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Abstract: Industrial agriculture (IA) has been recognized among the main drivers of biodiversity
loss, climate change, and native pollinator decline. Here we summarize the known negative effects
of IA on pollinator biodiversity and illustrate these problems by considering the case of Chile, a
“world biodiversity hotspot” (WBH) where food exports account for a considerable share of the
economy in this country. Most of Chile’s WBH area is currently being replaced by IA at a fast
pace, threatening local biodiversity. We present an agroecological strategy for sustainable food
production and pollinator conservation in food-producing WBHs. In this we recognize native
pollinators as internal inputs that cannot be replaced by IA technological packages and support
the development of agroecological and biodiversity restorative practices to protect biodiversity. We
suggest four fundamental pillars for food production change based on: (1) sharing the land, restoring
and protecting; (2) ecological intensification; (3) localized knowledge, research, and technological
development; and (4) territorial planning and implementation of socio-agroecological policies. This
approach does not need modification of native pollination services that sustain the world with food
and basic subsistence goods, but a paradigm change where the interdependency of nature and human
wellbeing must be recognized for ensuring the world’s food security and sovereignty.

Keywords: agroecology; sacrifice zones; Apoidea; water deficit; pesticides

1. Introduction

Industrial agriculture (hereafter “IA”) promoted by the Green Revolution has arguably
brought about significant increases in food production globally over the past 70 years [1].
These models involve the use of a «technical package» with strong dependency on fos-
sil fuels, which include large-scale monocrop landscapes of improved/selected seeds,
increased mechanization, and the incorporation of “external inputs” to enhance plant
growth and yield such as the introduction of managed pollinators, synthetic fertilizers
and pesticides [2]. Yet these welcomed apparent enhancements in production are also
partly responsible for the ongoing massive release of greenhouse gases, the unsustainable
use of water and land resources [3], and the contamination of soil as well as both surface
and underground water reservoirs by fertilizers and pesticides. Under the current market
model this intensive agriculture production is widely requested by “countries with higher
developmental level” [4], driving unprecedented amounts of food waste [5]. IA functions
at the expense of ever-increasing socio-ecological crises and has been recognized among the
main drivers of irreparable biodiversity losses, especially in areas chiefly focused on pro-
ducing and exporting food crops (i.e., “developing countries”) [6–9]. Biodiversity decline
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has been associated with the above-mentioned negative externalities of IA such as habitat
loss and fragmentation, pollution, and climate change [10–15]. This reduction in biological
diversity is currently jeopardizing ecosystem functions and associated processes (including
pollination, water, and nutrient cycling) and putting human wellbeing at risk [10,16–19].
Considering these problems derived from IA and its associated market model, several
authors have stressed the need for a paradigm shift in agriculture if we are to meet future
food demands while preserving the ecosystems that sustain this food production [20–22].

Agroecology (hereafter “AE”) is considered the most relevant alternative to IA by a
wide range of actors involved in food production, such as stakeholders, farmers, scien-
tists, NGOs, and policymakers [23–25]. AE is a scientific discipline as well as a practice
that involves the development of diversified farming systems and short supply chains,
the promotion of low external input schemes and conservation and regenerative agricul-
ture [2,23,26–30]. As a political movement, AE promotes food security and sovereignty
(see Glossary) as an essential human dimension of agricultural transitions in the world’s
political agenda [28]. Agroecology goals include the application of ecologically based
knowledge to agriculture, with the aim of a sustainable food production while at the same
time reducing the environmental impact by spending less energy and resources in the
process [31,32], for example by lessening agriculture dependency on the application of
external inputs (such as exotic managed pollinators, pesticides, and fertilizers) to maintain
food production [23]. AE is considered as the scientific rediscovery of some of the ancient
agricultural practices developed and preserved by peasant and native cultures as alter-
natives to IA around the world [33–35]. AE takes advantage of local biotic components
and abiotic conditions found in the agricultural landscape, seeking to match crops with
local abiotic conditions and promote beneficial associated organisms [36]; highlighting
the value of local knowledge and biodiversity that benefits agricultural production [37].
For instance, AE considers available organisms that improve crop productivity such as
pollination, biological control, and decomposition as “resource biota” [38,39]. Through this
lens, local diversity is regarded as a natural “internal input” (Figure 1; Figure 2), as opposed
to “external inputs” required for IA production, enhancing sustainable food production
in agroecologically-managed fields. Internal input provides different ecosystem services
and ecological interactions [30,40]. The latter includes pollinators, predators, parasites, and
herbivores as well as non-crop vegetation, soil invertebrates, and microorganisms, among
other components of local biodiversity helping crop yield [41].
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Figure 1. Schematic representation of industrial agriculture intensive management. Arrows and positive sings represent
favorable influences between elements depicted by icons and tittles. “T” ending lines and negative signs symbolize
unfavorable impacts. Landscape homogenization, the simplification of rural ecosystems that takes place under industrial
agriculture, is illustrated with a bulldozer. The application of external inputs such as pesticides, GMOs, and managed exotic
biological control agents and pollinators, is shown as an operator spraying agrochemicals. Landscape homogenization
and external inputs are used to sustain crop yield production (represented by various fruits) under industrialized schemes.
Nonetheless industrial agriculture’s landscape homogenization and external inputs are at the same time causing a decline of
local biodiversity (e.g., beneficial microorganisms, plants, and animals), which despite not being recognized by industrial
agriculture, are contributing to crop yield as internal inputs (in calypso lines). This component is illustrated by a slide of soil
showing different wild lifeforms and their positive influences by calypso color lines. Among beneficial organisms present
in agricultural landscapes are wild pollinators, represented by native bees. These are being exemplified in this figure by
three specimens (with large to small species) by genera: Bombus, Anthidium, and Lasioglossum native species. Native bees’
positive interactions with crop yield and the remaining internal inputs the other components of this diagram are shown
with red lines and arrows. Images in grey highlight detrimental effects on illustrated components (e.g., internal inputs and
native bees).
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Figure 2. An agroecological strategy (in calypso) to counteract the effects of industrial agriculture managements currently in
use for food production at world biodiversity hotspots. This plan is based on four main pillars: (i) Land sharing, restoration
and preservation (illustrated by a wild plant community along a fruit orchard), (ii) the conservation and promotion of internal
inputs, (iii) the recovery and development of localized research and technology (depicted by a local farmer and a scientist
exchanging knowledges), as well as the implementation of (iv) territorial planning and agroecological policies (illustrated by
a farm area map and pointing hand). We propose that these agroecological pillars may contribute to the survival and
performance of native pollinators such as native bees. These wild pollinators contribute directly to crop yield as well as
indirectly by its influences on the agroecological strategy. We suggest agroecological strategy may be able to buffer current
LH and EE from IA, as a start point towards a gradual change towards the implementation of an agroecological food
production system; not focused on international market needs only, but on food sovereignty and safety as the base for a true
global sustainable food production. Illustrations by Cristian Villagra.

Insects provide several ecosystem services to food production and are considered
irreplaceable resource biota under an AE approach [42–44]. For example, it has been
established worldwide that native bee species can improve yield and production qual-
ity [22,45–49]. Insect pollinators can contribute to food production even in cases where
crops are capable of autonomous self-reproduction [50]; as selfing can have detrimental
effects on yield and quality due to inbreeding [51,52]. Regarding the economic relevance of
insect pollination, it has been found that the productivity of five of the seven main crops of
the USA are limited by unavailability of pollinators. The USA annual production value of
native pollinator services to these crops has been estimated to be over $1.5 billion [53,54].
In the case of pollinator species not visiting crops but associated with farmland hedgerow
flora and/or wild plant patches, this additional diversity has also been found to contribute
to agroecosystem functioning, thus the preservation of these native species must also be
considered [54,55]. Pollinating insects are currently contributing to world food production,
even though intensive IA practices are paying them back with detrimental effects on their
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health and survival (Figure 1; Appendix A [44,56–58]. All this is currently negatively im-
pacting food security [59,60], especially when managed pollinators may not be the solution
to present wild pollination losses [61,62].

AE, by contrast, acknowledges the contribution of native pollinators and highlights
them as priceless players for a lasting food production strategy [63]. Using the AE frame-
work, this study proposes an agroecological strategy (AES) to face the current decline of
native pollinators due to IA applying four fundamental AES pillars (Figure 2). AES can
be put in practice in order to counteract known biodiversity threats produced by IA and
overcome these negative impacts. AES aims to enhance crop production while maintaining
healthy ecosystems and native pollinator diversity [64]. To support AES, we emphasize the
relevance and urgency of AE research, practices, and policymaking, especially for areas of
the planet currently considered reservoirs of pollinator diversity [65] such as WBHs [66].
The reason for this emphasis is the fact that WBHs often overlap with prime agriculture
zones [67]. Therefore, the continuity of food supply may be at stake, considering that biodi-
versity is a key contributing factor to world agricultural production [4]. Ironically, WBHs’
unique assembly of species and ecosystem services are being jeopardized by IA practices
and its associated globalized market schemes [6,68,69]. As irreplaceable resource biota,
native pollinator biodiversity could contribute to a sustainable long-term food production
model [39,70–73], therefore it merits a place in the design of a modern food production
system. In this study we briefly outline the main effects of IA on native pollinators and
its implication on insect decline. We use Chile as a case study, a fruit-exporting OCDE
developing country with considerable endemism that hosts an unprotected biodiversity
hotspot [66,74,75]. IA practices in Chile are one of the main causes of environmental and
social problems [76,77]. This pattern can also be found in other countries around the world
hosting WBHs, where raw material export-oriented economies have been often maintained
with disregard for social unrest and damage to the environment produced [78–80]. We
discuss to what extent a change in food production procedures which includes AE pillars
may contribute to ameliorate native pollinator biodiversity decline in WBHs and highlight
the relevance to consider this not as local issues concerning agriculture-oriented economies
but as a key matter for world environmental health and food security.

2. Effects of IA on Pollinators

In the last five decades there has been a significant global increase in land use changes
for agricultural production purposes [81,82]. As a consequence, landscapes on Earth have
been simplified and homogenized [83–86]. This is concerning as both human-managed and
natural ecosystems rely on their biodiversity for the provision of diverse services that allow
their functioning [87–89]. Industrialized agriculture manages agroecosystems through
the constant application of external inputs with the goal to maximize the production of
commodities based on a small variety of crop species, mostly to supply to international
food market demands [6,90]. As was previously mentioned, this highly industrialized
agribusiness is conducted largely in underdeveloped areas of the planet at the expense of
reducing biodiversity, soil, and water sources quality as well as the wellbeing of workers
and local communities [91–98]. For instance, pesticides and fertilizers are among several
indispensable external inputs needed for the maintenance of IA goals. These are often
applied in massive amounts to fields in order to attain high productivity [13,39], with
disregard for the negative effects on biotic and abiotic components of these managed habi-
tats [99,100], including the resources needed by different insect species to complete their
life cycle (e.g., nesting materials, resting refuge, egg laying, and suitable larval develop-
ment microhabitats) [101]. Industrialized agriculture has been recognized among the main
threats to insect pollinators [58,102,103]. Great reductions in pollinator populations re-
ported have been attributed to the IA practices for food production [9,44,104–108], causing
a general decline in native pollinator richness and visitation rates not only in surrounding
patches of native vegetation but also in croplands [109,110]. In this section we summarize
how landscape changes as well as the incorporation of external inputs by IA affect native
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insect pollinators, including native bees, drivers that act together and additively under an
intensive agricultural scheme (Figure 1) [111].

2.1. Landscape

Landscape changes due to intensive agriculture may negatively impact pollina-
tors [9,108,112], by changing their composition (percentage of natural/semi-natural habi-
tats in the landscape) and/or configuration (i.e., patch density and interpatch connectiv-
ity) [113]. The effects on native pollinators will also depend on species-specific traits of
these insects and the landscape context [114–122]. For example, nesting resource availabil-
ity seems to explain 61% of the variation found in different nesting guilds such as ground
nesters, pre-existing cavity nesters, carpenters, hollow stem nesters, and cleptoparasite
bee species [123]. Thus, the effects of IA may cause both overall decline and community
structure alternations.

