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abundance, and distribution of ladybirds, however, are compromised by many anthro-
pogenic threats. Meanwhile, a lack of knowledge of the conservation status of most species
and the factors driving their population dynamics hinders the development and implemen-
tation of conservation strategies for ladybirds. We conducted a review of the literature
on the ecology, diversity, and conservation of ladybirds to identify their key ecological
threats. Ladybird populations are most affected by climate factors, landscape composi-
tion, and biological invasions. We suggest mitigating actions for ladybird conservation and
recovery. Short-term actions include citizen science programs and education, protective
measures for habitat recovery and threatened species, prevention of the introduction of
non-native species, and the maintenance and restoration of natural areas and landscape
heterogeneity. Mid-term actions involve the analysis of data from monitoring programs
and insect collections to disentangle the effect of different threats to ladybird populations,
understand habitat use by taxa on which there is limited knowledge, and quantify tem-
poral trends of abundance, diversity, and biomass along a management-intensity gradient.
Long-term actions include the development of a worldwide monitoring program based on
standardized sampling to fill data gaps, increase explanatory power, streamline analyses,
and facilitate global collaborations.

KEYWORDS
Coccinellidae, ecological threats, ecosystem services, roadmap to conservation, short-, mid-, and long-term
timescale actions, temporal and spatial trends

Resumen

Las catatinas (Coleoptera: Coccinellidae) proporcionan servicios que son ctiticos para
la produccién de alimento, y juegan un papel ecolégico como fuente de alimento para
depredadores. Sin embargo, la riqueza, abundancia y distribucién de catarinas estin en
peligro debido a muchas amenazas antropogénicas. La carencia de conocimiento sobre
el estatus de conservacién de la mayorfa de las especies y los factores que inciden en
su dindmica poblacional dificulta el desarrollo e implementacion de estrategias de con-
servacion para las catarinas. Realizamos una revision de la literatura sobre la ecologia,
diversidad y conservacién de catarinas para identificar sus amenazas ecoldgicas clave.
Las poblaciones de catarinas fueron afectadas mayormente por factores climaticos, com-
posicion del paisaje e invasiones bioldgicas. Proponemos acciones de mitigacion para la
conservacion y recuperacion de catarinas. Acciones a corto plazo incluyen programas de
ciencia y educaciéon ciudadana, medidas de proteccion para la recuperacion de habitat y
de especies amenazadas, prevencion de la introduccion de especies no nativas y el man-
tenimiento y restauracion de dreas naturales y la heterogeneidad del paisaje. Acciones a
mediano plazo implican el analisis de datos obtenidos de programas de monitoreo y colec-
ciones de insectos para desenmarafiar el efecto de las diferentes amenazas a las poblaciones
de catarinas, comprender el uso del habitat por taxa de los que se tiene conocimiento lim-
itado y cuantifica las tendencias temporales de la abundancia, diversidad y biomasa a lo
largo de un gradiente de intensidad de manejo. Acciones a largo plazo incluyen el desar-
rollo de un programa de monitoreo a nivel mundial basado en muestreos estandarizados
para subsanar la falta de datos, incrementar el poder explicativo, optimizar los analisis y
facilitar colaboraciones globales.

PALABRAS CLAVE
acciones en escala de tiempo a corto, amenazas, mediano y largo plazo, guia para la conservacion, servicios

ecosistémicos, tendencias temporales y espaciales
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INTRODUCTION

Global growth of the human population and per capita
consumption—particularly since the 1970s—have increased
demand for natural resources and often led to their unsustain-
able use (Dasgupta, 2021). This has damaged trophic networks
and ecosystem integrity and decreased species richness and
abundance (Eggleton, 2020). Insect biomass is declining,
and some species are at risk of extinction due to habitat loss
and fragmentation, introduction of non-native species, pollu-
tion by agrochemicals, climate change, and overharvesting (e.g,,
Harvey et al., 2020; van Klink et al., 2020; Wagner et al., 2021).
However, the evidence is not equivocal and the insect decline
debate is complex (Saunders et al., 2020). Insects are among
the least represented taxa in global biodiversity data sets, extinc-
tion risk assessments, and conservation projects (Mammola
et al,, 2020). Information is lacking on insect population sizes,
temporal trends, distributions, and ecological threats, leaving
the conservation status of most insect species unknown and
unassessed in the context of red listing—Ilimiting the implemen-
tation of conservation actions (Cardoso et al., 2011). Finally,
international conservation targets are not being met (Hochkirch
et al., 2020).

