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Abstract

Insects constitute vital components of ecosystems. There is alarming evi-
dence for global declines in insect species diversity, abundance, and biomass
caused by anthropogenic drivers such as habitat degradation or loss, agri-
cultural practices, climate change, and environmental pollution. This raises
important concerns about human food security and ecosystem functionality
and calls for more research to assess insect population trends and identify
threatened species and the causes of declines to inform conservation strate-
gies. Analysis of genetic diversity is a powerful tool to address these goals,
but so far animal conservation genetics research has focused strongly on
endangered vertebrates, devoting less attention to invertebrates, such as in-
sects, that constitute most biodiversity. Insects’ shorter generation times and
larger population sizes likely necessitate different analytical methods and
management strategies. The availability of high-quality reference genome
assemblies enables population genomics to address several key issues. These
include precise inference of past demographic fluctuations and recent de-
clines, measurement of genetic load levels, delineation of evolutionarily
significant units and cryptic species, and analysis of genetic adaptation to
stressors. This enables identification of populations that are particularly vul-
nerable to future threats, considering their potential to adapt and evolve.We
review the application of population genomics to insect conservation and the
outlook for averting insect declines.
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1. INTRODUCTION

The advent of next-generation sequencing technologies enabled population genomics to be ap-
plied to any non-model organism, leading to the birth of conservation genomics (1–5). The
ability to perform genome-scale analyses allows researchers to address questions that were in-
tractable previously using small numbers of neutral genetic markers. These include detailed
inference of demographic history, estimation of genetic load, and identification of genes involved
in fitness-related traits.

So far, conservation genomics has been applied mainly to endangered terrestrial vertebrates.
However, these represent only a small fraction of Earth’s biodiversity. Several reports have raised
the possibility that insects are in sharp decline, in both abundance and species diversity (6–11).
It is therefore important to evaluate progress in insect population genomics and to consider how
this field can contribute to insect conservation. We review evidence for insect declines and their
drivers.We then consider how population genomics can be applied to insect conservation, taking
into account their inherent differences from vertebrates, which include a broad diversity in life
histories and ecological strategies, short generation times, and often huge population sizes.

2. INSECT DECLINES: EVIDENCE AND DRIVERS

2.1. Are We Experiencing an Insect Apocalypse?

The impact of human activity on the planet is responsible for huge global loss of biodiversity
due to habitat destruction and degradation, harvesting of natural populations, climate change, re-
lease of toxic chemicals, and expansion of invasive species. In 2019, a United Nations report (12)
estimated that approximately one million animal and plant species are threatened with extinc-
tion. Species abundance is declining globally, with a reduction of at least 20% of native species
on most terrestrial habitats estimated in the last decade. In marine habitats, a substantial propor-
tion of corals, sharks, and mammals are also threatened with extinction, as are more than 40% of
amphibian species (12).

Of the ∼11 million animal species estimated to live on Earth, ∼5.5 million are insects, of
which ∼1 million have been cataloged (13, 14). Insects are vital components of ecosystems. They
are important sources of food for a huge range of vertebrates and play a vital role in a wide range
of ecosystem functions, most notably decomposition and plant pollination. Several recent reports
have highlighted insect declines, indicating that losses could exceed even those found in other
taxonomic groups (6–11). Large numbers of species may therefore face extinction before they are
known. Insect declines result in knock-on effects throughout food webs and can lead to extinctions
(15). However, compared to those in well-studied vertebrate species such as birds and mammals,
comprehensive studies of the conservation status of insects are still lacking.

Reports of insect declines focus mainly on population trends, finding declines in total biomass,
abundance, range size, and species richness (6–11). One of the most comprehensive studies, focus-
ing on flying insects in 63 sites in northwestern Germany, indicated a 75% reduction in biomass
over 27 years (8). Long-term distribution data from the United Kingdom show a large fraction
of insects have experienced range contraction (11). However, reported population trends are het-
erogeneous across insect taxonomic groups, habitats, and geographical regions, with most studies
coming fromWestern and Northern Europe and the United States. There are comparatively few
data from the tropics (6), although one key long-term study found evidence for insect biomass
declines in a tropical forest (16).

Historical records of abundance are richest for butterflies, moths, and bees (17–20). In the
United Kingdom, at least 70% of butterfly species are estimated to have declined in occurrence
over the past four decades, and five species have disappeared (21). A study in a Swedish nature
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reserve indicated a 45% loss of butterfly species over a 50-year period (22). A 31% decrease over
35 years was reported for macromoths in the United Kingdom (23). Massive winter losses of
managed honeybee colonies in Europe and the United States in 2007 initially prompted alarm
over loss of bees (24). Bumblebee declines have also been reported in North America and Europe,
particularly in the southern margins of distributions that are affected most strongly by climate
change (25). Trends are far more poorly documented for the vast majority of (mainly solitary)
bee species. A historical study of bees from the northeastern United States over 140 years found
no evidence for substantial declines among 187 native bee species, although large shifts in relative
abundances were observed (26). In the United Kingdom, a 32% decline in abundance in solitary
bees has been reported, particularly affecting rarer species (17).

Despite clear evidence for dramatic insect declines from local surveys, we are still far from a
global understanding of insect population trends (6). A highly publicized meta-analysis proposed
that global insect biomass was decreasing at an annual rate of 2.5% (7). However, this study has
been criticized for heavy reliance on surveys conducted in the vicinity of regions with high human
population density and habitat loss due to agriculture, and whether these data can be extrapolated
to the rest of the world is unclear (27, 28). Another recent meta-analysis extrapolated from the
available European and North American data to infer an annual 1% loss of terrestrial insects but a
1% increase in aquatic insects (10). Similarly, an analysis of population trends from time-series data
for more than 6,000 European animal and plant species, including insects, found that freshwater
insect species had increased in diversity, whereas terrestrial insects had strongly declined (29). An
analysis of insect population trends across US research sites found no evidence of continent-wide
decline (30), although it has been argued that this study does not account for complex sampling
histories at field sites (31).

Currently available studies of insect population trends are strongly biased geographically and
often focused on specific taxonomic groups. Assessments generally focus on habitats that have not
changed over time (6, 32), and sampling sites affected by changes in land use due to agriculture or
urbanization are often excluded from analyses of insect population trends (30, 31). Considering
that habitat loss is a primary cause of insect declines, this could lead to the extent of declines be-
ing underestimated. On the other hand, many time-series studies have been performed in densely
populated countries and may still be negatively impacted by human activity in areas surrounding
the study sites even if the sites themselves are unaltered (6–8). Studies that do not find notable
changes in diversity or abundance are also likely underreported. There is therefore great uncer-
tainty in measures of the extent of insect declines and an urgent need to develop and implement
new methods to generate an accurate account of population trends across taxonomic groups and
geographical regions.