IA farms are characterized by large-scale crops isolated from natural and/or semi-
natural habitats, lacking enough floral and nesting resources as well as decreasing pro-
duction and survival of insect pollinator offspring [124]. These industrialized croplands
typically harbor low insect pollinator richness and abundance [125], reducing pollination
services and functional diversity [115]. Vulnerable species have been found to be the most
affected under these circumstances [126], losing millions of years of plant–pollinator evolu-
tion in the process [127]. Landscape homogenization (hereafter “LH”; Glossary; Figure 1;
Figure 2), appears to be an important driver of IA effects on biodiversity [83]. This might
be linked to agroecosystems’ reduction of natural habitat patches and/or natural habitat
elements [115], decrease of available resources needed for the different components of bio-
diversity [128] and the loss in connectivity of farmland to natural remnant patches [120,129].
LH also affects mutually beneficial interactions between flowering plants and insect pol-
linator communities [130]. Pollinator diversity in agricultural habitats under LH might
end up being replaced by the few species able to survive these depauperated conditions,
leading to further biotic homogenization [131]. This is represented in Figure 1 by native
bee specimens pictured in grayscales. The reduced surviving pollinators that remain may
not guarantee the delivery of sufficient pollination services, both for human-managed
and natural ecosystems [132]. For instance, coevolved associations between native insect
pollinators and functionally specialized plants may become at risk of pollen limitation due
to LH [133]. This evidence suggests that not only native pollinators currently visiting crop
plants must be the focus of concern due to current agricultural practices, but also the whole
wild bee guild that may also contribute to the maintenance of local plant diversity near
agricultural landscapes [134].

2.2. External Inputs

Because IA simplifies landscapes and their biological diversity, hampering their con-
tribution to agricultural production [13,135], it needs to incorporate “external inputs” (“EI”
in Figure 1; Figure 2) to replace the lost regulatory and supporting ecological services
in modified landscapes otherwise provided by internal inputs (II) [39]. External inputs
include abiotic and biotic factors. For example, chemical formulations such as fertilizers
and pesticides are often used along with modified seeds (e.g., herbicide-tolerant crops)
capable of enduring these applications while most local biodiversity cannot [100]. IA also
introduces exotic managed organisms to provide pollination and biological control. Both
pesticides and the use of managed pollinators have been regarded as main external inputs
responsible for the decline in native pollinators [136]. Below we detail this evidence.

2.2.1. Pesticides

Pollinators under IA food production plans are exposed to multiple pesticides [137],
which have demonstrated deleterious effects in their nervous system, behavior, and
cognition as well as their development, reproduction, and overall survival [138–147]
(Appendix A). It has also been suggested that sublethal exposure to pesticides may pro-
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duce immune suppression in pollinators [148], increasing their susceptibility to pathogens.
Recent evidence regarding epigenetic inheritance has demonstrated that pesticides drive
pathological alterations in insect pollinators [149], while in target organisms it has been
reported the development of IA promotes epigenetic transgenerational resistance against
pesticides [150]. Thus, while pesticide detrimental impact may last several generations
on non-target organisms, their efficacy on pest species may be reduced as they became
immune to their effects [151].

Pesticides reduce the richness and abundance of pollinators and other beneficial native
insects [152–154], resulting in mid- and long-term declines and higher extinction rates,
whether they forage in treated crops or not (Figure 1) [25,155,156]. Pesticide exposure
routes are correlated with the different materials these insects need to complete their life
cycles (e.g., nesting and food resources) [157–159]. Pesticide residues have been found in
food items and substrates used by target and non-target insects [160–165]. This impairs
the delivery of pollination services, reducing pollen collection efficiency and affecting crop
yield [166–168]. It has also been demonstrated that native pollinators respond differently
to pesticide exposure compared to managed pollinators such as honeybees [169], and in
some cases they are more susceptible to their toxic effects [170,171]. Pollinator species
may have different responses to pesticides (Appendix A), making it difficult to predict the
adverse consequences of these chemicals on pollination services [172,173]. The availability
of this kind of data for every species seems unfeasible in the short-term, and thus species-
specific traits (such as nesting behavior and sociality type) could be used as proxies to
predict pesticide response [116,158,174]. While there is a sustained use of large amounts of
pesticides in IA schemes [67], claims of a reduction of their environmental damage have
been questioned by researchers. For example, recent reports considering the toxic effects
of several pesticides for eight non-target species groups revealed a noticeable increase
in the toxicity of applied insecticide over the last 25 years for both aquatic invertebrates
and pollinators [100]. This was mainly attributed to the contributions of pyrethroids and
neonicotinoids, respectively. The increase of pesticide toxicity included studies in GM
corn crops (towards aquatic invertebrates and pollinators) as well as in GM herbicide-
tolerant soybeans, where coexisting plant species were also heavily affected [100]. These
updated findings stress the urgency to change how food is being produced, leaving current
dependency on these external inputs for the sake of the survival of pollinating insects and
human health.

2.2.2. Managed Pollinators

Regarding this external input largely use in IA schemes to secure crop pollination,
most studies have reported negative effects on native pollinators due to the introduc-
tion/spread of exotic competing managed bee species (e.g., Apis mellifera, Bombus terrestris)
in agroecosystems [9,175–177]. Managed bees affect the development and reproduction
of native bee species that are close to their colonies [178]. For instance, sometimes man-
aged bees mate with local species, resulting in inviable hybrids [179,180]. EI pollinators
introduced under IA management might also compromise food and nesting resources
available to other native insect pollinators through competition [181]. When managed bees
become naturalized outside of their native range they can adapt easily to varied nesting
substrates, potentially being less susceptible to nesting site shortages [182], and overcoming
this shortage by usurping closely related species’ nests [183]. In the presence of greater
floral abundance, the number of managed bees visiting floral species is higher than those
of pollinators [184], potentially outcompeting them [185]. They are also able to amass a
great amount of provisions rapidly [186], possibly depleting resources for other native
insects [187].

Pathogen spillover might also be of concern in this context; managed bees are usu-
ally social insects and given their behavior could be more likely to host and spread
pathogens [188]. These exotic pollinators are able to transport and spread pathogens
to flower species while visiting [189]. These then are transmitted to other wildflower
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visitors, including native pollinators [190]. Although pathogens have been indicated as one
of the drivers of lower pollinator abundance [191], their impact on native and introduced
bee species seems to be so widely distributed that is difficult to pinpoint the direction of
these spillovers [192]. Nonetheless, this is a recognized source of deterioration of native
pollinator wellbeing.

3. IA and AE in Biodiversity Hotspots: Chile, a Case Study

Biodiversity hotspots are highly endemic biogeographic regions threatened by human
activity [66]. The Neotropical region includes several of these areas, hosting an outstanding
diversity and richness of native pollinators [9]. This area of the planet produces a consider-
able portion of food crops by IA and it has been regarded as the zone which has suffered
one of the greatest declines in biodiversity and ecosystem services [4,80]. Chile includes
in its territory almost an entire hotspot, named the “Chilean Winter Rainfall-Valdivian
Forests”. This consists of several biomes hosted within the Chilean Matorral and the Val-
divian temperate rainforest [66,193]. The former could be considered a WBH and largely
overlaps with IA food production areas [194,195]. Unfortunately, only 1.8% of Matorral
land is under the Chilean national protection program [196]. The Chilean Matorral is also a
region that hosts an important bee species diversity with elevated endemism [65,197].

Chile has subscribed to environmental treaties to know, conserve, and restore its
biodiversity as well as reforest endangered areas [198–201], but so far there are no territorial
management plans that aim to make agricultural production compatible with biodiversity
conservation (Appendix A). This has resulted in a significant loss of natural habitats in a few
decades [202,203]. National records report that approximately 70% (12,900,682 ha) of the
land used for agriculture, livestock, and plantation forestry is within the “Chilean Winter
Rainfall-Valdivian Forests” hotspot [204]. This hotspot holds an area of 30,000,000 ha, which
means that nearly 43% of it has already been replaced by these production schemes [193].
Even more concerning is that habitat loss rate in this hotspot keeps growing [205].

Agricultural practices in Chile are deeply rooted in export-oriented IA models [67,206],
directly attributed to the economic liberalization policies mandated by the military dic-
tatorship after 1973 [207]. Measures established by force during this period included the
privatization of the public sector, resulting in the concentration of agricultural land in the
hands of a few and a significant exploitation of natural resources to supply international
markets [208], creating a globalized and capitalized commercial IA scheme at the expense
of neglecting and marginalizing small farmers and indigenous people [209,210].

The rediscovery of AE alternatives in Chile began as a reaction towards the economic
crisis that unfolded immediately after the application of Milton Friedman’s neoliberal
policies in the early 1980s, due to an exponential increase in rural poverty and abandonment
of the urban and rural working classes [69,211]. Chilean AE advances were made by a
small number of NGOs, small farmers, and academics [35]. Although some of these
developments were recognized by the Food and Agriculture Organization of the United
Nations [212], only in rare cases have AE practices been adopted by corporations and
promoted by policy makers, and at present these practices are not used on a productive
scale in Chile [69,213].

3.1. Pesticides

Around 9.6% of the pesticides approved by the Chilean government [214] have been
already banned by the European Union (Appendix A), one of the main consumers of Chile’s
fruit exports [67]. Most of these pesticides are highly toxic, with demonstrated negative
effects on bees at sublethal doses (Appendix A). For example, while neonicotinoids (e.g.,
clothianidin, imidacloprid, thiamethoxam) are being questioned by experts around the
world and have restricted use in Europe due to harmful effects on native and managed
bees [98,156,215–218], they are widely used in Chile due to an alleged “absence of proof
in the country of their negative effects” [219,220]. This is concerning given the chemical
behavior of these pesticides, as these widely used formulations are adsorbed by mineral
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clays and organic matter that form agricultural volcanic ash-derived soils [221], damaging
biodiversity as a consequence [222], and most likely affecting native bee species directly, as
nearly 70% of Chile’s wild Apoidea nest in soil substrates [223]. Despite the aforementioned
issues, current regulatory protocols for the approval of new formulations and maintenance
of pesticide use in Chile have not been updated based on current scientific acknowledge and
do not require the development of local science-based risk-assessments over biodiversity
for their approval for IA use [224].

3.2. Managed Pollinators

External biotic inputs in Chile are already impacting the environment; the main exotic
bumblebee species commercially used for providing pollination services, the buff-tailed
bumblebee Bombus terrestris Linnaeus, 1758 and B. ruderatus Fabricius, 1775 have rapidly
replaced the Patagonian giant “moscardón” bumblebee Bombus dahlbomii Guérin-Méneville,
1835 [225–229] (Figure 3). B. dahlbomii was a source of medicinal honey and considered a
sacred being by Mapuche, one of the First Nations people of Chile [230]. Scientists have
demonstrated that Introduced bumblebee species are displacing native B. dahlbomii in Chile
and Argentina, colonizing natural areas in most of the southern cone of South America,
and have urged authorities to ban the imports of these IA-managed pollinators [231,232].
Even though this is a concerning situation, government policy still allows the importation
of buff-tailed bumblebees for IA crop pollination in Chile [231].

Figure 3. Giant bumblebee: Bombus dalhbomii (Hymenoptera), native from Chile and Argentina,
legitimately visiting blueberry flowers in November 2015, Villarica, X Region, Chile (scale: 1 cm).
This species has been categorized as “endangered” by the IUCN Red List. Photography by Marianela
Castillo Arias.

In the Mediterranean region of central Chile, a bee biodiversity hotspot [65], avocado
orchards have been recorded to be profusely visited by managed A. mellifera, while five
native bees species have also been reported visiting this crop [233]. Although this finding
was proposed as a demonstration of the compatibility of IA avocado production with native
bee biodiversity, these observations were conducted through one-season focal observations
and with no additional collection methods or control of native vegetation or wild bee
abundance comparisons. Scarce and often preliminary local research in combination
with fast-paced habitat loss in Chile paints a concerning picture for pollinators and their
ecosystem services in the agricultural production canvas. Chile probably hosts around
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800 bee species, with more than 450 species described and 70% endemicity [197]. Very little
research has been published regarding native insect performance as pollinators for native
and crop plant species. For example, in the case of the endangered B. dahlbomii [234], this
native Apidae has been described as a possible pollinator of greenhouse tomatoes [235] and
has been seen visiting blueberry and avocado orchards [233]. Considering this evidence and
the research from neighboring countries [236–238], it seems likely that most native insect
pollinators may already be pollinating crops of economic importance. The knowledge of
wild bee species association with native plants is largely incomplete [197,239]. Chile may
hold an irreplaceable pollinator workforce in its native bee pollinators, contributing both
to crop yield and the preservation of unique biomes, nonetheless they are threatened by
intensive IA production and neglected by government policy makers. This highlights the
unsuitability of Chile’s current agricultural production and market and jeopardizes the
mid- and long-term contribution of this country to the production of fruit commodities
and to its own resilience against future environmental and food crises. In the following
section we develop our proposal to face these issues and be able to protect pollinators in
agriculturally oriented WBHs like Chile.