Insects are an important component of biodiversity in most
ecosystems. They provide numerous services critical to food
production, including pollination, nutrient cycling, and pest
control (Ameixa et al,, 2018), in addition to their critical role
as a food source for vertebrates. Disruption of insect popu-
lations and their habitats could irreversibly harm the stability
and abundance of biotic communities, leading to the simplifica-
tion of food webs and subsequent loss of ecosystem services
(Derocles et al., 2018; Samways et al, 2020). Beetles
(Coleoptera) of the family Coccinellidae, referred to as lady-
birds (also ladybugs or ladybird beetles), form a group that plays
diverse and important roles in ecosystems. Therefore, a global
synthesis of ladybird studies is needed to identify knowledge
gaps and propose actions for ladybird conservation.

Through a literature review, we sought to update the major
ecological threats to ladybirds. We also identified projects and
actions that could contribute to the protection of ladybird popu-
lations and identified knowledge gaps that hamper conservation
efforts. Finally, we devised conservation actions for ladybirds
under the framework of Harvey et al. (2020).

COCCINELLIDAE
General characteristics

The family Coccinellidae contains 6000—7000 described
species, but precise evolutionary relationships of tribes and
even some genera are unclear (Tomaszewska et al., 2021).
Not all species have been studied equally because most stud-
ies focus on large, conspicuous generalists, invasive species,
and those important for biological control (Sloggett, 2005).
Although many well-known species are widely distributed
(Gordon, 1985; Kovar, 2007), many newly described species
may be threatened under the International Union for Conset-
vation of Nature (IUCN) Red List criteria, based on limited
geographic distribution, declining populations, or extreme pop-
ulation fluctuations. Ladybirds are cosmopolitan, but there is
a distributional unevenness in their study; the African con-
tinent and parts of Asia are among the least studied areas

(Appendix S1).

Ecosystem services

A framework of ecosystem service indicators is available in
the Common International Classification of Ecosystem Services
(CICES) (https://cices.cu/). Ameixa et al. (2018) developed a
rule-based approach to assess the ecological and cultural ser-
vices delivered by insects, and we applied this framework to
identify ecosystem services provided by ladybirds (Appendix
S2). Ladybirds contribute to provisioning, regulation, mainte-
nance, and cultural services. Provisioning services include their
biological activities (e.g., multiple functions of ladybird alka-
loids), whereas regulation and maintenance services include pest
control and pollination (Ameixa et al., 2018). Cultural services
range from carriers of good luck (CICES elements of living
systems that have sacred or religious meaning), to subjects of
children’s nursery rhymes (CICES elements of living systems
used for entertainment or representation), to country-specific
symbols of cultural (CICES characteristics or features of living
systems that have an existence value) or religious significance
(CICES elements of living systems that have sacred or religious
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meaning), all of which ensure their popularity, even among peo-
ple who do not normally like insects. The cultural significance
of ladybirds underscores their suitability as flagship species for
the conservation of other insect taxa.

MAJOR ECOLOGICAL THREATS

Accumulating data from different geographic areas have
revealed long-term changes in ladybird populations (Appendix
S3). However, how ecological factors affect the abundance and
diversity of ladybirds remains understudied. We summarized
how climate factors, landscape composition, and biological
invasions affect ladybird populations based on the available
evidence.

Climate change

Temperature governs the pace of life for ladybirds (Dixon
et al., 2005). Metabolic, developmental, and feeding rates have
hump-shaped temperature dependences; optimum, upper, and
lower thresholds vary among species (Dixon et al., 2009).
By increasing average temperature and the amplitude of ther-
mal fluctuations, climate change will alter the demography of
ladybird populations (Skirvin et al., 1997). Many effects of
constant temperatures on ladybird physiology are well doc-
umented, but the impacts of temperature fluctuations and
extreme events—heat waves, droughts—remain largely unex-
plored. Recent studies suggest that increased temperature
variations may pose a greater risk to survival than gradually
increasing mean temperatures (Harvey et al., 2020; Ma et al.,
2021; Vasseur et al., 2014). Increasing the frequency and ampli-
tude of heat waves can decrease larval body mass and affect
predator—prey interactions (Sentis et al., 2013). Ladybird pop-
ulations should be monitored alongside bioclimatic variables to
better understand how rapid environmental change may influ-
ence their abundance, survival, reproduction, distribution, and,
ultimately, their ecosystem services.