2.2. Drivers of Insect Declines

Most studies of insect declines point to habitat loss and insecticide use as the major drivers (6, 7).
However, many other factors likely play an important role, notably climate change, parasites and
pathogens, invasive species, and other pollutants. Specific drivers differ according to geography,
and their effects vary greatly among species (33).Climate change will likely become an increasingly
important driver if it continues at current rates.

The main causes of habitat loss are deforestation and destruction of natural habitats, usually
due to expansion of agriculture and urban development. The ongoing clearing of tropical forests
on a massive scale is causing a huge loss of insect biodiversity (34, 35). Most insect biodiversity
is found in tropical forests, but most tropical insect species are still undescribed, and the extent
of these losses is therefore poorly understood (6, 14). Forest cover in Europe has also declined
drastically during the last 12,000 years (36) due to historic deforestation (37, 38). However, not all
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species are affected negatively by these changes, and the creation of parks and meadows may cause
some pollinators, including certain bumblebee species, to increase in numbers (39). The most
important factor associated with insect losses overall is likely the expansion of modern intensive
farming practices, which entail planting extensive monocultures, leading to reduced diversity in
pollinators and other terrestrial insects and providing conditions for agricultural pests to thrive
(7, 40).

A major additional threat connected to modern agriculture is posed by pesticides, which are
considered the second major driver of insect declines (6, 7). Much attention has focused on neo-
nicotinoid pesticides, which have severe negative effects on the growth and survival of artificially
exposed bee colonies (41–43). In addition, areas in the vicinity of crops treated with a neoni-
cotinoid pesticide contain fewer solitary bees and reduced growth of bumblebee colonies (44).
Butterfly declines in both the United Kingdom and United States have been linked to neonicoti-
noids (6). The massive declines in insect biomass found in Germany (8) could plausibly be linked
to pesticide usage, as almost all of the sites investigated are near agricultural land (6). Although
pesticides directly impact insects, other agricultural chemicals released into the environment also
have substantial effects.Herbicides reduce floral diversity and lead to declines in insects associated
with wild plants (45). Fertilizers cause shifts in floral abundance, which may specifically threaten
rare specialist pollinator species (40) and also leads to decreases in insect diversity in general (46).
The effects of these agrochemicals on aquatic insects could also be substantial due to direct toxicity
or eutrophication of water (7).

Climate change is likely to be an increasingly large threat to insect biodiversity and abundance
in future due to rising temperatures and more extreme weather events. A study of arthropod abun-
dance in a tropical forest found evidence for declines driven by rising temperatures (16). In Europe
andNorth America, the southern ranges of butterflies and bumblebees are shrinking, probably due
to the warming climate (25, 47, 48). Based on current distributions, the ranges of most bumblebees
in Europe are predicted to shrink significantly due to climate change (49). Greater occurrence of
extreme weather events is an important driver of losses of bumblebees from the southern limits of
their ranges (47) and likely affects other insects. However, indirect effects of climate change, such
as increased incidence of drought and fires, may have more significant effects via changes in flora
and their associated insect herbivores (50). Global warming can also potentially disrupt ecological
interactions such as plant–pollinator associations (51, 52) and be a driving force for expansions of
pests (53). For example, a desert locust outbreak in East Africa in 2019–2020 was likely linked to
anthropogenic climate change due to an extreme rainy season (54).

Human-mediatedmovement of animals and plants can facilitate biological invasions,which can
negatively impact insect biodiversity (55). For example, invasive ants can outcompete or feed on
native arthropods and can have severe ecological impacts (56). In South America, the bumblebees
Bombus terrestris and Bombus ruderatus were introduced and became invasive, which is now causing
a decline in the local Patagonian bumblebee Bombus dahlbomii population due to both competition
and the introduction of a new parasite (59). Similarly, the invasive harlequin ladybird, Harmonia
axyridis, carries parasitic microsporidia, which do not harm it but are lethal to native ladybird
species in North America and Europe (60). There is evidence that viruses in managed bee colonies
can spill over into wild bee species (57, 58). Expansions of vertebrates such as cattle, pigs, and
rabbits can also damage insect diversity via increased consumption of host plants.

Population genomics could play an important role in assessing insect population trends and
uncovering the drivers of biodiversity loss, which can inform strategies to mitigate their effects.
Potential analyses include demographic modeling to analyze changes in population size in re-
sponse to drivers and identification of adaptive genetic variation that enables prediction of how
populations are expected to adapt and evolve in response to these drivers in future.
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3. IMPORTANCE OF NEUTRAL GENETIC VARIATION

So far, conservation genetics research has focused on endangered terrestrial vertebrates, which are
often found in small, fragmented populations with impoverished genetic variation. However, this
may often not be the case for endangered insect species. Several intrinsic features of insects could
indicate that different research goals and management strategies are often more appropriate for
their conservation. In particular, insects generally have much larger population sizes, shorter gen-
eration times, and higher levels of heterozygosity than terrestrial vertebrates (Figure 1), requiring
careful evaluation of the significance of levels of neutral genetic variation for insect conservation
(61, 62).

An important goal in conservation genetics is estimation of effective population size (Ne), typ-
ically by assaying levels of genetic variation at neutral markers (63). Ne is defined as the size
of a theoretical ideal population with the same degree of genetic drift as the study population.
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Figure 1

Levels of neutral genetic variation per base pair (bp) in insects (110 species), mammals (56 species), birds (18 species), and reptiles
(3 species); data taken from Reference 62. Inset shows number of cataloged and estimated total number of extant species in each class;
data taken from Reference 13 and number of genome assemblies taken from the National Center for Biotechnology Information.
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A fundamental assumption of conservation genetics is that census population size is correlated
withNe and that populations with smallNe experience elevated levels of genetic drift and inbreed-
ing, which can threaten their survival (64). One consequence of smallNe is inbreeding depression,
which refers to decreased fitness that occurs in small populations due to homozygosity of reces-
sive deleterious alleles. Another is that the efficacy of negative selection is reduced, which can lead
to an increase in frequency of deleterious mutations, increasing genetic load. Finally, reduced Ne

is also correlated with reduced ability to adapt due to decreased additive genetic variance, which
limits response to selection. An important principle of conservation genetics is therefore that pop-
ulation declines lead to reductions in Ne, which reduce population viability, and that measures to
restore genetic variation can mitigate these effects (63).