4. Protecting Pollination: Strategies for the Future

Human practices, including agriculture, need to return within the limits that keep our
planet habitable [89,240], for the sake of our own species and all living organisms [241,242].
Countries with invaluable biodiversity need to rethink critically the way they are doing
agriculture and revaluate local and native sustainable practices [243,244]. Understanding
that native pollinator species are unique “resource biota” (see Glossary already contributing
to current crop yield is to be aware of a strategic advantage compared to agriculture food
production in non-WBH regions. Native pollinators are part of AE internal inputs that
cannot be replaced by IA technological packages or external inputs [245]. Coexisting
with our threatened local biodiversity (i.e., internal inputs) and valuing its cultural and
biological wealth within productive ecosystems will protect the future of pollination
services as well as contribute to food security and sovereignty. Here we focus on the
development of an agriculture schemes in WBHs considering native biodiversity, and
compile a strategy summarized in four pillars based on agroecological thinking as well
as First Nations’ knowledge: (1) sharing, restoring and protecting the land; (2) local
biodiversity as fundamental AE internal inputs contributing to sustainable agriculture
food production and pollinator protection; (3) the need for recovering local knowledges
and developing localized research and technology; and (4) territorial planning and the
implementation of AE policies (Figure 2).

4.1. Sharing, Restoring, and Protecting the Land

Natural ecosystems are far from simple, and to achieve sustainable agriculture there
is a need to maintain their complexity [40]. Polycultures and florally diverse environments
have been found to support native pollinator diversity due to a continuous supply of food
resources [246]. Agricultural practices need to consider that pollinator functional diversity
relies on these native habitats and that biodiversity hotspots by definition are already
threatened, thus need to be considered with special care when conducting productive and
extractive activities. A sustainable complex landscape matrix is needed to protect hotspots
and ensure the delivery of pollination services to crops. This pillar should integrate restora-
tion and protection of large areas of natural habitat and restoration of native land patches
within agroecosystems to increase habitat quality (i.e., land sharing) [247]. Pollination
services delivered by native insects have been shown to rely strongly on their proximity to
natural habitats [109,248,249]. Protected natural areas host higher biodiversity [250] but
are not enough to sustain ecological stability [251]. To achieve stability, habitats that have
been altered by human activities, including urban zones and areas utilized for productive
activities, need to be restored as much as possible [252], leading to effective conservation
outcomes by assessing their coverage (i.e., the number and types of species included within
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their limits) and management [253]. Restoring native patches of anthropized land improves
habitat quality within agroecosystems, maintaining and securing native insects [254]. Na-
tive patches buffer the negative effects of pesticide application on pollinators [153,255], offer
greater flower diversity and nesting sites [256] and are correlated with higher pollinator
density [257]. In farmlands these patches also serve as wildlife corridors [114,181,258–260],
promoting heterogeneous landscapes [261] and stabilizing crop pollination [262]. These
patches could be implemented at field edges and should have mixed native plants with
partial overlap in floral phenology to provide resources for bees during the whole flowering
season [256]. Pollinators benefit from florally diverse environments due to a continuous
supply of food resources [246], which are critical for ensuring their reproduction [124].
The size of these patches could be dependent on the crop type that they surround, and
research should be carried out to define the appropriate cost-effective sizes within specific
agroecosystems [101,263].

4.2. AE Internal Inputs for Sustainability and Pollinator Protection

Among the core principles of AE science and practice is the preservation and use
of local diversity as natural inputs contributing to crop yield [264]. This approach also
advocates for food sovereignty while reducing the negative effects of agriculture on the en-
vironment and society [265]. Monocultures, organic or not, reduce the functional diversity
of pollinators [115]. Under an agroecological strategy (AES), biodiversity is incorporated
into agroecosystems to mimic natural ecological processes [28] (Figure 2). With higher
biodiversity, agroecosystem inner complexity grows and reduces the dependence of crops
on destructive external inputs, allowing the system to maintain its own soil fertility, produc-
tivity, and protect itself from pests [266], benefiting insects and attracting pollinators [101].
All this allows native pollinators to visit crops safely and thrive in an agroecosystem with
food and nesting resources free of pesticides. This higher pollinator biodiversity could
even reduce the need to incorporate large numbers of managed pollinators within crops
as additional external input. Nonetheless, this falls short of defining AE, as not only are
academic, political, and cultural perspectives tightly knitted to this model, AE places
small farmers and local knowledge as the key for food sovereignty [267] and does not
agree with the new Green Revolution approach, which seeks to perpetuate an IA system
for food production [268]. Instead, AE focuses on the dissemination of knowledge from
farmer to farmer based on their historical backgrounds and on reviving their ancestral
farming roots [269], strengthening communities and allowing them to become autonomous,
securing local food production [268]. Mexican and Bolivian farmers are examples of how
traditional low-intensity agriculture allows native bee species to provide successful pollina-
tion service [270,271]. There is no need for a new Green Revolution, as social vulnerability
and income inequities are the main cause of hunger [5]. AES, summarized in this review,
aim to protects pollinators not only by its effects in agroecosystems, but also by reducing
poverty and improving people’s livelihoods, by both recovering local knowledges and
developing local research technologies as well as implementing territorial planning and
AE policies considering the needs of local communities (explained further in following
sections, Figure 2) [32]. People can only protect or be concerned about biodiversity and
its conservation once their basic needs have been met. Thus, the world does not need
more food commodities to be traded globally; it needs equal access to nutritive food and
production not focused only on market and profits [272,273].

4.3. Localized Research and Technology

IA is leading a steady biodiversity decline and exceeding the planetary boundaries
that allow humans to survive on Earth [89]. The IA production and market scheme keeps
low-income WBH countries of the world relying on the import of technological packages
and depending on globalized markets to achieve their productivity goals. Technological
packages should not be imported without knowing their consequences to ecosystems,
local communities, and economies [274,275]. Critical knowledge gaps still exist regarding
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taxonomy, ecosystem services, and socio-ecological vulnerability in order to implement
production alternatives considering native pollinators [276]. This is especially urgent in
WBH countries risking their biodiversity, food sovereignty, and human wellbeing [277].

Localized studies need to be conducted in regions where biodiversity knowledge is
scarce, and nature is heavily under threat due to industrialized food production activi-
ties [80]. As a starting point it is necessary to fill the current knowledge gap on species
and their ecological associations [278]. There are still a great number of organisms and
ecological interactions left to describe [279], largely in WBH zones. Taxonomy is one of
the foundations of the applied sciences. If species have not been described, it becomes
challenging to understand how they respond to ecological changes and be able to monitor
them [280]. This is especially urgent for insects, a group underrepresented in conservation
research [281] and under global decline [8]. Research in WBH countries is also key to assess
native pollinator contribution to crop and native plant species reproduction, their nesting
needs, and different behaviors. Pollinator species have diverse life histories and traits,
responding differently to the same threats [83,114]. Assessing how pollinators respond
to potential dangers will allow for the modeling of proper AE production programs. To
illustrate the urgent need of information we use the Apoidea, highly charismatic native
pollinators. It has been estimated the number of native bee species in the Neotropical
Region would be above 15,100, stressing that current knowledge on actual species richness
would represent roughly one third of this total [9]. This is worrisome considering the
high rates of biodiversity and ecosystem services losses reported for this region of the
world [80], largely composed of WBHs focused on agriculture exports [4]. This may imply
the potential extinction of many pollinators before even their description, “Centinelan
Extinction” [282], and its neglect represents a threat to both local and global food secu-
rity [283]. Therefore, the local study of bee biodiversity and conservation in these regions
must be a global concern. Local farmers and first nations have been recognized as “local
knowledge holders” for already possessing the understanding regarding their pollinators
and their pollination services in their local food production [284–286]. This wisdom needs
to be recovered and applied, as they are key to implement and ensure AES allowing a
gradual transition towards a sustainable global food production scheme (Figure 2) [287].

Research will improve our understanding on how insect pollinators respond to agricul-
tural practices in WBH countries and provide alternatives with the goal to advance towards
the sustainability of socio-ecological systems, allowing for the development of AE tools
and technology as part of the production chain as well as conservation in several food and
plant-derived goods needed by our species. Developing local AE knowledge will not only
protect biodiversity (e.g., native pollinating insects) and agricultural productivity but also
reduce the dependency on IA external drivers and inputs and contribute to the coupling of
ecosystems and human wellbeing [277]. With this design, pollinator conservation will not
be considered a trade-off against agroecosystems or society but as a partnership for our
coexistence.

As was already explained, AES for WBHs must consider the political and cultural
perspectives along with the research program. Therefore, the rediscovery of AE must
link human wellbeing and ecosystem integrity, thus the collecting of information about
the ecological vulnerability of pollination services needs to be coupled with gathering
information on social inequalities in this food-producing WBH [277], as a link between
economic vulnerability and biodiversity loss has been demonstrated [288]. Integrating all
this will allow the development of local AE research and technology in consideration of
the societal and ecological conditions of different WBH regions of the planet [276,289,290],
providing AE schemes for each socio-agroecosystem [37].

4.4. Territorial Planning and AE Policies

World biodiversity hotspots are strongly threatened by the loss of their species and
resource depletion (e.g., water scarcity) due to IA business, currently representing sacrifice
zones that provide food and goods to global markets, so the developed side of the world can
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“go green” [6]. This needs to change. AE’s local biodiversity “internal inputs” such as native
pollination services [73] cannot be labeled as commodities (e.g., “natural capital” [73]), as
its “exchange” threatens the sustainability of food production and commerce4. This is likely
currently happening in a “Centinelan” pollination consumption (not a “trade”), as native
bees cannot be replaced or recovered once species go extinct. Moreover, there is not a fair
planetary-level exchange and interdependency between WBH exporters and international
food commerce, as the resulting benefits have been demonstrated to be distributed globally
in a both socially and economically unequal way [4]. For instance, in Chile IA is coupled
with sustained social inequalities and unrest, local communities driven to unsanitary water
deficit and unique biomes shrinking as IA expands, leading pollinating species to decline
before having a chance to be studied [207,211,291]. These are the challenges policy makers
need to face; if we want to keep the remaining biodiversity of native pollinators in food-
producing countries, intensive industrialized agriculture schemes must be first buffered by
AES and gradually replaced by true sustainable food production [9,72].

In order to translate knowledge into policies, first the gathering of information needs
to be supported. Science and local knowledge holders can provide a roadmap to make
well-informed decisions (Figure 2), but their work needs to be properly funded and listened
to [292]. These policies can provide the data science and technology need to assess, propose,
and apply the best cost-effective strategy for pollinator conservation, food security, and
sovereignty [293]. This is already happening in main food consumer countries of the
European Union and the United States [8]. Unfortunately, this is not true for most WBH
countries [80], where not taking the steps in this direction will have global consequences.

Strong environmental governments will be required in order to change IA schemes and
prioritize the conservation of native pollinators and wildlife. Ecosystems, especially those
belonging to biodiversity hotspots, need to be within an international legal framework of
protection that starts by recognizing the context-specific complexity of agricultural systems
and the irreplaceable relevance of local diversity, both biological and cultural [286]. Local
deterioration of biodiversity due to extractivism has global consequences on the health of
the Earth’s system and food security [89]. Small-scale farming applying AE schemes, such
as that proposed in this work, must be prioritized in WBH [69]. Agricultural businesses
should be required to follow AES and sustainability standards [273], including coherence
with crop and climatic conditions of local biomes, diversified farming, and to prioritize the
use of AE’s internal inputs. As a complement, rural and urban public awareness policies
and AE education must be considered to provide tools towards conservation and food
sovereignty [294]. Traditional ecological knowledge of local agricultural practice and native
pollinators must be outreached to the public and applied, preferring small, diversified
AE farms instead of large monocrop IA. Moreover, urban AE initiatives and native plant
gardening must be promoted as additional patches for native reforestation [33,273,295].
All these urgently need to be assessed and overseen, to ensure sustainable management
practices and the conservation of biodiversity [213].