Temperature also affects interspecific interactions, such
that co-occurring ladybird species with different thermal sen-
sitivities can affect the fate of others in the food web
(Gutierrez et al., 2008; Skirvin et al., 1997). Intraguild preda-
tion among aphidophagous predators may increase as warming
increases (Sentis et al., 2014; Soares et al., 2003), which can
drive local extinctions of intraguild prey. In general, warming
increases the ladybird feeding rate up to a thermal maximum,
above which feeding rate decreases (Sentis et al., 2012). Thus,
warming could increase predation pressure on prey in the short
term, but long-term impacts will hinge on ladybird demogra-
phy and the temperature-dependent responses of their prey and
host plants. To persist and grow under warming, ladybird popu-
lations need to assimilate more energy to cover higher metabolic
demands, which means they will require increased prey abun-
dance. Aphids are also sensitive to temperature (Hullé et al.,
2010) and do not thrive in hot weather. Warming can also
influence ladybird sensitivity to chemical cues (Boullis et al.,
2016; Sentis, Ramon-Portugal, et al., 2015), microhabitat selec-

tion (Schmitz & Barton, 2014), and seasonal phenology (Dixon
et al., 2005). These factors, in turn, can affect trophic interac-
tions and ecosystem services. Thus, interactions among species
should be monitored to better understand the consequences of
rapid environmental change.

Aphid symbionts can affect the survival of their hosts and
ladybird predators in various ecological contexts (Costopoulos
et al,, 2014), and the evolutionary responses of prey to extreme
temperatures can cascade upward to affect ladybird populations.
For example, evolution of heat-shock tolerance can happen
rapidly in aphid strains with stably inherited bacterial endosym-
bionts (Harmon et al., 2009). The evolutionary responses of
ladybirds to climate change could, in turn, cascade down-
ward to affect prey populations. For example, darker melanic
morphs should be selected against in warmer environments
(Michie et al., 2011) because they have a lower thermal optimum
for activity than paler morphs (Soares et al., 2003). Counter
selection of dark morphs may lead to reduced predation on
aphid populations at low temperatures (de Jong & Brakefield,
1998). Finally, plastic phenotypic responses to warming could
affect predator—prey interactions (Donelson et al., 2018; Sentis,
Morisson, et al., 2015). Incorporating plastic responses in
species distribution models might reduce the projected vulnera-
bility of ladybirds to climate change (Bush et al., 2010).

In plans to mitigate the impacts of climate change on lady-
birds and the ecosystem services they provide, the ecology
and evolution of interacting species needs to be considered
(Trumble & Butler, 2009). Also needed is improved understand-
ing of the impacts of temperature fluctuations and extremes
on ladybird survival and trophic ecology to assess the conse-
quences of biological control in a warmer and more thermally
unpredictable world (Bruno & Cardinale, 2008). Moisture and
humidity regimes may also influence ladybird distribution and
abundance (Sloggett & Zeilstra, 2020) and will be labile to
climate change.

Agricultural intensification, landscape
simplification, and urbanization

Agricultural intensification, landscape simplification, and urban-
ization affect assemblages of ladybirds, especially those
restricted to native habitats (Egerer et al., 2018; Gardiner et al.,
2021; Grez et al., 2013, 2021; Honek et al., 2017). Natural
habitats, such as wetlands and heathlands, are rapidly disap-
pearing. This damages ladybitrd communities because these
habitats often support specialist ladybird species with restricted
ranges that are thus rare and endangered (Adtiaens et al., 2015).
Such natural and seminatural habitats may play an important
role in conserving ladybirds. In central Chile, for example, the
abundance and richness of native ladybirds are higher in less
disturbed habitats, whereas non-native species are more abun-
dant in agricultural crops (Grez et al., 2013). Furthermore,
these less disturbed habitats provide important refugia for crop-
inhabiting ladybirds when prey become scarce in agricultural
habitats (Gardiner et al., 2009; Grez et al., 2013; Woltz & Landis,
2014).
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Landscape heterogeneity has both compositional (i.e., pro-
portional area in different vegetation types) and configurational
(i.e., spatial arrangements of cover types) components that
affect arthropod biodiversity in agricultural landscapes (Fahrig
et al,, 2011). However, agricultural intensification has resulted
in landscape simplification and a decline in faunal biodiversity
(Lichtenberg et al., 2017). Ladybitds in crops ate influenced by
surrounding landscape characteristics (Caballero-Lopez et al.,
2012; Gardiner et al., 2009; Woltz & Landis, 2014). In Chile,
native ladybirds are more abundant and diverse in alfalfa fields
when surrounded by more heterogeneous landscapes with
woodlands and hedgerows, and the loss of these nonproduc-
tive habitats could threaten ladybirds, especially native species
(Grez et al.,, 2021). Similar results have been found for ladybirds
in soybean fields across a gradient of agricultural intensifica-
tion in southern Michigan (Woltz & Landis, 2014). In contrast,
Gardiner et al. (2009) found that native ladybirds in soybean
fields were more abundant in low-diversity landscapes, where
native grasslands dominated. The replacement of crops with
others less favorable for ladybirds may eliminate key resoutces,
such as overwintering sites, alternative prey, or plant-derived
foods. This is illustrated by the disappearance of Coccinella septem-
punctata from the Azores after wheat production was abandoned
(Soares et al., 2018).