The utility of neutral variation in conservation genetics is, however, subject to debate (63, 65,
66).Genetic variation correlates with conservation status as defined by the International Union for
Conservation of Nature (IUCN) in eutherianmammals (67).However, in both animals and plants,
this association is weak, andmany endangered populations do not have low heterozygosity (68, 69).
When controlling for phylogenetic relatedness, threatened animal and plant species typically have
lower levels of heterozygosity than closely related nonthreatened species, a finding that supports
the importance of genetic variation in population viability (70). However, levels of neutral genetic
variation are not a consistent proxy for identifying endangered species (65). This is because many
other factors apart from population size and viability govern heterozygosity, and levels of genetic
diversity vary among phylogenetic groups.

In contrast to terrestrial vertebrates, insects commonly have large population sizes and den-
sities, and many insects likely can maintain high Ne (71). For example, a study of a threatened
grasshopper species revealed high heterozygosity despite a highly fragmented and disconnected
distribution (72). This likely implies that insect species are at greater risk of being driven to
extinction by a driver such as habitat loss before any negative genetic effects are experienced.
Conservation genetic approaches for insects should be tailored for species that typically have high
Ne. For example, it may be important to identify declining populations even before they experience
negative genetic effects due to high levels of drift and inbreeding.

Comparison of levels of heterozygosity among animals has revealed that the overriding deter-
minant of levels of genetic variation is intrinsic life-history traits rather than geographic range or
population history (61, 69). The reproductive strategy of a species is the main factor that deter-
mines genetic diversity. Species with the highest levels of polymorphism tend to be r-strategists
that rapidly produce large numbers of small eggs and do not invest in parental care. In contrast,
K-strategists, which invest heavily in a small number of offspring, tend to have lower heterozy-
gosity. A plausible, but untested, theory to explain these observations is that Ne depends most
strongly on the minimum size of historical population fluctuations. This implies that K-strategists
can recover from extreme population bottlenecks that would cause r-strategists to go extinct (61).
Therefore, life history must be taken into account to interpret differences in Ne between species
if one aims to uncover evidence for declines or identify at-risk species.

Insects display a wide range of life histories and ecological strategies that very likely affect lev-
els of genetic variation (73). Social insects, such as ants, termites, and social bees and wasps, are
K-strategists that make large investments in the colony and produce relatively small numbers of
reproductively capable individuals. However, a larger proportion of insects, including pests like
locusts, mosquitoes, and aphids, are rapidly expanding r-strategists. In addition to these major
differences in reproductive strategies, interspecific variation in many other traits likely influences
levels of heterozygosity. Additional reproductive traits vary from different forms of partheno-
genesis to obligate sexual reproduction and in the number of life cycles per year. Both diploid
and haplo-diploid sex-determination systems are in evidence. Insects also vary in their ability to
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disperse on land, in water, and in the air. Insects occupy a wide range of ecological niches and posi-
tions in food webs and various forms of parasitic and nonparasitic lifestyles, with broad or narrow
host specialization. Insects are also specialized in terms of food sources, with some pollinators
being limited to specific plants and others being broad generalists.

So far, our understanding of how factors such as life histories and ecological niche breadth
affect levels of genetic diversity in insect species is limited. Analysis of levels of genetic variation
and genetic load in eusocial versus nonsocial insects found that levels of heterozygosity in four
social species (two ants, one termite, and one bee) were similar to those found in vertebrates,
whereas those in nonsocial insect species (two butterflies and a mosquito) were approximately
10 times higher (74). Furthermore, social insects display an excess of nonsynonymous polymor-
phism, indicating relaxed purifying selection. Interestingly, however, a study of purifying selection
in 169 Hymenoptera species found that relaxation of selection was a feature of all bee species but
not of other solitary Hymenoptera, which might suggest that a pollen-collecting lifestyle leads to
lowNe (75). Life-history factors therefore hugely impact levels of genetic diversity among insects,
although the underlying mechanisms are poorly understood.

The relationship between population declines, degree of vulnerability, and neutral genetic di-
versity is therefore complex. One way to improve our ability to diagnose conservation status of a
population from levels of neutral genetic variation is to gain a better understanding of how intrin-
sic factors related to ecological strategies and life histories and extrinsic factors related to range and
demographic history determine Ne in insects (69). This can be used to make baseline predictions
of genetic variation expected for species with different life-history traits to identify those that devi-
ate. Such expectations allow identification of species or populations with unexpectedly lowNe that
could be of conservation concern. Furthermore, using population genomics, we can directly esti-
mate levels of inbreeding and genetic load experienced by a population,which is potentially amore
powerful way to identify vulnerable populations than measures of neutral genetic variation (2).

The intrinsic features of insects—highNe, rapid reproduction, small body size, and high popu-
lation densities—could mean that assays of neutral genetic variation lack power to identify insect
populations of conservation concern. In addition, an important goal is to assess population trends
in all species, not only those with drastically reduced Ne. Population genomics offers an array of
techniques that move away from reliance on basic measures of neutral genetic variation, which
could have great utility in measuring insect declines and identifying vulnerable populations.

4. POPULATION GENOMIC METHODS FOR INSECT CONSERVATION

Several specific goals are important for insect conservation. First, insect population trends are
still understood poorly compared to those of vertebrates. It is imperative to accurately and com-
prehensively assess insect population trends by monitoring changes and inferring past population
trends across species and regions. Second, we must identify species and populations threatened by
high levels of genetic load, which can be investigated by quantifying levels of deleterious varia-
tion in populations.Third,wemust identify cryptic biodiversity, consisting of previously unknown
species. Population genomics is an essential tool for identifying new and cryptic species and identi-
fying evolutionarily significant units (ESUs). Fourth,we need a better understanding of the drivers
of insect declines and how insect populations are adapting to them to make accurate predictions
of viability and future distributions, which is possible by incorporating genome scans for adaptive
loci with models to predict changes in species distributions (76).