Agroecological management reduces the need for pesticide use and their undesirable
consequences (Appendix A), which is an opportunity for WBH countries to ban harmful
pesticides, already done in main food consumer countries [8]. Given that insect decline
is a global threat, taking sustainable measures in richer countries will not make this crisis
disappear without a global commitment [60]. WBH governments also urgently need to
implement AE-inspired territorial management plans, including the protection of people’s
livelihoods over large corporately owned agricultural areas (e.g., in Chile watering avocado
orchards owned by a few cannot hamper entire communities’ access to water).

Developed main food consumer countries need to consider that being climate neutral
at the expense of importing food crops from underdeveloped countries does little to solve
the negative effects of IA and completely ignores that the loss of ecosystem services will
not make distinctions between geopolitical borders [296]. When trading with other nations,
developed countries need to have policies that hold the same standards of sustainable pro-
duction (including bans on GMOs and pesticides) as those applied to their own countries,
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and not insist on requiring “yield increases in many low-income countries” [297]. These
low-income areas are often also world reservoirs of biodiversity (including pollinators).
To consider WBS as sacrifice zones, for the sake of meeting current market needs, are
putting in peril not only biodiversity itself, but also global food security and Earth system
health [6].

5. Conclusions

A new deal considering AE approaches must be implemented globally, considering
WBH as key areas both for the preservation of native pollinator biodiversity and rights and
wellbeing of local communities. The implementation of agroecological strategies in WBHs
as starting point and buffer for IA may facilitate the transition towards a true sustainable
food production. AES will improve our understanding of ecological dynamics in agroe-
cosystems, allowing sustainable development over time, ensuring local development and
food sovereignty of WBH, for the sake of keeping native pollinator biodiversity and the
wellbeing of the whole planet [88,89].
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Glossary

Agroecology

Agronomic discipline focused on an environmental and so-
cially responsible agricultural management. This is achieved
through the study of ecological processes inside agroecosys-
tems and the application of this knowledge to agricultural
practices.

Agricultural intensification
Agricultural scheme that seeks to maximize crop yield per
unit of area using external inputs.

Ecological intensification

Replacement of external inputs used in intensive agriculture
(e.g., insecticides, fertilizers, and growth regulators) by ecosys-
tems services to maximize crop yield with minimum environ-
mental impacts.

Ecosystem services
Ecological functions that benefit and are essential for human
beings.

Habitat Environment inhabited by a particular species.
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Landscape homogenization
Simplification and reduction of biotic components in-
side an area of land, which leads to a community of
similar functional and structural traits.

Natural habitat Pristine environment inhabited by native species.

Organic agriculture
agricultural scheme that does not use fertilizers and
pesticides.

Patch
Area of land with the same characteristics, regardless of
its size.

Seminatural habitat
A native environment partially modified by human ac-
tivities.

Sustainable agriculture

Agricultural scheme that efficiently maximizes produc-
tion while protecting the habitat and natural resources
from which it depends, safeguarding biodiversity in the
long term.

Appendix A

Table A1. Active ingredients with effects in bees still used in Chile and not approved by the European Union.

Use Classification
in Chile 1 Active Ingredient 2 Pesticide Class Effect 3 Reference

I, R, A Acephate Organophosphate Highly toxic to bees and other
beneficial insects. [298]

H Atrazine Triazine

Oxidative stress responses and
alteration acetylcholinesterase
activity in honeybees; pesticide

detected in native bee tissue;
found in stored pollen of

honeybees; decreases survival,
reduces food consumption, and
negatively affects behavior in

stingless bees.

[137,299–302]

H Atrazine/S-
metolachlor

Triazine/
Chloroacetamide

Oxidative stress responses and
alteration acetylcholinesterase
activity in honeybees; pesticide

detected in native bee tissue;
found in stored pollen of

honeybees; decreases survival,
reduces food consumption, and
negatively affects behavior in

stingless bees.

[137,299–302]

F, B Benomyl Benzimidazole Moderately toxic to honeybees [303]
I, R, A Cadusafos Organophosphate Highly toxic to bees [304]

I, R, A Carbaryl Carbamate Highly toxic to honeybees; found
in stored pollen of honeybees [299,305]

F, B Carbendazim Benzimidazole
May alter the immune response

and P450-mediated detoxification
of honeybees

[306]

F, B Carbendazim/
Epoxiconazole

Benzimidazole/
Triazole

May alter the immune response
and P450-mediated detoxification

of honeybees; detected in
corbicular pollen loads of

honeybees

[306,307]
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Table A1. Cont.

Use Classification
in Chile 1 Active Ingredient 2 Pesticide Class Effect 3 Reference

F, B Carbendazim/
Mancozeb

Benzimidazole/
Carbamate

May alter the immune response
and P450-mediated detoxification

of honeybees
[306]

F, B Tebuconazole/
Carbendazim

Triazole/
Benzimidazole

May alter the immune response
and P450-mediated detoxification
of honeybees; pesticide detected in

native bee tissue

[137,306]

I, R, A Cartap hydrochloride Carbamate Toxic to bumblebees [308]

I, R, A Cartap
monohydrochloride Carbamate Highly toxic to insects [309]

I, R, A Chlorfenapyr Pyrrole Highly toxic to honeybees [310]

F, B Chlorothalonil/
Carbendazim

Chloronitrile/
Benzimidazole

May alter the immune response
and P450-mediated detoxification

of honeybees; found in stored
pollen of honeybees

[299,306]

F, B
Copper

8-quinolinolate/
Carbendazim

Organometallic
compound/

Benzimidazole

May alter the immune response
and P450-mediated detoxification

of honeybees
[306]

F, B

Copper
oxychloride/Dibasic

copper
sulfate/Iprodione/

Sulphur

Copper
salt/Copper

salt/Dicarboximide/
Chalcogen

Decrease in honeybees’ forager
survival; found in stored pollen of

honeybees
[299,311]

I, R, A Diazinon Organophosphate

Precocious foraging in honeybees;
Impaired olfactory learning in

honeybees; found in stored pollen
of honeybees

[299,312,313]

I, R, A Fenpropathrin Pyrethroid Highly toxic to honeybees [314]

I, R, A Fenvalerate Pyrethroid Highly toxic to honeybees;
hazardous to leafcutter bees [315]

I, R, A Fipronil Phenylpyrazole

Highly toxic to honeybees;
Impaired olfactory learning in

honeybees; toxic to leafcutter bees;
pesticide detected in native bee
tissue; found in stored pollen of

honeybees; causes lethargy, motor
difficulty, paralysis and

hyperexcitation in stingless bees

[137,299,316–319]

H Glufosinate-
ammonium Phosphinic acid Low toxicity in honeybees [320]

H Imazamox/Imazapyr Imidazolinone/
Imidazolinone Low toxicity in honeybees [321]

F, B Iprodione Dicarboximide
Decrease in honeybees’ forager

survival; found in stored pollen of
honeybees

[299,311]

F, B Iprodione/Propiconazole Dicarboximide/
Triazole

Decrease in honeybees’ forager
survival; pesticide detected in
native bee tissue; detected in

corbicular pollen loads of
honeybees; found in stored pollen

of honeybees

[137,299,307,311]
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Table A1. Cont.

Use Classification
in Chile 1 Active Ingredient 2 Pesticide Class Effect 3 Reference

F, B Iprodione/Sulphur Dicarboximide/
Chalcogen

Decrease in honeybees’ forager
survival; found in stored pollen of

honeybees
[299,311]

H Isoproturon Phenylurea
High mortality in honeybees;

detected in corbicular pollen loads
of honeybees

[307,322]

I, R, A Methidathion Organophosphate Highly toxic to honeybees; found
in beeswax of honeybees [323,324]

I, R, A Novaluron Benzoylurea Highly toxic to honeybees [325]

H Paraquat dichloride Bipyridylium
Highly toxic to honeybees;

changes the size of honeybee
oenocytes

[326,327]

H
Paraquat

dichloride/Diquat
(dibromide)

Bipyridylium/
Bipyridylium

Highly toxic to honeybees;
changes the size of honeybee

oenocytes
[326,327]

I, R, A Permethrin Pyrethroid

Highly toxic to honeybees;
disorientation and disruption of
normal behavior in honeybees;
pesticide detected in native bee

tissue

[137,328–330]

F, B Tebuconazole/ Propi-
conazole/Permethrin Pyrethroid

Highly toxic to honeybees;
disorientation and disruption of
normal behavior in honeybees;
pesticide detected in native bee

tissue

[137,328–330]

F, B Procymidone Dicarboximide
Low toxicity to bees; found in
stored pollen and beeswax of

honeybees
[299,323,331]

I, R, A Profenofos Organophosphate Highly toxic to honeybees; high
mortality in honeybees [332,333]

H Saflufenacil Pyrimidinedione Low toxicity to honeybees [334]

I, R, A Thiocyclam hydrogen
oxalate Oxalate salt Highly toxic to bees [335]

I, R, A Acetamiprid/Novaluron Neonicotinoid/
Benzoylurea

Highly toxic to honeybees;
detected in corbicular pollen loads
of honeybees; impaired long-term
retention of olfactory learning and

increased locomotor activity in
honeybees; ataxia in bees; slow to

no movements and ataxia in
bumble bees and leafcutter bees;
occur in sufficient quantities in

natural bee food to have adverse
effects on bees.

[307,325,336,337]
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Table A1. Cont.

Use Classification
in Chile 1 Active Ingredient 2 Pesticide Class Effect 3 Reference

I, R, A Dinotefuran Neonicotinoid
Highly toxic to honeybees; higher

number of bouts of behavior in
honeybees

[338,339]

I, R, A Fipronil/Imidacloprid Phenylpyrazole/
Neonicotinoid

Highly toxic to honeybees;
impaired olfactory learning in

honeybees; honeybees line up in
perfect rows or clusters; pesticide

detected in native bee tissue;
found in stored pollen of

honeybees; honeybees loose
postural control and spent more

time laying on their backs;
inhibited grooming, reduced

walking and lower righting reflex
in honeybees; increased foraging

and homing flight times in
honeybees; detected in corbicular

pollen loads of honeybees;
trembling, excessive grooming,

uncontrolled proboscis extension,
slow to no movements, ataxia and
reduced survival in bumble bees

and leafcutter bees; toxic to
leafcutter bees; occur in sufficient
quantities in natural bee food to

have adverse effects on bees.

[137,299,307,317–
319,336,339,340]

I, R, A Fipronil/Thiamethoxam Phenylpyrazole/
Neonicotinoid

Highly toxic to honeybees;
Impaired olfactory learning in

honeybees; toxic to leafcutter bees;
pesticide detected in native bee
tissue; found in stored pollen of

honeybees; honeybees loss
postural control and spent more

time laying on their backs;
honeybees spend more time
grooming; impaired homing

ability in honeybees; hyperactivity,
ataxia, excessive grooming,

permanent late-onset
neuromuscular dysfunction and
reduced survival in bumble bees

and leafcutter bees; occur in
sufficient quantities in natural bee

food to have adverse effects on
bees.

[137,299,317–
319,336,339,341]

F, B Orthoboric acid/Borax
Inorganic com-

pound/Inorganic
compound

Toxic to honeybees [342]
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Table A1. Cont.