Utbanization often drives declines in the abundance and rich-
ness of native species. Non-native vegetation can deter native
ladybirds and favor invasive species. Both Harmonia axyridis in
Europe (Roy et al., 2016) and Adalia bipunctata in Japan (Saku-
ratani et al., 2000) commonly use urban areas. In cities, untended
vacant spaces and urban gardens can harbor a rich assemblage
of ladybirds (Gardiner et al., 2013). But just as in agricultural
areas, native ladybirds in urban landscapes depend on locally
available natural habitats (Gardiner et al., 2021). In Santiago
de Chile, green spaces support a rich community of native and
non-native ladybirds, although they are negatively affected by
urbanization, especially natives (Grez et al., 2019). Some species
may benefit when urban settings support abundant prey (Honek
et al,, 2017), but these benefits are typically transitory (Sloggett,
2017).

Landscape variables may also affect ladybird-associated nat-
ural enemies, which may be important for integrated pest
management. For example, recent work has investigated the
influence of habitat composition on the infection proba-
bility of Hesperomyces virescens, an ectoparasitic fungus that
causes increased mortality of FZ. axyridis (Haelewaters et al.,
2020, 2022). Knowing the environmental conditions—habitat
composition, temperature, humidity—the ectoparasite thrives
in may prove crucial for potential management programs
targetingt invasive populations of H. axyridis.

Biological invasions

The negative impacts of invasive ladybirds are best illustrated
by C. septempunctata in the Nearctic region and H. axyridis
worldwide. In Europe, 12 non-native ladybird species were
intentionally released as biocontrol agents, although 7. axyridis

is the only one regarded as invasive (Soates et al, 2018).
Interspecific competition and intraguild predation arising from
ladybird invasions may cause declines of native species and
structural changes in local assemblages. A complete picture
of the impacts of invasive ladybirds remains to be assessed
(Kindlmann et al., 2011) and would benefit from an enhanced
understanding of their ecology in their native ranges and their
interactions with co-evolved species (Li et al., 2021).

The invasion of Florida citrus ecosystems by F. axyridis
revealed its various competitive advantages over most native
species in terms of diet breadth and intraguild interactions
(Michaud, 2000, 2002). The abundance and diversity of native
species in alfalfa in Chile declined after the arrival of 1. axyridis
in 2008, with species richness declining from 11 to 4 species
(Grez etal., 2016). Nevertheless, several long-term data sets sug-
gest overall levels of pest control in particular crops may remain
unchanged following the invasion of H. axyridis, despite signif-
icant declines in the diversity and abundance of native species
(Alyohkin & Sewell, 2004). The dominance of invasive ladybirds
in agricultural habitats appears mediated by competitive exclu-
sion, likely reinforced by intraguild predation, and may drive the
retreat of native species to uncultivated habitats (Bahlai et al.,
2013).

An often-unappreciated consequence of biological invasions
is their impact on natural enemies. Natural enemies may be
introduced together with an invasive host (co-introduction),
they may follow their host into a new geographic range after
a time lag (host pursuit), or host shifts may occur between eco-
logically similar hosts (Pfliegler et al., 2018). Hesperomyces virescens
associated with /1. axyridis may have spread around the world
with its host—with a time lag between establishment of /4.
axyridis and acquisition of the parasite (Haelewaters et al., 2017).

APPROACHES TO LADYBIRD
CONSERVATION AND RECOVERY

Harvey et al. (2020) formulated actions across different
timescales toward insect conservation. Using their work as a
blueprint, we present a roadmap to the conservation and recov-
ery of ladybirds (Figure 1). The immediate implementation of
certain measures is usually required to arrest insect declines and
define at-risk and priority species for conservation. Midterm
actions aim to address new research objectives in consideration
of existing data. Finally, longer term actions aim to implement
permanent conservation strategies for vulnerable or endangered
species.

