycled within the agricultural ecosystem. This way forward
aims to reduce reliance on external inputs, improve resource efficiency, and promote more
sustainable and resilient food systems. It also considers the wider domain of a farm,
ecologically, socially, and economically, with attention given to ecological integrity and
resilience in these times of rapid climate change. A protocol has been developed to achieve
these goals [340].

In effect, the human-altered landscape is a huge filter that causes shifts in population
levels, dispersion patterns, and assemblage structures. While some species may respond
positively to these changes, others do not. One result is the homogenization of commu-
nities where there is loss of some specialist species in favor of ecologically tolerant and
opportunistic species. The risk is that some species will be lost entirely, firstly locally and
then more widely. However, tipping points remain difficult to predict (let alone manage)
where or when they are most likely to occur in complex real-world settings [341].

As agriculture is globally dominant and essential, it is urgent that there is more action
towards the transition away from conventional resource-hungry agriculture and a move
towards a more environmentally sensitive way forward. Grasshoppers and crickets can
help us do this in a practical way, as well as by us appreciating their intrinsic value.

However, there are three major issues facing this initiative. The first is the ‘shifting
baseline syndrome’ [342]. This is about recognizing environmental deterioration, people’s
valuing of nature, and even appreciation of its crucial role in our wellbeing and survival.
With biodiversity continually being eroded, current environmental conditions are often
accepted without being questioned. What was considered as a normal environment and
levels of biodiversity by past human generations is continually giving way with each new
generation to a new normal. That means we are living in a continually depleted biotic
world while depending on a more precarious environmental state.

The second issue is the ‘pest-preservation paradox” which is highly significant among
orthopterans. As orthopteran species and assemblages vary enormously in biology, abun-
dance, population variability, and geographic range, it means that some are major pests
while others are threatened with extinction, with some species already extinct through
human agency. While most agricultural pest species are acridids, many other species in
all families face some level of threat, especially those confined to small geographical areas
and where the human footprint coincides with their small ranges. As pestiferous species of
grasshoppers and crickets are widespread and numerous, it means their economic control
often leads to an umbrella of threat to the many non-target species [343].
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The third issue, and related to the second, is that of human perception impediment.
This is illustrated by a survey among 41 respondents in rural communities in Wyoming
rangeland. Results found that most respondents (51%) chose ‘grasshoppers are not a
problem unless in large numbers (outbreak)’, while 39% selected ‘all should be killed’
and only 10% chose ‘they are beneficial to grasslands and should only be controlled if in
large numbers’, while none chose ‘that grasshoppers should not be controlled’. Overall,
these responses are either neutral or negative, inferring that civil society, at least in this
community, does not hold an overly positive perception of grasshoppers [344].

5.2. Natural Orthopteran Population and Assemblage Dynamics

Among orthopteran species there are great differences in dispersal ability, largely
related to locating optimal resources, completing their life cycle, and escaping predators.
The most obvious feature is either being able to fly or not. While flying enables more rapid
location of optimal conditions than walking or hopping, flightless species may also readily
move to avoid adversity and procure optimal conditions at the local scale [29].

Natural drivers can vary in extent. Grazing by mammalian herbivores is localized on
a daily basis, with most orthopteran species well adapted to seek optimal conditions where
such grazing occurs [85]. Fire on the other hand, can be rapid, destructive, and extensive.
Good fliers may be able to readily flee a fire, but this is more difficult for less mobile
species. These poor dispersers may either perish in a fire or seek refuges in unburned
patches. In the highly fire-prone Cape Floristic Region of South Africa, many flightless
species have not only survived numerous past fires but have also undergone significant
diversification in some genera [300]. They appear able to readily seek refuges, possibly
by first detecting smoke [345]. Some also display melanism, for better crypsis against a
burned and blackened background, where they take advantage of rapid plant regrowth
while remaining relatively inconspicuous to visually oriented predators [99].

For the excellent fliers such as locusts, they travel great distances to intergenerationally
take advantage of optimal food resources and breeding sites, usually following high rainfall
in dry areas. From an evolutionary perspective swarming and long-distance flights have
been an effective strategy [346].