In this section, we review how population genomics can address these goals. Genomic meth-
ods can address questions previously addressed with a limited number of genetic markers with
greater accuracy and precision, in some cases leading to different conclusions. These include esti-
mating levels of genetic variation, detecting population fragmentation, and estimating population
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a   Inference of population trends b   Estimation of genetic load

Deleterious variant

IBD block

Contemporary Ne –
IBD sharing

Long-term Ne –
coalescent approaches

Generations
before present

N
e

d   Adaptive variation
prediction of vulnerability

Cu
m

ul
at

iv
e

 g
en

et
ic

 d
is

ta
nc

e
Environmental

variable

Change

Genetic
offset
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c   Identification of cryptic species

Figure 2

Four ways in which population genomic analyses can contribute to insect conservation. (a) Whole-genome variation data can be used to
infer Ne in both long-term and contemporary timescales, which can uncover evidence for declines and identify threatened populations.
(b) The distribution of deleterious mutations can be estimated, which can determine if populations have elevated detrimental genetic
load. (c) Population-scale sequencing can delineate species and identify cryptic species. (d) Genome scans can identify genetic variants
underlying adaptation to environmental conditions and stressors. This can be used to predict maladaptation of populations under
future environmental conditions. Abbreviations: Ne, effective population size; IBD, identity by descent.

history and migration (1). In addition, genomic methods facilitate a range of additional analyses
that are not possible without genome-wide analyses that could be particularly beneficial for in-
sect conservation. These include a detailed reconstruction of population size fluctuations, direct
estimation of deleterious genetic variation, precise species delineation, identification of the ge-
netic basis of adaptation to stressors, and prediction of evolution in response to factors that drive
declines (Figure 2).

A key resource for analyzing genome-wide variation is a reference genome assembly of the
species of interest, which also facilitates analysis of genome variation in closely related species (77).
High-quality reference genome assemblies with high contiguity, up to complete chromosomes,
can now be produced using long-read sequencing technologies. Reference genome sequences
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are available for a much smaller proportion of insect species compared to terrestrial verte-
brates (Figure 1). However, several large-scale initiatives aim to generate reference sequences
for all eukaryotes on Earth, including the Earth BioGenome Project, Darwin Tree of Life, and
European Reference Genome Atlas (78), which will open up population genomics for a much
larger fraction of Earth’s biodiversity. With the help of a reference assembly, whole-genome se-
quencing data can be generated to assay variation in a large population sample of hundreds of
individuals using high-throughput short-read sequencing (for example, using Illumina short-read
sequencing technology).

4.1. Estimation of Ne and Population Demography

Analysis of genetic diversity is an important way to estimateNe and infer population size changes in
insect populations. Data on population trends from time-series data require major long-term re-
search efforts to collect (6, 7). In addition, insects can have huge natural episodic population swings
and can be highly migratory (e.g., monarch butterflies), which complicates analyzing population
trends by surveying numbers in nature. Insects can also havemultiple life stages that differ in many
aspects (e.g., waterborne larvae and flying adults), and which stages should be counted to measure
population trends most relevant to species viability is unclear. Inferring Ne from neutral genetic
variation is therefore a powerful way to increase our understanding of insect population trends.

Importantly, Ne of a population is not a fixed value but rather a temporal continuum (79). A
wide range of methods have been used to estimate Ne, which can be divided broadly into those
that estimate either long-term or contemporary Ne. Long-term Ne can be estimated only with
genetic data. Given an estimate of mutation rate, population genetic summary statistics based on
nucleotide diversity such as Watterson’s θ (80) or average heterozygosity per base can be used to
estimateNe. This gives a measure of long-termNe, which can be defined as the harmonic mean of
Ne over the time since the most recent common ancestor of sequences in the sample (∼2Ne gen-
erations for diploids). This value reflects demographic changes since the time to the most recent
common ancestor of the sequences in the population. If the population has experienced extensive
population bottlenecks, this will be reflected in reduced long-term Ne. However, because this es-
timate also reflects much older population history, the effect may be subtle. Recent changes in Ne

therefore may not be detectable using this statistic, and other methods are needed to accurately
detect recent population declines (79).

4.1.1. Estimating past fluctuations inNe using contemporary samples. The entire temporal
trajectory of Ne can be inferred from genome-wide data. One possibility is to construct explicit
demographic models of population history incorporating shifts in Ne (81). However, such models
are necessarily complex and can provide only a simplistic picture of past population dynamics.
A range of new nonparametric methods are now available to model past fluctuations in Ne in
much greater detail using densely spaced markers in the genome. The first of these methods to
be introduced was the pairwise sequentially Markovian coalescent (82) based on the coalescent
hidden-Markovmodel (coalescent-HMM).Themethod analyzes the distribution of heterozygous
sites in the genome of a single diploid individual. Using an HMM approach, it identifies blocks
with distinct time to the most recent common ancestor and then models fluctuations in Ne based
on the distribution of coalescent times of chromosomal segments.

One limitation of the pairwise sequentially Markovian coalescent is the lack of resolution on a
timescale more recent than a few thousand generations. However, an array of related methods are
now able to access more recent events (83–86). For example, the multiple sequentially Markovian
coalescent method, also based on the sequentially Markovian coalescent, uses high-coverage
phased data from a few diploid genomes, which enables inference of changes up to a few hundred
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generations before present (85). Another approach, SMC++ (86), can take hundreds of unphased
diploid genomes as input and infers historical variation in Ne using both the coalescent-HMM
and analysis of the site-frequency spectrum and can infer Ne across the majority of time since the
coalescence of the sequences in the sample. However, none of these coalescent-based methods
can accurately infer Ne more recently than ∼200 generations ago.

An important way to assess contemporary Ne is to directly measure changes in allele frequen-
cies due to drift by sampling the population at more than one time point (87). This method is
applicable for highly endangered populations in which Ne is small (<1,000) and drift is therefore
easy to observe. However, the method is intractable for populations with large Ne, because huge
sample sizes would be required to prevent sampling error in measuring allele frequencies greatly
exceeding changes due to drift. Because even threatened insect species can have high Ne (72), this
method likely has limited applicability to many insect populations.

Population history in the near past (∼5–200 generations) can also be inferred by analyzing
patterns of LD and the distribution of chromosomal segments of identity by descent (IBD) or
identity by state. LD between pairs of single-nucleotide polymorphisms (SNPs) is always expected
to decay with genetic distance, but the average level of LD between SNPs at different distances
depends onNe at different time points in the recent past. Several new approaches, such as LinkNe
(88), SNeP (89), and GONE (90), extend traditional methods for estimating contemporary Ne

using LD (91). Distribution of blocks of IBD in the genome also reflects recent Ne. Many long
blocks of IBD shared between individuals indicate recent inbreeding or a low Ne in recent time,
whereas many short IBD blocks indicate large contemporaryNe.Methods such as IBDNe analyze
the distribution of IBD block lengths to infer Ne from a few to a few hundred generations in
the past (92–94). In addition, methods based on analyzing the distribution of SNP frequencies
are also powerful to infer recent demography (2, 81). These include δaδi, which fits demographic
models to a diffusion approximation of the site-frequency spectrum (95).