Short-term actions

Organisms targeted for conservation often evoke emotions in
participants (Groom et al., 2021), either positive (Sequeira et al.,
2014) or negative (Palmer et al., 2017; Porter et al., 2019).
Ladybirds are charismatic insects that ate widely recognized as
beneficial for the role they play in controlling pests (Hodek
et al., 2012; Honek et al., 2017). Most ladybirds are relatively
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Immediate-term

No-regret solutions (1)

O Enhance awareness, citizen science, capacity building

Q Conservation programmes directed to suitable habitats
and threatened species

Q Protection of overwintering sites

0O Maintenance and restoration of natural areas and

landscape heterogeneity

Q Reduce the introduction of alien species and ecologically

harmful products

Q Promote sustainable agriculture

Actions at different timescales

Mid-term

New research (3) and existing data (4)

O Disentangle the contributions of different anthropogenic

stressors

0O Understand habitat use by specific groups for which

current knowledge of biology and ecology is limited

QO The impact of climate change on individuals, species, and

communities

0O Quantify temporal trends in insect abundance, diversity,
and biomass along a management-intensity gradient and
at the intersects of agricultural and natural habitats,

compiling data from long-term monitoring programmes

‘“@:‘ 60f 12

Long-term

Partnerships (5)

QO Ensure financial support and sustainable partnerships,
including with private organizations, to tackle the Species

Conservation Cycle components: Action, Plan, and Act

Global monitoring programme (6)

0 Promote and apply global standardized monitoring
protocols, under the control of an existing international

governing body (e.g., the United Nations Environment

Q Dev and lication of risk it

frameworks for biological control agents

Prioritisation (2)

0 Based on assessments (e.g., IUCN Red List

assessments) of the conservation status of species

and existing insect collections

Programme or the IUCN)
QO Establish long-term monitoring plots or sites

QO Ensure public and financial support for long-term initiatives

FIGURE 1 Schematic representation of the proposed roadmap to ladybird conservation and recovery (based on the framework of Harvey et al. [2020]).

Actions atre on different timescales.

easy to identify from photos (Jouveau et al., 2018), rendering
them an excellent subject for citizen science projects (Gardiner
et al,, 2012). Population changes occur across vast geographic
areas over many years, posing a challenge for conventional sur-
veys conducted by specialists (Losey et al., 2012). Programs
that incorporate nonscientists can generate observations over
broader scales (Appendix S4). Partly based on these observa-
tions, threats to native ladybird species have been recognized
in several subnational units (e.g., Connecticut and New York
in the United States), at the national level (e.g,, COSEWIC in
Canada), and internationally (e.g., NatureServe). Citizen scien-
tists have monitored the invasion of H. axyridis (Grez et al.,
2016; Hiller & Haelewaters, 2019; Roy et al., 2020). Inspired
by the success of such programs, a smartphone application for
recording and identifying European ladybirds was developed to
encourage people to share their sightings, improve their under-
standing of ladybird ecology, and increase public appreciation
of these insects. Additionally, it provides a mechanism for early
detection of new invasive species (Skuhrovec et al., 2021).

In temperate regions with high population density and inten-
sive agriculture, direct measures to protect particular ladybird
species may be necessary. During the growing season, protec-
tive measures can be directed at woodlots and utban green
spaces, where ladybird abundance is usually high and applica-
tion of pesticides is restricted (Honek et al., 2017). Additional
strategies include adding native and noncrop vegetation around
agricultural crops to enhance alternative resources and shelter
for ladybirds (Mufioz et al., 2021). Furthermore, ladybird pop-
ulations may be protected on crops for which yield losses ate
tolerable or refundable from the state agricultural.