Use Classification
in Chile 1 Active Ingredient 2 Pesticide Class Effect 3 Reference

F, B
Orthoboric

acid/Fenpropimorph/
Propiconazole

Inorganic com-
pound/Morpholine/

Triazole

Toxic to honeybees; detected in
corbicular pollen loads of

honeybees; found in stored pollen
of honeybees

[299,307,342]

F, B Picoxystrobin/
Cyproconazole Strobilurin/Triazole

Decreased survival, slight changes
in pericardial cells and fat bodies

in africanized honeybees; detected
in corbicular pollen loads of

honeybees

[307,343]

F, B Tributyltin naphthen-
ate/Permethrin

Organotin/
Pyrethroid

Highly toxic to honeybees; found
in honeybees and beeswax;

associated with winter losses of
honeybee colonies; disorientation
and disruption of normal behavior
in honeybees; pesticide detected in

native bee tissue

[137,328–330,344]

1 A = acaricide; B = bactericide; F = fungicide; H = herbicide; I = insecticide; R = rodencitide; 2 Mixed active ingredients were considered
not approved with one active ingredient not approved by the EU; 3 Effect can correspond to one or more of the mixed active ingredients.
NA = Not Applicable.
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83. Gámez-Virués, S.; Perović, D.J.; Gossner, M.M.; Börschig, C.; Blüthgen, N.; De Jong, H.; Simons, N.K.; Klein, A.M.; Krauss, J.;
Maier, G.; et al. Landscape Simplification Filters Species Traits and Drives Biotic Homogenization. Nat. Commun. 2015, 6, 8568.
[CrossRef] [PubMed]

84. Flynn, D.F.B.; Gogol-Prokurat, M.; Nogeire, T.; Molinari, N.; Richers, B.T.; Lin, B.B.; Simpson, N.; Mayfield, M.M.; DeClerck, F.
Loss of Functional Diversity under Land Use Intensification across Multiple Taxa. Ecol. Lett. 2009, 12, 22–33. [CrossRef] [PubMed]

85. Reidsma, P.; Tekelenburg, T.; Van Den Berg, M.; Alkemade, R. Impacts of Land-Use Change on Biodiversity: An Assessment of
Agricultural Biodiversity in the European Union. Agric. Ecosyst. Environ. 2006, 114, 86–102. [CrossRef]

86. dos Santos, J.S.; Dodonov, P.; Oshima, J.E.F.; Martelloc, F.; Santos de Jesuse, A.; Ferreirae, M.E.; Silva-Netof, C.M.; Ribeiroc, M.C.;
Garcia Collevatti, R. Landscape Ecology in the Anthropocene: An Overview for Integrating Agroecosystems and Biodiversity
Conservation. Perspect. Ecol. Conserv. 2021, 158, 21–32. [CrossRef]

87. Mace, G.M.; Norris, K.; Fitter, A.H. Biodiversity and Ecosystem Services: A Multilayered Relationship. Trends Ecol. Evol. 2012, 27,
19–26. [CrossRef]

88. Hamilton, C.; Bonneuil, C.; Gemenne, F. The Anthropocene and the Global Environmental Crisis; Hamilton, C., Bonneuil, C., Gemenne,
F., Eds.; Routledge, Taylor and Francis Group: London, UK; New York, NY, USA, 2015. [CrossRef]

89. Rockström, J.; Steffen, W.; Noone, K.; Persson, Å.; Chapin, F.S.; Lambin, E.; Lenton, T.M.; Scheffer, M.; Folke, C.; Schellnhuber,
H.J.; et al. Planetary Boundaries: Exploring the Safe Operating Space for Humanity. Ecol. Soc. 2009, 14. [CrossRef]

90. Karp, D.S.; Rominger, A.J.; Zook, J.; Ranganathan, J.; Ehrlich, P.R.; Daily, G.C. Intensive Agriculture Erodes β-Diversity at Large
Scales. Ecol. Lett. 2012, 15, 963–970. [CrossRef]

91. Horrigan, L.; Lawrence, R.S.; Walker, P. How Sustainable Agriculture Can Address the Environmental and Human Health Harms
of Industrial Agriculture. Environ. Health Perspect. 2002, 445–456. [CrossRef]

92. Shah, A.N.; Tanveer, M.; Shahzad, B.; Yang, G.; Fahad, S.; Ali, S.; Bukhari, M.A.; Tung, S.A.; Hafeez, A.; Souliyanonh, B. Soil
Compaction Effects on Soil Health and Cropproductivity: An Overview. Environ. Sci. Pollut. Res. 2017, 24, 10056–10067.
[CrossRef]

93. Scotti, R.; Bonanomi, G.; Scelza, R.; Zoina, A.; Rao, M.A. Organic Amendments as Sustainable Tool to Recovery Fertility in
Intensive Agricultural Systems. J. Soil Sci. Plant Nutr. 2015, 333–352. [CrossRef]

94. De Roos, A.J.; Blair, A.; Rusiecki, J.A.; Hoppin, J.A.; Svec, M.; Dosemeci, M.; Sandler, D.P.; Alavanja, M.C. Cancer Incidence
among Glyphosate-Exposed Pesticide Applicators in the Agricultural Health Study. Environ. Health Perspect. 2005. [CrossRef]

95. Lerro, C.C.; Beane Freeman, L.E.; DellaValle, C.T.; Andreotti, G.; Hofmann, J.N.; Koutros, S.; Parks, C.G.; Shrestha, S.; Alavanja,
M.C.R.; Blair, A.; et al. Pesticide Exposure and Incident Thyroid Cancer among Male Pesticide Applicators in Agricultural Health
Study. Environ. Int. 2021, 146, 106187. [CrossRef] [PubMed]

96. Picó, Y.; Alvarez-Ruiz, R.; Alfarhan, A.H.; El-Sheikh, M.A.; Alshahrani, H.O.; Barceló, D. Pharmaceuticals, Pesticides, Personal
Care Products and Microplastics Contamination Assessment of Al-Hassa Irrigation Network (Saudi Arabia) and Its Shallow
Lakes. Sci. Total Environ. 2020, 701, 135021. [CrossRef] [PubMed]

97. Hussain, S.; Siddique, T.; Saleem, M.; Arshad, M.; Khalid, A. Chapter 5 Impact of Pesticides on Soil Microbial Diversity, Enzymes, and
Biochemical Reactions, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2009; Volume 102. [CrossRef]

98. Hoshi, N. Chapter 12. Adverse Effects of Pesticides on Regional Biodiversity and Their Mechanisms. In Risks and Regulation of
New Technologies; Matsuda, T., Wolff, J., Yanagawa, T., Eds.; Springer & Kobe University: Kobe, Japan, 2021; pp. 235–247.

99. González-Varo, J.P.; Biesmeijer, J.C.; Bommarco, R.; Potts, S.G.; Schweiger, O.; Smith, H.G.; Steffan-Dewenter, I.; Szentgyörgyi, H.;
Woyciechowski, M.; Vilà, M. Combined Effects of Global Change Pressures on Animal-Mediated Pollination. Trends Ecol. Evol.
2013, 28, 524–530. [CrossRef] [PubMed]

100. Schulz, R.; Bub, S.; Petschick, L.; Stehle, S.; Wolfram, J. Applied Pesticide Toxicity Shifts toward Plants and Invertebrates, Even in
GM Crops. Science 2021, 372, 6537. [CrossRef]

101. Nicholls, C.I.; Altieri, M.A. Plant Biodiversity Enhances Bees and Other Insect Pollinators in Agroecosystems. A Review. Agron.
Sustain. Dev. 2013, 33, 257–274. [CrossRef]

102. Stavert, J.R.; Pattemore, D.E.; Gaskett, A.C.; Beggs, J.R.; Bartomeus, I. Exotic Species Enhance Response Diversity to Land-Use
Change but Modify Functional Composition. Proc. R. Soc. B Biol. Sci. 2017, 284. [CrossRef] [PubMed]

http://doi.org/10.1177/1362480618787176
http://doi.org/10.1108/IJCCSM-03-2017-0068
http://doi.org/10.1016/j.ecoser.2018.12.001
http://doi.org/10.1073/pnas.0812540106
http://doi.org/10.1016/j.gloenvcha.2015.08.011
http://doi.org/10.1038/ncomms9568
http://www.ncbi.nlm.nih.gov/pubmed/26485325
http://doi.org/10.1111/j.1461-0248.2008.01255.x
http://www.ncbi.nlm.nih.gov/pubmed/19087109
http://doi.org/10.1016/j.agee.2005.11.026
http://doi.org/10.1016/j.pecon.2020.11.002
http://doi.org/10.1016/j.tree.2011.08.006
http://doi.org/10.4324/9781315743424
http://doi.org/10.5751/ES-03180-140232
http://doi.org/10.1111/j.1461-0248.2012.01815.x
http://doi.org/10.1289/ehp.02110445
http://doi.org/10.1007/s11356-017-8421-y
http://doi.org/10.4067/S0718-95162015005000031
http://doi.org/10.1289/ehp.7340
http://doi.org/10.1016/j.envint.2020.106187
http://www.ncbi.nlm.nih.gov/pubmed/33126065
http://doi.org/10.1016/j.scitotenv.2019.135021
http://www.ncbi.nlm.nih.gov/pubmed/31734487
http://doi.org/10.1016/S0065-2113(09)01005-0
http://doi.org/10.1016/j.tree.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23746938
http://doi.org/10.1126/science.abe1148
http://doi.org/10.1007/s13593-012-0092-y
http://doi.org/10.1098/rspb.2017.0788
http://www.ncbi.nlm.nih.gov/pubmed/28794218


Sustainability 2021, 13, 6728 23 of 31

103. Biesmeijer, J.C.; Roberts, S.P.M.; Reemer, M.; Ohlemüller, R.; Edwards, M.; Peeters, T.; Schaffers, A.P.; Potts, S.G.; Kleukers, R.;
Thomas, C.D.; et al. Parallel Declines in Pollinators and Insect-Pollinated Plants in Britain and the Netherlands. Science 2006, 313,
351–354. [CrossRef] [PubMed]

104. Grixti, J.C.; Wong, L.T.; Cameron, S.A.; Favret, C. Decline of Bumble Bees (Bombus) in the North American Midwest. Biol. Conserv.
2009, 142, 75–84. [CrossRef]

105. Benedek, P. Possible Indirect Effect of Weed Control on Popula- Tion Changes of Wild Bees Pollinating Lucerne. Acta Phytopathol.
Acad. Sci. Hungaricae 1972, 7, 267–278.

106. Kevan, P.G.; Viana, B.F. The Global Decline of Pollination Services. Biodiversity 2003, 4, 3–8. [CrossRef]
107. Eeraerts, M.; Meeus, I.; Van Den Berge, S.; Smagghe, G. Landscapes with High Intensive Fruit Cultivation Reduce Wild Pollinator

Services to Sweet Cherry. Agric. Ecosyst. Environ. 2017, 239, 342–348. [CrossRef]
108. Kremen, C.; Williams, N.M.; Thorp, R.W. Crop Pollination from Native Bees at Risk from Agricultural Intensification. Proc. Natl.