The availability of genome-wide data from multiple individuals permits analysis of past fluctu-
ations inNe from a few generations ago until thousands of generations ago (96).Hence, analysis of
genome-wide variation in contemporary populations could be a more efficient way to infer pop-
ulation trends than time-series collections for large numbers of insect species. These methods to
infer variation in Ne through time to the present could potentially address some important issues
for insect conservation: (a) The ability to infer recent changes inNe using genetic data allows us to
address insect declines without requiring long-term observational data. (b) We could determine
the effects of major climatic events, for example, past ice ages, on Ne. (c) We could understand
the influence of stressors on Ne by comparing timing of the introduction of these stressors with
population fluctuations. (d) We could refine our understanding of how life-history traits influence
Ne and demographic history (61, 69).

Examples of the utility of these approaches include an analysis of genome variation in the
honeybee Apis mellifera, which indicated past declines in European populations during expanded
ice sheets in Europe, when populations were confined to refugia, whereas the opposite trend was
seen in African populations on the same timescale (97). Similar approaches have also been used to
show that prehistoric climate change impacted populations of the oriental fruit moth Grapholita
molesta (98).This provides a historical record of the effects of habitat loss.Population genomics was
also used to track introductions and expansions of the invasive aquatic insect Trichocorixa verticalis
in the westernMediterranean (99).Genomic inference was used to accurately predict the timing of
a severe bottleneck in the endangered butterfly Euphydryas gillettii in North America, supporting
the utility of genomic methods to infer recent population declines (100). Demographic inference
in the diamondback moth, Plutella xylostella, indicated a decline since the last glacial maximum,
followed by an expansion associated with global trade and its transformation into an agricultural
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pest (101). Finally, genomic analysis of the agricultural pest Bemisia tabaci has revealed a complex
demographic history and introgression between species involved in invasions (102).

4.1.2. Museum genomics. Genomics has also facilitated the ability to assess temporal changes
in genetic diversity via sequencing of historical samples. Current high-throughput sequencing can
recover sequences even when samples are highly degraded. In addition,museums across the world
hold billions of biological samples, of which a large fraction are insects (103), and methods exist
to extract DNA without damaging the specimens (104).

In some cases, these methods can be used to identify historical samples. For example, museum
genomics has revealed that the Xerces blue butterfly (Glaucopsyche xerces) was a distinct species
driven to extinction in North America (105). Another potentially important use of museum ge-
nomics is the ability to determine temporal changes in diversity (106). For highly endangered and
fragmented species, it may be possible to detect loss of heterozygosity or increased fixation in-
dex due to extremely elevated genetic drift. For example, two endangered butterfly species with a
fragmented distribution in Finland were shown via sequencing of museum specimens to have lost
heterozygosity during the twentieth century (107).

However, for populations with highNe, recent declines will likely not have a significant impact
on overall levels of genetic variation compared to museum samples. It is therefore not straightfor-
ward to use museum samples to detect declines in insect species that are not severely endangered.
For example, comparing genetic diversity in contemporary honeybees (A.mellifera) in Switzerland
to those in museum samples revealed no substantial differences in Watterson’s θ (108). However,
European honeybees have long-term Ne of ∼200,000 (97); therefore, population declines would
likely not have a significant impact on θ unless they entailed a severe bottleneck. Analysis of tem-
poral samples from museum specimens is most informative for the insect species that are most at
risk from high levels of genetic drift.

4.2. Assessing Genetic Load by Identifying Deleterious Genetic Variants

All populations contain deleterious mutations, which persist for a period of time that depends on
the intensity of drift and purifying selection. Population genetic theory indicates that strongly
deleterious variants tend to be eliminated quickly and are unlikely to be present at high fre-
quencies, whereas weakly deleterious variants may reach high frequencies and make a substantial
contribution to the genetic load of a population (109, 110). Another factor that determines genetic
load is the level of inbreeding, because it affects the number of recessive deleterious variants found
as homozygotes, where they will be expressed and negatively affect fitness.

In general, genetic load is expected to be elevated in small and fragmented populations due to
processes such as relaxation of selective constraint and increased levels of inbreeding. However,
simulations show that demographic scenarios such as population bottlenecks, serial founder ef-
fects, and population expansions can have complex effects on the allele frequency spectrum and
genetic load present in a population (110). Genetic drift may also be extreme at the leading edge
of range expansions, leading to fixation of deleterious mutations (111). Another important effect
is purging, the selective removal of deleterious variation that occurs in small populations due to
selection against homozygotes (65). The existence of these effects means that genetic load cannot
be predicted simply by assaying neutral variation. However, with population genomic data it is
possible to directly identify potential deleterious mutations in individual genomes and estimate
their effects on genetic load.

Estimating genetic load requires a well-annotated reference genome assembly and genome-
wide variation data from the population of interest. With the sequence of an outgroup, we can
determine which of the alleles at each SNP is ancestral. Derived alleles at functional sites are
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assumed to be deleterious, but the severity varies and can be estimated computationally. Vari-
ous tools exist to predict the effects of deleterious variants. For example, snpEff (112) categorizes
mutations according to genome annotation and identifies nonsynonymous and loss-of-function
variants. With additional related species, conservation scores such as GERP (Genomic Evolu-
tionary Rate Profiling) scores (113) can be estimated across the genome, and the fitness effect of
a SNP can be estimated using a mutation scoring method, such as the SIFT (Sorting Intolerant
from Tolerant) algorithm (114). Additional methods that predict effects on protein structure and
function are available but are applicable only to human proteins (115).

Using these algorithms,we can therefore estimate the number of deleterious mutations present
in a genome andwhether they are present as homo- or heterozygotes and use this to estimate amu-
tational burden. However, how to directly estimate these measures’ effect on fitness remains un-
clear. An important factor in determining the effect of deleterious variation on fitness is the model
of dominance.Most mutations known to cause disease in humans and animal models are recessive,
which indicates that most deleterious mutations are recessive/loss of function. The distribution of
dominance effects among deleterious mutations requires further investigation and is important to
understand to predict reduction in fitness from deleterious mutations in the genome (63). To eval-
uate whether genetic load is elevated, it is usually necessary to compare the burden of deleterious
mutations with a baseline.This could be a closely related species that has not suffered a population
decline, or alternatively a historical pre-decline population represented by museum samples (106).