Grazing by indigenous mammalian herbivores important for creating gaps in a
forested landscape. Orthopterans are well able to take advantage of not only the op-
portunistic herbaceous vegetation but also the ecotones between woody and low-canopy
vegetation [333]. In response, many orthopteran species can maintain effective population
sizes in relatively small patches of optimal habitat [23]. Nevertheless, when the opportunity
arises from improved functional connectivity, they readily take advantage of it [213].

In short, landscape and habitat heterogeneity have been an important driver of or-
thopteran assemblages, with the extant species composed of individuals that can readily
and continuously locate optimal conditions both for bodily maintenance and life cycle
completion.

5.3. Orthopteran Survival in Transformed Landscapes

Agriculture has been gradually transforming landscapes over many centuries. The
transformation has been both extensive and intensive, with the first adverse effects on
insects noted already in the late 19th century [347]. However, it was the development of
mechanization, synthetic products, and increased infrastructure that radically transformed
vast areas of land with huge consequences for insects [348].

From the evidence available, it appears that with loss of indigenous grazing and
browsing animals, and subsequent replacement by livestock, that the former natural grazing
effects are being simulated to some extent by the presence of livestock. But there are optimal
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levels of herbivory by large animals, as shown by both abandonment of traditional livestock
grazing lands and, at the other extreme, heavy grazing that reduces orthopteran abundance
and diversity, especially in dry areas [75,109]. As a result, there have been, across continents,
a return to moderate levels of grazing. This approach increases vegetation heterogeneity,
both by feeding and trampling, which benefits the various life stages [130].

There are often other impacts, such as crop and timber production, that affect or-
thopterans. But the footprint of these novel landscape transformations varies according to
the type of production. Intensively managed arable fields are particularly devastating for
orthopterans [108,140]. The only valuable space left is set-aside land and refuges, which
are more feasible and prevalent in mountainous areas than on fertile flatlands [349]. In
turn, perennial production systems offer more opportunities for orthopteran preservation
than do arable fields. Such long-lasting systems can be modified through establishment of
vegetation-rich inter-rows or set-aside patches, especially in the case of crops like vines and
fruit trees (deciduous fruit, citrus, and olives) [207]. Even terraced agriculture can provide
refuges on the revetments when well managed [210].

In the case of timber plantations, the landscape can be managed through setting aside
large areas of remnant habitat in the form of extensive networks of conservation corridors.
When these are managed in an environmentally effective way, through careful prescribed
burning for example, they can maintain the orthopteran fauna as well as protected areas
do. These corridors have excellent functional connectivity, allowing the natural ebb and
flow of the orthopteran inhabitants. When the corridors are adjacent to protected areas,
they extend the reach of the protected areas and provide considerable ecological resilience
against climate change and extreme weather events. This has proved to be an excellent
approach for harmonizing orthopteran and other biodiversity conservation alongside
timber production [350].

One of the greatest challenges in the move to agroecological management has been
to move away from the use of chemical pesticides. Not only do they have a huge impact
on insects in general within the area of application, but also beyond it, in the margins and
refuges, mostly because of pesticide drift [168]. This is a challenge greater than just for
orthopteran conservationists, but for all biodiversity practitioners. However, research on
orthopterans can really help in transitioning away from conventional applications to a
much more ecologically viable integrated pest programs, especially when applied area-
wide [263]. Together with this progression, are other methodological improvements, which
include, for example, improving the heterogeneity of indigenous vegetation, and use of
improved crop varieties [65,111,167,186,211].

One of the great challenges for orthopteran conservation is the control of grasshopper
outbreaks and locust swarms. Conventional pesticides in most of the main registered chem-
ical groups have been used against grasshoppers and locusts for many years. But outbreaks
and swarms still appear to cause alarm, triggering an insecticide blitz. However, the advent
of specific biopesticides has proven to be a great advance in having a more environmentally
safe means of outbreak and swarm control [246]. While this new generation of orthopteran
control is mostly safe for most non-Orthoptera taxa tested [251,351], there is still concern
over its impact on non-target orthopterans. This is especially the case as new biopesticide
strains are being produced which can be environmentally highly persistent [263].

The current overarching driver on all biodiversity and farming methods is global
change. Besides a warming world, there is the great effect on insects as ectotherms and
as sensitive responders to even small differences in environmental conditions [352,353].
Coupled with the effects of increased global temperatures are increasingly intense and
variable weather events, whether drought and fire, or precipitation and floods, all of which
are currently affecting insects [354]. Furthermore, climate change is directly synergistic with
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other drivers and can have an adverse effect on, for example, small and isolated refuges
to which a population may be confined. Another important development is that climate
change has overtaken landscape transformation in central Europe as the main driver of
orthopteran assemblage shifts [189].