Protection of overwintering sites can be critical to the survival
of ladybirds in temperate agroecosystems. Some populations of
A. bipunctata and Ceratomegilla undecimnotata shelter from freez-
ing temperatures by overwintering in caves and buildings. Many
species native to the Nearctic region, such as Coleomsegilla macn-
lata and Hippodamia convergens, are cold tolerant and overwinter
in natural areas, often forming aggregations in sheltered sites.
Overwintering sites outside agricultural areas may be subject to
anthropic factors that negatively affect ladybirds, such as pre-
scribed burning, recreational activities, and changes in land use.
Reconciling the needs of agriculture and the protection of lady-
birds can be difficult due to conflicting interests. One serious
concern is the widespread adoption of neonicotinoid seed treat-
ments by industrial-scale agriculture in North America, driven
largely by corporations that offer farmers no alternative to
treated seed for crops, such as corn, sorghum, and soybeans.
These systemic insecticides have lethal and sublethal effects
on ladybirds (Bredeson & Lundgten, 2019; Moscardini et al.,
2015) and create agricultural deserts in which insects are absent
from the crop for 6—8 weeks after germination, leading to prey
deprivation and exclusion of predatory arthropods (Michaud,
2018).

Introductions of non-native species are increasing globally
(Seebens et al., 2017). After the successful introduction of
Rodolia cardinalis from Australia to California (US.A)) in the
late 1800s to control populations of the coccid leerya purchasi
infesting citrus orchards, several other ladybird species were
introduced to new regions for classical biological control (Roy &
Migeon, 2010; Soares et al., 2018). A prime example is the
introduction—intentionally and inadvertently—of /. axyridis to
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many countries (e.g., Camacho-Cervantes et al., 2017; Hiller &
Haclewaters, 2019; Roy et al., 2016). Because the management
of established invasive species may be difficult to achieve (Booy
et al,, 2017), prevention is always preferable (Pysek et al., 2020).
Horizon-scanning tools can be used to identify invasive species
that pose the greatest threat (Roy et al., 2020), prioritize species
for risk assessment (Roy et al., 2018), and guide policy develop-
ment (Vanderhoeven et al., 2017), such as prevention campaigns
that raise awareness among stakeholders.

Ladybirds represent an ideal system for generating poten-
tial synergies between disciplines. Biocontrol practitioners have
developed risk assessment frameworks for biocontrol agents
that evaluate their potential to establish, disperse, expand their
host range, or affect nontarget species (van Lenteren et al,
2003). Invasion biologists have also developed a plethora of
other risk assessment tools, in part to meet the needs of
the EU Regulation on Invasive Alien Species 1143,/2014 and,
specifically, to inform the list of invasive non-native species of
European Union concern (Roy et al., 2018). Recently, the IUCN
launched a global standard for classifying the severity and type
of impacts caused by non-native species, the Environmental
Impact Classification for Alien Taxa (Hawkins et al., 2015). Sur-
prisingly, the fields of biological control and invasion biology
rarely intersect, despite a need for collaborative approaches and
best practices.

Despite a tendency to compartmentalize the various drivers
of environmental change with mitigation approaches targeted at
single drivers, conservation strategies must respond to drivers
acting at varying temporal and spatial scales (Bonebrake et al.,
2019; Diaz et al., 2019). Declines in ladybird populations and
distributions have largely been attributed to invasive species
and land-use changes, often operating in tandem. An increased
understanding of direct and indirect interactions among drivers
of change is required, particularly where synergistic interactions
accelerate detrimental changes to ladybird communities. The
promotion of more heterogeneous agricultural landscapes could
address multiple threats simultaneously for multiple species
(Michaud, 2018). More heterogeneous landscapes provide bet-
ter availability of prey, overwintering habitats, and supplemental
resources. The availability of stable microclimates and phys-
ical shelters from agricultural disturbance will complement
these benefits and further improve spatiotemporal continuity of
resoutces for natural enemies (Iuliano & Gratton, 2020; Landis
et al., 2000). Unmanaged natural and seminatural areas provide
many of these resources and contribute to resoutrce continuity
for natural enemies (Holland et al., 2020; Landis et al., 2000).
Crop diversification can also contribute to regional resource
continuity for natural enemies when crops differ in prey
availability and seasonal phenology (Gontijo, 2019; Iuliano &
Gratton, 2020). Improved continuity of resource availability in
agricultural landscapes can promote the persistence of natural
enemies at the landscape scale, even though they may experi-
ence periodic extirpations, enhancing ladybird conservation and
biological control services (Iuliano & Gratton, 2020; Michaud,
2018; Zaviezo et al., 2021).