In addition to increasing genetic load, population bottlenecks can also lead to purging, be-
cause they cause deleterious recessive mutations to occur in homozygotes, which both increases
genetic load and can lead to their removal from the population. Purging can be a positive effect
of low Ne observed in bottlenecked mammals, such as the Iberian lynx (116), and a meta-analysis
of threatened species suggests it could be a common process that ameliorates the effects of dele-
terious variation (117). However, its importance in the viability of insect populations is unclear.
More studies are needed to understand the prevalence of purging. In insects with a haploid stage,
such as Hymenoptera, where males are haploid, recessive mutations will always be unmasked,
and those with severe effects will be strongly selected against even in the absence of inbreeding
(118). However, haplodiploids suffer the effects of inbreeding via diploid male production due to
homozygosity at the sex-determining locus (119).

The methods presented here are extremely promising for application to insect conservation
and are a more direct way of assaying genetic load than using neutral genetic variation. However,
directly predicting how these measures relate to fitness remains challenging, and functional an-
notations and conservation scores required to determine the effects of mutations are not available
for most insect genomes. More data are needed from multiple species to develop predictions of
genetic load among taxonomic groups.

The significance of high genetic load may depend on multiple factors, such as mating strat-
egy and dispersal ability. For example, a small population of the butterflyMelitaea cinxia isolated
on a small island exhibited high genetic load in fitness-related traits, implying extensive fix-
ation of deleterious recessive mutations (120). However, some insect species, such as the fire
ant Solenopsis invicta (121) and solitary bee Lasioglossum leucozonium (122), have been involved in
successful biological invasions despite suffering extreme genetic load and high diploid male pro-
duction.The connection between genetic load and population vulnerability is therefore not always
straightforward.

4.3. Defining Evolutionarily Significant Units for Conservation

Species delineation is fundamental for conservation, and lists of endangered species (e.g., in the
form of Red Lists) are central tools for protecting biodiversity. Genetic research can clearly
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contribute to this through phylogenetic analysis to delineate taxa. In addition, the Barcode of
Life project aims to generate DNA barcodes for vouchered specimens, which is a powerful way to
catalog insect species diversity (123). However, despite the power and efficacy of these methods,
there is no one-to-one mapping between molecular barcode and species identity. Given the
process of incomplete lineage sorting, gene trees from a single locus often do not correspond to
species relationships and may lack information to distinguish species (124). Population genomics
is therefore a more precise way to delineate species.

One challenge is the potentially large number of cryptic insect species (125). These species
may go unnoticed by taxonomists but are revealed by the presence of unexpected genetic clusters.
Hidden cryptic species can be identified by sequencing large population samples. For example, a
study using DNA barcoding identified 10 previously hidden cryptic species in the neotropical but-
terfly Astraptes fulgerator (126). Whole-genome sequencing of 281 bumblebee samples identified
originally as Bombus sylvicola from Colorado identified a distinct genetic cluster that corresponded
to no other known species and was not detected by previous genetic studies (127, 128). Individu-
als from this cluster live in sympatry with B. sylvicola, but no evidence of recent hybridization was
identified, indicating the presence of a previously unidentified species. Further large-scale popu-
lation genomic surveys in insects are certain to identify more examples of hidden cryptic species,
which represent important units of conservation.

Another difficulty with delineating species is that in nature, individuals do not cluster into
distinct entities, and no universally agreed criteria exist to define species. This is further compli-
cated by findings from speciation genomics indicating that species boundaries are fluid (129).
Population genomics shows that genomes of closely related species are mosaics of different
ancestries, andmany examples now indicate that hybridization and gene flow across species bound-
aries are common. Prolific exchange of genes occurs between species in the rapidly expanding
Heliconius neotropical butterfly genus, particularly at genes involved in coloration and mimicry
(130). Anopheles mosquitoes show different levels and patterns of relatedness across the genome,
with no consistent species delineation (131). These studies argue against species as distinct enti-
ties and suggest a view of speciation as a continuum. Genomics could assist species delineation by
establishing norms based on common criteria from reference systems (132). This would prevent
conservation efforts from unduly prioritizing well-studied and oversplit taxa.

Nature consists of evolving populations rather than immutable species. Despite its clear utility,
the inherent ambiguity of species in nature suggests that species is insufficient as the only unit of
conservation (133). Additional criteria could be used to define ESUs of conservation. For instance,
genetic distinctiveness could be used as criteria for conservation value (134). An advantage of this
approach is that it would assign conservation value to highly isolated, but distinct, populations of
species that have a wider distribution elsewhere. Such examples are Erebia pandrose, a butterfly with
a tiny, isolated population that is genetically distinct in the Apennines (135); the butterfly Parnassius
apollo, with numerous, highly localized subspecies in Europe (136); or the flightless halobiontic
groundbeetles of the genus Pogonus, with highly isolated populations in extreme niche habitats in
central Europe (137).

4.4. Genetic Adaptation and Evolutionary Responses to Drivers of Declines

Insect populations can respond to drivers of decline such as habitat loss, pesticides, and climate
change in several ways. First, if they are sufficiently mobile, they can move to track optimal con-
ditions, as has been observed in range shifts in various insect species such as bumblebees (47) and
butterflies (138). Genetic tools can be useful for measuring this response, as dispersal leads to
gene flow (139). Second, individuals can persist via plastic responses constrained by their physi-
ological limits, which can be investigated through acclimation and life-history experiments using
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populations from different environments. Third, populations may genetically adapt to changing
conditions, provided sufficient heritable variation in fitness-related traits is present (140).

An understanding of the genetic basis of adaptation is needed to predict how populations will
evolve to stressors. Several methods exist to identify the genetic basis of adaptation. If the trait
of interest that influences fitness is known, then quantitative trait loci mapping or genome-wide
association studies can be used to map the genetic basis of the trait. Other methods can be used if
the phenotypic basis for adaptation is not known, or even if it is unclear a priori that populations
are locally adapted. This involves statistical comparison of genetic variation across the genomes
of populations that reside in different environments, which can be either discrete locations or
situated along a cline (e.g., latitudinal or altitudinal). Correlations with environmental variables
can also be identified via gene-environment association analysis (GEA) (140, 141).

GEA aims to identify associations between allele frequencies and environmental variables that
indicate local adaptation to the environment. Fst outlier approaches have been a common tool,
but they do not adequately control for false positives due to population structure (142). This
can be done via methods such as BAYENV2 (143, 144), which uses mixed-effect models in a
Bayesian framework and tests whether models including environmental factors explain data sig-
nificantly better than those containing only neutral genetic structure. Another method uses latent
factor mixed models, in which neutral genetic variation is incorporated as a latent factor using
the program LFMM (145). Another possibility is redundancy analysis, which models multiple
environmental predictors simultaneously in a multivariate approach (146).