6. The Way Forward for Integration of Orthopterans in the Shift
to Agroecology

From the evidence to date on the transition from conventional agriculture to agroe-
cology, it is possible to identify some distinct pointers on the value of orthopterans in
agroecological advancement, as well as identifying some of the main drivers affecting
changes in their populations and assemblages. This leads to suggestions relating to the
value of orthopterans towards better design and management of the agroecological land-
scape. We now summarize the various approaches for improved sustainability.

6.1. Appreciating Orthopteran Value

e  Orthopterans do not live in isolation, interacting with many other organisms, both
positively and negatively.

e  Orthopterans play a vital ecological role in cycling nutrients and as prey that supports
many other organisms.

e  Orthopterans ideally should be considered with other biodiversity to attain more
holism in the transition to agroecology that is more acceptable to farmers, managers,
and policy makers.

e  All successful agroecological advances consider the whole life cycle of orthopterans
and the special needs of each life stage.

e  Changes in both abundance and relative species frequency (assemblage composition)
are strong indicators of changes in landscape quality for better or worse.

e  Orthopterans are largely conspicuous and easily sampled in low-canopy systems.

e In forests (as well as in low canopies) their acoustic emissions can be used to record
species’ presence.

e Inlow canopies, both acoustic and other sampling methods can be used.

6.2. Recognizing the Adverse Drivers of Orthopteran Abundance and Diversity Levels

e  Excessive use of chemical pesticides, herbicides, and fungicides is unacceptable. Their
use must be carefully integrated into a sustainable farm management program, prefer-
ably area-wide.

e  Excessive grazing or mowing is detrimental to overall orthopteran assemblages and
reduces ecological resilience to climate change.

e  Arable crop fields have an impact on most biodiversity and must be managed with this
view in mind, and in the case of orthopterans by instigating natural or semi-natural
set-aside land.

e Adverse drivers can be synergistic, and these synergisms must be understood for
agroecological advancement.

e  Ongoing climate change is an overarching challenge that interacts with other adverse
drivers. However, some adaptation by orthopterans to climate change has already
been recorded.

e Increased intensity and extent of extreme weather events must be recognized and
measures put in place to mitigate them.
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6.3. Better Design and Management of Agroecosystems

All effective design and management activities that improve the transition to agroecol-
ogy must be tailored to local geographic, climatic, topographic, and socio-ecological
contexts.

At the large spatial scale, protected areas and biosphere reserves play a major role in
maintaining orthopteran and other biodiversity.

At the landscape scale, presence of networks of well-connected, high-quality conserva-
tion corridors are of great value for orthopterans and other biodiversity, especially as
they provide high levels of functional connectivity.

In the case of intensive arable fields, which can greatly fragment orthopteran popu-
lations, use of set-aside refuges in the form of vegetation patches, field margins, or
ditches promote orthopteran species presence and abundance.

Refuges that support isolated populations, endemic species, and/or threatened species
are of especially high value.

In orchards and vineyards, vegetal improvement of inter-rows and set-aside areas can
improve orthopteran diversity and functional connectivity. Additional refuges in the
matrix are complementary to inter-row improvement.

In the tropics, where forests have been replaced by farming and have led to concurrent
loss of habitat for forest orthopterans, certain species benefit from mixed cropping.
Sometimes to such an extent that insecticides are then used against certain species, to
the detriment of other non-target orthopteran species.

As much natural forest must be maintained as intact as possible, especially in warmer
climates. However, when only patches are left, these should be as large as possible
and functionally connected. Where natural megaherbivores have been lost, as in
Europe for example, their re-introduction can help create forest mosaics and provide
landscape heterogeneity, beneficial to orthopteran assemblages.

Maintaining or rewilding with indigenous megaherbivores greatly benefits orthopter-
ans and other biodiversity through moderate grazing, browsing, and trampling of
vegetation. Protection of these large animals can be an important conservation um-
brella for orthopterans.