Mid-term actions

Local differences in species abundance and community com-
position could provide clues to the causes of temporal changes
and address gaps in knowledge of ladybird spatial distributions.
Honek (2012) compiled data from 125 articles on ladybird com-
munities prior to 2012. Most studies investigated field crops
(78 papers), mainly fodder plants (23), cereals (18), and maize
(1). Orchards were surveyed in 38 studies, but fewer examined
broadleaf plants (5) and coniferous forests (3); only 1 examined
medicinal plants. The studies emanated largely from Europe and
the Mediterranean (58) and North America (56); 11 were from
other parts of the world. Even in well-studied areas, knowl-
edge of ladybirds in certain habitats is lacking (e.g, ladybirds
inhabiting the upper strata of tree canopies). Often, data are
restricted to observations of adults; data on larval populations
are scarce (Radwan & Lovei, 1983; Takahashi & Naito, 1984),
even though these are specifically associated with breeding habi-
tats. The locations of hibernation sites and their patterns of use
by different species remain insufficiently studied (Susset et al.,
2017). Ladybird abundance data can be challenging to obtain.
Many ladybirds move among habitats to forage, reproduce, and
hibernate, and more efforts are needed to understand sequen-
tial patterns of habitat utilization (Sloggett & Majerus, 2000).
Midterm actions should include studies of habitat use by taxa
for which knowledge of biology and ecology is limited (e.g,
Seymnus spp.).

Other mid-term actions should actively protect ladybird pop-
ulations by promoting reproduction and reducing mortality of
susceptible life stages, which can be challenging in an intensively
managed landscape. Compromises will be required between the
protection of crops from pests and the protection of lady-
birds from the side effects of protective measures. In industrial
agriculture, pesticides are often applied in response to ini-
tial pest detections, rather than economic thresholds, or even
prophylactically, in the case of neonicotinoid seed treatments.
When all phytophagous arthropods ate killed, ladybirds and
other natural enemies suffer prey deprivation and leave agri-
cultural crops. Interventions can be directed toward preserving
uncultivated habitats as prey-bearing refuges and overwintering
sites. Most ladybird species overwinter on nonagticultural land
(debris fields, rock formations, steppes, forest edges). Inform-
ing owners of the importance of these habitats, with the focus
on disturbance prevention, could be crucial for the protection
of ladybirds.

Implementation of recommendations for ladybird protec-
tion will require legislation and education programs to raise
awateness. Legislative measutes should target reductions in pes-
ticide applications and justification of their use in particular
contexts, perhaps including an environmental tax. Other mea-
sures could promote the preservation and expansion of habitat
heterogeneity in uncultivated areas because landscape mosaics
promote diverse ladybird communities and support rare species
that migrate seasonally among habitats (Evans, 2017). Increased
support of organic farming would foster increased tolerance of
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pests in agricultural crops, yielding positive effects for ladybird
populations, and promoting greener cities would help conserve
ladybirds in urban areas (Grez et al., 2019).

Long-term actions

Systematic long-term monitoring of insect abundance and
diversity is fundamental to understanding of insect declines
(Borges et al., 2018; Gardiner & Roy, 2022). Most insect taxa,
including ladybirds, lack monitoring programs that extend over
large spatial or temporal scales. Ladybirds can be used as a “pilot
group” to develop and test such long-term monitoring schemes
because they are easy to spot in transect sampling and they are
readily identified (also by smartphone applications [Skuhrovec
et al,, 2021]), whereas their diversity is relatively low. Detailed
research on long-term vatiations in ladybird abundance began
only recently (Honek et al.,, 2017), and a paucity of reliable
information impedes conservation efforts and recovery pro-
grams. Most efforts to record ladybirds are done at the national
level. As a result, existing data on relative abundance are often
not directly comparable, limiting understanding of patterns and
drivers of diversity loss. A worldwide monitoring system with
a standardized sampling protocol would help fill data gaps,
increase explanatory power, streamline analyses, and facilitate
the development of a global monitoring network (Montgomery
et al, 2021). This need not require abandoning successful
monitoring netwotks, even if they differ in methodology, but
rather a pragmatic realighment of existing monitoring efforts
focusing on standardization (Montgomery et al., 2021). Stan-
dardizing sampling efforts by habitat, region, and season would
seem a relatively simple task. Computational optimization tools
exist for both the sampling protocols, and their adoption
would enable monitoring beyond what is possible with ad hoc
sampling,.

Finally, monitoring methods based on machine learning
should be rapidly adopted (Hoye et al., 2021). Cameras cou-
pled with deep learning models can be used to identify insects
to some taxonomic level and eventually automate count and
biomass data collection. It might be possible to automatically
identify most adult ladybirds to species level, track their abun-
dances in space and time, and relate these to alert systems that
pinpoint when and where species are declining or altering their
range (Venegas et al., 2021).