4.4.1. Climate change. Understanding adaptation along climatic gradients is important to pre-
dict the effect of climate change.Awealth of studies in natural populations of the fruit flyDrosophila
have been instrumental in our understanding of climate adaptation in insects. These have revealed
parallel variation at specific loci, including chromosomal inversions, along clines on different con-
tinents, in some cases related to known traits (147, 148). In addition, adaptive oscillations in allele
frequencies at specific SNPs occur through seasons of the year (149). This exemplifies how short
generation times in insects allow them to adapt rapidly to environmental change. Shifts in allele
frequency also have been linked to climate change (150).

In the western honeybee A. mellifera, adaptation to climate appears to have mainly a polygenic
basis.This is inferred by analyzing adaptation along latitudinal clines in honeybees of mixed ances-
try in the Americas, which demonstrates parallel variation in allele frequencies across the whole
genome (151). However, in another example, two megabase-scale chromosomal inversions are
found at high frequencies in honeybees at high elevations in East Africa, where they govern envi-
ronmental adaptation (152, 153). In the eastern honeybee Apis cerana, adaptation to high-altitude
environments appears to have a polygenic basis (154).

In bumblebees, analysis of heat and drought tolerance, using comparative genomics, transcrip-
tomics, and experimental assays, identified genes and pathways involved in climate adaptation in
samples from populations living in different climates (155). In the cosmopolitan diamondback
moth, climate-associated adaptive variation shows a latitudinal pattern, and a key temperature-
responsive gene was identified through gene editing (156). Seven stonefly species in Japan showed
local adaptation across a latitudinal gradient, revealing more than 290 associated variants from a
reduced representation genomics scan (ddRAD) (157). GEA was used to identify genes with sig-
nificant correlations to climatic variables in the damselfly Ischnura elegans, including heat-shock
proteins (158).

4.4.2. Pesticides. Research into the genetic basis of pesticide resistance has focused mainly
on pests and disease vectors but will likely also be informative regarding other insects. Through
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population genomics, an array of genes have been identified that govern resistance to pesti-
cides in Anopheles mosquitoes (159). In this case, this information can be used to understand
the effects of pesticide treatment and design effective pest control strategies. For neonicotinoids,
there is evidence that agricultural pests are developing resistance (160), but the effect selection
pressure by these pesticides is having on most (nontarget) insects is unclear. Sublethal effects of
pesticides clearly are of great importance (161).

In theColorado potato beetle,Leptinotarsa decemlineata, genome resequencing showed repeated
selection on insecticide resistance from standing variation, involving similar pathways but different
genes (162). In the psyllid Bactericera cockerelli, insecticide resistance was associated with more
than 400 loci (163). A full genome scan in the aphid Myzus persicae revealed a high diversity of
resistance mutations segregating in global populations (164). Genomic analyses have shown that
the invasive moth Helicoverpa armigera transferred an insecticide-resistance allele into the local
Helicoverpa zea via adaptive introgression (165). These studies reveal important mechanisms of
how wild populations could respond to the presence of pesticides.

4.4.3. Other drivers. Habitat loss and degradation are key drivers of insect losses, and pop-
ulation genomics can be used to understand their effects. These can involve adaptation to new
environmental conditions or hosts. Transcriptomic analysis has revealed candidate genes for adap-
tation to a novel host plant and drier habitats in a rare cicada (166), and adaptation to host plants in
some herbivorous hemipterans has been showed to be controlled genetically (167). Genome scans
have identified the genetic basis of insect traits involved in host specialization in specialist versus
generalist moths (168) and quantitative trait loci controlling feeding of pea aphids on different host
plants (169). Furthermore, genome scans revealed parallel changes in pairs of populations of stick
insects adapted to preferred and alternative host plants, which also drive reproductive isolation
(170). In addition to identifying adaptation, genetic markers can be used to determine relatedness
and trace lineage survival in different habitats. In bumblebees, these methods have been used to
show that lineage survival is enhanced in habitats with rich foraging (171).

The genomic basis of adaptation to pathogens has been studied intensively in honeybees
(A. mellifera) in relation to traits that mediate resistance or tolerance to the Varroa destructor mite
(172). Specific traits identified in honeybees, including removal of infected brood by worker bees,
have likely been under selection since the global spread of V. destructor starting in the 1950s (173),
and the genetic basis of some of these traits is beginning to be understood (174).However, parasite
resistance in managed honeybee colonies likely occurs through different mechanisms than in wild
solitary bees; therefore, we must understand more about adaptation to pathogens in other insects
(175). Immune genes are particularly fast evolving, and expansion and losses are believed to be
important ways for insects to adapt to new pathogens (176).

4.5. Incorporating Evolution into Species Conservation

Information about the genetic basis of adaptation can be used for conservation in several ways.
Firstly, sets of adaptive genetic variants can have intrinsic conservation value (177). Examples in-
clude chromosomal inversions that define ecotypes with adaptation to local environments and
different migration patterns (178). Such variants could be considered to be analogous to ESUs.
The presence of such functional variation influences species’ capacity to adapt to environmen-
tal change, which is important for evolutionary rescue and prediction of selection response. In
addition, genomic studies of adaptation provide information about molecular pathways that are
important in response to stressors.

Another key use for this information lies in incorporating local adaptation into species dis-
tribution models that seek to predict distributions of species in future environmental conditions.
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The concept of genomic vulnerability, or genetic offset (76, 140, 179), is that by using the statis-
tical relationship between frequency of adaptive alleles and local environmental conditions along
a transect, one can estimate the optimal set of allele frequencies in a hypothetical future environ-
ment. Genetic offset is the distance between the current and required genetic composition of a
set of adaptive loci under predicted future environmental conditions. A large genetic offset un-
der a certain future scenario implies that the population is at high risk of maladaptation and is
considered vulnerable.

The most prominent examples of using genomics to predict evolutionary responses to climate
change come from outside insects. For example, analysis of genomic variation in a species of coral
showed that the degree of bleaching expected due to warming oceans depends on local genotypes
at specific loci (180). In the plant Arabidopsis thaliana, drought response depends strongly on how
individuals are genetically adapted to local conditions (181). In yellowwarblers, variation at certain
genes is associated with local adaptation across its breeding range. Strikingly, populations that were
predicted to require themost evolution of allele frequency change to keep pace with future climate
change were also those found to already be declining (182). These findings strongly suggest that
integrating genomic adaptationmeasures into predictivemodels will be vital for accurate inference
of climate change responses.