Where wild herbivores have been lost, domestic livestock can also create a heteroge-
nous landscape, greatly beneficial to a wide range of orthopterans. This heterogeneity
includes some bare ground as oviposition sites for many species, especially caeliferans.
A healthy sward through appropriate levels of grazing also provides some resilience
against the effect of climate change.

Avoid overgrazing by livestock as this reduces ecological integrity and resilience,
especially with the ongoing pressure from climate change and extreme weather events,
especially drought.

Excessive grazing and mowing are mostly contrary to maintenance of orthopteran
diversity, meaning that sustainable traditional methods of grazing should be consid-
ered. This must be carried out according to local context, and employ, for example,
rotational approaches that may have to be executed according to the right season of
the year. Wet environments in generally dry areas may allow for slightly more intense
grazing.

Prescribed burning of the landscape can also promote orthopteran abundance and
diversity but must be implemented at optimal intervals and extent by skilled
practitioners.

Restoration activities should consider maintaining intermediate seral stages in certain
areas, as this can often provide much landscape heterogeneity.
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e  Where feasible, control or removal of invasive alien plants is important. This is more
easily achieved in the case of alien trees, which can shade out orthopteran habitat.

e  Orthopterans benefit from environmentally sensitive integrated pest management
programs on any type of crop, especially in terms of reducing insecticide input and
drift. Fertilizer input should also be moderated to maintain vegetation and orthopteran
diversity.

e  Use of chemical insecticides for control of pestiferous orthopterans is environmentally
hazardous and must be replaced by use of much more environmentally safe biopes-
ticides. These products are largely safe for non-orthopteran, non-target organisms
in many taxa. However, there is concern that biopesticides can be harmful to some
non-target orthopterans.

e  Monitoring populations of pest orthopterans is essential to better predict and then
manage outbreaks and swarms before they become too large.

7. Conclusions

Orthopterans are virtually ubiquitous across all but permanently frozen areas, have
diverse lifestyles, and overall have a wide dietary base. In total, their high abundance also
means that they are of great functional significance. Furthermore, their densities change
over time, sometimes greatly in certain species. Overall, orthopterans are also relatively
mobile and respond quickly to deteriorating local environmental conditions, moving to
optimal habitat. The outcome is not only dynamic populations but also constantly changing
assemblage compositions over space and time.

Owing to their investigative tractability, orthopterans are ideal for tracking landscape
change while also making an important contribution to assessing the state of biodiversity
in various contexts. This is why they should be included in assessments and in monitoring
the transition to agroecology. This review suggests that we have enough evidence from
orthopteran studies to date to estimate how well we are performing in this respect. But
inevitably there are some knowledge gaps, especially in warmer regions.

While much progress has been made in temperate North America, Europe, and Asia,
there is still relatively little information available from the tropics where orthopteran species
richness is very high. As with other insect taxa, tropical forest deforestation is having a
major impact on the orthopteran inhabitants, but this is very poorly investigated.

The temperate northern hemisphere biomes have been transformed by humans over
many centuries meaning that we must assume that a shifting baseline has already taken
place. But there are glimpses of this from studies in central Europe where formerly land-
scape transformation was the major driver but today it is climate change, notwithstanding
that there has been landscape improvement in the region.

Assessment and monitoring are critical for measuring how well or not we are per-
forming in the transition to agroecology. One problem is that it is expensive to undertake,
especially on a long-term basis. However, it is being advanced by improved technology
from satellite imagery and machine learning, used in some of the studies reviewed here.
There are other areas where new technology may help. While environmental DNA studies
have moved forward in watery environments, there is potential for using it for orthopteran
assessment and monitoring.

Lastly, there are some basic issues that need to be further resolved, especially in
warmer areas of the world. Better identification guides and applications are needed in
many geographic areas. There is also a communication issue, not least because while
civil society is largely familiar with ‘a grasshopper’, there is very poor appreciation of the
value of orthopterans as a group. This is partly because outbreak grasshoppers and locust
swarms dominate the messaging in the media as well as among farmers, managers, and
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policy makers. Clearly, there is still much more to be achieved with better communication
in schools, colleges, farmers’ groups, and particularly civil society.
These conclusions are summarized in Figure 7.
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Figure 7. A summary of the conclusions which relate to three main themes: appreciating the value of
orthopterans, recognizing the significant drivers causing their decline, and aiming to instigate better
agroecological methods.
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