Acad. Sci. USA 2002, 99, 16812–16816. [CrossRef]
109. Ricketts, T.H.; Regetz, J.; Steffan-Dewenter, I.; Cunningham, S.A.; Kremen, C.; Bogdanski, A.; Gemmill-Herren, B.; Greenleaf, S.S.;

Klein, A.M.; Mayfield, M.M.; et al. Landscape Effects on Crop Pollination Services: Are There General Patterns? Ecol. Lett. 2008,
11, 499–515. [CrossRef]

110. Ockinger, E.; Smith, H.G. Seminatural Grasslands as Population Sources for Pollinating Insects in Agricultural Landscapes. J.
Appl. Ecol. 2007, 44, 50–59. [CrossRef]

111. Stuligross, C.; Williams, N.M. Pesticide and Resource Stressors Additively Impair Wild Bee Reproduction. Proc. R. Soc. B Biol. Sci.
2020, 287, 20201390. [CrossRef]

112. Hendrickx, F.; Maelfait, J.P.; Van Wingerden, W.; Schweiger, O.; Speelmans, M.; Aviron, S.; Augenstein, I.; Billeter, R.; Bailey, D.;
Bukacek, R.; et al. How Landscape Structure, Land-Use Intensity and Habitat Diversity Affect Components of Total Arthropod
Diversity in Agricultural Landscapes. J. Appl. Ecol. 2007, 44, 340–351. [CrossRef]

113. Senapathi, D.; Goddard, M.A.; Kunin, W.E.; Baldock, K.C.R. Landscape Impacts on Pollinator Communities in Temperate Systems:
Evidence and Knowledge Gaps. Funct. Ecol. 2017, 31, 26–37. [CrossRef]

114. Hopfenmüller, S.; Steffan-Dewenter, I.; Holzschuh, A. Trait-Specific Responses of Wild Bee Communities to Landscape Composi-
tion, Configuration and Local Factors. PLoS ONE 2014, 9. [CrossRef]

115. Forrest, J.R.K.; Thorp, R.W.; Kremen, C.; Williams, N.M. Contrasting Patterns in Species and Functional-Trait Diversity of Bees in
an Agricultural Landscape. J. Appl. Ecol. 2015, 52, 706–715. [CrossRef]

116. Williams, N.M.; Crone, E.E.; Roulston, T.H.; Minckley, R.L.; Packer, L.; Potts, S.G. Ecological and Life-History Traits Predict Bee
Species Responses to Environmental Disturbances. Biol. Conserv. 2010, 143, 2280–2291. [CrossRef]

117. De Palma, A.; Kuhlmann, M.; Roberts, S.P.M.; Potts, S.G.; Börger, L.; Hudson, L.N.; Lysenko, I.; Newbold, T.; Purvis, A. Ecological
Traits Affect the Sensitivity of Bees to Land-Use Pressures in European Agricultural Landscapes. J. Appl. Ecol. 2015, 52, 1567–1577.
[CrossRef] [PubMed]

118. Fitzpatrick, Ú.; Murray, T.E.; Paxton, R.J.; Breen, J.; Cotton, D.; Santorum, V.; Brown, M.J.F. Rarity and Decline in Bumblebees—A
Test of Causes and Correlates in the Irish Fauna. Biol. Conserv. 2007, 136, 185–194. [CrossRef]

119. Basu, P.; Parui, A.K.; Chatterjee, S.; Dutta, A.; Chakraborty, P.; Roberts, S.; Smith, B. Scale Dependent Drivers of Wild Bee Diversity
in Tropical Heterogeneous Agricultural Landscapes. Ecol. Evol. 2016, 6, 6983–6992. [CrossRef] [PubMed]

120. Hass, A.L.; Liese, B.; Heong, K.L.; Settele, J.; Tscharntke, T.; Westphal, C. Plant-Pollinator Interactions and Bee Functional Diversity
Are Driven by Agroforests in Rice-Dominated Landscapes. Agric. Ecosyst. Environ. 2018, 253, 140–147. [CrossRef]

121. Ballantyne, G.; Baldock, K.C.R.; Rendell, L.; Willmer, P.G. Pollinator Importance Networks Illustrate the Crucial Value of Bees in a
Highly Speciose Plant Community. Sci. Rep. 2017, 7, 8389. [CrossRef]

122. Wood, T.; Holland, J.; Goulson, D. Diet Characterisation of Solitary Bees on Farmland: Dietary Specialisation Predicts Rarity.
Biodivers. Conserv. 2016, 25, 2655–2671. [CrossRef]

123. Potts, S.G.; Vulliamy, B.; Roberts, S. Role of Nesting Resources in Organising Diverse Bee Communities in a Mediterranean
Landscape. Ecol. Entomol. 2005, 30, 78–85. [CrossRef]

124. Williams, N.M.; Kremen, C. Resource Distributions among Habitats Determine Solitary Bee Offspring Production in a Mosaic
Landscape. Ecol. Appl. 2007, 17, 910–921. [CrossRef]

125. Kennedy, C.M.; Lonsdorf, E.; Neel, M.C.; Williams, N.M.; Ricketts, T.H.; Winfree, R.; Bommarco, R.; Brittain, C.; Burley, A.L.;
Cariveau, D.; et al. A Global Quantitative Synthesis of Local and Landscape Effects on Wild Bee Pollinators in Agroecosystems.
Ecol. Lett. 2013, 16, 584–599. [CrossRef]

126. Carré, G.; Roche, P.; Chifflet, R.; Morison, N.; Bommarco, R.; Harrison-Cripps, J.; Krewenka, K.; Potts, S.G.; Roberts, S.P.M.; Rodet,
G.; et al. Landscape Context and Habitat Type as Drivers of Bee Diversity in European Annual Crops. Agric. Ecosyst. Environ.
2009, 133, 40–47. [CrossRef]

127. Grab, H.; Branstetter, M.G.; Amon, N.; Urban-Mead, K.R.; Park, M.G.; Gibbs, J.; Blitzer, E.J.; Poveda, K.; Loeb, G.; Danforth, B.N.
Agriculturally Dominated Landscapes Reduce Bee Phylogenetic Diversity and Pollination Services. Science 2019, 363, 282–284.
[CrossRef]

128. Hines, H.M.; Hendrix, S.D. Bumble Bee (Hymenoptera: Apidae) Diversity and Abundance in Tallgrass Prairie Patches: Effects of
Local and Landscape Floral Resources. Environ. Entomol. 2005, 34, 1477–1484. [CrossRef]

http://doi.org/10.1126/science.1127863
http://www.ncbi.nlm.nih.gov/pubmed/16857940
http://doi.org/10.1016/j.biocon.2008.09.027
http://doi.org/10.1080/14888386.2003.9712703
http://doi.org/10.1016/j.agee.2017.01.031
http://doi.org/10.1073/pnas.262413599
http://doi.org/10.1111/j.1461-0248.2008.01157.x
http://doi.org/10.1111/j.1365-2664.2006.01250.x
http://doi.org/10.1098/rspb.2020.1390
http://doi.org/10.1111/j.1365-2664.2006.01270.x
http://doi.org/10.1111/1365-2435.12809
http://doi.org/10.1371/journal.pone.0104439
http://doi.org/10.1111/1365-2664.12433
http://doi.org/10.1016/j.biocon.2010.03.024
http://doi.org/10.1111/1365-2664.12524
http://www.ncbi.nlm.nih.gov/pubmed/27546902
http://doi.org/10.1016/j.biocon.2006.11.012
http://doi.org/10.1002/ece3.2360
http://www.ncbi.nlm.nih.gov/pubmed/28725375
http://doi.org/10.1016/j.agee.2017.10.019
http://doi.org/10.1038/s41598-017-08798-x
http://doi.org/10.1007/s10531-016-1191-x
http://doi.org/10.1111/j.0307-6946.2005.00662.x
http://doi.org/10.1890/06-0269
http://doi.org/10.1111/ele.12082
http://doi.org/10.1016/j.agee.2009.05.001
http://doi.org/10.1126/science.aat6016
http://doi.org/10.1603/0046-225X-34.6.1477


Sustainability 2021, 13, 6728 24 of 31

129. Giannini, T.C.; Tambosi, L.R.; Acosta, A.L.; Jaffé, R.; Saraiva, A.M.; Imperatriz-Fonseca, V.L.; Metzger, J.P. Safeguarding Ecosystem
Services: A Methodological Framework to Buffer the Joint Effect of Habitat Configuration and Climate Change. PLoS ONE 2015,
10. [CrossRef]

130. Memmott, J.; Waser, N.M.; Price, M.V. Tolerance of Pollination Networks to Species Extinctions. Proc. R. Soc. Lond. Ser. B Biol. Sci.
2004, 2605–2611. [CrossRef]

131. McKinney, M.; Lockwood, J. Biotic Homogenization: A Few Winners Replacing Many Losers in the next Mass Extinction. Trends
Ecol. Evol. 1999, 14, 450–453. [CrossRef]

132. Martins, K.T.; Gonzalez, A.; Lechowicz, M.J. Pollination Services Are Mediated by Bee Functional Diversity and Landscape
Context. Agric. Ecosyst. Environ. 2015, 200, 12–20. [CrossRef]

133. Bennett, J.M.; Steets, J.A.; Burns, J.H.; Burkle, L.A.; Vamosi, J.C.; Wolowski, M.; Arceo-Gómez, G.; Burd, M.; Durka, W.; Ellis, A.G.;
et al. Land Use and Pollinator Dependency Drives Global Patterns of Pollen Limitation in the Anthropocene. Nat. Commun. 2020,
11, 3999. [CrossRef]

134. Kleijn, D.; Winfree, R.; Bartomeus, I.; Carvalheiro, L.G.; Henry, M.; Isaacs, R.; Klein, A.M.; Kremen, C.; M’Gonigle, L.K.; Rader, R.;
et al. Delivery of Crop Pollination Services Is an Insufficient Argument for Wild Pollinator Conservation. Nat. Commun. 2015, 6.
[CrossRef]

135. Cunningham, S.; Lindenmayer, D.; Young, A. Land Use Intensification: Effects on Agriculture, Biodiversity and Ecological Processes;
CSIRO Publishing: Collingwood, VIC, Australia, 2012.

136. Winfree, R.; Aguilar, R.; Vázquez, D.P.; Lebuhn, G.; Aizen, M.A. A Meta-Analysis of Bees’ Responses to Anthropogenic
Disturbance. Ecology 2009, 90, 2068–2076. [CrossRef]

137. Hladik, M.L.; Vandever, M.; Smalling, K.L. Exposure of Native Bees Foraging in an Agricultural Landscape to Current-Use
Pesticides. Sci. Total Environ. 2016, 542, 469–477. [CrossRef] [PubMed]

138. Jeschke, P.; Nauen, R. Review Neonicotinoids—From Zero to Hero in Insecticide Chemistry. Pest Manag. Sci. 2008, 64, 1084–1098.
[CrossRef] [PubMed]

139. James, R.R.; Xu, J. Mechanisms by Which Pesticides Affect Insect Immunity. J. Invertebr. Pathol. 2012, 109, 175–182. [CrossRef]
[PubMed]

140. Tomé, H.V.V.; Martins, G.F.; Lima, M.A.P.; Campos, L.A.O.; Guedes, R.N.C. Imidacloprid-Induced Impairment of Mushroom
Bodies and Behavior of the Native Stingless Bee Melipona Quadrifasciata Anthidioides. PLoS ONE 2012. [CrossRef] [PubMed]

141. Ken, T.; Chen, W.; Dong, S.; Liu, X.; Wang, Y.; Nieh, J.C. Imidacloprid Alters Foraging and Decreases Bee Avoidance of Predators.
PLoS ONE 2014. [CrossRef]

142. Morandin, L.A.; Winston, M.L.; Franklin, M.T.; Abbott, V.A. Lethal and Sub-Lethal Effects of Spinosad on Bumble Bees (Bombus
Impatiens Cresson). Pest Manag. Sci. 2005, 61, 619–626. [CrossRef] [PubMed]

143. Ken, T.; Chen, W.; Dong, S.; Liu, X.; Wang, Y.; Nieh, J.C. A Neonicotinoid Impairs Olfactory Learning in Asian Honey Bees (Apis
Cerana) Exposed as Larvae or as Adults. Sci. Rep. 2015, 5. [CrossRef]

144. Woodcock, B.A.; Bullock, J.M.; Shore, R.F.; Heard, M.S.; Pereira, M.G.; Redhead, J.; Ridding, L.; Dean, H.; Sleep, D.; Henrys, P.;
et al. Country-Specific Effects of Neonicotinoid Pesticides on Honey Bees and Wild Bees. Science 2017, 356, 1393–1395. [CrossRef]

145. Crall, J.D.; Switzer, C.M.; Oppenheimer, R.L.; Ford Versypt, A.N.; Dey, B.; Brown, A.; Eyster, M.; Guérin, C.; Pierce, N.E.; Combes,
S.A.; et al. Neonicotinoid Exposure Disrupts Bumblebee Nest Behavior, Social Networks, and Thermoregulation. Science 2018,
362, 683–686. [CrossRef]

146. Sandrock, C.; Tanadini, L.G.; Pettis, J.S.; Biesmeijer, J.C.; Potts, S.G.; Neumann, P. Sublethal Neonicotinoid Insecticide Exposure
Reduces Solitary Bee Reproductive Success. Agric. For. Entomol. 2014, 16, 119–128. [CrossRef]

147. Gill, R.J.; Raine, N.E. Chronic Impairment of Bumblebee Natural Foraging Behaviour Induced by Sublethal Pesticide Exposure.
Funct. Ecol. 2014, 28, 1459–1471. [CrossRef]

148. Wu, J.Y.; Anelli, C.M.; Sheppard, W.S. Sub-Lethal Effects of Pesticide Residues in Brood Comb on Worker Honey Bee (Apis
Mellifera) Development and Longevity. PLoS ONE 2011, 6. [CrossRef] [PubMed]