Species distribution models are an important way to predict future species distributions under
future projections of climate change. For example, in European bumblebees, an atlas of climatic
risk has been produced (49). However, such predictions consider neither local adaptation nor the
potential for evolution. If populations show extreme local adaptation across their range, then cli-
mate change will lead to loss of fitness throughout the range. This is particularly problematic
for flightless and relatively immobile species, which may be unable to track their environmental
niches to keep pace with climate change. For highly mobile species, genomic offset methods can
be used to predict optimal genotypes under future climate scenarios, which can then be validated
by genetic monitoring of gene flow as the climate changes.

5. FUTURE PROSPECTS AND CHALLENGES FOR INTEGRATING
GENOMICS TO FIGHT INSECT DECLINES

The unprecedented loss of biodiversity in the Anthropocene is arguably comparable to the mass
extinction that wiped out dinosaurs 65.5 Mya (11). It is estimated that approximately half of the
species on earth are insects, but loss of biodiversity in insects is far less understood than in larger
animals and plants (6).However, the available data suggest that insect declines could be even more
extreme than those of other taxonomic groups. Population genomics offers a powerful new tool
for insect conservation (2, 140), enabled by the huge numbers of reference genome assemblies
that will soon be available.

In this review, we have outlined issues in which population genomics can contribute to insect
conservation (Figure 1). The first is the accurate measurement of population declines. Directly
assaying temporal changes in population sizes in the vast number of insect species by collecting
time-series data is impossible.However, by assaying genomic variation in present-day populations,
we can infer population size fluctuations even in the recent past (79, 81).This provides evidence for
both recent population declines and ancient changes due to climatic fluctuations. By integrating
results from these analyses in a diverse range of species across insect orders, we could address
some key questions. For example, do common trends in population history across species correlate
with prehistoric climate change? Do different insect orders and geographical regions show similar
evidence for declines in the Anthropocene? How isNe affected by factors such as species-intrinsic
traits, habitat, and range? These analyses will aid in identifying specific at-risk species and allow
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the development of a metric to predict population vulnerability based on expected levels of genetic
variation in relation to life-history traits.

A second application of population genomics is the ability to estimate genetic load. This is po-
tentially a more reliable way to identify populations under threat than estimating Ne from neutral
variation, which is commonly done via classical conservation genetics (2, 65, 106). However, no
standardized way to measure genetic load or determine what level is hazardous to a population
exists. Therefore, these measures must be generated in a large range of species to determine crit-
ical values. This will require accurate annotation of genome assemblies and estimation of base
conservation scores across insect genomes, similar to those available for mammals (67).

A third application of population genomics is the increased resolution in delineation of species
and identification of cryptic species. This is particularly useful in taxonomic groups of insects
that are difficult to distinguish morphologically. A wide range of examples from speciation ge-
nomics indicate that genomes of closely related species are mosaics of ancestry from incomplete
lineage sorting and hybridization (132). Population genomics studies will therefore aid in species
delineation and ESU identification.

The fourth application is identifying the genetic basis of adaptation. Determining how popu-
lations are adapted to their environments can guide monitoring and management decisions. For
example, by defining specific alleles or blocks of coadapted alleles (for example, inversions) in-
volved in certain adaptations, we can understand a population’s capacity to adapt to change and
act to conserve specific adaptations. In addition, genomic offset methods (179) allow incorporation
of evolution into models of species distribution, by predicting which individuals will be tolerant
to certain environments. We are unaware of any examples of the application of these methods in
insects, but they have the potential to improve our ability to predict future species distributions
and identify populations vulnerable to the effects of climate change.

Scaling up population genomic approaches to study the millions of insect species presents ma-
jor challenges. Currently, entire arthropod communities can be surveyed using metabarcoding,
which entails short-read sequencing of bulk samples frommalaise traps (183). Bulk sequencing can
also be applied to eDNA (environmentally sampled DNA). Further developments in sequencing
technology and the availability of reference genomes from a large fraction of eukaryotic life, and
improved algorithms for bioinformatics and population genetic inference, should enable pop-
ulation genomic analyses using whole-genome sequencing of bulk samples. Another important
advance is the use of artificial intelligence in image analyses, which allows automatic species iden-
tification from malaise traps (32) and could be coupled with sequence analysis to link genotype
and phenotype.

Genetic monitoring of insect populations could also be an important tool for their conserva-
tion. Such programs could be particularly informative when used to monitor changes in adaptive
allele frequency. For example, genomic offset methods can be used to predict the optimal allele
frequencies at adaptive loci under certain environmental conditions, and changes at these loci can
be monitored over time. Genetic monitoring can also be used to track changes at deleterious al-
leles and to manage the presence of specific adaptive variants, such as those involved in insecticide
resistance.

Finally, genomic technologies could be used to directly manipulate wild insect populations.
For example, gene drive technology based on CRISPR-CAS9 gene editing could introduce adap-
tive alleles to allow wild populations to adapt to stressors, such as introducing pesticide resistance
or alleles that facilitate adaptation to climate change. They could also be used to introduce dele-
terious alleles in pests. Furthermore, cloning technology could potentially be used in future to
resurrect extinct species (184).However,wemust proceed with extreme caution to avoid unwanted
effects.
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Genomics is finding many new applications in conservation, but studies in insects are still lag-
ging behind those in vertebrates. Although reports of insect declines are alarming, the full details
and underlying causes are still unclear. Population genomics can aid our understanding of insect
population trends and their drivers and inform the design of conservation programs. In conclu-
sion, genomics offers an extremely powerful tool kit to tackle insect declines, and continued rapid
progress is crucial to address this urgent issue.

SUMMARY POINTS

1. Several studies have identified drastic losses in insect numbers and biodiversity. Glob-
ally insect declines may be even more extensive than seen in better-surveyed groups of
animals and plants.

2. Habitat loss, pesticides, and climate change are likely themost important drivers of insect
declines.

3. Population genomics offers many tools to investigate insect declines and predict how
populations will adapt to future threats, but very few studies are available so far.

4. Levels of neutral genetic diversity are more strongly impacted by intrinsic life-history
traits than species conservation status. A better understanding of the determinants of
levels of genetic variation is needed to use measures of genetic variation to predict
population vulnerability.

5. Conservation genomic analyses should be tailored to intrinsic features of insects such as
short generation times, rapid reproduction, and large populations.

6. Analysis of whole-genome variation can be used to infer historical population trends and
estimate levels of genetic load to identify threatened species.

7. Analysis of intraspecific genome variation can identify previously hidden cryptic species
or locally adapted subpopulations of conservation value.

8. Identification of the genetic basis of local adaptation allows prediction of the effects of
drivers such as climate change on insect populations, taking evolution in account.
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