ASSESSING, PLANNING, AND ACTING

The TUCN Species Survival Commission (SSC) recently
adopted a strategic approach to species conservation,
the Species Conservation Cycle (https://wwwiucn.org/
commissions/species-survival-commission/our-work). At its
cote are 3 components: assess (red-list assessments, identifica-
tion of key biodiversity areas, etc.), plan (strategic conservation
planning), and act (implementation of actions and policies). To
date, no ladybird species have been assessed for the IUCN Red
List, but the recent establishment of an IUCN SSC Ladybird

Specialist Group raises hope in this regard. Although red-list
assessments do not necessarily prevent extinctions, they may
instigate conservation actions, as they have for other inverte-
brates (e.g,, Broder et al., 2020). The IUCN Red List is a leading
indicator of global biodiversity trends (Stuart et al., 2010), and
representation of ladybirds on it will be crucial to placing this
group on international agendas. In addition to species-specific
conservation plans, mitigation of pesticide impacts on ladybirds
should be a global priority. Ladybird experts need to engage
and collaborate with nongovernmental organizations, conser-
vation authorities, protected atea managers, and other actors
to achieve these ends. Citizen science and public engagement
projects could also play an important role. Targeted species
conservation projects at the local level may serve as lighthouse
projects to instigate similar projects elsewhere. Monitoring will
be an important tool to evaluate the success of such projects,
but rare and threatened species will require a more targeted
approach because these ate not recorded frequently enough to
infer population trends (Potts et al., 2020). Such data, however,
are crucial to monitoring conservation success and enabling
red-list and green-status assessments (Akgakaya et al., 2018) as
well as key biodiversity area assessments (International UniCN,
2010).

CHALLENGES AND OPPORTUNITIES

Even though ladybirds are subject to many anthropogenic
threats and may serve as flagship species for insect preserva-
tion for aforementioned reasons, few ongoing projects directly
address their conservation and recovery. A number of dilem-
mas and shortfalls prevent effective conservation strategies
(Cardoso et al., 2011). Ladybirds, especially their ecological
services, are in part unknown to the general public (public
dilemma), policy makers and stakeholders are mostly unaware of
ladybird conservation issues (political dilemma), basic research
on their biology and ecology is scarce and underfunded (sci-
entific dilemma), a considerable part of their estimated species
diversity is still undescribed (Linnean shortfall), the distribution
of described species remains largely unknown (Wallacean short-
fall), the abundance of species and their changes in space and
time are unknown (Prestonian shortfall), and the functional role
of ladybirds and their sensitivities to habitat change are largely
unknown (Hutchinsonian shortfall).

Active collaborations among professionals and citizen scien-
tists, conservation practitioners, and policy makers are essential
for sharing information, coordinating data collection, prioritiz-
ing research objectives, and disseminating results. Efforts will
be spearheaded by the IUCN SSC Ladybird Specialist Group
to address the gaps of assessment and prioritization, in light of
the adoption of strategic plans for species conservation. The
scarcity of information outlined above restricts assessments, pri-
oritization, and implementation of conservation programs for
ladybirds. We highlighted the increasing importance of main-
taining natural areas and landscape heterogeneity in urban and
agricultural contexts and reducing the application of pesticides.
Management of invasive species is a priority, but the prevention

85UBD17 SUOLLLIOD BAERID 3]qedljdde ay) Aq peusenob a1e Sap e YO (88N JO 3|1 o AXeiqI 8UIUO A8V UO (SUORIPUOD-PUR-SLLBYW0D" A3 1M A e1q1/BuIUO//SRY) SUORIPUOD PUe Swid | 8U) 885 *[£202/20/90] Uo Ariqriauliuo (1M ‘WN19 139 - a1V 3ON3AIAT Aq S96ET 1900/ TTTT OT/I0P/W00" A8 |IM ATelq1feuU0"01quody/Sdiy ol papeojumod ‘T ‘€202 ‘6ELTEZST


https://www.iucn.org/commissions/species-survival-commission/our-work
https://www.iucn.org/commissions/species-survival-commission/our-work

SOARES ET AL.

90f12

of introductions is preferable. Many questions remain regarding
potential responses of ladybirds to climate change and habi-
tat destruction, and these provide new research opportunities.
Recommendations for ladybird protection should inform leg-
islative actions and be supplemented with education and public
awareness programs. Long-term public—private partnerships,
supported by sustainable financing, should aim to testore and
protect vital insect habitats while managing key threats.
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