149. Bebane, P.S.A.; Hunt, B.J.; Pegoraro, M.; Jones, A.R.C.; Marshall, H.; Rosato, E.; Mallon, E.B. The Effects of the Neonicotinoid
Imidacloprid on Gene Expression and DNA Methylation in the Buff-Tailed Bumblebee Bombus terrestris. Proc. R. Soc. B Biol. Sci.
2019, 286. [CrossRef] [PubMed]

150. Brevik, K.; Bueno, E.M.; McKay, S.; Schoville, S.D.; Chen, Y.H. Insecticide Exposure Affects Intergenerational Patterns of DNA
Methylation in the Colorado Potato Beetle, Leptinotarsa Decemlineata. Evol. Appl. 2020. [CrossRef]

151. Brevik, K.; Lindström, L.; McKay, S.D.; Chen, Y.H. Transgenerational Effects of Insecticides—Implications for Rapid Pest Evolution
in Agroecosystems. Curr. Opin. Insect Sci. 2018, 26, 34–40. [CrossRef]

152. Kevan, P.G. Forest Application of the Insecticide Fenitrothion and Its Effect on Wild Bee Pollinators (Hymenoptera: Apoidea) of
Lowbush Blueberries (Vaccinium SPP.) in Southern New Brunswick, Canada. Biol. Conserv. 1975, 7, 301–309. [CrossRef]

153. Park, M.G.; Blitzer, E.J.; Gibbs, J.; Losey, J.E.; Danforth, B.N. Negative Effects of Pesticides on Wild Bee Communities Can Be
Buffered by Landscape Context. Proc. R. Soc. B Biol. Sci. 2015, 282. [CrossRef] [PubMed]

154. Lüscher, G.; Jeanneret, P.; Schneider, M.K.; Turnbull, L.A.; Arndorfer, M.; Balázs, K.; Báldi, A.; Bailey, D.; Bernhardt, K.G.; Choisis,
J.P.; et al. Responses of Plants, Earthworms, Spiders and Bees to Geographic Location, Agricultural Management and Surrounding
Landscape in European Arable Fields. Agric. Ecosyst. Environ. 2014, 186, 124–134. [CrossRef]

http://doi.org/10.1371/journal.pone.0129225
http://doi.org/10.1098/rspb.2004.2909
http://doi.org/10.1016/S0169-5347(99)01679-1
http://doi.org/10.1016/j.agee.2014.10.018
http://doi.org/10.1038/s41467-020-17751-y
http://doi.org/10.1038/ncomms8414
http://doi.org/10.1890/08-1245.1
http://doi.org/10.1016/j.scitotenv.2015.10.077
http://www.ncbi.nlm.nih.gov/pubmed/26520270
http://doi.org/10.1002/ps.1631
http://www.ncbi.nlm.nih.gov/pubmed/18712805
http://doi.org/10.1016/j.jip.2011.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22206912
http://doi.org/10.1371/journal.pone.0038406
http://www.ncbi.nlm.nih.gov/pubmed/22675559
http://doi.org/10.1371/journal.pone.0102725
http://doi.org/10.1002/ps.1058
http://www.ncbi.nlm.nih.gov/pubmed/15880684
http://doi.org/10.1038/srep10989
http://doi.org/10.1126/science.aaa1190
http://doi.org/10.1126/science.aat1598
http://doi.org/10.1111/afe.12041
http://doi.org/10.1111/1365-2435.12292
http://doi.org/10.1371/journal.pone.0014720
http://www.ncbi.nlm.nih.gov/pubmed/21373182
http://doi.org/10.1098/rspb.2019.0718
http://www.ncbi.nlm.nih.gov/pubmed/31213186
http://doi.org/10.1111/eva.13153
http://doi.org/10.1016/j.cois.2017.12.007
http://doi.org/10.1016/0006-3207(75)90045-2
http://doi.org/10.1098/rspb.2015.0299
http://www.ncbi.nlm.nih.gov/pubmed/26041355
http://doi.org/10.1016/j.agee.2014.01.020


Sustainability 2021, 13, 6728 25 of 31

155. Woodcock, B.A.; Isaac, N.J.B.; Bullock, J.M.; Roy, D.B.; Garthwaite, D.G.; Crowe, A.; Pywell, R.F. Impacts of Neonicotinoid Use on
Long-Term Population Changes in Wild Bees in England. Nat. Commun. 2016. [CrossRef]

156. Tasei, J. Impact of Agrochemicals on Non-Apis Bees. In Honey Bees; Taylor & Francis Group: London, UK, 2010; pp. 101–131.
[CrossRef]

157. Kopit, A.M.; Pitts-Singer, T.L. Routes of Pesticide Exposure in Solitary, Cavity-Nesting Bees. Environ. Entomol. 2018, 47, 499–510.
[CrossRef]

158. Sgolastra, F.; Hinarejos, S.; Pitts-Singer, T.L.; Boyle, N.K.; Joseph, T.; Luckmann, J.; Raine, N.E.; Singh, R.; Williams, N.M.; Bosch, J.
Pesticide Exposure Assessment Paradigm for Solitary Bees. Environ. Entomol. 2019, 48, 22–35. [CrossRef] [PubMed]

159. Krupke, C.H.; Hunt, G.J.; Eitzer, B.D.; Andino, G.; Given, K. Multiple Routes of Pesticide Exposure for Honey Bees Living near
Agricultural Fields. PLoS ONE 2012, 7. [CrossRef] [PubMed]

160. Botías, C.; David, A.; Horwood, J.; Abdul-Sada, A.; Nicholls, E.; Hill, E.; Goulson, D. Neonicotinoid Residues in Wildflowers, a
Potential Route of Chronic Exposure for Bees. Environ. Sci. Technol. 2015, 49, 12731–12740. [CrossRef] [PubMed]

161. Goulson, D. An Overview of the Environmental Risks Posed by Neonicotinoid Insecticides. J. Appl. Ecol. 2013, 50, 977–987.
[CrossRef]

162. Main, A.R.; Webb, E.B.; Goyne, K.W.; Mengel, D. Agriculture, Ecosystems and Environment Reduced Species Richness of Native
Bees in Fi Eld Margins Associated with Neonicotinoid Concentrations in Non-Target Soils. Agric. Ecosyst. Environ. 2020, 287,
106693. [CrossRef]

163. Bredeson, M.M.; Lundgren, J.G. Neonicotinoid Insecticidal Seed-Treatment on Corn Contaminates Interseeded Cover Crops
Intended as Habitat for Beneficial Insects. Ecotoxicology 2019, 28, 222–228. [CrossRef]

164. Stewart, S.D.; Lorenz, G.M.; Catchot, A.L.; Gore, J.; Cook, D.; Skinner, J.; Mueller, T.C.; Johnson, D.R.; Zawislak, J.; Barber, J.
Potential Exposure of Pollinators to Neonicotinoid Insecticides from the Use of Insecticide Seed Treatments in the Mid-Southern
United States. Environ. Sci. Technol. 2014, 48, 9762–9769. [CrossRef] [PubMed]

165. Long, E.Y.; Krupke, C.H. Non-Cultivated Plants Present a Season-Long Route of Pesticide Exposure for Honey Bees. Nat. Commun.
2016, 7, 11629. [CrossRef]

166. Gill, R.J.; Ramos-Rodriguez, O.; Raine, N.E. Combined Pesticide Exposure Severely Affects Individual- and Colony-Level Traits
in Bees. Nature 2012, 491, 105–108. [CrossRef] [PubMed]

167. Stanley, D.A.; Garratt, M.P.D.; Wickens, J.B.; Wickens, V.J.; Potts, S.G.; Raine, N.E. Neonicotinoid Pesticide Exposure Impairs Crop
Pollination Services Provided by Bumblebees. Nature 2015, 528, 548–550. [CrossRef] [PubMed]

168. Feltham, H.; Park, K.; Goulson, D. Field Realistic Doses of Pesticide Imidacloprid Reduce Bumblebee Pollen Foraging Efficiency.
Ecotoxicology 2014, 23, 317–323. [CrossRef] [PubMed]

169. Biddinger, D.J.; Robertson, J.L.; Mullin, C.; Frazier, J.; Ashcraft, S.A.; Rajotte, E.G.; Joshi, N.K.; Vaughn, M. Comparative Toxicities
and Synergism of Apple Orchard Pesticides to Apis mellifera (L.) and Osmia Cornifrons (Radoszkowski). PLoS ONE 2013, 8.
[CrossRef] [PubMed]

170. Tomé, H.V.V.; Ramos, G.S.; Araújo, M.F.; Santana, W.C.; Santos, G.R.; Guedes, R.N.C.; Maciel, C.D.; Newland, P.L.; Oliveira, E.E.
Agrochemical Synergism Imposes Higher Risk to Neotropical Bees than to Honeybees. R. Soc. Open Sci. 2017, 4. [CrossRef]
[PubMed]

171. Ladurner, E.; Bosch, J.; Kemp, W.P.; Maini, S. Assessing Delayed and Acute Toxicity of Five Formulated Fungicides to Osmia
Lignaria Say and Apis Mellifera. Apidologie 2005, 36, 449–460. [CrossRef]

172. Soares, H.M.; Jacob, C.R.O.; Carvalho, S.M.; Nocelli, R.C.F.; Malaspina, O. Toxicity of Imidacloprid to the Stingless Bee Scaptotrig-
ona Postica Latreille, 1807 (Hymenoptera: Apidae). Bull. Environ. Contam. Toxicol. 2015, 94, 675–680. [CrossRef]

173. Arena, M.; Sgolastra, F. A Meta-Analysis Comparing the Sensitivity of Bees to Pesticides. Ecotoxicology 2014, 23, 324–334.
[CrossRef]

174. Brittain, C.; Potts, S.G. The Potential Impacts of Insecticides on the Life-History Traits of Bees and the Consequences for Pollination.
Basic Appl. Ecol. 2011, 12, 321–331. [CrossRef]

175. Mallinger, R.E.; Gaines-Day, H.R.; Gratton, C. Do Managed Bees Have Negative Effects on Wild Bees?: A Systematic Review of
the Literature. PLoS ONE 2017, 12, e0189268. [CrossRef]

176. Paini, D.R. Impact of the Introduced Honey Bee (Apis mellifera) (Hymenoptera: Apidae) on Native Bees: A Review. Austral Ecology
2004, 399–407. [CrossRef]

177. Goulson, D. Effects of Introduced Bees on Native Ecosystems. Annu. Rev. Ecol. Evol. Syst. 2003, 34, 1–26. [CrossRef]
178. Thomson, D. Competitive Interactions between the Invasive European Honey Bee and Native Bumble Bees. Ecology 2004, 85,

458–470. [CrossRef]
179. Kanbe, Y.; Okada, I.; Yoneda, M.; Goka, K.; Tsuchida, K. Interspecific Mating of the Introduced Bumblebee Bombus terrestris and

the Native Japanese Bumblebee Bombus hypocrita sapporoensis Results in Inviable Hybrids. Naturwissenschaften 2008, 95, 1003–1008.
[CrossRef] [PubMed]

180. Kondo, N.I.; Yamanaka, D.; Kanbe, Y.; Kunitake, Y.K.; Yoneda, M.; Tsuchida, K.; Goka, K. Reproductive Disturbance of Japanese
Bumblebees by the Introduced European Bumblebee Bombus Terrestris. Naturwissenschaften 2009, 96, 467–475. [CrossRef]
[PubMed]

181. Alomar, D.; González-Estévez, M.A.; Traveset, A.; Lázaro, A. The Intertwined Effects of Natural Vegetation, Local Flower
Community, and Pollinator Diversity on the Production of Almond Trees. Agric. Ecosyst. Environ. 2018, 264, 34–43. [CrossRef]

http://doi.org/10.1038/ncomms12459
http://doi.org/10.1201/9780203218655.ch7
http://doi.org/10.1093/ee/nvy034
http://doi.org/10.1093/ee/nvy105
http://www.ncbi.nlm.nih.gov/pubmed/30508080
http://doi.org/10.1371/journal.pone.0029268
http://www.ncbi.nlm.nih.gov/pubmed/22235278
http://doi.org/10.1021/acs.est.5b03459
http://www.ncbi.nlm.nih.gov/pubmed/26439915
http://doi.org/10.1111/1365-2664.12111
http://doi.org/10.1016/j.agee.2019.106693
http://doi.org/10.1007/s10646-018-02015-9
http://doi.org/10.1021/es501657w
http://www.ncbi.nlm.nih.gov/pubmed/25010122
http://doi.org/10.1038/ncomms11629
http://doi.org/10.1038/nature11585
http://www.ncbi.nlm.nih.gov/pubmed/23086150
http://doi.org/10.1038/nature16167
http://www.ncbi.nlm.nih.gov/pubmed/26580009
http://doi.org/10.1007/s10646-014-1189-7
http://www.ncbi.nlm.nih.gov/pubmed/24448674
http://doi.org/10.1371/journal.pone.0072587
http://www.ncbi.nlm.nih.gov/pubmed/24039783
http://doi.org/10.1098/rsos.160866
http://www.ncbi.nlm.nih.gov/pubmed/28280585
http://doi.org/10.1051/apido:2005032
http://doi.org/10.1007/s00128-015-1488-6
http://doi.org/10.1007/s10646-014-1190-1
http://doi.org/10.1016/j.baae.2010.12.004
http://doi.org/10.1371/journal.pone.0189268
http://doi.org/10.1111/j.1442-9993.2004.01376.x
http://doi.org/10.1146/annurev.ecolsys.34.011802.132355
http://doi.org/10.1890/02-0626
http://doi.org/10.1007/s00114-008-0415-7
http://www.ncbi.nlm.nih.gov/pubmed/18594790
http://doi.org/10.1007/s00114-008-0495-4
http://www.ncbi.nlm.nih.gov/pubmed/19089400
http://doi.org/10.1016/j.agee.2018.05.004


Sustainability 2021, 13, 6728 26 of 31

182. Matsumura, C.; Yokoyama, J.; Washitani, I. Invasion Status and Potential Ecological Impacts of an Invasive Alien Bumblebee,
Bombus Terrestris L. (Hymenoptera: Apidae) Naturalized in Southern Hokkaido, Japan. Glob. Environ. Res. 2004, 8, 51–66.

183. Inoue, M.N.; Yokoyama, J.; Washitani, I. Displacement of Japanese Native Bumblebees by the Recently Introduced Bombus
Terrestris (L.) (Hymenoptera: Apidae). J. Insect Conserv. 2008, 12, 135–146. [CrossRef]

184. Hung, K.-L.J.; Kingston, J.M.; Lee, A.; Holway, D.A.; Kohn, J.R. Non-Native Honey Bees Disproportionately Dominate the Most
Abundant Floral Resources in a Biodiversity Hotspot. Proc. R. Soc. B Biol. Sci. 2019, 286, 20182901. [CrossRef]

185. Magrach, A.; González-Varo, J.P.; Boiffier, M.; Vilà, M.; Bartomeus, I. Honeybee Spillover Reshuffles Pollinator Diets and Affects
Plant Reproductive Success. Nat. Ecol. Evol. 2017, 1, 1299–1307. [CrossRef] [PubMed]

186. Cane, J.H.; Tepedino, V.J. Gauging the Effect of Honey Bee Pollen Collection on Native Bee Communities. Conserv. Lett. 2017, 10,
205–210. [CrossRef]

187. Carneiro, L.T.; Martins, C.F. Africanized Honey Bees Pollinate and Preempt the Pollen of Spondias mombin (Anacardiaceae)
Flowers. Apidologie 2012, 43, 474–486. [CrossRef]

188. Chen, Y.; Evans, J.; Feldlaufer, M. Horizontal and Vertical Transmission of Viruses in the Honey Bee, Apis mellifera. J. Invertebr.
Pathol. 2006, 92, 152–159. [CrossRef] [PubMed]

189. Alger, S.A.; Burnham, P.A.; Brody, A.K. Flowers as Viral Hot Spots: Honey Bees (Apis mellifera) Unevenly Deposit Viruses across
Plant Species. PLoS ONE 2019, 14. [CrossRef]

190. Purkiss, T.; Lach, L. Pathogen Spillover from Apis mellifera to a Stingless Bee. Proc. R. Soc. B Biol. Sci. 2019, 286. [CrossRef]
[PubMed]

191. McMahon, D.P.; Fürst, M.A.; Caspar, J.; Theodorou, P.; Brown, M.J.F.; Paxton, R.J. A Sting in the Spit: Widespread Cross-Infection
of Multiple RNA Viruses across Wild and Managed Bees. J. Anim. Ecol. 2015, 84, 615–624. [CrossRef] [PubMed]

192. Fürst, M.A.; McMahon, D.P.; Osborne, J.L.; Paxton, R.J.; Brown, M.J.F. Disease Associations between Honeybees and Bumblebees
as a Threat to Wild Pollinators. Nature 2014, 506, 364–366. [CrossRef] [PubMed]

193. Arroyo, M.K.; Marquet, P.A.; Simonetti, J.A.; Cavieres, L.A. Chilean Winter Rainfall-Valdivian Forests. In Hotspots: Earth’s
Biological Richest and most Endangered Terrestrial Ecoregions; Mittermeier, R.A., Robles, P., Hoffmann, M., Pilgrim, J., Brooks, T.,
Mittermeier, C., et al., Eds.; CEMEX: Mexico City, Mexico, 2004; pp. 99–103.

194. Harvey, C.A.; Komar, O.; Chazdon, R.; Ferguson, B.G.; Finegan, B.; Griffith, D.M.; Martínez-Ramos, M.; Morales, H.; Nigh, R.;
Soto-Pinto, L.; et al. Integrating Agricultural Landscapes with Biodiversity Conservation in the Mesoamerican Hotspot. Conserv.
Biol. 2008, 8–15. [CrossRef]

195. Kehinde, T.; Samways, M.J. Endemic Pollinator Response to Organic vs. Conventional Farming and Landscape Context in the
Cape Floristic Region Biodiversity Hotspot. Agric. Ecosyst. Environ. 2012, 146, 162–167. [CrossRef]

196. Schutz, J. Creating an Integrated Protected Area Network in Chile: A GIS Assessment of Ecoregion Representation and the Role
of Private Protected Areas. Environ. Conserv. 2018, 45, 269–277. [CrossRef]

197. Montalva, J.; Ruz, L. Actualización de La Lista Sistemática de Las Abejas Chilenas (Hymenoptera: Apioidea). Rev. Chil. Entomol.
2010, 35, 15–52.

198. United Nations. Paris Agreement (COP21). 2015. Available online: https://www.un.org/en/climatechange/paris-agreement
(accessed on 1 June 2021).

199. NYDF Global Platform. New York Declaration on Forests. 2014. Available online: https://forestdeclaration.org/ (accessed on 1
June 2021).

200. UN Convention on Biological Diversity. Aichi Biodiversity Targets. Chile National Targets. 2010. Available online: https:
//www.cbd.int/ (accessed on 1 June 2021).

201. WRI. 20x20 Initiative. Healthy Lands for Food, Water and Climate. 2014. Available online: https://initiative20x20.org/es
(accessed on 1 June 2021).

202. Carmona, A.; Nahuelhual, L.; Echeverría, C.; Báez, A. Linking Farming Systems to Landscape Change: An Empirical and Spatially
Explicit Study in Southern Chile. Agric. Ecosyst. Environ. 2010, 139, 40–50. [CrossRef]

203. Del Pozo, A.; Lavin, A.; Etienne, M.; Ovalle, C.; Avendaño, J.; Aronson, J. Land Use Changes and Conflicts in Central Chile. In
Landscape Disturbance and Biodiversity in Mediterranean-Type Ecosystems; Rundel, P.W., Montenegro, G., Jaksic, F., Eds.; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 155–168. [CrossRef]

204. ODEPA. Panorama de La Agricultura Chilena (Chilean Agriculture Overview); A Impresores: Santiago, Chile, 2019; Available online:
https://www.odepa.gob.cl/wp-content/uploads/2019/09/panorama2019Final.pdf (accessed on 1 June 2021).

205. Ministerio del Medio Ambiente. Sexto Informe Nacional de Biodiversidad de Chile. Ministerio del Medio Ambiente. 2019, 220.
Available online: https://mma.gob.cl/wp-content/uploads/2020/01/6NR_FINAL_ALTA-web.pdf (accessed on 1 June 2021).

206. Gwynne, R.N. Globalisation, Commodity Chains and Fruit Exporting Regions in Chile. Tijdschr. Econ. Soc. Geogr. 1999. [CrossRef]
207. Altieri, M.A.; Rojas, A. Ecological Impacts of Chile’s Neoliberal Policies, with Special Emphasis on Agroecosystems. Environ. Dev.

Sustain. 1999, 1, 55–72. [CrossRef]
208. Carruthers, D. Environmental Politics in Chile: Legacies of Dictatorship and Democracy. Third World Q. 2001, 22, 343–358.

[CrossRef]
209. Muñoz, O.; Ortega, H. Chilean Agriculture and Economic Policy. In Modernization and Stagnation: Latin American Agriculture into

the 1990’s; Helwage, M.J.T., Ed.; Greenwood Press: New York, NY, USA, 1991; pp. 161–188.

http://doi.org/10.1007/s10841-007-9071-z
http://doi.org/10.1098/rspb.2018.2901
http://doi.org/10.1038/s41559-017-0249-9
http://www.ncbi.nlm.nih.gov/pubmed/29046536
http://doi.org/10.1111/conl.12263
http://doi.org/10.1007/s13592-011-0116-7
http://doi.org/10.1016/j.jip.2006.03.010
http://www.ncbi.nlm.nih.gov/pubmed/16793058
http://doi.org/10.1371/journal.pone.0221800
http://doi.org/10.1098/rspb.2019.1071
http://www.ncbi.nlm.nih.gov/pubmed/31387511
http://doi.org/10.1111/1365-2656.12345
http://www.ncbi.nlm.nih.gov/pubmed/25646973
http://doi.org/10.1038/nature12977
http://www.ncbi.nlm.nih.gov/pubmed/24553241
http://doi.org/10.1111/j.1523-1739.2007.00863.x
http://doi.org/10.1016/j.agee.2011.10.020
http://doi.org/10.1017/S0376892917000492
https://www.un.org/en/climatechange/paris-agreement
https://forestdeclaration.org/
https://www.cbd.int/
https://www.cbd.int/
https://initiative20x20.org/es
http://doi.org/10.1016/j.agee.2010.06.015
http://doi.org/10.1007/978-3-662-03543-6_9
https://www.odepa.gob.cl/wp-content/uploads/2019/09/panorama2019Final.pdf
https://mma.gob.cl/wp-content/uploads/2020/01/6NR_FINAL_ALTA-web.pdf
http://doi.org/10.1111/1467-9663.00062
http://doi.org/10.1023/A:1010063724280
http://doi.org/10.1080/01436590120061642


Sustainability 2021, 13, 6728 27 of 31

210. Clark, T.D. Putting the Market in Its Place: Food Security in Three Mapuche Communities in Southern Chile. Lat. Am. Res. Rev.
2011, 46, 154–179. [CrossRef]

211. Kay, C. Chile’s Neoliberal Agrarian Transformation and the Peasantry. J. Agrar. Chang. 2002, 2, 464–501. [CrossRef]
212. FAO. GIAHS: Globally Importan Agricultural Heritage Systems; Chiloé Agriculture, Chile. Available online: http://www.fao.

org/3/bp773e/bp773e.pdf (accessed on 1 June 2021).
213. Wratten, S.D.; Shields, M.W.; González-Chang, M. Prospects for Regenerative Agriculture in Chile. Agro Sur 2019, 47, 1–6.

[CrossRef]
214. SAG. Lista de Plaguicidas Autorizados. Available online: https://www.sag.gob.cl/ambitos-de-accion/plaguicidas-y-

fertilizantes/78/registros (accessed on 1 June 2021).
215. Samson-Robert, O.; Labrie, G.; Chagnon, M.; Fournier, V. Planting of Neonicotinoid-Coated Corn Raises Honey Bee Mortality

and Sets Back Colony Development. PeerJ 2017, 5, e3670. [CrossRef]
216. European Commission. Neonicotinoids. Available online: https://ec.europa.eu/food/plants/pesticides/approval-active-

substances/renewal-approval/neonicotinoids_en (accessed on 1 June 2021).
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